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Preface

This book presents new insights into the development of different aspects of petroleum sci‐
ence and engineering and covers the different topics from upstream to downstream sectors.
The book contains 19 chapters divided into two main sections: (i) Exploration Production
and (ii) Environmental Solutions. There are 11 chapters in the first section, and the focus is
on the topics related to exploration and production of oil and gas, such as characterization
of petroleum source rocks, drilling technology, characterization of reservoir fluids, and en‐
hanced oil recovery (EOR). The first three chapters of the present book are about the charac‐
terization of petroleum source rocks, the purpose and principles of rotary drilling rig, and a
new technique in planning for deep-water oilfield development; the next threechapters deal
with the characterization of reservoir fluids, and the remaining five chapters are about the
new approaches to an enhanced oil recovery (EOR) using nanoparticles, solvent injection
novel chemical EOR methods, water flooding in naturally fractured reservoirs, and techni‐
ques for EOR. There are 8 chapters in the second section, and the special emphasis is on
waste technologies and environmental cleanup in the downstream sector. The first twochap‐
ters present new approaches to dealing with corrosion problems in the petroleum industry;
the next two chapters cover the biodegradation of wastes, and the remaining three chapters
deal with the different bioremediation techniques. The reduction in polycyclic aromatic hy‐
drocarbons is discussed in the last chapter. Intended for readers wishing to acquire under‐
standing of the current trends in petroleum science and engineering and comprehension of
the issues, this book addresses exciting topics in this field.

Mansoor Zoveidavianpoor, PhD
Sr. Petroleum Engineer

National Iranian Oil Company (NIOC)—Arvandan Oil & Gas Company (AOGC)
Khorramshahr, Khuzestan, Iran
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Petroleum Source Rocks Characterization and
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Nabil Mohammed Al-Areeq
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Abstract

This chapter is proposed to give the principal learning on the application of the
formation of petroleum source rocks and hydrocarbon generation to exploration
activities. The evaluation of petroleum source rocks and hydrocarbon generation is
a very important skill for explorationists to define the location and type of petroleum
prospects in a region. In this chapter, subsurface samples from case study (Sayun-
Masilah basin) were used to determine the source rock characteristics and petroleum
generative potentials of prospective source rocks. Qualitative and quantitative eval-
uation of the source rock in this basin was done by means of geochemical and
geophysical approaches for four rock units. It is clear that Madbi Formation is con-
sidered the main source, in which the organic carbon content reached up to more
than 5.2 wt%. The types of organic matter from rock-eval pyrolysis data indicated
that type I kerogen is the main type, in association with type II, and a mixture of
types II and III kerogens. The study of the different maturation parameters obtained
from rock-eval pyrolysis, such as Tmax and vitrinite reflectance, reflects that the
considered rock units are occurred in different maturation stages, ranging from
immature to mature sources. One-dimensional basin modeling was performed to
analyze the hydrocarbon generation and expulsion history of the source rocks in the
study area based on the reconstruction of the burial and thermal maturity histories in
order to improve our understanding of the hydrocarbon generation potential. Cali-
bration of the model with measured vitrinite reflectance (%Ro) and borehole temper-
ature (BHT) data indicates that the paleo-heat flow was high at Late Jurassic. The
models also indicate that the early hydrocarbon generation in the Madbi source rock
occurred during late Cretaceous and the main hydrocarbon generation has been
reached approximately at Early Eocene. Therefore, the Madbi source rock can be
considered as generative potentials of prospective source rock horizons in the
Sayun-Masilah basin.

Keywords: source rocks, thermal maturity, basin modeling, hydrocarbon generation
modeling, Sayun-Masilah basin, Yemen
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1. Introduction

Petroleum source rock is defined as the fine-grained sediment with sufficient amount of organic
matter, which can generate and release enough hydrocarbons to form a commercial accumula-
tion of oil or gas [1]. Source rocks are commonly shales and lime mudstones, which contain
significant amount of organic matter [2]. A petroleum source rock is defined as any rock that has
the capability to generate and expel enough hydrocarbons to form an accumulation of oil or gas.
Source rocks are classified according to oil generation into three classes [1], as follows:

1. Immature source rocks that have not yet generated hydrocarbons.

2. Mature source rocks that are in generation phase.

3. Post mature source rocks are those which have already generated all crude oil type
hydrocarbons.

Waples [3] distinguished the petroleum source rocks into potential, possible, and effective, as
follows:

A. Potential source rocks are immature sedimentary rocks capable of generating and expel-
ling hydrocarbons, if their level of maturity were higher.

B. Possible source rocks are sedimentary rocks whose source potential has not yet been
evaluated, but which may have generated and expelled hydrocarbons.

C. Effective source rocks are sedimentary rocks, which have already generated and expelled
hydrocarbons.

The hydrocarbon source evaluation is generally based on the organic matter quantity (organic
richness), quality (kerogen type), and the thermal maturation generation capability and of the
organic matter disseminated in the rock [2–4]. Organic matter content can be determined
directly from laboratory analyses of the source rock samples (shale, limestone, or marl), and
through indirect methods based on wireline data offer the advantages of economic, ready
availability of data, and continuity of sampling of vertically heterogeneous shale section.

This chapter displays how to evaluate source rocks and hydrocarbon generation using geo-
chemical data, with an easy method and evaluate source rocks from gas chromatography for
crude oil and extract bitumen. This chapter will be presented with case study and some
examples for understanding petroleum source rocks and hydrocarbon generation. Also, in this
chapter, quantitative one-dimensional basin modeling is performed for evaluating the thermal
histories and timing of hydrocarbon generation and expulsion of the source rocks in the
sedimentary basin.

2. Evaluation of petroleum source rocks using geochemical data

The source rock evaluation within any study area involved the recognition of petroleum
source, which depends on the determination of its proportion of organic matter (organic

Recent Insights in Petroleum Science and Engineering4

matter quantity), which is usually expressed as total organic carbon (TOC wt%). It also
depends on the type (or quality) of organic matter (kerogen) preserved in the petroleum
source. The geochemical data such as total organic carbon (TOC wt%), rock-eval pyrolysis
data, bitumen extraction, and vitrinite reflectance are presented and discussed for the pro-
posed Upper Jurassic and Lower Cretaceous rock units in the Sayun-Masilah basin in Yemen.
The total organic carbon, S2 and genetic potential from rock-eval pyrolysis and extractable
organic matter (bitumen) from selected rock samples were used to identify the source-richness
in terms of quantity and generation potential. Plots of Tmax (C�) against hydrogen index (HI
mgHC/gm of TOC) and hydrogen index (HI) against oxygen index (OI) from rock-eval pyrol-
ysis are used to identify the kerogen type (quality) and depositional environment. Rock-eval
Tmax (C�) was used to evaluate source rock maturity stage, in conjunction with vitrinite
reflectance pattern as a maturity tool.

Pyrolysis is almost the best routine tool for determining the kerogen type [5]. The rock-eval
pyrolysis data are considered to be the most valuable geochemical exploration tool used to
evaluate the type of organic matter, thermal maturity, and the generation capability of source
rocks. The generated thermo-vaporized free hydrocarbons already present in the rock “S1” are
released at temperatures lower than those needed to break down the kerogen, hence monitor-
ing the hydrocarbons released by steadily increasing temperature, providing a way for
obtaining the amount of generated hydrocarbons relative to the total potential. The “S2” peak
represents the genetic potential of the sample, which is the hydrocarbon that would generate at
optimummaturity. The “S1” and “S2” are expressed in milligrams of hydrocarbon per gram of
rock (mg/g). The “S3” peak represents the quantity of evolved CO2 expressed in milligrams of
CO2 per gram of rock (mg/g). The temperature (Tmax) at which the pyrolysis peak S2 occurs
has been used as a measure of maturity; it increases with increasing levels of maturity. Two
useful parameters are obtained from rock-eval pyrolysis data: the hydrogen index (HI = S2/
TOC wt%, equivalent to H/C atomic ratio in van Krevelen diagram) and the oxygen index
(OI = S3/TOC wt%, equivalent to O/C atomic ratio in the kerogen).

2.1. Source rock generative potential

The organic matter richness and hydrocarbon generative potential of the source rocks in the
Sayun-Masilah basin can be evaluated by bulk geochemical data such as TOC content and
pyrolysis S1 and S2 yields (Table 1). The organic richness of a rock is usually expressed as
the total organic carbon content (wt% TOC). The minimum acceptable TOC value for clastic
type rocks indicating good source potential is 1.0% [1, 6]. The Upper Jurassic sediments
samples have moderate to high TOC content (0.85–33.3 wt%), revealing organic-rich inter-
vals within stratigraphic levels (Figure 1). The L. Qishn Member (Lower Cretaceous age)
consists of sandstone and shale and with small intercalations of carbonates. The L. Qishn
shale samples contain rich organic matter and have TOC content of 1.4–3% (Figure 1). Based
on the classification proposed by [7], L. Qishn shale sample is considered to be a fair to good
source rock (Figure 1). The amount of hydrocarbon yield (S2) expelled during pyrolysis is a
useful measurement to evaluate the generative potential of source rocks [7, 8]. Most of the
analyzed samples have more than 1.0 mg HC/g rock (Figure 1). Thus, pyrolysis S2 yields
indicate that the L. Qishn shale samples are poor to fair generative potential (Figure 1).

Petroleum Source Rocks Characterization and Hydrocarbon Generation
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1. Introduction
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matter quantity), which is usually expressed as total organic carbon (TOC wt%). It also
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on the classification proposed by [7], L. Qishn shale sample is considered to be a fair to good
source rock (Figure 1). The amount of hydrocarbon yield (S2) expelled during pyrolysis is a
useful measurement to evaluate the generative potential of source rocks [7, 8]. Most of the
analyzed samples have more than 1.0 mg HC/g rock (Figure 1). Thus, pyrolysis S2 yields
indicate that the L. Qishn shale samples are poor to fair generative potential (Figure 1).
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Age Rock Units Depth
(m)

TOC
(wt%)

Rock-eval pyrolysis Ro
(%)

S1

(mg/g)
S2

(mg/g)
S3

(mg/g)
Tmax

(C)
HI
(mg/g)

OI
(mg/g)

PI
(mg/g)

PY
(S1 + S2)

Lower
Cretaceous

Harshiat
Fm

900 3.47 0.0694 6.8706 0.3817 433 198 11 0.01 6.94 0.36

1000 33.3 0.6963 68.931 2.664 428 207 8 0.01 69.6 0.36

1100 34 0.5564 55.08 2.72 430 162 8 0.01 55.6 0.34

1500 0.85 0.0201 0.3825 0.476 427 45 56 0.05 0.4 0.4

L. Qishn
Member

1860 1.87 2.1442 3.0855 3.927 165 210 0.41 5.2 0.39

1875 17 23.803 37.23 24.99 219 147 0.39 61.0

1890 2.99 3.8757 5.3521 3.9767 179 133 0.42 9.2

1920 1.4 1.0478 1.946 3.024 139 216 0.35 2.9 0.41

Upper
Jurassic

Nayfa Fm 2310 0.82 0.0306 0.5822 0.164 436 71 20 0.05 0.6 0.43

2400 2.6 1.7967 6.37 4.264 245 164 0.22 8.1 0.5

2430 0.83 0.0743 0.9877 0.1826 442 119 22 0.07 1.0

2457 1.01 0.114 1.515 0.2828 444 150 28 0.07 1.6 0.5

2490 1.57 0.3072 3.5325 0.3454 444 225 22 0.08 3.8

2510 1.65 0.2359 3.696 0.396 442 224 24 0.06 3.9 0.5

2540 1.62 0.2456 4.6656 0.2754 441 288 17 0.05 4.9

2555 1.29 0.3668 4.2183 0.4257 435 327 33 0.08 4.5

2570 2.23 0.5082 9.6559 0.4014 440 433 18 0.05 10.1

Madbi Fm 2585 8.37 5.5056 49.55 0.7533 443 592 9 0.1 55.0 0.74

2586.4 6.1 6.9342 33.855 0.61 442 555 10 0.17 40.7

2587 4.07 4.4224 20.147 0.4477 439 495 11 0.18 24.5

2588 8.16 6.5111 43.574 0.5712 441 534 7 0.13 50.0

2589 11.8 7.3684 66.316 0.472 442 562 4 0.1 73.6

2590 6.85 4.9697 40.21 0.3425 441 587 5 0.11 45.1

2591 7.9 5.1359 41.554 0.869 443 526 11 0.11 46.6 0.87

2591.3 8.82 5.3472 54.067 0.3528 438 613 4 0.09 59.4

2592.7 2.75 3.1625 12.65 0.55 437 460 20 0.2 15.8

2593.4 3.48 3.9917 17.017 0.3828 432 489 11 0.19 21.0

2595 7.37 5.265 42.599 0.6633 442 578 9 0.11 47.8

2597 7.41 5.507 40.385 0.8151 441 545 11 0.12 45.8

2598.5 5.92 5.9989 31.494 0.6512 442 532 11 0.16 37.4

2602 4.63 4.1098 23.289 0.5093 444 503 11 0.15 27.3

2605 4.08 3.3276 20.441 0.4896 440 501 12 0.14 23.7 0.78

2606 5.96 4.3237 31.707 0.2384 442 532 4 0.12 36.0 0.81
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L. Qishn shale samples have low hydrogen index (HI) values in the range of 139–219 mg HC/
g TOC (Figure 1). The shale samples in the Nayfa Formation (Upper Jurassic age) contains a
total organic carbon content ranging between 0.82 and 2.2 wt%; thus indicating a fair to good
source rock (Figure 1). The pyrolysis yield S2 and petroleum potential yield ranging from 0.5
to 9.6 and 0.07 to 1.7 mg HC/g rock, respectively; Figure 1, consequently, is considered to be
poor to good source generative potential. Total organic carbon (TOC) analysis showed high
TOC values of the samples from the Madbi Formation (Upper Jurassic age) and ranging from
1.2 to 8.8 wt% (Figure 1). The TOC contents meet the accepted standards of a source rock
with good to excellent hydrocarbon generative potential as suggested by [1]. This is con-
firmed by the pyrolysis S2 yield, petroleum potential yield S1, and extract of organic matter
(EOM) (Figure 1) as a useful parameter to evaluate the generation potential of source rocks
[7, 8].

The hydrocarbon yields (S2) are in agreement with TOC content, indicating that the shales of
Madbi Formation are good to excellent source rock generative potential based on the classifi-
cation by Peters and Cassa [6] (Figure 2). The shale samples could become the most promising
source rock for hydrocarbon generation as reflected by high pyrolysis yield (S2) and total
organic carbon (TOC wt%) content (Figure 2).

Overall, the relation between genetic petroleum potential yield (PY; S1 + S2) and TOC of the
studied units in the Sayun-Masilah basin confirms the above results, where it suggests that
most of the samples from Madbi source rocks locate in the zone of the potential source rocks
for hydrocarbon generation (Figure 3).

Age Rock Units Depth
(m)

TOC
(wt%)

Rock-eval pyrolysis Ro
(%)

S1

(mg/g)
S2

(mg/g)
S3

(mg/g)
Tmax

(C)
HI
(mg/g)

OI
(mg/g)

PI
(mg/g)

PY
(S1 + S2)

2606.5 4 4.5828 17.24 0.64 439 431 16 0.21 21.8

2610.7 4.05 4.2737 22.437 0.5265 440 554 13 0.16 26.7 0.73

2615 1.24 0.7307 4.4888 0.2232 436 362 18 0.14 5.21

Shuqra Fm 2615.5 5.09 3.3802 24.788 0.7126 442 487 14 0.12 28.1

2625 5.94 3.9718 32.135 0.594 440 541 10 0.11 36.1

2665 1.47 0.3286 4.3659 0.4557 440 297 31 0.07 4.6

2680 1.13 0.163 3.0962 0.3729 442 274 33 0.05 3.2 0.82

S1: volatile hydrocarbon (HC) content, mg HC/g rock; TOC: total organic carbon, wt.%.
S2: remaining HC generative potential, mg HC/g rock; S3: Volatile carbon dioxide (CO2) content, mg HC/g rock; PI:
production index = S1/(S1 + S2).
Tmax: temperature at maximum of S2 peak; PY: potential yield = S1 + S2 (mg/g).
HI: hydrogen index = S2 � 100/TOC, mg HC/g TOC; OI: Oxygen Index = S3 � 100/TOC; Ro: Vitrinite reflectance.

Table 1. Results of pyrolysis and TOC content analyses with calculated parameters with measured vitrinite reflectance of
the source rocks in Sayun-Masilah basin.
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2.2. Types of source rocks and depositional mechanisms of source rocks

One of the requirements needed for source rocks to generate commercial amounts of oil is that
they must contain sufficient quantity of organic matter enough to generate and expel hydro-
carbons [9]. Ronov (op.cit) also reported that the organic matter content in the open marine
argillaceous sediments reaches about 1.1%, whereas that of the continental and lagoonal
sediments reaches about 0.43%. Thomas [10] classified the potentiality of source rocks on the
basis of their weight percentage of organic carbon; into poor source (<0.5 wt%), fair source

Figure 1. Organic geochemical log of the Upper Jurassic and Lower Cetaceous source rock samples according to Rock-
eval pyrolysis and TOC content results.
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(0.5–1.0 wt%), good source (1.0–2.0 wt%), and very good source (>2.0 wt%). Tissot and Welte
[2] stated that, “clastic rocks, which are considered as source for petroleum contain a mini-
mum of 0.5 wt% of the total organic carbon (TOC wt%), while good source rocks contain an
average of about 2.0 wt% of TOC.” The type of organic matter has important influence on
the nature of generated hydrocarbons. Espitalie et al. [11] found that organic richness alone
may not suffice to evaluate source rocks, where the organic matter is mainly inertinite, i.e.,
oxidized or biodegraded, is not capable of generating hydrocarbons, even if present at high
concentrations. Peters and Cassa [6] presented a scale for the assessment of source rocks
used in a wide scale and is applied in this work; a content of 0.5 wt% TOC as a poor source,
0.5–1.0 wt% as a fair source, 1.0–2.0 wt% as a good source, and more than 2.0 wt% TOC as a
very good source rock, and also based on the rock-eval pyrolysis data, such S1 and S2, as
shown in Table 2.

Pristane (pr) and phytane (ph) are usually the most important acyclic isoprenoid hydrocarbons in
terms of concentration [12] and present in sediments and oil. Both are assumed to be diagenetic
products of the phytyl side chain of chlorophyll 11 [13]. In certain restricted environments, for
example, hypersaline, phytane can be derived from archae bacteria [14]. The pristane to phytane
ratio (pr/ph) is similar for petroleum, which has resulted from material deposited under similar
conditions [15]. Reducing conditions preferentially would lead to the formation of phytane.

Figure 2. Pyrolysis S2 versus total organic carbon (TOC) plot showing generative source rock potential for the rock units
in the study area.
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Rowlands et al. [16] stated that, “the phytane carbon skeleton is extensively preserved under the
condition, where H2S is available.” Therefore, the pristane to phytane ratios of ancient sediments
and oil reflect the paleoenvironmental conditions of source rock sedimentation [17] and are
considered as potential indicators of the redox conditions during sedimentation and diagenesis
[18]. Pristane/phytane ratio of less than 1 is ascribed to anoxic depositional environments,
whereas ratios greater than 1 are ascribed to oxic depositional environments [17]. The use of the
pr/ph ratio as an indicator, however, is not recommended to describe the paleoenvironment at
low maturity levels [19]. Within the oil-generative window, the high pr/ph ratios (>3) indicate
terrestrial organic matter input under oxic condition and low values typify anoxic, commonly
under hypersaline environments. Hughes et al. [14] suggested that specific depositional environ-
ments and lithologies are associated with specific values for pr/ph ratios. Values less than 1 have
associated with marine carbonates, between 1 and 3 with marine shales, and larger than 3 with

Figure 3. Source rock rating and hydrocarbon generative potential based on the plot of petroleum potential yield (PY)
versus TOC for the analyzed rock samples.

Quality TOC (wt. %) S1 (mg HC/gm rock) S2 (mg HC/gm rock)

Poor 0.0–0.5 0.0–0.5 0.0–2.5

Fair 0.5–1.0 0.5–1.0 2.5–5.0

Good 1.0–2.0 1.0–2.0 5.0–10.0
>10

Very good > 2 > 2

Table 2. Source rock generative potential (after [7]).
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nonmarine shales and coals [20]. Lijmbach [21] proved that the ph/n-C17 ratio is less than 0.5 in
environment with abundant aerobic bacterial activity and more than 1 in low aerobic bacterial
activity environment. Shanmugam [22] made a combination between the isoprenoids and normal
alkanes, which provides valuable information about the source of organic matter, organic facies,
biodegradation, and maturation levels. These information are obtained from plotting the pristane
/n-C17 versus phytane/n-C17. Abdullah [23], on the other hand, documented high pr/n-C17 and
Ph/n-C18 values (1.5–1.6 and 1.2–1.6, respectively) in shallowmarine shale and lower values (0.4–
1.1 and 0.4–0.9, respectively) in deep marine shale conditions. Gas chromatography of the satu-
rated hydrocarbons obtained from the extracted bitumen in the source rocks at Sayun-Masilah
basin are used to identify the nature of organic matter present in these formations, preservation
conditions, and depositional environments of the present organic matter. The isoprenoid pr/ph
ratios of the studied rock units in the Sayun-Masilah basin (Figure 4) vary between 1.92 and 3.36,
which point that the present organic matters were preserved under oxic to anoxic conditions in a
deep marine environment as reflected from the lower values of pr/nC17 and ph/n-C18. The
higher values of pr/ph ratio of >3 in some samples indicate a terrestrial input organic matter, i.e.,
presence of vitrinite macerals.

Figure 4. Phytane to n-C18 alkane (Ph/n-C18) versus pristane to n-C17 alkane (Pr/n-C17) ratios for reservoir crude oils
and source rock extracts.
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>10
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Table 2. Source rock generative potential (after [7]).
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environment with abundant aerobic bacterial activity and more than 1 in low aerobic bacterial
activity environment. Shanmugam [22] made a combination between the isoprenoids and normal
alkanes, which provides valuable information about the source of organic matter, organic facies,
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higher values of pr/ph ratio of >3 in some samples indicate a terrestrial input organic matter, i.e.,
presence of vitrinite macerals.

Figure 4. Phytane to n-C18 alkane (Ph/n-C18) versus pristane to n-C17 alkane (Pr/n-C17) ratios for reservoir crude oils
and source rock extracts.

Petroleum Source Rocks Characterization and Hydrocarbon Generation
http://dx.doi.org/10.5772/intechopen.70092

11



2.3. Types of organic matter (kerogen types)

The type of organic matter (kerogen) is considered the second most important parameter in
evaluating the source rock. The kerogen type can be differentiated by optical microscopic or by
physicochemical methods. The differences among them are related to the nature of the original
organic matter. The organic matter in potential source rocks must be of the type that is capable
of generating petroleum [2, 3]. It has been established that the organic matter is classified into
three classes [24]:

1. (types I and II) equivalent Sapropelic type.

2. (type III) equivalent Humic type.

3. Mixed type from the two other types equivalent (II/III or III/II).

Espitalie et al. [5] used the pyrolysis yield to differentiate between the types of organic matter
by plotting the hydrogen index versus the oxygen index on a modified Van Krevelen diagram,
as follows:

1. Type I: mainly oil-prone organic matter with minor gas.

2. Type II: mixed oil and gas-prone organic matter.

3. Type III: mainly gas-prone organic matter.

The organic matter type is an important factor for evaluating the source rock potentiality and has
important influence on the nature of the hydrocarbon products [2, 4]. Peters and Cassa [6] pro-
posed that, for mature source rock, HI for gas-prone organic matter is less than 150, gas-oil-prone
organic matter is between 150 and 300, whereas oil-prone organic matter is more than 300 HI. So, it
is very important to determine the kerogen types, in order to detect the hydrocarbon products. The
pyrolysis results can be used for the determination of the organic matter types. This can be
achieved by drawing the relation between the hydrogen index (HI) and the oxygen index (OI).

In this study, the kerogen types present in the source rocks of the Sayun-Masilah basin
identified from the modified Van Krevelen diagram (Figure 5) show that the Madbi shales
interval contain kerogen of type I (algenite) oil prone, whereas type II (exinite) could be
capable to generate mixed oil and gas. The hydrogen index (HI) value of Madbi Formation
ranges from 362 to 613 mg/g with low oxygen index, indicating a capability of this formation
to generate oil and mixed oil and gas hydrocarbons (Figure 5). The plots of the Naifa and L.
Qishn Formations are characterized by the type II kerogen of lower hydrogen index (Figure 5),
which could be capable to generate gases and oil, because they have higher (OI) than the
Madbi Formation. Generally, most of the studied samples of Madbi source rocks of Sayun-
Masilah basin are characterized by low OI, which reflect the capability of these sources to
produce more oil than gases in type II kerogen.

2.4. Bitumen bulk geochemical parameters

The amounts of extractable organic matter (EOM), total hydrocarbon yield as well as the relative
proportions of saturated, aromatic fractions, and nitrogen/sulfur/oxygen (NSO) compounds. The
saturated and aromatic fractions together create the petroleum-like hydrocarbon fraction; thus,
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the sum of these two fractions is referred as hydrocarbons (HCs) [25]. Since the hydrocarbon
portion of the bitumen extracted from sediment is the petroleum-like portion, it is used as an
important parameter in the source-rock evaluation [26, 27]. These parameters are very important
in petroleum source-rock evaluation (e.g., [26–28]). In this respect, most of the Upper Jurassic
samples in Sayun-Masilah basin appear to be prolific petroleum sources where abundant naph-
thenic oils might be expected to be generated. The plots of TOC content versus extractable
organic matter (EOM) and hydrocarbon yields (Figure 6) show the Upper Jurassic sediments in
the study area as good to very good source rocks with good to very good potential for oil
generation potential (e.g., [6]).

2.5. Thermal maturity of organic matter

As a rock containing kerogen and is progressively buried in a subsiding basin, it is
subjected to increasing temperature and pressure. A source rock is defined as mature when
it is reached to generate hydrocarbons. A rock that does not reach to the level of generation
of hydrocarbons is defined as an immature source, and that which passed the time of
significant generation and expulsion, it is considered as over-mature source rock. Generally,
various parameters have been used for estimating source rock maturation. These parame-
ters include vitrinite reflectance (Ro) and rock-eval pyrolysis data such as Tmax and

Figure 5. Plots of Hydrogen index (HI) versus Oxygen index (OI), showing kerogen quality of the Upper Jurassic samples
in the Sayun-Masila basin, Yemen.
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Figure 6. Plots of TOC content versus bitumen extractions and hydrocarbon yields, showing source potential rating and
hydrocarbon source-rock richness for the selected samples.
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production index (PI). The study of thermal maturation of source rocks is one of the main
steps in the source rocks evaluation in the study area. This is because it is possible from the
maturation stage to determine the position of the sediments with the respect to the oil
generation. It can also help in oil exploration from knowing the relation between hydrocar-
bon generation, migration, and accumulation with the tectonics, which lead to the develop-
ment of the structural traps in the study area.

A. Vitrinite reflectance (Ro %)

The most common method used for determining the stage of maturation is the vitrinite
reflectance (Ro), which was discussed by several workers. Hood et al. [29] noted that one of
the most useful measures of organic metamorphism is the reflectance of vitrinite. Tissot and
Welte [2] considered the vitrinite reflectance as the most powerful tool for detecting maturation
of organic matter. Waples [30] considered that a vitrinite reflectance (Ro%) of 0.6% mark the
early stage of oil generation, while the peak of oil generation is at Ro ≈ 0.8%, and the late stage
or the end of oil generation is marked at Ro ≈ 1.35%. The Ro% is considered as the most
powerful maturation measure tool. It measures the ability of tiny vitrinite particles (called
macerals) in kerogen to reflect incident light. This method depends on the separation of the
organic macerals and measuring its vitrinite reflectance in oil immersion lens using a reflecting
polarizing microscope connected with a photometer. The vitrinite macerals are increased in its
reflectivity, as the maturation of their host rocks increases. Tissot and Welte [2] detected the
onset, peak, and end of oil generation for the different types of kerogen according to Ro%
(Table 3). In the Sayun-Masilah basin, the vitrinite reflectance values ranges from 0.32 to
0.87 Ro%. These reflect that Madbi and Shuqra Formations are mature stage, whereas the
samples in L. Qishn Member and Nayfa Formation lie mainly in the mature stage (Figure 7).
The lowering of the values of vitrinite reflectance in the studied samples from Sunah field, in
spite of their occurrence at greater depths, may be related to the presence of high content of
unstructured lipids of the type II kerogen [31]

B. Rock-eval pyrolysis

The relationship of the Tmax with depth for the studied intervals in the Sayun-Masilah basin
(Figure 1) shows values ranging from 432 to 443C�; this reflects that Madbi Formation is in the
mature stage. The values in the Nayfa and Shuqra Formations reflect immature to mature
stages. The production index (PI) data plotted against depth in (Figure 1) indicate that the
phases of maturation of kerogen of these rock units are in the immature to mature stages. Most
of the studied samples in the Madbi Formation at Sayun-Masilah basin lie in the mature stage
(Figure 1). Reversely, the L. Qishn and Nayfa samples reveal a marginal mature stage. The
types of organic matter ranges from oil- and gas-prone (HI ranged from >200 to 625) to oil-
prone organic matter in Madbi Formation, and gas-prone kerogen in L. Qishn and Nayfa
formations.

Generation Type I Type II Type III

On set of oil generation 0.65 0.5 0.55 Ro%

Peak of oil generation 1.1 0.8 0.9 Ro%

End of oil generation >1.4 >1.4 >1.4 Ro%

Table 3. The generation for the different types of kerogen with Ro%.
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3. Basin modeling procedure

Geohistory diagrams [32] and similar diagrams have been widely used in geology, particular
in hydrocarbon exploration. These diagrams were adapted to perform numerical modeling of
burial, erosion, and thermal histories in sedimentary basins, e.g., [33, 30, 34, 35]. This method
has become an important tool and successfully applied to search for new petroleum plays or
for the evaluation of exploitable oil and gas accumulations around the world (e.g., [31, 36, 37]).
In this chapter, quantitative one-dimensional basin modeling is performed for evaluating the
thermal histories and timing of hydrocarbon generation and expulsion of the Nayfa, Madbi,
and Shuqra source rocks in the Sayun-Masilah basin. The reconstruction of the burial, thermal,
and maturity histories were modeled in order to evaluate the remaining hydrocarbon potential
using Schlumberger’s PetroMod (1D) modeling software. Sunah exploration well was created
as a result of geochemical, well log, and further geologic data were used. The geologic model

Figure 7. Plot of vitrinite reflectance data (Ro) versus depths showing thermal maturity stages of the Source rocks
samples in the study area.

Recent Insights in Petroleum Science and Engineering16

consisting of the depositional, nondepositional, and erosional events in absolute ages was
compiled using stratigraphic data that were provided from well reports and previous strati-
graphic studies, e.g., [38]. Hydrocarbon generation modeling was based on TOC and HI of the
Nayfa, Madbi, and Shuqra source rocks in the Sayun-Masilah basin as example, and the
maturity modeling was calculated using the EASY% Ro model of Sweeney and Burnham [39].

3.1. Subsidence and burial history

The tectonic evolution of the region has significantly influenced burial and thermal history of the
study area. The burial (subsidence) and thermal histories are necessary in order to predict
the timing of hydrocarbon generation and expulsion. To describe the resulting models clearly, we
review first the results of our reconstruction of the subsidence curves [40]. Based on well profile,
subsidence curves (Figure 8) were first constructed for the studied well by decompacting the
sedimentary section using formation thicknesses (present day thickness) and lithologies assigned
from mud logs and composite well log. The subsidence curves and basin history filling of one
representative well is shown in Figure 8, it illustrate that the Upper Jurassic section have a long
burial history although it has thin sedimentary cover (400 m), due to thick sedimentary sections
(2300 m) precipitated during the Cretaceous and Tertiary epoch (Figure 8),which help oil genera-
tion in this area. However, the Madbi source rocks during that time were buried deeply, and the
petroleum generation can be generated in this time.

Figure 8. Burial history modeling for investigated well in the Sayun-Masilah basin.
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3.2. Thermal history and paleo-heat flow

The thermal history of the source rocks in the sedimentary basins can be evaluated based not
only on the deposition and erosion history but also on the heat-flow evolution [41, 42]. The
borehole temperatures increase systematically with depth in the Earth and were used to
calibrate the present day heat-flow regime. The increase of temperatures, indicating that heat
is transferred through sediment layers to the surface. The transfer of heat is mainly controlled
by thermal conductivity of the formations and geothermal gradient. Therefore, the thermal
conductivity and geothermal gradient need to be determined to estimate the heat-flow history
[43, 44, 45]. The present day geothermal gradient of borehole location was calculated using
BHTs that were corrected for the circulation of drilling fluids. The maximum temperatures
were reached at Upper Jurassic and Oligocene and Miocene time (Figure 9). The heat-flow is
an important value in the input of the basin modeling, but needs to be determined for the
geological past [45, 46]. Therefore, the reconstruction of the thermal history of the basin is
simplified and calibrated with thermal maturation measurements (e.g., temperatures and
vitrinite reflectance) (Figure 10a). Vitrinite reflectance was measured from maturity measure-
ments of three stratigraphic units (Upper Jurassic), including Naifa, Madbi, and Shuqra for-
mations (Table 1), and used to predict paleo-heat flow. Heat-flow model (Figure 10b) is used
to calculate maturity, which is generally calibrated with a thermal maturity parameter such as
vitrinite reflectance, e.g. [31, 47–49]. In the Sayun-Masilah basin, paleo-heat flow was affected

Figure 9. Paleo-temperature modeling in well calibrated using borehole temperature.

Recent Insights in Petroleum Science and Engineering18

by the tectonic evolution and rifting phase. The rift influenced heat-flow model, which incor-
porates a higher heat flow episode during the rift phase and an exponential reduction during
the post-rift phase [50]. Based on the geological evolution of the Sayun-Masilah basin, the two
rifting phases were incorporated in the heat flow model by peaks of heat flow during the
periods of rifting (Figure 10b).

Figure 10. (a) Calibration of the thermal and maturity modeling in the studied in the Sayun-Masilah basin. Notice that
there is a good correlation between measured data and calculated curves of temperature and measured vitrinite reflec-
tance. (b) Heat flow through time in the investigated well, which were used to model the most probable scenario for
hydrocarbon generation and expulsion in the Upper Jurassic source rocks.
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3.3. Source rocks maturity history model

In thermal history reconstructions of the study area, the influence of the tectonic evolution
on the heat-flow distribution through time was applied. Thermal maturity levels of the
Upper Jurassic source rocks are calculated based on the Easy% Ro routine [39] using one-
dimensional modeling of single well. The detailed maturity history model of source rocks
was used to determine the time when source rocks passed through the oil window. The
detailed maturity history of source rocks in the Upper Jurassic source rocks is modeled for
the representative well in the Sayun-Masilah basin (Figure 11). Based on the thermal matu-
rity model, the hydrocarbon generation history of the source rocks in the model are different
because of the variation in thermal and buried history (Figure 11). Assigning a heat-flow value of
80 mW/m2 during 155.7 Ma gives the best fit between measured and calculated vitrinite reflec-
tance and bottom hole temperatures (Figure 10). The Madbi Formation has reached the required
levels of maturity in the model probably due to the temperatures (Figure 11). The model also
shows that the source rock in this unit has reached the required levels of thermal maturity to
onset of the oil window (0.64–0.87% Ro) from about 77 Ma at a depth 2315 m (Figure 11).

Figure 11. Burial and thermal maturity histories of the Upper Jurassic source rocks for the studied well showing the
positions of the oil window.
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3.4. Hydrocarbon generation and expulsion modeling

The timing of petroleum generated and expelled from the Upper Jurassic source rocks were
modeled (Figure 12). Oil generation is defined in this model by transformation ratios between 10
and 50%. Immature source rocks have transformation ratios less than 10% (no generation). Peak
oil generation occur at a transformation ratio of 50% when the main phase of oil generation is
reached [49]. The modeled hydrocarbon generation and expulsion of the studied well shows that
the Madbi source rocks were generating hydrocarbon with oil as the main product (Figure 12).
In general, the hydrocarbon generation and expulsion history of the Madbi source rock in the
studied model was represented by only two stages (Figure 12). The first stage of hydrocarbon
generation of the Madbi source rock was occurred during Late Cretaceous-Early Eocene time at
70–54.6 Ma (Figure 12). This stage is the early phase of oil generation without any expulsion. The
transformation ratio of the source rock varied from 10 to 25% during this stage, with computed
VR of 0.55–0.65% Ro. The second stage (approximately 25.12-0 Ma) is the main phase of the oil
generation and no gas generation has been detected. The transformation ratio of the source rock
in this stage varies from 25 to 36%, with calculated VR of 0.65–0.87% Ro (Figure 12).

4. Crude oil characterization

The petroleum was defined as a liquid substance referred to as “crude oil” or simply “oil”
occurred in underground natural reservoirs, but the definition has been broadened to include

Figure 12. Plots of evolution of the transformation ratio and rate of hydrocarbon generation with age from the Madbi
source rocks in the studied well.
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hydrocarbon gases referred to as “natural gases” occurring in similar reservoirs. Oil is a complex
mixture containing a large number of closely related compounds [2]. The compounds present and
their relative amounts are controlled initially by the nature of the organic matter in the source
rock. With more specific words, the relative amounts of normal alkanes, isoprenoids, aromatics,
and sulfur compounds are characteristic of the source and should be essentially the same for all oil
derived from a particular source rock. The fact that variations in crude oil composition are to a
certain extent inherited from different source rocks. For instance, coaly material in general yields
more gaseous compounds, whereas high wax crude oils are commonly associated with source
material containing high proportions of lipids of terrestrial higher plants and of microbial organ-
isms [2]. High-sulfur crude oils are frequently related to carbonate-type source rock. A side from
the influence of source rock facies, the state of maturity of the source material is also of

Figure 13. Gas chromatography traces and m/z 191, m/z 217 mass fragmentograms for the representative two oil
samples.
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importance. However, much larger variations in composition can cause processes operating in the
reservoir. In other words, crude oil alteration processes (thermal alteration, deasphalting, biodeg-
radation, and water washing) tend to obscure the original character of the oil, and therefore affects
crude oil correlation, furthermore influence the quality and economic value of petroleum [2].
Therefore, the careful studying of the chemical compositions of the rock extracts, seeps, and
produced oil can minimize the risk associated with finding petroleum accumulations.

The crude oils from the Sayun-Masilah basin have API gravity values in the range of 24.4–35.6
[51]. The crude oils have high saturated and aromatic fractions and ranging from 40.0 to 65.9%
and 28.0 to 46.5%, respectively [51]. The high saturated and aromatic fractions with low
amount of asphaltene and resin components indicate that these oils are naphthenic oils and
have no sign of biodegradation. The similar bulk property and composition of the analyzed
crude oils indicate that only one oil type is present. Biodegradation process may occur in an oil
reservoir, and the process dramatically affects the fluid properties of the hydrocarbons, e.g.,
[52]. The early stages of oil biodegradation are characterized by the loss of n-alkanes or normal
alkanes followed by the loss of acyclic isoprenoids (e.g., pristane and phytane). Compared
with those compound groups, other compound classes (e.g., highly branched and cyclic
saturated hydrocarbons as well as aromatic compounds) are more resistant to biodegradation
[53]. In this respect, there is no sign of biodegradation among the studied oil samples, where
the analyzed oils contain a complete suite of n-alkanes in the low-molecular weight region and
acyclic isoprenoids (e.g., pristane and phytane); (Figure 13). This is also indicated by the
analyzed oil samples generally contain more saturated hydrocarbons than aromatic hydrocar-
bons with generally saturate/aromatic ratios >1.

5. Oil-source correlation

The correlation of crude oils with one another and with extracts from their source rocks
provide valuable tools for helping the exploration geologist to answer production and explo-
ration trends [2]. Are there one or more families of oils in a particular rock sequence? Each
family of oils represents one element of distinct petroleum system. Oil-source rock correlations
are more difficult than oil-oil correlation; this is because many problems are involved in both
sampling and interpreting the data. Tissot and Welte [2] showed that source rock oil is not
usually similar in composition to its corresponding reservoir oil for several reasons. First, there
is an evidence for the oil fractionates during the process of leaving the source and migrating to
the reservoir accumulation. Second, source rocks do not yield oils of the same composition
throughout their generation history. Third, degradation processes can affect the reservoir oil.
All these problems require that the correlation be made by parameters (e.g., gross composition
of oil and source rock extracts, biomarker analyses… etc.) that are possibly unchanged by the
preceding factors. These parameters solve most of problems in oil-source correlations, because
the differences in the chemical composition of the oil and the organic matters retained in the
source rock are a function of migration fractionation and post-migration alteration.

Various parameters have been used for oil-source correlation purposes. These parameters depend
mostly on the pre-burial environments of living organisms, the depositional environments of the
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with those compound groups, other compound classes (e.g., highly branched and cyclic
saturated hydrocarbons as well as aromatic compounds) are more resistant to biodegradation
[53]. In this respect, there is no sign of biodegradation among the studied oil samples, where
the analyzed oils contain a complete suite of n-alkanes in the low-molecular weight region and
acyclic isoprenoids (e.g., pristane and phytane); (Figure 13). This is also indicated by the
analyzed oil samples generally contain more saturated hydrocarbons than aromatic hydrocar-
bons with generally saturate/aromatic ratios >1.

5. Oil-source correlation

The correlation of crude oils with one another and with extracts from their source rocks
provide valuable tools for helping the exploration geologist to answer production and explo-
ration trends [2]. Are there one or more families of oils in a particular rock sequence? Each
family of oils represents one element of distinct petroleum system. Oil-source rock correlations
are more difficult than oil-oil correlation; this is because many problems are involved in both
sampling and interpreting the data. Tissot and Welte [2] showed that source rock oil is not
usually similar in composition to its corresponding reservoir oil for several reasons. First, there
is an evidence for the oil fractionates during the process of leaving the source and migrating to
the reservoir accumulation. Second, source rocks do not yield oils of the same composition
throughout their generation history. Third, degradation processes can affect the reservoir oil.
All these problems require that the correlation be made by parameters (e.g., gross composition
of oil and source rock extracts, biomarker analyses… etc.) that are possibly unchanged by the
preceding factors. These parameters solve most of problems in oil-source correlations, because
the differences in the chemical composition of the oil and the organic matters retained in the
source rock are a function of migration fractionation and post-migration alteration.

Various parameters have been used for oil-source correlation purposes. These parameters depend
mostly on the pre-burial environments of living organisms, the depositional environments of the
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organic matter, and the diagenetic processes in the source rocks. In this respective study, the
applied parameters used for oil-source correlation are the steranes ternary diagrams of oils and
source rock extracts by gas chromatographic (GC) analysis of C27, C28, and C29 regular steranes
distribution. The distribution of C27, C28, and C29 homologous sterols on a ternary diagram was
first suggested by Tissot and Welte [2] as a source indicator.

The objective of this part in this study is to investigate the genetic link between the oils recovered
from Sayun-Masilah oilfield and Upper Jurassic source rocks. In an attempt to develop an oil-
source rock correlation, we extracted soluble bitumens from four samples of the Madbi shale and
analyzed their biomarkers using GC and GC–MS analyses. Overall, the oil data closely match the
Upper Jurassic source rock data. Key factors include biomarker parameters and the similar
positions on the cross-plots (Figures 14 and 15) [51].

The results of the steranes ternary diagrams of the oil and source rock extract samples are
illustrated in Figure 14. The steranes distribution shows composed of C27–C29 regular steranes
and relatively low C27/C29 regular steranes ratios (Figures 14 and 15), suggest a combination of
marine and terrestrial organic matter input [54, 55]. Figure 14 shows that the C27, C28, and C29

Figure 14. Ternary diagram of regular steranes (C27–C29) showing the relationship between sterane compositions, source
organic matter input (modified after [56]).
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are plotted in ternary diagram for oil extracts from the Madbi source rock, and the crude oils
from the reservoir rocks, as shown in Figures 14 and 15, display the plotted points in the
same area that mean the source oil in the Sayun-Masilah basin reflects that, the oils extracted
from the source rock, and reservoir rocks are genetically have one family derived from the same
basin.

6. Summary and conclusions

This chapter overviews the petroleum source rocks characterization and hydrocarbon genera-
tion, based on organic geochemical characteristics (e.g., total organic carbon content (TOC),
rock-eval pyrolysis and bitumen extraction); in addition, burial and thermal histories and
timing of petroleum generation/expulsion for petroleum source rock intervals using one-
dimensional basin modeling software. The results obtained in this study give a strong indica-
tion as follows:

1. The organic geochemical data show that the Upper Jurassic sequence is the main source
for hydrocarbon generation due to the high content of organic matter, which reached up

Figure 15. A plot of pristane/phytane versus C27/C29 regular steranes, indicating organic matter input and depositional
conditions [51].
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to more than 5.0 wt%, indicating a fair to very good source rock generative potential. The
samples of Lower Cretaceous units vary between poor and fair source rocks.

2. The types of organic matter (kerogen) in these formations are of the type I and mixed types
II and III, which were originally deposited in anoxic to suboxic depositional environment,
as indicated from the low oxygen index OI, thus considered to be mainly oil- and gas-prone.

3. Maturity data such as vitrinite reflectance and pyrolysis Tmax show that the Lower Creta-
ceous samples are thermally immature for hydrocarbon generation, whereas the Upper
Jurassic samples are early-mature to peak-mature oil window mature stages for hydrocar-
bon generation.

4. The basin modeling study indicates that the source rocks in the Madbi Formation have
entered the mature to peak-oil window mature stages for hydrocarbon generation and the
mean-oil generation has been reached during Early Eocene (54.6 Ma), generating signifi-
cant amount of oils with TR in the range of 25–36%.

5. In summary, results from the case study reveal that the Madbi Formation (Upper Jurassic)
act as effective source rock and significant amount of hydrocarbons can be expected to
generate in the study area.

6. From geochemical analysis, conclude the oils extracted from the source rock and reservoir
rocks are genetically one family derived from the same basin.

Acknowledgements

The author would like to thank to Petroleum Exploration and Production Authority (PEPA),
Ministry of oil and Minerals in Yemen for supplying the data and samples for this study.
Schlumberger is acknowledged for providing the PetroMod Basin Modeling software.

Author details

Nabil Mohammed Al-Areeq

Address all correspondence to: nabilalareeq@yahoo.com

Department of Geology and Environment, Faculty of Applied Sciences, Thamar University,
Yemen

References

[1] Hunt JM. Petroleum Geochemistry and Geology. 2nd ed. San Francisco: Freeman; 1995

[2] Tissot BP, Welte DH. Petroleum Formation and Occurrence. 2nd ed. Berlin: Springer;
1984. p. 699

Recent Insights in Petroleum Science and Engineering26

[3] Waples DW. Maturity modelling: Thermal indicators, hydrocarbon generation, and oil
cracking. American Association of Petroleum Geologists Bulletin. 1994;60:285-306

[4] Hunt JM. PetroleumGeochemistry and Geology. 1st ed. San Francisco: Freeman; 1979. p. 617

[5] Espitalie J, Laporte JL, Madec M, Marquis F, Leplat P, Pauletand J, Boutefeu A. Methode
rapide de caracterisation des roches meres, de leur potential petrolier et de leur degre
d’evolution. Revue de l’Institut Francais du Petrole. 1977;32:23-42

[6] Peters KE, Cassa MR. Applied source rock geochemistry. In: Magoon LB, Dow WG,
editors. The Petroleum System—From Source to Trap. 60th ed. USA: American Associa-
tion of Petroleum Geologists; 1994. pp. 93–120

[7] Peters KE. Guidelines for evaluating petroleum source rock using programmed pyrolysis.
American Association of Petroleum Geologists Bulletin. 1986;70:318-329

[8] Bordenave ML. Applied petroleum geochemistry. In: Buker C, Littke R, Welte DH, edi-
tors. 2D–Modelling of Thermal Evolution of Carboniferous and Devonian Sedimentary
Rocks of the Eastern Ruhr Basin and Northern Rheinish Massif. 146th ed. Germany:
Zeitschrift der deutschen Geologischen Gesellschaft; 1993. pp. 321–339

[9] Ronov DA. Organic carbon in sedimentary rocks. Geochemistry. 1985;5:510-536

[10] Thomas BM. Geochemical analysis of hydrocarbon occurrence, northern Perth basin
Australia. AAPG Bulletin. 1979;63:1092-1107

[11] Espitalie J, Deroo G, Marquis F. Rock–Eval Pyrolysis and Its Application. 1st ed. Paris:
Inst. Fr. Preprint; 1985. p. 72

[12] Powel TG, MCRirdly DM. Relationship between ratio of pristane to phytane, crude oil
composition and geological environment. Nature. 1973;243:37-39

[13] Brooks JD, Gould K, Smith JW. Isoprenoid hydrocarbons in coal and petroleum. Nature.
1969;222:257-259

[14] Hughes WB, Holba AG, Dzou LIP. The ratios of dibenzothiophene to phenanthrene and
pristane to phytane as indicators of depositional environment and lithology of petroleum
source rocks. Geochimica et Cosmochimica Acta. 1995;59:3581-3598

[15] Alexander R, Kagi RI, Woodhouse GW. Geochemical correlation of Windalia oil and
extracts of winning group (cretaceous) potential source rocks, Berrow Subbasin, Western
Australia. AAPG Bulletin. 1981;65:235-249

[16] Rowlands S, Rockeg C, Al-Lihaibi S, Wolff GA. Incorporation of sulphur into phytol
derivatives during simulated early diagenesis. Organic Geochemistry. 1993;20:1-5

[17] Didyk BM, Simoneit BRT, Brassell SC, Eglinton G. Organic geochemical indicators of
palaeoenvironmental conditions of sedimentation. Nature. 1978;272:216-222

[18] Largen DJ, Gize AP. Pristane/phytane ratio in the mineralized Kup ferschiefer of the Fore-
Sudetic Monocliney, southwest Poland. Ore Geology Reviews. 1996;11:89-103

Petroleum Source Rocks Characterization and Hydrocarbon Generation
http://dx.doi.org/10.5772/intechopen.70092

27



to more than 5.0 wt%, indicating a fair to very good source rock generative potential. The
samples of Lower Cretaceous units vary between poor and fair source rocks.

2. The types of organic matter (kerogen) in these formations are of the type I and mixed types
II and III, which were originally deposited in anoxic to suboxic depositional environment,
as indicated from the low oxygen index OI, thus considered to be mainly oil- and gas-prone.

3. Maturity data such as vitrinite reflectance and pyrolysis Tmax show that the Lower Creta-
ceous samples are thermally immature for hydrocarbon generation, whereas the Upper
Jurassic samples are early-mature to peak-mature oil window mature stages for hydrocar-
bon generation.

4. The basin modeling study indicates that the source rocks in the Madbi Formation have
entered the mature to peak-oil window mature stages for hydrocarbon generation and the
mean-oil generation has been reached during Early Eocene (54.6 Ma), generating signifi-
cant amount of oils with TR in the range of 25–36%.

5. In summary, results from the case study reveal that the Madbi Formation (Upper Jurassic)
act as effective source rock and significant amount of hydrocarbons can be expected to
generate in the study area.

6. From geochemical analysis, conclude the oils extracted from the source rock and reservoir
rocks are genetically one family derived from the same basin.

Acknowledgements

The author would like to thank to Petroleum Exploration and Production Authority (PEPA),
Ministry of oil and Minerals in Yemen for supplying the data and samples for this study.
Schlumberger is acknowledged for providing the PetroMod Basin Modeling software.

Author details

Nabil Mohammed Al-Areeq

Address all correspondence to: nabilalareeq@yahoo.com

Department of Geology and Environment, Faculty of Applied Sciences, Thamar University,
Yemen

References

[1] Hunt JM. Petroleum Geochemistry and Geology. 2nd ed. San Francisco: Freeman; 1995

[2] Tissot BP, Welte DH. Petroleum Formation and Occurrence. 2nd ed. Berlin: Springer;
1984. p. 699

Recent Insights in Petroleum Science and Engineering26

[3] Waples DW. Maturity modelling: Thermal indicators, hydrocarbon generation, and oil
cracking. American Association of Petroleum Geologists Bulletin. 1994;60:285-306

[4] Hunt JM. PetroleumGeochemistry and Geology. 1st ed. San Francisco: Freeman; 1979. p. 617

[5] Espitalie J, Laporte JL, Madec M, Marquis F, Leplat P, Pauletand J, Boutefeu A. Methode
rapide de caracterisation des roches meres, de leur potential petrolier et de leur degre
d’evolution. Revue de l’Institut Francais du Petrole. 1977;32:23-42

[6] Peters KE, Cassa MR. Applied source rock geochemistry. In: Magoon LB, Dow WG,
editors. The Petroleum System—From Source to Trap. 60th ed. USA: American Associa-
tion of Petroleum Geologists; 1994. pp. 93–120

[7] Peters KE. Guidelines for evaluating petroleum source rock using programmed pyrolysis.
American Association of Petroleum Geologists Bulletin. 1986;70:318-329

[8] Bordenave ML. Applied petroleum geochemistry. In: Buker C, Littke R, Welte DH, edi-
tors. 2D–Modelling of Thermal Evolution of Carboniferous and Devonian Sedimentary
Rocks of the Eastern Ruhr Basin and Northern Rheinish Massif. 146th ed. Germany:
Zeitschrift der deutschen Geologischen Gesellschaft; 1993. pp. 321–339

[9] Ronov DA. Organic carbon in sedimentary rocks. Geochemistry. 1985;5:510-536

[10] Thomas BM. Geochemical analysis of hydrocarbon occurrence, northern Perth basin
Australia. AAPG Bulletin. 1979;63:1092-1107

[11] Espitalie J, Deroo G, Marquis F. Rock–Eval Pyrolysis and Its Application. 1st ed. Paris:
Inst. Fr. Preprint; 1985. p. 72

[12] Powel TG, MCRirdly DM. Relationship between ratio of pristane to phytane, crude oil
composition and geological environment. Nature. 1973;243:37-39

[13] Brooks JD, Gould K, Smith JW. Isoprenoid hydrocarbons in coal and petroleum. Nature.
1969;222:257-259

[14] Hughes WB, Holba AG, Dzou LIP. The ratios of dibenzothiophene to phenanthrene and
pristane to phytane as indicators of depositional environment and lithology of petroleum
source rocks. Geochimica et Cosmochimica Acta. 1995;59:3581-3598

[15] Alexander R, Kagi RI, Woodhouse GW. Geochemical correlation of Windalia oil and
extracts of winning group (cretaceous) potential source rocks, Berrow Subbasin, Western
Australia. AAPG Bulletin. 1981;65:235-249

[16] Rowlands S, Rockeg C, Al-Lihaibi S, Wolff GA. Incorporation of sulphur into phytol
derivatives during simulated early diagenesis. Organic Geochemistry. 1993;20:1-5

[17] Didyk BM, Simoneit BRT, Brassell SC, Eglinton G. Organic geochemical indicators of
palaeoenvironmental conditions of sedimentation. Nature. 1978;272:216-222

[18] Largen DJ, Gize AP. Pristane/phytane ratio in the mineralized Kup ferschiefer of the Fore-
Sudetic Monocliney, southwest Poland. Ore Geology Reviews. 1996;11:89-103

Petroleum Source Rocks Characterization and Hydrocarbon Generation
http://dx.doi.org/10.5772/intechopen.70092

27



[19] Volkman JK, Maxwell JR. Acyclic isoprenoids as biological makers. In: Johns RB, editor.
Biological Markers in the Sedimentary Record. 1st ed. New York: Elsevier; 1984. p. 1-42

[20] Koopmans MP, Rijpstra WIC, Klapwijk MM, Leenw d, Lewan MD, Damste JSS. A
thermal and chemical degradation approach to decipher pristine and phytane precursors
in sedimentary organic matter. Organic Geochmistry. 1999;30:1089-1104

[21] Lijmbach GW. Proceedings of the 9th World Petroleum Congress 2, Applied Science
Publ., London; 1975. pp. 357-369

[22] Shanmugam G. Significance of coniferous rainforests and related organic matter in gen-
erating commercial quantities of oil, Gipps-land Basin. American Association of Petro-
leum Geologists Bulletin. 1985;69:1241-1254

[23] Abdullah WA. Organic facies variations in the Triassic shallow marine and deep marine
shales of central Spitsbergen. Marine and Petroleum Geology. 1999;16:467-481

[24] Tissot B, Durand B, Espitalie J, Compaz A. Influence of nature and diagenesis of organic
matter in formation of petroleum. AAPG Bulletin. 1974;58(3):499-506

[25] Hakimi MH, Abdullah WH, Say-Gee S, Makeen YM. Organic geochemical and petro-
graphic characteristics of tertiary coals in the northwest Sarawak, Malaysia: Implications
for palaeoenvironmental conditions and hydrocarbon generation potential. Marine and
Petroleum Geology Journal. 2013;48:31-46

[26] Philippi GT. Identification of oil source beds by chemical means. International Geological
Congress. 1957;20:25-38

[27] Baker DR. Organic geochemistry and geological interpretations. Journal of Geological
Education. 1972;20:221-234

[28] Mustapha KA, Abdullah WH. Petroleum source rock evaluation of the Sebahat and
Ganduman formations, Dent Peninsula, Eastern Sabah, Malaysia. Journal of Asian Earth
Sciences. 2013;76:346-355

[29] Hood A, Gutjahar CM, Heacock RL. Organic metamorphism and the generation of
petroleum. AAPG Bulletin. 1975;59:986-996

[30] Waples DW. Time and temperature in petroleum formation: Application of Lopatin’s
method to petroleum exploration. American Association of Petroleum Geologists Bulle-
tin. 1988;64:916-926

[31] Al-Areeq NM, Abu El Ata AS, Maky AF, Omran AA. Hydrocarbon potentialities of some
upper Jurassic rock units in Masila block, Sayun-Masila Basin, Yemen. Journal of Applied
Geophysics. 2011;10(2):147-168

[32] Van Hinte JE. Geohistory analysis-application of micropaleontology in exploration geol-
ogy. American Association of Petroleum Geologists Bulletin. 1978;62:201-222

[33] Lopatin NV. Temperature and geologic time as factors in coalification. Altai Izvestiya
Akademiya Nauk Kazakh SSR, Seriya Geologicheskaya. 1971;3:95-106

Recent Insights in Petroleum Science and Engineering28

[34] Welte DH, Yukler A. Petroleum origin and accumulation in basin evolution—A quanti-
tative model. American Association of Petroleum Geologists Bulletin. 1981;65:1387-1396

[35] Littke R, Buker C, Luckge A, Sachsenhofer RF, Welte DH. A new evaluation of palaeo-
heat flows and eroded thicknesses for the Carboniferous Ruhr Basin, western Germany.
International Journal of Coal Geology. 1994;26:155-183

[36] Shalaby MR, Hakimi MH, Abdullah WH. Modeling of gas generation from the AlamEl-
Bueib formation in the Shoushan Basin, northern western desert of Egypt. International
Journal of Earth Sciences. 2013;102:319-332

[37] Baur F, Di Primio R, Lampe C, Littke R. Mass balance calculations for different models of
hydrocarbon migration in the Jeanne D’Arc Basin, offshore Newfoundland. Journal of
Petroleum Geology. 2011;34:181-198

[38] Beydoun ZR, AL As-Saruri M, El-Nakhal H, Al-Ganad IN, Baraba RS, Nani ASO, Al-
Aawah MH. International Lexicon of Stratigraphy. 2nd ed. Republic of Yemen: Interna-
tional Union of Geological Sciences and Ministry of Oil andMineral Resources; 1998. p. 245

[39] Sweeney JJ, Burnham AK. Evaluation of a simple model of vitrinite reflectance based on
chemical kinetics. American Association of PetroleumGeologists Bulletin. 1990;74:1559-1570

[40] El Nady MM, Hakimi MH. The petroleum generation modeling of prospective affinities of
Jurassic–Cretaceous source rocks inTut oilfield, northWestern desert, Egypt: An integrated
bulk pyrolysis and 1D-basin modelling. Arabian Journal of Geosciences. 2016;9:430-441

[41] Allen PA, Allen JR. Basin Analysis Principles and Applications. 1st ed. Oxford: Blackwell
Scientific; 1990

[42] Lachenbruch A. Crustal temperature and heat productivity: Implications of the linear
heat flow relation. Journal of Geophysical Research. 1970;75:3291-3300

[43] Frielingsdorfa J, Islamb SA, Blockc M, Rahmanb MM, Rabbanid MG. Tectonic subsidence
modelling and Gondwana source rock hydrocarbon potential, Northwest Bangladesh
Modelling of Kuchma, Singra and Hazipur wells. Marine and Petroleum Geology.
2008;25:553-564

[44] Xiaowen G, Sheng H, Keyu L, Zhongsheng S, Sani B. Modelling the petroleum generation
and migration of the third member of the Shahejie formation (Es3) in the Banqiao depres-
sion of Bohai Bay Basin, eastern China. Journal of Asian Earth Sciences. 2011;40:287-302

[45] Al-Areeq NM, Maky AF, Ramdan MA, Salman A. Thermal conductivity, radiogenic heat
production and heat flow of some upper Jurassic rock units, Sabatayn Basin, Yemen.
Journal of Applied Sciences Research. 2013;9(1):498-518

[46] Hakimi MH, Abdullah WH. Thermal maturity history and petroleum generation model-
ling for the upper Jurassic Madbi source rocks in the Marib-Shabowah Basin western
Yemen. Marine and Petroleum Geology. 2015;59:202-216

[47] He S, Middleton M. Heat flow and thermal maturity modelling in the northern Carnarvon
Basin, north west shelf, Australia. Marine and Petroleum Geology. 2002;19:1073-1088

Petroleum Source Rocks Characterization and Hydrocarbon Generation
http://dx.doi.org/10.5772/intechopen.70092

29



[19] Volkman JK, Maxwell JR. Acyclic isoprenoids as biological makers. In: Johns RB, editor.
Biological Markers in the Sedimentary Record. 1st ed. New York: Elsevier; 1984. p. 1-42

[20] Koopmans MP, Rijpstra WIC, Klapwijk MM, Leenw d, Lewan MD, Damste JSS. A
thermal and chemical degradation approach to decipher pristine and phytane precursors
in sedimentary organic matter. Organic Geochmistry. 1999;30:1089-1104

[21] Lijmbach GW. Proceedings of the 9th World Petroleum Congress 2, Applied Science
Publ., London; 1975. pp. 357-369

[22] Shanmugam G. Significance of coniferous rainforests and related organic matter in gen-
erating commercial quantities of oil, Gipps-land Basin. American Association of Petro-
leum Geologists Bulletin. 1985;69:1241-1254

[23] Abdullah WA. Organic facies variations in the Triassic shallow marine and deep marine
shales of central Spitsbergen. Marine and Petroleum Geology. 1999;16:467-481

[24] Tissot B, Durand B, Espitalie J, Compaz A. Influence of nature and diagenesis of organic
matter in formation of petroleum. AAPG Bulletin. 1974;58(3):499-506

[25] Hakimi MH, Abdullah WH, Say-Gee S, Makeen YM. Organic geochemical and petro-
graphic characteristics of tertiary coals in the northwest Sarawak, Malaysia: Implications
for palaeoenvironmental conditions and hydrocarbon generation potential. Marine and
Petroleum Geology Journal. 2013;48:31-46

[26] Philippi GT. Identification of oil source beds by chemical means. International Geological
Congress. 1957;20:25-38

[27] Baker DR. Organic geochemistry and geological interpretations. Journal of Geological
Education. 1972;20:221-234

[28] Mustapha KA, Abdullah WH. Petroleum source rock evaluation of the Sebahat and
Ganduman formations, Dent Peninsula, Eastern Sabah, Malaysia. Journal of Asian Earth
Sciences. 2013;76:346-355

[29] Hood A, Gutjahar CM, Heacock RL. Organic metamorphism and the generation of
petroleum. AAPG Bulletin. 1975;59:986-996

[30] Waples DW. Time and temperature in petroleum formation: Application of Lopatin’s
method to petroleum exploration. American Association of Petroleum Geologists Bulle-
tin. 1988;64:916-926

[31] Al-Areeq NM, Abu El Ata AS, Maky AF, Omran AA. Hydrocarbon potentialities of some
upper Jurassic rock units in Masila block, Sayun-Masila Basin, Yemen. Journal of Applied
Geophysics. 2011;10(2):147-168

[32] Van Hinte JE. Geohistory analysis-application of micropaleontology in exploration geol-
ogy. American Association of Petroleum Geologists Bulletin. 1978;62:201-222

[33] Lopatin NV. Temperature and geologic time as factors in coalification. Altai Izvestiya
Akademiya Nauk Kazakh SSR, Seriya Geologicheskaya. 1971;3:95-106

Recent Insights in Petroleum Science and Engineering28

[34] Welte DH, Yukler A. Petroleum origin and accumulation in basin evolution—A quanti-
tative model. American Association of Petroleum Geologists Bulletin. 1981;65:1387-1396

[35] Littke R, Buker C, Luckge A, Sachsenhofer RF, Welte DH. A new evaluation of palaeo-
heat flows and eroded thicknesses for the Carboniferous Ruhr Basin, western Germany.
International Journal of Coal Geology. 1994;26:155-183

[36] Shalaby MR, Hakimi MH, Abdullah WH. Modeling of gas generation from the AlamEl-
Bueib formation in the Shoushan Basin, northern western desert of Egypt. International
Journal of Earth Sciences. 2013;102:319-332

[37] Baur F, Di Primio R, Lampe C, Littke R. Mass balance calculations for different models of
hydrocarbon migration in the Jeanne D’Arc Basin, offshore Newfoundland. Journal of
Petroleum Geology. 2011;34:181-198

[38] Beydoun ZR, AL As-Saruri M, El-Nakhal H, Al-Ganad IN, Baraba RS, Nani ASO, Al-
Aawah MH. International Lexicon of Stratigraphy. 2nd ed. Republic of Yemen: Interna-
tional Union of Geological Sciences and Ministry of Oil andMineral Resources; 1998. p. 245

[39] Sweeney JJ, Burnham AK. Evaluation of a simple model of vitrinite reflectance based on
chemical kinetics. American Association of PetroleumGeologists Bulletin. 1990;74:1559-1570

[40] El Nady MM, Hakimi MH. The petroleum generation modeling of prospective affinities of
Jurassic–Cretaceous source rocks inTut oilfield, northWestern desert, Egypt: An integrated
bulk pyrolysis and 1D-basin modelling. Arabian Journal of Geosciences. 2016;9:430-441

[41] Allen PA, Allen JR. Basin Analysis Principles and Applications. 1st ed. Oxford: Blackwell
Scientific; 1990

[42] Lachenbruch A. Crustal temperature and heat productivity: Implications of the linear
heat flow relation. Journal of Geophysical Research. 1970;75:3291-3300

[43] Frielingsdorfa J, Islamb SA, Blockc M, Rahmanb MM, Rabbanid MG. Tectonic subsidence
modelling and Gondwana source rock hydrocarbon potential, Northwest Bangladesh
Modelling of Kuchma, Singra and Hazipur wells. Marine and Petroleum Geology.
2008;25:553-564

[44] Xiaowen G, Sheng H, Keyu L, Zhongsheng S, Sani B. Modelling the petroleum generation
and migration of the third member of the Shahejie formation (Es3) in the Banqiao depres-
sion of Bohai Bay Basin, eastern China. Journal of Asian Earth Sciences. 2011;40:287-302

[45] Al-Areeq NM, Maky AF, Ramdan MA, Salman A. Thermal conductivity, radiogenic heat
production and heat flow of some upper Jurassic rock units, Sabatayn Basin, Yemen.
Journal of Applied Sciences Research. 2013;9(1):498-518

[46] Hakimi MH, Abdullah WH. Thermal maturity history and petroleum generation model-
ling for the upper Jurassic Madbi source rocks in the Marib-Shabowah Basin western
Yemen. Marine and Petroleum Geology. 2015;59:202-216

[47] He S, Middleton M. Heat flow and thermal maturity modelling in the northern Carnarvon
Basin, north west shelf, Australia. Marine and Petroleum Geology. 2002;19:1073-1088

Petroleum Source Rocks Characterization and Hydrocarbon Generation
http://dx.doi.org/10.5772/intechopen.70092

29



[48] Li MJ, Wang TG, Chen JF, He FQ, Yun L, Akbar S, Zhang WB. Paleo heat flow evolution
of the Tabei uplift in Tarim Basin, northwest China. Journal of Asian Earth Sciences.
2010;37:52-66

[49] Makeen YM, Abdullah WH, Pearson MJ, Hakimi MH, Elhassan OMA, Yousif TAH.
Thermal maturity history and petroleum generation modelling for the lower cretaceous
Abu Gabra formation in the Fula sub-basin, MugladMuglad Basin, Sudan. Marine and
Petroleum Geology. 2016;75:310-324

[50] McKenzie D. Some remarks on the development of sedimentary basins. Earth and Plan-
etary Science Letters. 1978;40:25-32

[51] Al-Areeq NM, Maky AF. Organic geochemical characteristics of crude oils and oil-source
rock correlation in the Sunah oilfield, Masila region, eastern Yemen. Marine and Petro-
leum Geology Journal. 2015;63:17-27

[52] Miiller DE, Holba AG, Huges WB. Effects of biodegradation on crude oils. In: Meyer RF,
editor. Exploration for Heavy Crude Oil and Natural Bitumen. American Association of
Petroleum Geologists Studies, USA; 1987. pp. 233-241

[53] Larter SR, Head IM, Huang H, Bennett B, Jones M, Aplin AC, Murray A, Erdmann M,
Wilhelms A, di Primio R. Biodegradation, gas destruction and methane generation in
deep subsurface petroleum reservoirs: An overview. In: Dore AG, Vining B, editors.
Petroleum Geology: Northwest Europe and Global Perspectives. 6th ed. London: Geo-
logical Society; 2005. pp. 633–640

[54] Moldowan JM, Seifert WK, Gallegos EJ. Relationship between petroleum composition
and depositional environment of petroleum source rocks. American Association of Petro-
leum Geologists Bulletin. 1985;69:1255-1268

[55] Peters KE, Moldowan JM. The biomarker guide: Interpreting molecular fossils. In:
Petroleum and Ancient Sediments. 1st ed. Prentice Hall: Upper Saddle; 1993. p. 363

[56] Huang WY, Meinschein WG. Sterols as ecological indicators. Geochimica et Cosmochimica
Acta. 1979;43:739-745

Recent Insights in Petroleum Science and Engineering30

Chapter 2

Petroleum Extraction Engineering

Tatjana Paulauskiene

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70360

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.70360

Petroleum Extraction Engineering

Tatjana Paulauskiene

Additional information is available at the end of the chapter

Abstract

In this chapter, the information about rotary drilling rig components, their purpose and 
principles of operation is presented through the in-depth analysis of hoisting, rotat-
ing and circulating equipment. Detailed classification of drilling fluids and its content 
is followed by the thorough investigation of the phenomenon of drilling fluid losses. 
The effects of drilling mud additives and loss circulation materials on rheology and the 
rate of penetration of drilling mud are supported by the studies of comparing the rate 
of penetration of drilling mud with various loss circulation materials. Finally, the fluid 
capability to form filter cake on the borehole walls is presented through the physical 
simulation of flow.
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1. Introduction

For more than a century, oil is well known as a good primary energy source competing coal, 
natural gas, nuclear energy and renewables in various regions and fields of the energy sector. 
According to the last statistical reports, oil is dominant fuel in America and Africa, whereas 
natural gas dominates in Europe and Eurasia and coal in the Asia Pacific. The use of oil and 
gas in the Middle East reach 98% of total energy consumption in this region.

Oil is the world’s leading fuel (accounting for 32.9% of global energy consumption) with the 
10-year average rate of growth of 1.9%. However, the rate of growth recorded in 2015 (1.0%) 
is slightly lower and similar to the rate recorded in 2014 (+1.1%) (Figure 1) [1].
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Oil, originated from ancient fossilized organic materials, is considered as nonrenewable pri-
mary energy source with limited amounts. There are two indicators used to represent remain-
ing oil reserves—proved oil reserves and reserves-to-production ratio. Proved oil reserves is 
amount of oil that geological information indicates with reasonable certainty can be recovered 
to the future under existing economic and operating conditions, whereas reserves-to-produc-
tion ratio represents the length of time that those remaining reserves would last if production 
were to continue at the previous year’s rate [1].

Constant growth of proved oil reserves from 1126.2 thousand million barrels in 1995 until 
1697.6 thousand million barrels in 2015 is presented in Figure 2. Nearly half of proven oil 
reserves are located in the Middle East.

According to the last statistical overview, oil reserves increased by 24% over the past decade 
and meet 50.7 years of global production. On a regional basis, South and Central American 
reserves have the highest oil reserves-to-production ratios—117 years and Asia Pacific have 
the lowest reserves-to-production ratios—14.05 years.

In various regions all over the world, oil is found in the geological structures that form oil 
reservoirs. According to the depth of the oil reservoir, they are classified as follows: shal-
low, 30–800 m; medium, 800–2000 m; deep, 2000–5000 m and over deep, more than 5000 m. 
This classification is constantly changing as advances in drilling equipment with opportu-
nity to achieve greater depth. However, irrespective of the depth of the oil reservoir, the 
main principle of oil extraction stays the same and is based on the life cycle of the oil field 
(Figure 3).

There are five stages of oil and gas fields’ life cycle: exploration, appraisal, development, pro-
duction and abandonment.

Figure 1. Primary world energy consumption, million tonnes of oil equivalent [1].
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Exploration is a method used for searching potentially viable oil and gas sources through 
geological surveys and drilling exploration wells to identify areas of potential interest. During 
the drilling process, general information and samples are collected to know about the rocks, 
fluids to find out how much oil and gas may be available at the explored area and what is the 
depth of the oil and gas window.

Figure 2. Distribution of proved oil reserves: 1995, 2005 and 2015, percentage [1].

Figure 3. Life cycle of the oil and gas field.
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After successful drilling exploration wells, the appraisal stage of the lifecycle starts. The main 
purpose of this phase is to improve the field description through further data acquisition and 
to reduce the uncertainty or possibility of losses about the size, shape and marketability of the 
oil and gas reservoir.

The development stage occurs after successful appraisal and before production. The main 
activities are formation of a conceptual development plan (in order to develop the oil and gas 
field, to prepare design for the production wells, to decide what surface and subsurface facili-
ties are required and to describe operating and maintenance principles) and construction of 
the facilities and production units.

The production phase starts with the first oil flow in the wellhead. Oil and gas fields have 
a lifespan ranging from 15 to 30 years (from first oil to abandonment) and may be extended 
up to 50 years or more for the largest deposits. After extraction, oil and gas transported for 
processing and distribution.

When the oil and gas production is no longer cost-effective, wells are plugged and aban-
doned, production facilities are removed and this is the last stage of oil and gas fields’ life 
cycle.

Thereinafter, we will be focusing on the third step of the life cycle of the oil field—develop-
ment of the well.

2. Rotary drilling rig components

During the first phase of the development of the well, a rotary drilling rig is installed to bore 
a hole in the ground and reach the oil reservoir. The main rotary drilling rig components are 
derrick or mast, power and prime movers, hoisting equipment, rotating component, circulat-
ing system, tubular and tubular handling equipment and bit.

Derrick is mainly used offshore and is a large load-bearing vertical structure, usually of 
bolted construction and pyramidal in shape, for the equipment used to lower and raise the 
drill string into and out of the wellbore. The height of the derrick does not affect its load-
bearing capacity, but it shows the maximum length of the drill pipe section. The standard 
derrick has square-shaped rig floor with four legs standing at the corners of the substructure. 
It provides work space for the necessary equipment on the rig floor.

Mast is mainly used with onshore rigs and is a portable derrick that can be raised as unit 
but for the transporting can be divided into two or more sections. It is usually rectangular or 
trapezoidal in shape.

Power and prime movers. The power generated by the power system is used for five main 
operations such as rotating, hosting, drilling fluid circulation, rig lighting and hydraulic sys-
tems. It is important to note that the most of the generated power is consumed by the hoisting 
and drilling fluid circulation systems. Internal combustion engine (mostly diesel) connected 
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to electric generators or turbine is the source of power on the rig. Some rotary rigs can use 
electricity directly from power lines.

Hoisting component is used to perform all lifting activities on the rig and helps in lowering 
or raising equipment into or out of the well. It consists of drawworks, crown block, traveling 
block, deadline anchor, supply reel and drilling line (Figure 4).

Figure 4. Hoisting equipment of the drilling rig.
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bolted construction and pyramidal in shape, for the equipment used to lower and raise the 
drill string into and out of the wellbore. The height of the derrick does not affect its load-
bearing capacity, but it shows the maximum length of the drill pipe section. The standard 
derrick has square-shaped rig floor with four legs standing at the corners of the substructure. 
It provides work space for the necessary equipment on the rig floor.

Mast is mainly used with onshore rigs and is a portable derrick that can be raised as unit 
but for the transporting can be divided into two or more sections. It is usually rectangular or 
trapezoidal in shape.

Power and prime movers. The power generated by the power system is used for five main 
operations such as rotating, hosting, drilling fluid circulation, rig lighting and hydraulic sys-
tems. It is important to note that the most of the generated power is consumed by the hoisting 
and drilling fluid circulation systems. Internal combustion engine (mostly diesel) connected 
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to electric generators or turbine is the source of power on the rig. Some rotary rigs can use 
electricity directly from power lines.

Hoisting component is used to perform all lifting activities on the rig and helps in lowering 
or raising equipment into or out of the well. It consists of drawworks, crown block, traveling 
block, deadline anchor, supply reel and drilling line (Figure 4).

Figure 4. Hoisting equipment of the drilling rig.
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• Drawworks is the main operating component of the hoisting system and is used to transmit 
power from prime movers to the hoisting drum that lifts drill string, casing or tubing string out 
of and to lower it back into the borehole. They consist of a large diameter steel spool, brakes, a 
power source and assorted auxiliary devices. The primary function of the drawworks is to reel 
out and reel in the drill line, a large diameter wire rope, in a controlled manner. The speeds for 
hoisting the drill string could be changes by driller via integrated gear system.

• Crown block is fixed assembly of sheaves (single or double) with a wire rope drilling line 
running between it and is located at the top of the derrick or mast and over which the drill-
ing line is threaded. It is used to change the direction of pull from the drawworks to the 
traveling block.

• Traveling block and hook combination is used to safely and efficiently raise or lower tools 
and equipment in the well. It is the set of sheaves or pulleys through which the drill line 
(wire rope) is threaded or reeved, is opposite the crown block and enabling heavy loads to 
be lifted out of or lowered into the wellbore. Hook is located beneath the traveling block 
and is used to pick up and secure the swivel and Kelly.

• Deadline anchor is usually bolted on to the substructure and is the equipment that holds 
down the deadline part of the wire rope. It provides weight measurements and secure 
deadlines.

• Supply reel is a spool that stores the unused portion of the drill line.

• Drill line is the wire rope used to support the drilling tools. It is threaded or reeved through 
the traveling block and crown block to facilitate the lowering and lifting of the drill string 
into and out of the borehole. Drill line then clamped to the rig floor by the deadline anchor.

Rotating component is the equipment responsible for rotating the drill string. It consists of 
the swivel, Kelly spinner, Kelly or top drive, Kelly bushing, master bushing and rotary table 
(Figure 5).

Figure 5. Rotating equipment of the drilling rig.
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• Swivel is a mechanical device that is hung from the hook of the traveling block to support 
the weight of the drill string and allows it to rotate freely. It provides connection for the 
rotary hose as well as passageway for the flow of drilling fluid into the drill stem.

• Kelly spinner is a pneumatically controlled device mounted below the swivel to spin the 
Kelly to make up tool joints when making connections.

• Kelly is the heavy steel square or hexagonal member that is suspended from the swivel 
through the rotary table and connected to the topmost joint of drill pipe to turn the drill 
stem as the rotary table turns. It has a hole drilled through the middle that permits fluid to 
be circulated into the drill stem and up the annulus or vice versa. The Kelly goes through 
the Kelly bushing, which is driven by the rotary table.

• Top drive is a hydraulically powered device on the drilling rig and is located at the swivel 
place. It allows the drill stem to spin and facilitate the process of drilling a borehole. Top 
drive means a power swivel, which directly turns the drill string without need for a Kelly 
and rotary table.

• Kelly bushing is a device that fits into a part of rotary table called master bushing, trans-
mits torque to the Kelly and simultaneously permits vertical movement of the Kelly to 
make hole. The Kelly bushing as Kelly is square or hexagonal and has an inside profile 
matching the Kelly’s outside profile with slightly larger dimensions so that the Kelly can 
freely move up and down inside.

• Master bushing is a tool that fits into the rotary table of a drilling rig to accommodate 
the slips and drive the Kelly bushing so that the rotating motion of the rotary table can be 
transmitted to the Kelly.

• Rotary table is section of the drill floor used to turn the drill stem. It has a beveled gear 
arrangement to create the rotational motion and opening into which bushings are fitted to 
drive and support the drilling assembly.

Circulating component is the rig equipment responsible for the movement of drilling fluid 
within the well as well as solids removal incurred by the drilling fluid (Figure 6). Normally, 
the circulation would start from the mud pits or tanks that are located besides the rig. 
Powerful pumps force the drilling through the surface high-pressure connections to a set 
of valves called pump manifold, located at the derrick floor. Then, the fluid goes up the rig 
within a pipe called standpipe to approximately 1/3 of the height of the mast. From there, the 
drilling fluid flows through a flexible high-pressure rotary hose to the top of the drill string. 
The flexible hose allows the fluid to flow continuously as the drill string moves up and down 
during normal drilling operations. The fluid enters in the drill string through a special piece 
of equipment called swivel located at the top of the Kelly. The swivel permits rotating the drill 
string while the fluid is pumped through the drill string. In wellbore, the drilling fluid then 
floes down the rotating string and jets out through the nozzles in the drill bit at the bottom 
of the hole. Drilling fluid carrying the drilled cuttings and flows out the center of the drill bit 
and is forced back up the outside of the drill pipe between the drill string and walls of the 
well (annular) onto the surface of the ground where it is cleaned and circulated back to the 
well. The cleaning process starts from the shale shaker, which is basically a vibrating screen. 
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• Drawworks is the main operating component of the hoisting system and is used to transmit 
power from prime movers to the hoisting drum that lifts drill string, casing or tubing string out 
of and to lower it back into the borehole. They consist of a large diameter steel spool, brakes, a 
power source and assorted auxiliary devices. The primary function of the drawworks is to reel 
out and reel in the drill line, a large diameter wire rope, in a controlled manner. The speeds for 
hoisting the drill string could be changes by driller via integrated gear system.

• Crown block is fixed assembly of sheaves (single or double) with a wire rope drilling line 
running between it and is located at the top of the derrick or mast and over which the drill-
ing line is threaded. It is used to change the direction of pull from the drawworks to the 
traveling block.

• Traveling block and hook combination is used to safely and efficiently raise or lower tools 
and equipment in the well. It is the set of sheaves or pulleys through which the drill line 
(wire rope) is threaded or reeved, is opposite the crown block and enabling heavy loads to 
be lifted out of or lowered into the wellbore. Hook is located beneath the traveling block 
and is used to pick up and secure the swivel and Kelly.

• Deadline anchor is usually bolted on to the substructure and is the equipment that holds 
down the deadline part of the wire rope. It provides weight measurements and secure 
deadlines.

• Supply reel is a spool that stores the unused portion of the drill line.

• Drill line is the wire rope used to support the drilling tools. It is threaded or reeved through 
the traveling block and crown block to facilitate the lowering and lifting of the drill string 
into and out of the borehole. Drill line then clamped to the rig floor by the deadline anchor.

Rotating component is the equipment responsible for rotating the drill string. It consists of 
the swivel, Kelly spinner, Kelly or top drive, Kelly bushing, master bushing and rotary table 
(Figure 5).

Figure 5. Rotating equipment of the drilling rig.
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• Swivel is a mechanical device that is hung from the hook of the traveling block to support 
the weight of the drill string and allows it to rotate freely. It provides connection for the 
rotary hose as well as passageway for the flow of drilling fluid into the drill stem.

• Kelly spinner is a pneumatically controlled device mounted below the swivel to spin the 
Kelly to make up tool joints when making connections.

• Kelly is the heavy steel square or hexagonal member that is suspended from the swivel 
through the rotary table and connected to the topmost joint of drill pipe to turn the drill 
stem as the rotary table turns. It has a hole drilled through the middle that permits fluid to 
be circulated into the drill stem and up the annulus or vice versa. The Kelly goes through 
the Kelly bushing, which is driven by the rotary table.

• Top drive is a hydraulically powered device on the drilling rig and is located at the swivel 
place. It allows the drill stem to spin and facilitate the process of drilling a borehole. Top 
drive means a power swivel, which directly turns the drill string without need for a Kelly 
and rotary table.

• Kelly bushing is a device that fits into a part of rotary table called master bushing, trans-
mits torque to the Kelly and simultaneously permits vertical movement of the Kelly to 
make hole. The Kelly bushing as Kelly is square or hexagonal and has an inside profile 
matching the Kelly’s outside profile with slightly larger dimensions so that the Kelly can 
freely move up and down inside.

• Master bushing is a tool that fits into the rotary table of a drilling rig to accommodate 
the slips and drive the Kelly bushing so that the rotating motion of the rotary table can be 
transmitted to the Kelly.

• Rotary table is section of the drill floor used to turn the drill stem. It has a beveled gear 
arrangement to create the rotational motion and opening into which bushings are fitted to 
drive and support the drilling assembly.

Circulating component is the rig equipment responsible for the movement of drilling fluid 
within the well as well as solids removal incurred by the drilling fluid (Figure 6). Normally, 
the circulation would start from the mud pits or tanks that are located besides the rig. 
Powerful pumps force the drilling through the surface high-pressure connections to a set 
of valves called pump manifold, located at the derrick floor. Then, the fluid goes up the rig 
within a pipe called standpipe to approximately 1/3 of the height of the mast. From there, the 
drilling fluid flows through a flexible high-pressure rotary hose to the top of the drill string. 
The flexible hose allows the fluid to flow continuously as the drill string moves up and down 
during normal drilling operations. The fluid enters in the drill string through a special piece 
of equipment called swivel located at the top of the Kelly. The swivel permits rotating the drill 
string while the fluid is pumped through the drill string. In wellbore, the drilling fluid then 
floes down the rotating string and jets out through the nozzles in the drill bit at the bottom 
of the hole. Drilling fluid carrying the drilled cuttings and flows out the center of the drill bit 
and is forced back up the outside of the drill pipe between the drill string and walls of the 
well (annular) onto the surface of the ground where it is cleaned and circulated back to the 
well. The cleaning process starts from the shale shaker, which is basically a vibrating screen. 
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This will remove the larger particles, while allowing the residue to pass into settling tanks. 
The finer material can be removed using other solids removal equipments such as desander 
and desilter. If the mud contains gas from the formation, it will be passed through a degasser 
that separates the gas from the liquid mud. Having passed through all the mud processing 
equipment, the mud is returned to the mud pits or tanks for recycling.

The principal components of the drilling fluid circulation system are as follows:

• Mud pump is a large, high-pressure and high-volume pump used to circulate the drilling 
fluid down the drill pipe and out of the annulus on an oil rig. It could be double acting 
duplex (2 cylinder) pump, which has four pumping actions per pump cycle or single 
acting triplex (3 cylinder) with three pumping actions per pump cycle whose pistons or 
plungers travel in replaceable liners and are driven by a crankshaft actuated by an engine 
or motor.

Figure 6. Circulation system of the drilling rig.
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• Pump manifold is an arrangement of piping and valves that receives drilling fluid from 
mud pumps and transmits the drilling fluid to the succeeding circulating component. It is 
designed to control, distribute and monitor drilling fluid flow.

• Stand pipe is the vertical rigid pipe rising along the side of the derrick or mast, which joins 
mud pump manifold to the rotary hose.

• Drill string is the mechanical assemblage connecting the rotary drive on the surface to the 
drilling bit on bottom of the wellbore.

• Mud return line or flow line is the large diameter metal pipe and is the passageway of the 
drilling fluid as it comes out of the well.

• Shale shaker is the primary solids-removing device with one or more vibrating screens, 
which is used to remove cuttings from the circulating fluid for reuse. Screens vibrate while 
the mud flows on top of it. The liquid phase with solids which are smaller than the wire 
mesh pass through the screen as well as larger solids are retained on the screen and eventu-
ally fall to the special container and can be disposed in an environmentally friendly manner.

• Desander is a centrifugal device for removing sand-size particles from the drilling fluid to pre-
vent abrasion of the pumps. There are no moving parts of a desander, and the removal of par-
ticles is done by gravity and pressure. As the drilling fluid flows around and gradually down 
the inside of the cone shape, particles are separated from the liquid by centrifugal forces.

• Desilter is also a centrifugal device for removing free particles of silt from the drilling 
fluid. Comparing with desander, its design incorporates a greater number of smaller cones, 
which allow removing smaller diameter particles than a desander does.

• Degasser is device designed to remove air, methane, hydrogen sulfide (H2S), carbon dioxide 
(CO2) and other gases from drilling fluids and allow it to be reused continuously. It helps to 
reduce the risk of explosions and other dangers during the drilling process.

• Mud pit is an excavated earthen-walled pit and is used only to store used or waste drilling 
fluid and cuttings.

• Mud tank is an open-top steel container with possibility to observe the consistency of drill-
ing fluid and monitor it level in the tanks. It is used as a reserve store for the drilling fluid.

Tubular and tubular handling equipment. Tubular consists of the following equipments:

• Drill pipe is the longest section of the drill string and is heavy hot-rolled, pierced and 
seamlessly tubing. It connects the surface equipment with the bottom hole assembly and 
the bit is used to rotate the bit and for drilling fluid circulation.

• Drill collar is thick-walled, heavy and large diameter steel tube placed between the drill 
pipe and the bit in the drill stem to provide weight on a bit. It can be cylindrical or spiral 
shape and is threaded at both ends (male and female) to allow multiple drill collars to be 
joined above the bit assembly.

• Heavy weight drill pipe is thick-walled tube and is used as transition pipe between drill 
collar and drill pipe. In high-angled and horizontal wellbore, it is used in lieu of drill collars.
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This will remove the larger particles, while allowing the residue to pass into settling tanks. 
The finer material can be removed using other solids removal equipments such as desander 
and desilter. If the mud contains gas from the formation, it will be passed through a degasser 
that separates the gas from the liquid mud. Having passed through all the mud processing 
equipment, the mud is returned to the mud pits or tanks for recycling.

The principal components of the drilling fluid circulation system are as follows:

• Mud pump is a large, high-pressure and high-volume pump used to circulate the drilling 
fluid down the drill pipe and out of the annulus on an oil rig. It could be double acting 
duplex (2 cylinder) pump, which has four pumping actions per pump cycle or single 
acting triplex (3 cylinder) with three pumping actions per pump cycle whose pistons or 
plungers travel in replaceable liners and are driven by a crankshaft actuated by an engine 
or motor.

Figure 6. Circulation system of the drilling rig.
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• Pump manifold is an arrangement of piping and valves that receives drilling fluid from 
mud pumps and transmits the drilling fluid to the succeeding circulating component. It is 
designed to control, distribute and monitor drilling fluid flow.

• Stand pipe is the vertical rigid pipe rising along the side of the derrick or mast, which joins 
mud pump manifold to the rotary hose.

• Drill string is the mechanical assemblage connecting the rotary drive on the surface to the 
drilling bit on bottom of the wellbore.

• Mud return line or flow line is the large diameter metal pipe and is the passageway of the 
drilling fluid as it comes out of the well.

• Shale shaker is the primary solids-removing device with one or more vibrating screens, 
which is used to remove cuttings from the circulating fluid for reuse. Screens vibrate while 
the mud flows on top of it. The liquid phase with solids which are smaller than the wire 
mesh pass through the screen as well as larger solids are retained on the screen and eventu-
ally fall to the special container and can be disposed in an environmentally friendly manner.

• Desander is a centrifugal device for removing sand-size particles from the drilling fluid to pre-
vent abrasion of the pumps. There are no moving parts of a desander, and the removal of par-
ticles is done by gravity and pressure. As the drilling fluid flows around and gradually down 
the inside of the cone shape, particles are separated from the liquid by centrifugal forces.

• Desilter is also a centrifugal device for removing free particles of silt from the drilling 
fluid. Comparing with desander, its design incorporates a greater number of smaller cones, 
which allow removing smaller diameter particles than a desander does.

• Degasser is device designed to remove air, methane, hydrogen sulfide (H2S), carbon dioxide 
(CO2) and other gases from drilling fluids and allow it to be reused continuously. It helps to 
reduce the risk of explosions and other dangers during the drilling process.

• Mud pit is an excavated earthen-walled pit and is used only to store used or waste drilling 
fluid and cuttings.

• Mud tank is an open-top steel container with possibility to observe the consistency of drill-
ing fluid and monitor it level in the tanks. It is used as a reserve store for the drilling fluid.

Tubular and tubular handling equipment. Tubular consists of the following equipments:

• Drill pipe is the longest section of the drill string and is heavy hot-rolled, pierced and 
seamlessly tubing. It connects the surface equipment with the bottom hole assembly and 
the bit is used to rotate the bit and for drilling fluid circulation.

• Drill collar is thick-walled, heavy and large diameter steel tube placed between the drill 
pipe and the bit in the drill stem to provide weight on a bit. It can be cylindrical or spiral 
shape and is threaded at both ends (male and female) to allow multiple drill collars to be 
joined above the bit assembly.

• Heavy weight drill pipe is thick-walled tube and is used as transition pipe between drill 
collar and drill pipe. In high-angled and horizontal wellbore, it is used in lieu of drill collars.

Petroleum Extraction Engineering
http://dx.doi.org/10.5772/intechopen.70360

39



• Subs are short component of the drill string, threaded piece of pipe used to adapt parts 
of the drilling string that cannot otherwise be screwed together because of difference in 
thread size or design.

Tubular handling equipment is made of the following equipments:

• Elevator clamps that grip a stand of casing, tubing, drill pipe or drill collars so that the 
stand or joint can be lifted and lowered into the wellbore opening of the rotary table. The 
elevators are connected to the traveling block by means of bails, which are solid steel bars 
with eyes at both sides. Elevator could be side door, center latch or single joint types.

• Elevator links is device designed to support the elevators and attach them to the hook.

• Slips are a wedge-shaped piece of metal with teeth or other gripping elements that sup-
ports and transmits the weight of the drill string to the rotary table and are used to hold the 
pipe in place as well as to prevent pipe from slipping down into borehole. Different types 
of slips are used during oil well drilling such as drill pipe, drill collar or casing slips.

• Safety clamp is a mechanical device used on tubulars above the slips and is used to keep 
parts of the tool string from falling down the wellbore if other safety measures fail.

• Tongs are large wrenches used to make or break out tubular. It must be used in opposing 
pairs—make up or breakout tongs to make or break connection.

• Drill pipe spinner is a pneumatically operated device usually suspended on the rig floor 
used to make fast connections and spin off of drill pipe.

• Iron roughneck is a pneumatically operated machine that replaces the functions performed by 
the Kelly spinner, drill pipe spinner and tongs and is used to connect and disconnect tubular.

Drill bits are cutting tools used to create cylindrical holes. Bits are located at the bottom of the 
drill string and are suited for particular conditions, such as formation, which is to be drilled. 
There are three different types of bit designs, such as:

• Roller cone bits with milled tooth or tungsten carbide insert (TCI) could have 2–6 cone-
shaped steel devices that are free to turn as the bit rotates.

• Fixed cutter bits could be drill bit or core bit. The first one could be polycrystalline diamond 
compact bit (PDC-bit), surface set diamond bit and impregnated diamond bit. It consists of 
bit bodies and cutting elements integrated with the bit bodies and do not have moving parts.

• Hybrid bits combine both rolling cutter and fixed cutter elements.

If the drill bit needs to be changed, the whole string of pipe must be raised to the surface.

3. Classification of the drilling fluids

Modern drilling fluids (muds) are complex heterogeneous fluids (water based, oil based) and 
are complex mixtures of more than 200 minerals and chemicals. It is used in a drilling operation 
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and circulates from the surface, down the drill string, through the bit and back to the surface 
via the annulus. The original use of the drilling fluids was to remove cuttings continuously. 
Progress in drilling engineering demanded more sophistication from the drilling mud. In order 
to enhance the usage of drilling fluids, numerous additives were introduced and a simple fluid 
became a complicated mixture of liquids, solids and chemicals. As the drilling fluids evolved, 
their design changed to have common characteristic features that aid in safe, economic and 
satisfactory completion of a well. In addition, drilling fluids are also now required to perform 
following functions:

• Clean the rock formation beneath the bit for rock cuttings.

• Remove cutting from the well.

• Control formation pressures while drilling and maintain wellbore stability.

• Suspend and release cuttings.

• Seal permeable formations to prevent excessive mud loss.

• Minimize reservoir damage by using reservoir drill-in fluid.

• Cool, lubricate and clean the bit and drilling assembly.

• Transmit hydraulic energy to downhole assembly.

• Ensure adequate formation evaluation.

• Control corrosion.

• Facilitate downhole measurement (measurement while drilling, logging while drilling).

• Facilitate cementing and completion.

• Minimize impact on the environment.

However, excessive use of oil-based drilling fluids may harm the environment and it is 
important to develop more environmentally friendly drilling fluids. In this respect, water-
based drilling fluids are more acceptable. As well known, bentonite is widely applied in the 
water-based drilling fluids, which could enhance the clean properties and form a thin filter 
with low permeability. The functions of bentonite are to make the fluids more viscous and 
reduce the loss of fluids.

There are four types of drilling fluids (Figure 7):

1. Water-based drilling fluid (WBM) is the mud in which water is continuous phase. The 
water could be fresh, brackish or seawater. The most basic WBM system begins with water, 
then clays and other chemical and is incorporated into the water to create a homogenous 
blend. The clay (called “shale” in its rock form or bentonite) is frequently referred to in the 
oilfield as “gel.” Many other chemicals (e.g. potassium formate, KHCO2) are added to a 
WBM system to achieve various effects, including velocity control, shale stability, enhance 
drilling rate of penetration, cooling and lubricating of equipment [2–4].
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• Subs are short component of the drill string, threaded piece of pipe used to adapt parts 
of the drilling string that cannot otherwise be screwed together because of difference in 
thread size or design.

Tubular handling equipment is made of the following equipments:

• Elevator clamps that grip a stand of casing, tubing, drill pipe or drill collars so that the 
stand or joint can be lifted and lowered into the wellbore opening of the rotary table. The 
elevators are connected to the traveling block by means of bails, which are solid steel bars 
with eyes at both sides. Elevator could be side door, center latch or single joint types.

• Elevator links is device designed to support the elevators and attach them to the hook.

• Slips are a wedge-shaped piece of metal with teeth or other gripping elements that sup-
ports and transmits the weight of the drill string to the rotary table and are used to hold the 
pipe in place as well as to prevent pipe from slipping down into borehole. Different types 
of slips are used during oil well drilling such as drill pipe, drill collar or casing slips.

• Safety clamp is a mechanical device used on tubulars above the slips and is used to keep 
parts of the tool string from falling down the wellbore if other safety measures fail.

• Tongs are large wrenches used to make or break out tubular. It must be used in opposing 
pairs—make up or breakout tongs to make or break connection.

• Drill pipe spinner is a pneumatically operated device usually suspended on the rig floor 
used to make fast connections and spin off of drill pipe.

• Iron roughneck is a pneumatically operated machine that replaces the functions performed by 
the Kelly spinner, drill pipe spinner and tongs and is used to connect and disconnect tubular.

Drill bits are cutting tools used to create cylindrical holes. Bits are located at the bottom of the 
drill string and are suited for particular conditions, such as formation, which is to be drilled. 
There are three different types of bit designs, such as:

• Roller cone bits with milled tooth or tungsten carbide insert (TCI) could have 2–6 cone-
shaped steel devices that are free to turn as the bit rotates.

• Fixed cutter bits could be drill bit or core bit. The first one could be polycrystalline diamond 
compact bit (PDC-bit), surface set diamond bit and impregnated diamond bit. It consists of 
bit bodies and cutting elements integrated with the bit bodies and do not have moving parts.

• Hybrid bits combine both rolling cutter and fixed cutter elements.

If the drill bit needs to be changed, the whole string of pipe must be raised to the surface.

3. Classification of the drilling fluids

Modern drilling fluids (muds) are complex heterogeneous fluids (water based, oil based) and 
are complex mixtures of more than 200 minerals and chemicals. It is used in a drilling operation 

Recent Insights in Petroleum Science and Engineering40

and circulates from the surface, down the drill string, through the bit and back to the surface 
via the annulus. The original use of the drilling fluids was to remove cuttings continuously. 
Progress in drilling engineering demanded more sophistication from the drilling mud. In order 
to enhance the usage of drilling fluids, numerous additives were introduced and a simple fluid 
became a complicated mixture of liquids, solids and chemicals. As the drilling fluids evolved, 
their design changed to have common characteristic features that aid in safe, economic and 
satisfactory completion of a well. In addition, drilling fluids are also now required to perform 
following functions:

• Clean the rock formation beneath the bit for rock cuttings.

• Remove cutting from the well.

• Control formation pressures while drilling and maintain wellbore stability.

• Suspend and release cuttings.

• Seal permeable formations to prevent excessive mud loss.

• Minimize reservoir damage by using reservoir drill-in fluid.

• Cool, lubricate and clean the bit and drilling assembly.

• Transmit hydraulic energy to downhole assembly.

• Ensure adequate formation evaluation.

• Control corrosion.

• Facilitate downhole measurement (measurement while drilling, logging while drilling).

• Facilitate cementing and completion.

• Minimize impact on the environment.

However, excessive use of oil-based drilling fluids may harm the environment and it is 
important to develop more environmentally friendly drilling fluids. In this respect, water-
based drilling fluids are more acceptable. As well known, bentonite is widely applied in the 
water-based drilling fluids, which could enhance the clean properties and form a thin filter 
with low permeability. The functions of bentonite are to make the fluids more viscous and 
reduce the loss of fluids.

There are four types of drilling fluids (Figure 7):

1. Water-based drilling fluid (WBM) is the mud in which water is continuous phase. The 
water could be fresh, brackish or seawater. The most basic WBM system begins with water, 
then clays and other chemical and is incorporated into the water to create a homogenous 
blend. The clay (called “shale” in its rock form or bentonite) is frequently referred to in the 
oilfield as “gel.” Many other chemicals (e.g. potassium formate, KHCO2) are added to a 
WBM system to achieve various effects, including velocity control, shale stability, enhance 
drilling rate of penetration, cooling and lubricating of equipment [2–4].
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Advantages

• Low cost

• High rate of penetration

• Good cuttings removal

• Good geoscientific investigations

• The pressure in the cutting area increases with increasing hydrostatic pressure of drilling 
fluid.

Disadvantages

• Low borehole stability [5]

• Insufficient cutting transport efficiency

• Insufficient lubricating properties

• Drilling fluid loss.

2. Oil-based drilling fluid has best technical properties such as stability, lubricity and tem-
perature stability. Oil-based mud can be a mud where the base fluid is a petroleum prod-
uct such as diesel fuel or mineral low toxic oil. The authorities do not permit the discharge 
of oil-based drilling fluid and cuttings drilled with oil-based drilling fluids because of 
their special nature of being a mixture of two immiscible liquids (oil and water). In that 
case special treatment and testing are required. The terms oil-based mud and inverted or 
invert-emulsion mud used to distinguish among the different types of oil-based drilling 
fluids.  Traditionally, an oil-based mud is a fluid with 0–5% by volume of water, whereas 
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Advantages

• Excellent lubricating properties (reduce drilling torque and drag)

• Good temperature stability

• Favorable to borehole stability

• High rate of penetration

• Will not hydrate clays

• Long bit life

• Low reservoir damage

• Low drilling fluid loss

• Salt not dissolved

• Corrosion resistance

• Can be reused.

Disadvantages

• High initial cost

• Electric log difficulty

• Viscosity varies with temperature

• Environmental issue

• Difficult to keep the rig clean while drilling

• Difficult to identify gas kick

• Messy working environment

• Fire hazards.

3. Synthetic drilling fluids are based on ether, ester or olefin. They have technical proper-
ties that are similar to oil-based drilling fluids and are most often used on offshore rigs or 
in environmentally sensitive areas, because it has the properties of an oil-based mud, but 
the toxicity of the fluid fumes is much less than an oil-based fluid. This is often used on 
offshore rigs.

Advantages

• Favorable to borehole stability

• High rate of penetration

• Good wellbore stability

• Good control of drilling fluid properties
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• Good cutting transport efficiency and removal

• Good filtration properties.

Disadvantages

• Complex system with high solid content

• Geoscientific investigations difficulty.

4. Pneumatic drilling fluids—Fluids, which are based on air/gas, mist, aerated fluid or foam. 
Air drilling is used primarily in hard rock areas and in special cases to prevent formation 
damage while drilling into production zones or to circumvent severe lost-circulation prob-
lems. Air drilling includes dry air drilling, mist or foam drilling and aerated mud drilling. 
In dry air drilling, dry air/gas is injected into the standpipe at a volume and rate sufficient 
to achieve the annular velocities needed to clean the hole of cuttings. Mist drilling is used 
when water or oil sands are encountered that produce more fluid than can be dried up 
using dry air drilling. A mixture of foaming agent and water injected into the air stream, 
producing foam that separates the cuttings and helps remove fluid from the borehole. In 
aerated mud drilling, both mud and air pumped into the standpipe at the same time. Aer-
ated mud is used when it is impossible to drill with air alone because of water sands and/
or lost-circulation situations.

Advantages

• High rate of penetration

• Low reservoir damage

• Good bit performance

• Low drilling fluid loss

• Low water consumption

• Low air quality requirements for foam drilling

• Low hydrostatic pressure

• Good cleaning of the borehole.

Disadvantages

• There are restrictions on the possible lithological structures

• Drilling could be limited by the length of the horizontal section of the well

• Possibility of fire

• Possible additional costs to rent equipment

• Gas costs

• Gas and foam utilization issues
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• Aerated fluids require specialized equipment for the injections

• Aerated fluids and foam have potential corrosion problems and the need to use additional 
inhibitor

• The quality of the foam changes in exchange pressure

• The foam is a complicated system and may require computer modeling of foam movement 
in the borehole.

3.1. Mud ingredients

Various materials may be added at the surface to change or modify the characteristics of the mud:

1. Weighting materials (usually barite) are added to increase the density of the mud, which 
helps to control subsurface pressures and build the filter cake. Salts are sometimes added 
to protect downhole formations or to protect the mud against future contamination, as 
well as to increase density. Dispersants or deflocculants may be added to thin the mud, 
which helps to reduce surge, swab and circulating pressure problems.

2. Viscosifying materials (clays, polymers and emulsified liquids) are added to thicken the 
mud and increase its hole cleaning ability. [6]

3. Filtration control materials. Clays, polymers, starches, dispersants and asphaltic materi-
als may be added to reduce filtration of the mud through the borehole wall. This reduces 
formation damage, differential sticking and problems in log interpretation.

4. pH control and lubricating materials. Mud additives may include lubricants, corrosion 
inhibitors, chemicals that tie up calcium ions and flocculants to aid in the removal of cut-
tings at the surface. Caustic soda is often added to increase the pH of the mud, which 
improves the performance of dispersants and reduces corrosion.

5. Other additives. Preservatives, bactericides, emulsifiers and temperature extenders may 
all be added to make other additives work better.

Most of these additives have distinct properties that help in countering specific challenges 
encountered during the drilling process as well as in accomplishing the drilling work with 
efficiency and precision [7]. However, to select the proper fluid, it is necessary to calculate 
the cost of the fluid, understand the environmental impact of using the fluid and to know the 
impact of the fluid on production from the pay zone.

4. Drilling mud losses and its prevention

The complex drilling fluids represent 15–18% of the total cost of petroleum well drilling. Lost 
circulation is major problem in the drilling operations and is defined as the loss of drilling 
fluid through the pores or fissures in the rock formations to be drilled, sometimes referred 
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to as “thief zones.” It occurs when hydrostatic pressure of fluid column in the wellbore is 
higher than the formation pressure and is defined as the loss of drilling fluid into the forma-
tion. Lost circulation influences directly effect the non-productive time, a drilling operation 
that includes the cost of time and all services that support the drilling operation. It is usually 
accompanied by wellbore stability problems, which can result in stuck pipe and even the loss 
of the well [8–10].

The fluid loss of circulation is most commonly responsible for 10–20% of the total cost of 
a productive or an exploration well. Well bore costs, in turn, represent 35–50% of the total 
capital costs of a geothermal typical project; therefore, about 3.5–10% of the total costs can be 
attributed to the loss of circulation [11].

4.1. Physical simulator of flow in the formation

The physical simulator of flow in the formation (SFF) device allows determining the mud 
loss to the formation. It consists of a fluid storage tank with mixer, well-simulated pipe with 
formation packing system, pump, temperature and pressure-measuring device and so on.

An experimental procedure was developed with the purpose of studying effects of additives 
and loss circulation material on mud loss to the formation. The mud sample that was pre-
pared and mixed in the separate storage tank transferred into the stand’s storage tank (1) 
(Figure 8). Formation packing system was filled with the formation that was tested against 
the drilling mud. Then, the formation packing system connected to the well-simulated pipe 
(5). The hollow cable from the pump (3) is connected to the compressor to make the pump run 

Figure 8. Kinematic scheme of the physical simulator of flow in the formation: 1—fluid storage tank with mixer; 2—heater; 
3—pump; 4—valve; 5—well-simulated pipe with formation packing system; 6—pressure measuring device; 7—temperature 
measuring device and 8—pressure regulator.
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at desired pressure. After the pump has been turned on, the drilling mud started to circulate 
from the storage tank through the well-simulated pipe. The process runs for 30 minutes and 
when it is finished it is possible to measure the fluid penetration rate.

The visualization of the physical simulator of flow in the formation is shown in Figure 9.

Combating loss by the proper use of reinforcement materials of wells, well strengthening and 
loss circulation materials is fundamental for a successful drilling [12–14]. In Figure 10, simu-
lation results (Flow 3D) show the influence of the loss circulation materials on the drilling 
process. In case of the water drilling, the drilling fluid losses are significant, whereas in case 
of the loss circulation materials, rate of penetration considerably decreases.

Industries use coke, attapulgite, nutshells, mica flakes, cellulose nanoparticles and other 
materials to mitigate the loss of circulation [15]. The use of such materials increases the cost 
of drilling, but by using the materials such as cotton, sawdust and used oil would employ the 
same purpose in most cost-effective and eco-friendly way.

Various materials such as cotton waste, used oil, saw dust etc. are commonly employed as fluids 
loss control agent. The evaluation of the rate of penetration of various mud samples to the for-
mation proposes an effective way to minimize the mud loss by forming a static filter cake on the 
walls by changing the components of the water-based drilling fluid.

It is important to evaluate the amount of drilling fluid loss to the formation and to overcome it 
by forming a static filter cake on the borehole walls by changing the components of the water-
based drilling fluid [16, 17].

Figure 9. Visualization of physical simulator of flow in the formation.
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at desired pressure. After the pump has been turned on, the drilling mud started to circulate 
from the storage tank through the well-simulated pipe. The process runs for 30 minutes and 
when it is finished it is possible to measure the fluid penetration rate.

The visualization of the physical simulator of flow in the formation is shown in Figure 9.

Combating loss by the proper use of reinforcement materials of wells, well strengthening and 
loss circulation materials is fundamental for a successful drilling [12–14]. In Figure 10, simu-
lation results (Flow 3D) show the influence of the loss circulation materials on the drilling 
process. In case of the water drilling, the drilling fluid losses are significant, whereas in case 
of the loss circulation materials, rate of penetration considerably decreases.
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materials to mitigate the loss of circulation [15]. The use of such materials increases the cost 
of drilling, but by using the materials such as cotton, sawdust and used oil would employ the 
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Various materials such as cotton waste, used oil, saw dust etc. are commonly employed as fluids 
loss control agent. The evaluation of the rate of penetration of various mud samples to the for-
mation proposes an effective way to minimize the mud loss by forming a static filter cake on the 
walls by changing the components of the water-based drilling fluid.

It is important to evaluate the amount of drilling fluid loss to the formation and to overcome it 
by forming a static filter cake on the borehole walls by changing the components of the water-
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4.2. Preparation of mud samples and properties of the formation

Formation porosity directly affects the mud loss, if the pore size of the formation is high, it 
means that the formation pore size do have much space to retain any fluid or small particle 
which passes through it [18]. During the experiment, the density of the formation was 1.606 
g·cm−3. The pH of the formation was 8.73 and is alkaline, so it will not play a vital on altering 
any significant property of the drilling mud. Humidity does not play a major role in mud 
loss, but it has to be measured to determine the filtration property of the sand. Humidity of 
formation was 4.26%.

Base mud sample, containing only water and bentonite clay, was prepared by adding 720 g of 
bentonite to 12 liters of water to obtain a bentonite mass fraction of 5.66% and a bentonite-to-
water ratio of 6% (Figure 11).

The bentonite-to-water ratio was maintained constant for all subsequent mud samples used 
in this research.

All mud samples were prepared at ambient conditions (at 17°C or 62.6°F). Respectively, their 
density and rheological properties were measured. Sodium hydroxide (NaOH) was used 
to adjust the pH of mud samples to ensure that each sample has same pH value of 10.85. 
Potassium chloride (KCl) was used as a clayish rock swelling inhibitor because the loam for-
mation used during the research has clay content and was constant for all mud samples. 
Sodium carbonate (NaOH) was used to regulate the calcium concentration in the drilling 
mud.

Mud samples with varying additive concentrations and loss circulation materials such as saw 
dust, waste cotton and used oil were prepared as it is shown in Table 1.

The water-based mud samples presented in Table 1 are named according to the loss circula-
tion materials added to it. For instance, the mud sample with sawdust is named from S1 to S3 

Figure 10. Comparison of the fluid loss and rate of the penetration by pure water and the water-based fluid drilling: 
a—water; b—drilling fluid.

Recent Insights in Petroleum Science and Engineering48

according to the weight of the material present in it. The sawdust was added from 232 to 522 
g in three mud samples and cotton is added from 25 to 75 g in C1–C3. The used oil was added 
in milliliter and their relative weight of oil was calculated and presented in g. The used oil was 
added from 135 to 404 g to O1 to O3 mud samples.

In this experiment, rheological properties of drilling mud additives were studied (Table 2). 
Mud samples with a varying concentration of additives were prepared; their properties were 
studied and compared.

Figure 11. Prepared mud sample.

Mud samples Mass of 
water

Mass of 
bentonite

Mass of 
Na2CO3

Mass of 
NaOH

Mass of saw 
dust

Mass of 
waste 
cotton

Mass of 
used oil

Kg g g g g g g

Bentonite B1 12 720 60 14.4 0 0 0

Sawdust S1 68 17.2 232 0 0

S2 70.5 19 397 0 0

S3 74.2 20.5 522 0 0

Cotton C1 61 17.8 0 25 0

C2 63.2 18.05 0 50 0

C3 66.6 18.60 0 75 0

Used oil O1 60 23.4 0 0 135

O2 63.7 24.2 0 0 269

O3 66.6 24.8 0 0 404

Table 1. The composition of water-based mud samples.
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The mud density comparison of all three mud indicated that a cotton-based mud will give 
a higher mud density than the other two (10.26–10.68 lb/gal). This is because of the higher 
specific gravity of cotton as it greater than of saw dust and oil. In addition to its use as loss 
circulation materials, cotton-based mud can also act as weighting agent. To prevent the flow 
of formation fluids into the hole, the drilling mud must exert a greater pressure than that of 
the fluids in the porous rocks that are penetrated by the bit. In that case, the cotton-based mud 
with slightly high density can act as an effective loss circulation materials.

Plastic viscosity (PV). The experiment results show that the mud samples with sawdust and 
cotton have high viscosity ranging from 23 to 26 cP in the case of saw dust and 29 to 37 cP in 
the case of cotton. This is due to the fact that the mud with considerable suspended particle 
will always have high plastic viscosity as well as the force existing between the particles and 
the force between the particles and the liquid. So, this result indicates that the mud samples 
with cotton and sawdust have much high solid content as 75 g in cotton and 522 g in sawdust 
and always depend upon the concentration of mud solids.

Yield point (YP) is used to evaluate the ability of mud to lift cuttings out of the annulus. When 
the yield point is higher, the mud loss inside the fracture is less. The shear stress required to 
initiate the flow of mud also increases as the yield point increases. Over time, this yield point 
helps in preventing the mud from flowing further into the fracture, which leads eventually 
to it becoming plugged [19]. A higher YP implies that drilling fluid has ability to carry cut-
tings better than a fluid of similar density but lower YP. From the above result, compare the 
mud samples S3 and O3, in both mud samples, the density is quite the same, it is 9.296 lb/gal, 
whereas the YP of S3 is 5% greater than O3. In this case, the S3 mud sample will work better 
in carrying cuttings than O3. The bentonite (B1) sample is taken as a reference sample.

10-sec gel strength results. The gel strength is one of the important drilling fluid properties 
because it demonstrates the ability of the drilling mud to suspend drill solid and  weighting 

Mud samples Mud density Plastic viscosity Yield point 10-sec gel strength

lb/gal cP lb/100 ft2 lb/100 ft2

Bentonite B1 9.260 18 18 4

Sawdust S1 9.290 23 25 6

S2 9.290 24 28 7

S3 9.296 26 31 9

Cotton C1 10.26 29 33 16

C2 10.43 35 35 24

C3 10.68 37 43 31

Used oil O1 9.280 20 21 5

O2 9.280 21 24 6

O3 9.296 22 26 8

Table 2. Variation of the muds’ rheological properties by using additives.
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material when circulation is ceased. The results were achieved based on standard API pro-
cedure. It is investigated that the mud sample with cotton as a loss circulation materials has 
gel strength twice higher than the other two. It means that it will work well in the case of 
suspending drill cutting when the circulation is halt for 1 to 2 days.

The rate of penetration of all mud samples is represented in Figure 12.

Figure 12 consolidates all the result obtained from the experimental work. In the case of saw-
dust mud sample, the weight percentage of sawdust added were ranging from 1 to 3%, and 
in the case of used oil, it is 1, 1.5, 2%, but in the case of cotton, it is just 0.2, 0.4, 0.6% because 
the cotton make the mud more viscous and heavily dense, which makes it hard for the pump 
to deliver the same pump rate as it was done with sawdust and used oil mud samples. From 
Figure 12, it is evident that the mud samples with additives can be used as loss circulation 
material during oil well drilling.

In this work, it is evident that the prepared and tested mud samples work well with the 
unconsolidated coarse-grained formation in terms of mud loss.

5. Conclusions

The concentration of loss circulation material is vital to control the rheological properties of 
drilling mud. Significant changes in mud density, plastic viscosity, yield point and gel strength 
were noted to correspond to changes in the concentration of mud loss circulation material.

Figure 12. Rate of penetration of all mud samples in formation.
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cotton have high viscosity ranging from 23 to 26 cP in the case of saw dust and 29 to 37 cP in 
the case of cotton. This is due to the fact that the mud with considerable suspended particle 
will always have high plastic viscosity as well as the force existing between the particles and 
the force between the particles and the liquid. So, this result indicates that the mud samples 
with cotton and sawdust have much high solid content as 75 g in cotton and 522 g in sawdust 
and always depend upon the concentration of mud solids.

Yield point (YP) is used to evaluate the ability of mud to lift cuttings out of the annulus. When 
the yield point is higher, the mud loss inside the fracture is less. The shear stress required to 
initiate the flow of mud also increases as the yield point increases. Over time, this yield point 
helps in preventing the mud from flowing further into the fracture, which leads eventually 
to it becoming plugged [19]. A higher YP implies that drilling fluid has ability to carry cut-
tings better than a fluid of similar density but lower YP. From the above result, compare the 
mud samples S3 and O3, in both mud samples, the density is quite the same, it is 9.296 lb/gal, 
whereas the YP of S3 is 5% greater than O3. In this case, the S3 mud sample will work better 
in carrying cuttings than O3. The bentonite (B1) sample is taken as a reference sample.

10-sec gel strength results. The gel strength is one of the important drilling fluid properties 
because it demonstrates the ability of the drilling mud to suspend drill solid and  weighting 

Mud samples Mud density Plastic viscosity Yield point 10-sec gel strength

lb/gal cP lb/100 ft2 lb/100 ft2

Bentonite B1 9.260 18 18 4

Sawdust S1 9.290 23 25 6

S2 9.290 24 28 7

S3 9.296 26 31 9

Cotton C1 10.26 29 33 16

C2 10.43 35 35 24

C3 10.68 37 43 31

Used oil O1 9.280 20 21 5

O2 9.280 21 24 6

O3 9.296 22 26 8

Table 2. Variation of the muds’ rheological properties by using additives.
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material when circulation is ceased. The results were achieved based on standard API pro-
cedure. It is investigated that the mud sample with cotton as a loss circulation materials has 
gel strength twice higher than the other two. It means that it will work well in the case of 
suspending drill cutting when the circulation is halt for 1 to 2 days.

The rate of penetration of all mud samples is represented in Figure 12.

Figure 12 consolidates all the result obtained from the experimental work. In the case of saw-
dust mud sample, the weight percentage of sawdust added were ranging from 1 to 3%, and 
in the case of used oil, it is 1, 1.5, 2%, but in the case of cotton, it is just 0.2, 0.4, 0.6% because 
the cotton make the mud more viscous and heavily dense, which makes it hard for the pump 
to deliver the same pump rate as it was done with sawdust and used oil mud samples. From 
Figure 12, it is evident that the mud samples with additives can be used as loss circulation 
material during oil well drilling.

In this work, it is evident that the prepared and tested mud samples work well with the 
unconsolidated coarse-grained formation in terms of mud loss.

5. Conclusions

The concentration of loss circulation material is vital to control the rheological properties of 
drilling mud. Significant changes in mud density, plastic viscosity, yield point and gel strength 
were noted to correspond to changes in the concentration of mud loss circulation material.

Figure 12. Rate of penetration of all mud samples in formation.
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Waster-based mud with cotton as loss circulation material gave a remarkably higher value of 
density, yield point, gel strength and plastic viscosity when used at lesser concentration than 
sawdust and used oil. Moreover, water-based mud samples with cotton having the least pen-
etration rate. The lack of loss circulation material could result in significant mud loss.
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Abstract

The development planning of deepwater oilfield directly influences production costs and 
benefits. However, the uncertainties of crude oil price and reservoir and the special pro-
duction requirements make it difficult to optimize development planning of deepwater 
oilfield. Although there have been a number of scholars researching on this issue, previ-
ous models just focused on several special working conditions and few have consid-
ered energy supply of floating production storage and offloading (FPSO). In light of the 
normal deepwater production development cycles, in this paper, a multiscenario mixed 
integer linear programming (MS-MILP) method is proposed based on reservoir numer-
ical simulation, considering the uncertainties of reservoir and crude oil price and the 
constraint of energy consumption of FPSO, to obtain the globally optimal development 
planning of deepwater oilfield. Finally, a real example is taken as the study objective. 
Compared with previous researches, the method proposed in this paper is testified to be 
practical and reliable.

Keywords: uncertainty, deepwater oilfield, development planning, multiscenario mixed 
integer linear programming, optimization

1. Introduction

The construction of deepwater oilfield development (DWOD) costs much, which is the high-
est proportion of oilfield development investment [1]. The DWOD facilities and connection 
modes will be fixed in the working cycles once they are determined and put into use [2]. 
Hence, it is important to work out totally optimal oilfield development planning, consid-
ering the future production during planning stages. Deepwater oilfield exploration and 
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development generally consists of four stages: exploration, evaluation, and deliverability 
construction and production [3], each of which contains a number of uncertain factors [4, 5]  
that exert influence on the total operation. In the evaluation stage of the early period of 
oilfield development, there are a great number of uncertain factors and some have strong 
uncertainties [6, 7]. The essence of optimal planning for DWOD is to calculate the totally 
optimal oilfield development plan including the type of floating production storage and 
offloading (FPSO), commissioning plan, drilling plan, connection mode between productive 
well and FPSO, production plan of each production well, and FPSO energy supply plan. In 
this way, the optimal planning of DWOD is complex, since it requires various optimization 
decisions under the premise of strong uncertainty.

Recently, the issue of field development planning has attracted many scholars. Midthun 
et al. [8] established an optimal model for natural gas field development, which considers 
the construction rule of processing facilities and pipeline infrastructure. Arredondo-Ramrez 
et al. [9] focused on the optimal planning for nonconventional shale gas development and 
proposed a model applicable for multistage development. As for offshore field infrastruc-
ture planning, Gupta and Grossmann [10] put forward a multiperiod mixed integer linear 
programming (MILP) model which involves oil-gas-water, three phases in reservoir. Based 
on the previous work, Gupta and Grossmann [11] took the production-sharing agreements 
and the endogenous uncertainties into consideration, making the proposed multistage 
model more accordant with practical situations. When building up the oilfield development 
planning model, it is inevitable to consider uncertain factors such as reservoir behavior and 
crude oil price. Tarhan et al. [12] thought the reservoir uncertainty was related to initial pro-
duction output of each well, reservoir scale, and water breakthrough time. These variable 
factors were exhibited as eight scenarios through enumeration. However, it is possible that 
the reality is too more sophisticated to describe the field’s uncertainty based on the eight 
scenarios. And when it comes to the uncertainty of crude oil price, Jonsbraten [13] build up 
an MILP model and employed the scenario and policy aggregation technique to solve the 
construction planning of oilfield development under crude oil price uncertainty. Aseeri et al. 
[14] addressed the financial risk management of offshore field development planning and 
scheduling and paid attention to the uncertainties of crude oil price and oil well productiv-
ity index. Kang et al. [15] proposed an optimal model of oilfield development programming 
under stochastic oil price.

As to the model resolution, Dawson and Fuller [16] established a multistage nonconvex MILP 
model taking the highest net present value (NPV) as the objective function for the offshore 
oilfield development. During the model resolution, the continuous variables should be dis-
cretized, and then, heuristic algorithm was adopted. Heever and Grossmann [17] put forward 
a multistage MILP model which was solved by an iterative aggregation/disaggregation algo-
rithm. Chen and Feng [18] established a model of oilfield measure program which is pre-
dicted by the BP network. Carvalho et al. [19] established an MIP model to work out offshore  
oilfield infrastructure planning and applied decomposition method to solve the model.  
Ge et al. [20] investigated the drilling of cluster horizontal wells and set up a platform program 
ming model. Zhang et al. [21, 22] built an MILP model for optimal offshore oilfield gathering system  
and a unified MILP model for topological structure of production well gathering pipeline 
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network, and both were solved by the branch-and-bound method. Li et al. [23] proposed a 
nonlinear programming model for the integrated development of multiple gas fields, using 
the improved genetic algorithm (GA) to solve the model.

Although domestic and foreign scholars have researched on the design for offshore field engi-
neering system, reservoir uncertainty, and output fluctuation are considered by simply enu-
merating several special conditions and few have taken the FPSO energy supply constraint 
into account. In light of the normal deepwater production development cycles, this paper 
proposes a multiscenario MILP (MS-MILP) model based on reservoir numerical simulation, 
considering the uncertainties of reservoir and crude oil price, to obtain the globally optimal 
planning of DWOD.

2. Issue description

In this paper, the study issue is to design and draw up the commissioning plan of infrastruc-
ture required for DWOD in the given development cycle. As shown in Figure 1, the reservoir 
includes three parts and there is one FPSO working. On FPSO, oil-gas-water separation, as 
well as storage and transportation to shuttle tankers, can be carried out for the produced liq-
uid. And there are two types of FPSO: one is the small FPSO of smaller throughput, coming 
from old oil tanker’s conversion, and the other is the large new FPSO of larger throughput. 
Furthermore, production wells are connected to FPSO by means of drilling vessels or semi-
submerged platforms (SSP). One production well can only correspond to one FPSO, while one 
FPSO can correspond to multiple wells.

The optimization is to draw up the investment and operation decisions during the development 
cycle. The investment decisions include the type, number, and corresponding processing capac-
ity of development facilities, the manufacture, installation, and service time of these facilities, 
as well as the wells to be drilled, drilling sequence, and drilling facility. The operation decisions 

Figure 1. Diagram of DWOD.
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The optimization is to draw up the investment and operation decisions during the development 
cycle. The investment decisions include the type, number, and corresponding processing capac-
ity of development facilities, the manufacture, installation, and service time of these facilities, 
as well as the wells to be drilled, drilling sequence, and drilling facility. The operation decisions 

Figure 1. Diagram of DWOD.
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need to consider the uncertainties of reservoir and crude oil price and simultaneously provide 
the recovery rates of reservoirs in each period. The general target is to balance the complex 
investment and operation decisions, in order to maximize the expected NPV of the project.

The predrilling well number of each reservoir, the construction cycles, and the available FPSO 
type and corresponding throughput should be known to solve the model. The model deci-
sions include annual drilling site and production output of reservoirs, FPSO commissioning, 
connection relationship between production well and FPSO, FPSO oil-gas-water throughput, 
and FPSO energy supply plan.

3. Model establishment

3.1. Objective function

The discrete-time representation is adopted in this model. Suppose s ∈ S stands for the set that 
considers uncertainties; r ∈ R stands for the set of reservoirs; t ∈ T stands for the set of years; 
i ∈ Ir stands for the set of predrilling of reservoir r; l ∈ L stands for the set of available FPSO; 
and a ∈ A stands for the set of accumulated output ranges. Since multiple uncertainties are 
involved in the model, the maximum mean NPV of various conditions is taken as the objec-
tive function. The income is related to the annual crude oil price and output in this year. The 
expenditure is related to the construction and purchase cost of FPSO, daily maintenance cost, 
drilling cost, and diesel consumption cost.

  max  f =  [ ∑ 
s
      ∑ 

t
      I  t   ( INC  s,t   −  COS  s,t  ) ]  /  N  S   s ∈ S  (1)

   INC  s,t   =  C  PERs,t    ∑ 
r
      ∑ 

i
      Q  OPs,r,t,i   s ∈ S, r ∈ R, t ∈ T, i ∈  I  r    (2)

   
CO S  s, t   =  ∑ 

l
      C  BTLP       l    B  BTLP      t+ N   L  l  

  , l   +  ∑ 
l
      C  FMO       l    ∑ 

 t   ′ =1
  

t
     B  BTLP       t   ′ , l   +  C  DIT    ∑ 

r
      ∑ 

i
      B  DIT      r, t+ N  D  ,i  

       
+ C  D      s, t    ∑ 

l
      Q  D      s, t, l   s ∈ S,  r ∈ R,  t ∈ T,  i ∈  I  r  ,  l ∈ L

    (3)

where NS represents the number of the considered uncertainties; NLl represents the construc 
tion time for FPSOl; ND represents the drilling time; It represents the discount rate in the year t;  
INCs, t represents the total income in the year t under the specified scenario s, $/y; COSs, t rep-
resents the total expenditure in the year t under the specified scenario s, $/y; CPERs, t represents 
the crude oil price per unit volume in the year t under the specified scenario s, $/m3; CBTLPl 
represents the construction cost for FPSOl, $; CFMOl represents the daily maintenance cost for 
FPSOl, $/y; CDIT represents the unit price of drilling cost, $; CDs, t represents the diesel price unit 
under the scenario s, $/m3; QOPs, r, t, i represents the crude oil output from the predrilling well 
i of the reservoir r in the year t under the specified scenario s, m3/y; QDs, t, l represents the con 
sumption diesel for FPSOl electricity generation in the year t under the specified scenario  
s, m3/y; BBTLPt, l represents a binary variable, if FPSOl needs to be put into production in the year  
t, BBTLPt, l = 1, otherwise BBTLPt, l = 0; BDITr, t, i represents a binary variable, if the predrilling well i of 
the reservoir r is drilled in the year t, BDITr, t, i = 1, otherwise BDITr, t, i = 0.
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3.2. Drilling constraint

There are two states for all the predrilling wells: development or not.

   H  DITr, i   +  ∑ 
t
      B  DITr, t, i   ≤ 1 r ∈ R, t ∈ T, i ∈  I  r    (4)

where HDITr, i represents a binary variable, if the drilling operation for the predrilling well 
of the reservoir r has been finished before the start time of the study, HDITr, i = 1, otherwise 
HDITr, i = 0; other variables are defined the same as before.

The drilling number of drilling vessels should be less than the maximum drilling capacity 
per year.

   ∑ 
r
      ∑ 

i
      B  DITr, t, i   ≤  N  CFmaxt   r ∈ R, t ∈ T, i ∈  I  r    (5)

where NCF max t represents the maximum drilling number of the year t; other variables are 
defined the same as before.

3.3. Output constraint

The accumulated output of each reservoir equals to that of the last year plus all the output of 
this reservoir in this year.

   V  APs, r, t   =  V  APs, r, t−1   +  ∑ 
i
      Q  OPs, r, t, i   s ∈ S, r ∈ R, t ∈ T  (6)

where VAPs, r, t represents the accumulated crude output of the reservoir r in the year t under the 
specified scenario s, m3; other variables are defined the same as before.

Binary variables can be divided by ranges to determine the range that accumulated output 
belongs to. When BAPs, r, t, a = 1, VAP min a < VAPs, r, t ≤ VAP max a should be met.

   V  APmina   +  ( B  APs, r, t, a   − 1) M <  V  APs, r, t   ≤  V  APmaxa   +  (1 −  B  APs, r, t, a  ) M s ∈ S, r ∈ R, t ∈ T, a ∈ A  (7)

where VAPmins, r,a represents the minimum value of the accumulated crude output range a in the 
reservoir r under the specified scenario s, m3; VAPmaxs, r,a represents the maximum value of the 
accumulated crude output range a in reservoir r under the specified scenario s, m3; M repre-
sents a positive maxima; BAPs, r, t, a represents a binary variable, if the accumulated crude output 
of the reservoir r in the year t belongs to the range a under the specified scenario s, BAPs, r, t, a = 1, 
otherwise BAPs, r, t, a = 0; other variables are defined the same as before.

The accumulated output must only exist in one set of range.

   ∑ 
a
      B  APs, r, t, a   = 1 s ∈ S, r ∈ R, t ∈ T, a ∈ A  (8)

After the accumulated output range is determined, the maximum output of single well can 
be obtained by the linear fitting formula between the maximum output of single well and the 
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need to consider the uncertainties of reservoir and crude oil price and simultaneously provide 
the recovery rates of reservoirs in each period. The general target is to balance the complex 
investment and operation decisions, in order to maximize the expected NPV of the project.

The predrilling well number of each reservoir, the construction cycles, and the available FPSO 
type and corresponding throughput should be known to solve the model. The model deci-
sions include annual drilling site and production output of reservoirs, FPSO commissioning, 
connection relationship between production well and FPSO, FPSO oil-gas-water throughput, 
and FPSO energy supply plan.

3. Model establishment

3.1. Objective function

The discrete-time representation is adopted in this model. Suppose s ∈ S stands for the set that 
considers uncertainties; r ∈ R stands for the set of reservoirs; t ∈ T stands for the set of years; 
i ∈ Ir stands for the set of predrilling of reservoir r; l ∈ L stands for the set of available FPSO; 
and a ∈ A stands for the set of accumulated output ranges. Since multiple uncertainties are 
involved in the model, the maximum mean NPV of various conditions is taken as the objec-
tive function. The income is related to the annual crude oil price and output in this year. The 
expenditure is related to the construction and purchase cost of FPSO, daily maintenance cost, 
drilling cost, and diesel consumption cost.

  max  f =  [ ∑ 
s
      ∑ 

t
      I  t   ( INC  s,t   −  COS  s,t  ) ]  /  N  S   s ∈ S  (1)

   INC  s,t   =  C  PERs,t    ∑ 
r
      ∑ 

i
      Q  OPs,r,t,i   s ∈ S, r ∈ R, t ∈ T, i ∈  I  r    (2)

   
CO S  s, t   =  ∑ 

l
      C  BTLP       l    B  BTLP      t+ N   L  l  

  , l   +  ∑ 
l
      C  FMO       l    ∑ 

 t   ′ =1
  

t
     B  BTLP       t   ′ , l   +  C  DIT    ∑ 

r
      ∑ 

i
      B  DIT      r, t+ N  D  ,i  

       
+ C  D      s, t    ∑ 

l
      Q  D      s, t, l   s ∈ S,  r ∈ R,  t ∈ T,  i ∈  I  r  ,  l ∈ L

    (3)

where NS represents the number of the considered uncertainties; NLl represents the construc 
tion time for FPSOl; ND represents the drilling time; It represents the discount rate in the year t;  
INCs, t represents the total income in the year t under the specified scenario s, $/y; COSs, t rep-
resents the total expenditure in the year t under the specified scenario s, $/y; CPERs, t represents 
the crude oil price per unit volume in the year t under the specified scenario s, $/m3; CBTLPl 
represents the construction cost for FPSOl, $; CFMOl represents the daily maintenance cost for 
FPSOl, $/y; CDIT represents the unit price of drilling cost, $; CDs, t represents the diesel price unit 
under the scenario s, $/m3; QOPs, r, t, i represents the crude oil output from the predrilling well 
i of the reservoir r in the year t under the specified scenario s, m3/y; QDs, t, l represents the con 
sumption diesel for FPSOl electricity generation in the year t under the specified scenario  
s, m3/y; BBTLPt, l represents a binary variable, if FPSOl needs to be put into production in the year  
t, BBTLPt, l = 1, otherwise BBTLPt, l = 0; BDITr, t, i represents a binary variable, if the predrilling well i of 
the reservoir r is drilled in the year t, BDITr, t, i = 1, otherwise BDITr, t, i = 0.
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3.2. Drilling constraint

There are two states for all the predrilling wells: development or not.

   H  DITr, i   +  ∑ 
t
      B  DITr, t, i   ≤ 1 r ∈ R, t ∈ T, i ∈  I  r    (4)

where HDITr, i represents a binary variable, if the drilling operation for the predrilling well 
of the reservoir r has been finished before the start time of the study, HDITr, i = 1, otherwise 
HDITr, i = 0; other variables are defined the same as before.

The drilling number of drilling vessels should be less than the maximum drilling capacity 
per year.

   ∑ 
r
      ∑ 

i
      B  DITr, t, i   ≤  N  CFmaxt   r ∈ R, t ∈ T, i ∈  I  r    (5)

where NCF max t represents the maximum drilling number of the year t; other variables are 
defined the same as before.

3.3. Output constraint

The accumulated output of each reservoir equals to that of the last year plus all the output of 
this reservoir in this year.

   V  APs, r, t   =  V  APs, r, t−1   +  ∑ 
i
      Q  OPs, r, t, i   s ∈ S, r ∈ R, t ∈ T  (6)

where VAPs, r, t represents the accumulated crude output of the reservoir r in the year t under the 
specified scenario s, m3; other variables are defined the same as before.

Binary variables can be divided by ranges to determine the range that accumulated output 
belongs to. When BAPs, r, t, a = 1, VAP min a < VAPs, r, t ≤ VAP max a should be met.

   V  APmina   +  ( B  APs, r, t, a   − 1) M <  V  APs, r, t   ≤  V  APmaxa   +  (1 −  B  APs, r, t, a  ) M s ∈ S, r ∈ R, t ∈ T, a ∈ A  (7)

where VAPmins, r,a represents the minimum value of the accumulated crude output range a in the 
reservoir r under the specified scenario s, m3; VAPmaxs, r,a represents the maximum value of the 
accumulated crude output range a in reservoir r under the specified scenario s, m3; M repre-
sents a positive maxima; BAPs, r, t, a represents a binary variable, if the accumulated crude output 
of the reservoir r in the year t belongs to the range a under the specified scenario s, BAPs, r, t, a = 1, 
otherwise BAPs, r, t, a = 0; other variables are defined the same as before.

The accumulated output must only exist in one set of range.

   ∑ 
a
      B  APs, r, t, a   = 1 s ∈ S, r ∈ R, t ∈ T, a ∈ A  (8)

After the accumulated output range is determined, the maximum output of single well can 
be obtained by the linear fitting formula between the maximum output of single well and the 
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accumulated output in the range. If the accumulated output locates in range a, BAPs, r, t, a = 1, and 
then, QUWPMs, r, t = ωs, r, aVAPs, r, t + μs, r, a.

   Q  UWPMs, r, t, i   ≤  ω  s, r, a, i    V  APs, r, t   +  μ  s, r, a, i   +  (1 −  B  APs ,r, t, a  ) M s ∈ S, r ∈ R, t ∈ T, i ∈  I  r  , a ∈ A  (9a)

   Q  UWPMs,r,t,i   ≥  ω  s, r, a, i    V  APs, r, t   +  μ  s, r, a, i   +  ( B  APs, r, t, a   − 1) M s ∈ S, r ∈ R, t ∈ T, i ∈  I  r  , a ∈ A  (9b)

where ωs, r, a, i and μs, r, a, i represent the coefficients of the linear fitting formula for the maximum 
output of single well and the accumulated crude output; QUWPMs, r, t, i represents the maximum 
output of the predrilling i of the reservoir r in the year t under the scenario s, m3/y; other vari-
ables are defined the same as before.

The single well output needs to be less than the maximum output of the single well.

   Q  OPs, r, t, i   ≤  Q  UWPMs,r,t,i   s ∈ S, r ∈ R, t ∈ T, i ∈  I  r    (10)

If drilling operation does not begin, the well output should be zero.

   Q  OPs, r, t, i   ≤  ( H  DITr, i   +  ∑ 
 t   ′ =1

  
t
     B  DITr, t, i  ) M s ∈ S, r ∈ R, t ∈ T, i ∈  I  r    (11)

3.4. Production facility constraint

If one predrilling well is to be developed, one FPSO should be determined to be connected.

   ∑ 
t
      B  DITr, t, i   =  ∑ 

l
      B  OITr, i, l   r ∈ R, t ∈ T, i ∈  I  r  , l ∈ L  (12)

where BOITr, i, l is a binary variable, if the predrilling well i of the reservoir r is connected to 
FPSOl, BOITr, i, l = 1, otherwise BOITr, i, l = 0; other variables are defined the same as before.

If predrilling wells need to be connected to one FPSO, the FPSO should be put into production 
before being connected.

    
 B  DITr,t,i   +  B  OITr,i,l   − 1

  _____________ 2   ≤  H  HTLPl   +  ∑ 
 t   ′ =1

  
t
     B  BTLPt, l   r ∈ R, t ∈ T, i ∈  I  r  , l ∈ L  (13)

where HHTLPl is a binary variable, if the FPSOl has been put into production before the start 
time of the study, HHTLPl = 1, otherwise HHTLPl = 0; other variables are defined the same as before.

All the available FPSO can be put into production or not.

   H  HTLPl   +  ∑ 
t
      B  BTLPr, t, l   ≤ 1 r ∈ R, t ∈ T, l ∈ L  (14)

The predrilling wells to be developed can only be connected to one FPSO, and the transporta-
tion flow to the FPSO should be equal to the well output. If the predrilling wells to be devel-
oped do not connect to an FPSO, the transportation flow must be zero.
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   Q  OPs, r, t, i   =  ∑ 
l
      Q  OPLs, r, t, i, l   s ∈ S, r ∈ R, t ∈ T, i ∈  I  r  , l ∈ L  (15)

   Q  OPLs, r, t, i, l   ≤  B  OITr, i, l   M s ∈ S, r ∈ R, t ∈ T, i ∈  I  r  , l ∈ L  (16)

where QOPLs, r, t, i, l is the transportation flow from the predrilling well i of the reservoir r to the 
in FPSOl the year t under the specified scenario s, m3/y; other variables are defined the same 
as before.

The total oil flow of one reservoir received by an FPSO should equal to the total output of all 
the predrilling wells in the reservoir that are connected to the FPSO.

   Q  LPRs, r, t, l   =  ∑ 
i
      Q  OPLs, r, t, i, l   s ∈ S, r ∈ R, t ∈ T, i ∈  I  r  , l ∈ L  (17)

where QLPRs, r, t, l is the total flow of the reservoir r received by FPSOl in the year t under the 
specified scenario s, m3/y; other variables are defined the same as before.

When the accumulated output range is determined, the total flow of water and gas of one 
reservoir received by an FPSO can be obtained from the range.

   Q  LGRs, r, t, l   ≤  Q  LPRs, r, t, l    R  PGs, r, a   +  (1 −  B  APs, r, t, a  ) M s ∈ S, r ∈ R, t ∈ T, a ∈ A  (18a)

   Q  LGRs, r, t, l   ≥  Q  LPRs, r, t, l    R  PGs, r, a   +  ( B  APs, r, t, a   − 1) M s ∈ S, r ∈ R, t ∈ T, a ∈ A  (18b)

   Q  LWRs, r, t, l   ≤  Q  LPRs, r, t, l    R  PWs, r, a   +  (1 −  B  APs, r, t, a  ) M s ∈ S, r ∈ R, t ∈ T, a ∈ A  (19a)

   Q  LWRs, r, t, l   ≥  Q  LPRs, r, t, l    R  PWs, r, a   +  ( B  APs, r, t, a   − 1) M s ∈ S, r ∈ R, t ∈ T, a ∈ A  (19b)

where RPGs, r, a is the gas/oil ratio of the accumulated output range a in the reservoir r under 
the specified scenario s; RPWs, r, a is the water/oil ratio of the accumulated output range a in the 
reservoir r under the specified scenario s; QLWRs, r, t, l is the transportation water flow from the 
predrilling well i of the reservoir r to the FPSOl in the year t under the specified scenario s, 
m3/y; QLGRs, r, t, l is the transportation gas flow from the predrilling well i of the reservoir r to the 
FPSOl in the year t under the specified scenario s, m3/y; other variables are defined the same 
as before.

The water and gas flow received by each FPSO should be less than the throughput.

   ∑ 
r
      Q  LPRs, r, t, l   ≤  Q  LPmaxl   s ∈ S, r ∈ R, t ∈ T, l ∈ L  (20)

   ∑ 
r
      Q  LWRs, r, t, l   ≤  Q  LWmaxl   s ∈ S, r ∈ R, t ∈ T, l ∈ L  (21)

where QLPmaxl is the maximum oil throughput of the FPSOl, m3; QLWmaxl is the maximum water 
throughput of the FPSOl, m3; other variables are defined the same as before.
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accumulated output in the range. If the accumulated output locates in range a, BAPs, r, t, a = 1, and 
then, QUWPMs, r, t = ωs, r, aVAPs, r, t + μs, r, a.

   Q  UWPMs, r, t, i   ≤  ω  s, r, a, i    V  APs, r, t   +  μ  s, r, a, i   +  (1 −  B  APs ,r, t, a  ) M s ∈ S, r ∈ R, t ∈ T, i ∈  I  r  , a ∈ A  (9a)

   Q  UWPMs,r,t,i   ≥  ω  s, r, a, i    V  APs, r, t   +  μ  s, r, a, i   +  ( B  APs, r, t, a   − 1) M s ∈ S, r ∈ R, t ∈ T, i ∈  I  r  , a ∈ A  (9b)

where ωs, r, a, i and μs, r, a, i represent the coefficients of the linear fitting formula for the maximum 
output of single well and the accumulated crude output; QUWPMs, r, t, i represents the maximum 
output of the predrilling i of the reservoir r in the year t under the scenario s, m3/y; other vari-
ables are defined the same as before.

The single well output needs to be less than the maximum output of the single well.

   Q  OPs, r, t, i   ≤  Q  UWPMs,r,t,i   s ∈ S, r ∈ R, t ∈ T, i ∈  I  r    (10)

If drilling operation does not begin, the well output should be zero.

   Q  OPs, r, t, i   ≤  ( H  DITr, i   +  ∑ 
 t   ′ =1

  
t
     B  DITr, t, i  ) M s ∈ S, r ∈ R, t ∈ T, i ∈  I  r    (11)

3.4. Production facility constraint

If one predrilling well is to be developed, one FPSO should be determined to be connected.

   ∑ 
t
      B  DITr, t, i   =  ∑ 

l
      B  OITr, i, l   r ∈ R, t ∈ T, i ∈  I  r  , l ∈ L  (12)

where BOITr, i, l is a binary variable, if the predrilling well i of the reservoir r is connected to 
FPSOl, BOITr, i, l = 1, otherwise BOITr, i, l = 0; other variables are defined the same as before.

If predrilling wells need to be connected to one FPSO, the FPSO should be put into production 
before being connected.

    
 B  DITr,t,i   +  B  OITr,i,l   − 1

  _____________ 2   ≤  H  HTLPl   +  ∑ 
 t   ′ =1

  
t
     B  BTLPt, l   r ∈ R, t ∈ T, i ∈  I  r  , l ∈ L  (13)

where HHTLPl is a binary variable, if the FPSOl has been put into production before the start 
time of the study, HHTLPl = 1, otherwise HHTLPl = 0; other variables are defined the same as before.

All the available FPSO can be put into production or not.

   H  HTLPl   +  ∑ 
t
      B  BTLPr, t, l   ≤ 1 r ∈ R, t ∈ T, l ∈ L  (14)

The predrilling wells to be developed can only be connected to one FPSO, and the transporta-
tion flow to the FPSO should be equal to the well output. If the predrilling wells to be devel-
oped do not connect to an FPSO, the transportation flow must be zero.
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   Q  OPs, r, t, i   =  ∑ 
l
      Q  OPLs, r, t, i, l   s ∈ S, r ∈ R, t ∈ T, i ∈  I  r  , l ∈ L  (15)

   Q  OPLs, r, t, i, l   ≤  B  OITr, i, l   M s ∈ S, r ∈ R, t ∈ T, i ∈  I  r  , l ∈ L  (16)

where QOPLs, r, t, i, l is the transportation flow from the predrilling well i of the reservoir r to the 
in FPSOl the year t under the specified scenario s, m3/y; other variables are defined the same 
as before.

The total oil flow of one reservoir received by an FPSO should equal to the total output of all 
the predrilling wells in the reservoir that are connected to the FPSO.

   Q  LPRs, r, t, l   =  ∑ 
i
      Q  OPLs, r, t, i, l   s ∈ S, r ∈ R, t ∈ T, i ∈  I  r  , l ∈ L  (17)

where QLPRs, r, t, l is the total flow of the reservoir r received by FPSOl in the year t under the 
specified scenario s, m3/y; other variables are defined the same as before.

When the accumulated output range is determined, the total flow of water and gas of one 
reservoir received by an FPSO can be obtained from the range.

   Q  LGRs, r, t, l   ≤  Q  LPRs, r, t, l    R  PGs, r, a   +  (1 −  B  APs, r, t, a  ) M s ∈ S, r ∈ R, t ∈ T, a ∈ A  (18a)

   Q  LGRs, r, t, l   ≥  Q  LPRs, r, t, l    R  PGs, r, a   +  ( B  APs, r, t, a   − 1) M s ∈ S, r ∈ R, t ∈ T, a ∈ A  (18b)

   Q  LWRs, r, t, l   ≤  Q  LPRs, r, t, l    R  PWs, r, a   +  (1 −  B  APs, r, t, a  ) M s ∈ S, r ∈ R, t ∈ T, a ∈ A  (19a)

   Q  LWRs, r, t, l   ≥  Q  LPRs, r, t, l    R  PWs, r, a   +  ( B  APs, r, t, a   − 1) M s ∈ S, r ∈ R, t ∈ T, a ∈ A  (19b)

where RPGs, r, a is the gas/oil ratio of the accumulated output range a in the reservoir r under 
the specified scenario s; RPWs, r, a is the water/oil ratio of the accumulated output range a in the 
reservoir r under the specified scenario s; QLWRs, r, t, l is the transportation water flow from the 
predrilling well i of the reservoir r to the FPSOl in the year t under the specified scenario s, 
m3/y; QLGRs, r, t, l is the transportation gas flow from the predrilling well i of the reservoir r to the 
FPSOl in the year t under the specified scenario s, m3/y; other variables are defined the same 
as before.

The water and gas flow received by each FPSO should be less than the throughput.

   ∑ 
r
      Q  LPRs, r, t, l   ≤  Q  LPmaxl   s ∈ S, r ∈ R, t ∈ T, l ∈ L  (20)

   ∑ 
r
      Q  LWRs, r, t, l   ≤  Q  LWmaxl   s ∈ S, r ∈ R, t ∈ T, l ∈ L  (21)

where QLPmaxl is the maximum oil throughput of the FPSOl, m3; QLWmaxl is the maximum water 
throughput of the FPSOl, m3; other variables are defined the same as before.
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The FPSO energy consumption in production is related to the received oil and water flow, 
which can be supplied by natural gas or diesel.

   
 α  PE    ∑ 

r
      Q  LP       s, r, t, l   +  α  WE    ∑ 

r
      Q  LWR       s, r, t, l   =  β  GE    [   ∑ 

r
      (   Q  LGR       s, r, t, l   )    −  Q  LGP       s, t, l   ]   

       
                              +  β  DE    Q  D       s, t, l  ,   s ∈ S,  r ∈ R,   t ∈ T,   l ∈ L

    (22)

where αPE is the energy consumption required for processing the oil of a unit volume, MJ/m3; 
αWE is the energy consumption when the water of a unit volume is processed, MJ/m3; βGE is 
the available energy produced by the gas of a unit volume, MJ/m3; βDE is the available energy 
produced by the diesel of a unit volume, MJ/m3; QLGPs, t, l is the gas emitted from the FPSOl in 
the year t under the specified scenario s, m3; other variables are defined the same as before.

If production wells are connected to FPSO before the start time of the study, it will be unnec-
essary to identify the connection relationship. In other words, when HOITr, i, l = 1, BOITr, i, l = 1.

   B  OITr, i, l   ≥  H  OITr, i, l   r ∈ R, i ∈  I  r  , l ∈ L  (23)

where HOITr, i, l is a binary variable, if the predrilling well i of the reservoir r has been connected 
to the FPSOl before the start time of the study, HOITr, i, l = 1, otherwise HOITr, i, l = 0; other variables 
are defined the same as before.

4. Model solution

The crude oil price and the reservoir parameters (i.e., porosity, permeability, and thickness of 
reservoir structure) play an important role in the construction planning of deepwater oilfield 
infrastructure. The crude oil price volatility is full of randomness and thereby hard to be char-
acterized by statistical probability functions [6]; thus, its uncertainty is defined as the range 
uncertainty. The reservoir parameters can be measured according to the data from explora-
tion or production wells, and the measurement accuracy will be further improved along with 
oilfield developing and historical data increasing. Therefore, the reservoir parameters can be 
roughly characterized by statistical probability functions and their uncertainty is defined as 
stochastic uncertainty whose variance will decrease accordingly with oilfield developing [24].

5. Case study

5.1. Initial data

In this paper, an oilfield is presented as a case study. The water depth in the field comes up to 
1350–1525 m, and the area is 10.5 km2 or so. There are no other neighboring oilfields, and the 
field consists of A and B reservoir. It is evaluated that the geologic reserve of reservoirs A and 
B is about 1.9 × 107 m3 and 3.7 × 107 m3, respectively, and rich in the natural water. The mean 
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and standard deviation of reservoir parameters are shown in Table 1. Considering the top-
priority economic benefit and quick cost recovery, the oilfield is to be developed depending 
on natural energy. The recovery cycle is 10 year. The predrilling wells of each reservoir are 
15, and the drilling cycle is 1 year. At the beginning of development, there are 5 kinds of FPSO 
optional, as shown in Table 2. FPSO lease preparation and construction cycle both are one 
year. The crude oil price forecast over the next decade is shown in Figure 2, and the uncertain 
fluctuation range of the oil price is given as 2%. Several series of reservoir parameters that are 
selected stochastically are incorporated into the reservoir numerical model, to carry out the 
relationship between the recovery degree of each reserve and the maximum output of single 
well, as shown in Figure 3.

5.2. Calculation result

The scenario number exerts great influence on the model solution since the smaller sce-
nario number leads to poor convergence, while the bigger leads to low calculation speed. To 
explore the influence of scenario number on the model solution, the uncertain scenario num-
ber is increased successively and the MILP solver, GUROBI, is applied in MATLAB R2014a 
to solve the model. The implementation result is shown in Figure 4. It can be seen that the 
model tends to be convergent when the number comes up to 40 and finally the net profit is 
1.551 billion dollars for 10-year development of the oilfield. The NPV variation with years is 
shown in Figure 5.

The final result shows 18 drilling wells and 1 FPSO converted from old oil tanks are required, 
and all the drilling and construction can be finished in the first three years. The detailed con-
struction and drilling plans are shown in Table 3. The annual oil, gas, and water produc-
tion outputs of the oilfield are shown in Figure 6. The annual diesel consumption of FPSO is 
shown in Figure 7. In the first year, 10 wells are to be developed and one oil tank should be 
turned into the FPSO. In the next two years, six wells and two wells are required to be devel-
oped, respectively, in order to stabilize the production. Since there is higher crude output in 
the third and fourth years, resulting in the produced natural gas insufficient for FPSO energy 
supply, addictive diesel is necessary for FPSO.

To verify the solving effect of the proposed MS-MILP method, three different methods, 
namely the MILP method that does not involve uncertainty, the improved GA [21], and 
the multistage goal programming (MGP) method in literature, are determined to solve this 
case. In this paper, 45 groups of reservoir parameters and crude oil price are generated 

Reservoir Permeability (mD) Porosity (%) Thickness of reservoir structure (m)

Mean Standard 
deviation

Mean Standard 
deviation

Mean Standard deviation

A 180 10 15.9 1 38 1

B 180 10 14.0 1 38 1

Table 1. Uncertainty parameters of reservoir.
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The FPSO energy consumption in production is related to the received oil and water flow, 
which can be supplied by natural gas or diesel.

   
 α  PE    ∑ 

r
      Q  LP       s, r, t, l   +  α  WE    ∑ 

r
      Q  LWR       s, r, t, l   =  β  GE    [   ∑ 

r
      (   Q  LGR       s, r, t, l   )    −  Q  LGP       s, t, l   ]   

       
                              +  β  DE    Q  D       s, t, l  ,   s ∈ S,  r ∈ R,   t ∈ T,   l ∈ L

    (22)

where αPE is the energy consumption required for processing the oil of a unit volume, MJ/m3; 
αWE is the energy consumption when the water of a unit volume is processed, MJ/m3; βGE is 
the available energy produced by the gas of a unit volume, MJ/m3; βDE is the available energy 
produced by the diesel of a unit volume, MJ/m3; QLGPs, t, l is the gas emitted from the FPSOl in 
the year t under the specified scenario s, m3; other variables are defined the same as before.

If production wells are connected to FPSO before the start time of the study, it will be unnec-
essary to identify the connection relationship. In other words, when HOITr, i, l = 1, BOITr, i, l = 1.
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where HOITr, i, l is a binary variable, if the predrilling well i of the reservoir r has been connected 
to the FPSOl before the start time of the study, HOITr, i, l = 1, otherwise HOITr, i, l = 0; other variables 
are defined the same as before.

4. Model solution

The crude oil price and the reservoir parameters (i.e., porosity, permeability, and thickness of 
reservoir structure) play an important role in the construction planning of deepwater oilfield 
infrastructure. The crude oil price volatility is full of randomness and thereby hard to be char-
acterized by statistical probability functions [6]; thus, its uncertainty is defined as the range 
uncertainty. The reservoir parameters can be measured according to the data from explora-
tion or production wells, and the measurement accuracy will be further improved along with 
oilfield developing and historical data increasing. Therefore, the reservoir parameters can be 
roughly characterized by statistical probability functions and their uncertainty is defined as 
stochastic uncertainty whose variance will decrease accordingly with oilfield developing [24].

5. Case study

5.1. Initial data

In this paper, an oilfield is presented as a case study. The water depth in the field comes up to 
1350–1525 m, and the area is 10.5 km2 or so. There are no other neighboring oilfields, and the 
field consists of A and B reservoir. It is evaluated that the geologic reserve of reservoirs A and 
B is about 1.9 × 107 m3 and 3.7 × 107 m3, respectively, and rich in the natural water. The mean 
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and standard deviation of reservoir parameters are shown in Table 1. Considering the top-
priority economic benefit and quick cost recovery, the oilfield is to be developed depending 
on natural energy. The recovery cycle is 10 year. The predrilling wells of each reservoir are 
15, and the drilling cycle is 1 year. At the beginning of development, there are 5 kinds of FPSO 
optional, as shown in Table 2. FPSO lease preparation and construction cycle both are one 
year. The crude oil price forecast over the next decade is shown in Figure 2, and the uncertain 
fluctuation range of the oil price is given as 2%. Several series of reservoir parameters that are 
selected stochastically are incorporated into the reservoir numerical model, to carry out the 
relationship between the recovery degree of each reserve and the maximum output of single 
well, as shown in Figure 3.

5.2. Calculation result

The scenario number exerts great influence on the model solution since the smaller sce-
nario number leads to poor convergence, while the bigger leads to low calculation speed. To 
explore the influence of scenario number on the model solution, the uncertain scenario num-
ber is increased successively and the MILP solver, GUROBI, is applied in MATLAB R2014a 
to solve the model. The implementation result is shown in Figure 4. It can be seen that the 
model tends to be convergent when the number comes up to 40 and finally the net profit is 
1.551 billion dollars for 10-year development of the oilfield. The NPV variation with years is 
shown in Figure 5.

The final result shows 18 drilling wells and 1 FPSO converted from old oil tanks are required, 
and all the drilling and construction can be finished in the first three years. The detailed con-
struction and drilling plans are shown in Table 3. The annual oil, gas, and water produc-
tion outputs of the oilfield are shown in Figure 6. The annual diesel consumption of FPSO is 
shown in Figure 7. In the first year, 10 wells are to be developed and one oil tank should be 
turned into the FPSO. In the next two years, six wells and two wells are required to be devel-
oped, respectively, in order to stabilize the production. Since there is higher crude output in 
the third and fourth years, resulting in the produced natural gas insufficient for FPSO energy 
supply, addictive diesel is necessary for FPSO.

To verify the solving effect of the proposed MS-MILP method, three different methods, 
namely the MILP method that does not involve uncertainty, the improved GA [21], and 
the multistage goal programming (MGP) method in literature, are determined to solve this 
case. In this paper, 45 groups of reservoir parameters and crude oil price are generated 
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stochastically as the test group. Based on the field planning by each method, the field NPV 
of 45 groups is calculated and the result is shown in Figure 8 [25].

As seen from the Figure 8, the improved GA has the lowest mean NPV because its self-lim-
itation causes converging to locally optimal solution. Compare with the MILP method, the 
MGP method is better because it considers the situation changing with the field development 
and models are established corresponding to different periods. However, the involved factors 
of MGP are less than MS-MILP; thus, the mean NPV of the former is lower than the latter. 
Particularly, when the oil price is lower than the expected and the reservoir scale is smaller 
than the expected, the NPV by MS-MILP is far higher than the other. In this way, considering 

Figure 2. Crude oil price forecast.

FPSO type Conversion of  
old oil tank

Lease New construction  
of small size

New construction of 
medium size

New construction of 
large size

Construction cost
(108$)

0.5 0 1 1.6 2.4

Assistant 
production cost
(104$/y)

200 1200 200 250 300

Oil throughput
(104m3/y)

140 200 210 280 330

Water throughput
(104m3/y)

240 265 273 420 570

Table 2. Optional FPSO cost and throughput.
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Figure 3. Result of reservoir numerical simulation.

Figure 4. NPV for different numbers of scenarios.

Figure 5. Variation of NPV.
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Year Well number Construction

Reservoir A Reservoir B

1 4 6 One FPSO converted from old oil tank

2 4 2 -

3 - 2 -

Table 3. Construction and drilling plans.

Figure 6. Variation of oilfield output. (a) Crude oil production output. (b) Gas production output. (c) Water production 
output.

Figure 7. Variation of diesel consumption.

Figure 8. Comparison of different methods.
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the complex uncertainties of reservoir and oil price, the oilfield planning by MS-MILP has 
higher rate of return and its anti-risk ability is superior to the other.

6. Conclusion

This paper put forward an optimal planning method for DWOD under the uncertainties of res-
ervoir and crude oil price. The method takes the maximum total NPV as the objective function. 
The MS-MILP model is established, coupling with reservoir numerical simulation model and 
taking the constraints including drilling, output, production facilities, and energy consumption 
into account. The GUROBI solver is used to solve out the globally optimal planning of DWOD.

Finally, a study case based on a deepwater oilfield is given to work out an optimal develop-
ment planning and evaluate the model’s practicality. The proposed method is compared with 
the previous, illustrating that the oilfield development planning calculated by this paper’s 
takes the advantage of high rate of return and strong anti-risk ability.
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Abstract

The increasing oil demand around the world along with the depletion of onshore and 
shallow water oil reserves have forced the oil companies moving into the development 
of deepwater subsea hydrocarbon reservoirs. Drilling fluids play a key role in all drilling 
operations, but they get a greater relevance in deepwater environments where the techno-
logical challenges of drilling at these extreme conditions generate significant operational 
risks as well as very high costs during the development of this kind of fields. The opera-
tional issues and concerns related to the drilling fluid design and application for deepwater 
fields are generally well known: narrow pore/fracture pressure gradient margins, wellbore 
stability, clay swelling, gas hydrates formation, formation damage, salt formations, lost 
circulation, stuck pipe, cuttings transport and environmental and safety aspects. Therefore, 
the present chapter aims to give an overview on the main challenges and research related 
to drilling fluid design and application for deepwater fields through the revision of the 
state of the art of the current and innovative technological solutions reported in literature.

Keywords: drilling fluids, deepwater, clay swelling, gas hydrates, flat rheology, lost 
circulation, salt formations

1. Introduction

Exploration and production operations in deepwater and ultra-deepwater fields around the 
world have suffered important and critical changes over the last years. Deepwater is generally 
considered as any water depth greater than 1500 ft., whereas waters deeper than 7000 ft. move 
into the ultra-deepwater category [1]. New records for water depth and measured depth in 
deepwater are being set regularly. In general, developments of deepwater fields are carried 
out under conditions of high-costs, high-risks, and long-duration projects; thus, they are usu-
ally less sensitive to short-term fluctuations in oil prices than onshore developments [1–3].

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Drilling is a primordial and critical stage in the success of exploration of deepwater fields. 
The overriding drilling objectives are to reach the target safely in the shortest possible time 
and at the lowest possible cost, with required additional sampling and evaluation constraints 
dictated by the particular application. Drilling itself is a much larger share of total well costs 
in offshore development than in onshore development. Key cost drivers for offshore drilling 
include water depth, well depth, reservoir pressure and temperature, field size, and distance 
from shore. Drilling fluids can represent from 15 to 18% of the total cost of well drilling but 
may cause 100% of drilling problems [4–10].

In this way, new deepwater discoveries around the world become challenging tasks of techni-
cal, operational, environmental, and economic issues, where many of those tasks are focused on 
the selection, development, and application of drilling and completion fluids technologies [1–5].

The operational issues and concerns related to the drilling fluid design and application for 
deepwater fields are generally well known: narrow pore/fracture pressure gradient margins, 
wellbore stability, clay swelling, gas hydrates formation, formation damage, salt formations, 
lost circulation, stuck pipe, cuttings transport, and environmental and safety aspects [1–11]. 
The design, selection, and application of the right fluid system or additives require balancing 
each of these issues with regard to their impact on the deepwater drilling operation.

There are several works reported in literature about topics reviewed in the present chapter; 
however, some of them just deal about challenges on deepwater drilling operations whereas 
others just deal about drilling fluids systems to control some of the operational problems 
found during deepwater drilling. Therefore, the present chapter aims to give a general over-
view on the main challenges and research related to drilling fluid design and application 
for deepwater fields through the revision of the state of the art of the current and innovative 
technological solutions reported in literature, where the drilling fluid systems and additives 
used to treat and control these problematic and challenging tasks are also carefully reviewed.

2. Challenges and new advances for deepwater drilling fluids

2.1. Wellbore stability and clay swelling

The geological aspects to consider during deepwater drilling are very different from those 
found on land and in shallow water. Generally, geological formations found in deepwater 
fields are relatively young and very reactive [11–15]. In this way, it is generally accepted that 
highly reactive shale formations are intrinsic to deepwater drilling, where their interaction 
with drilling fluids is the main factor in wellbore instability, which is considered one of the 
major causes of troubles, waste of time, and over costs during drilling [16–18]. In this way, 
problematic shales are responsible to origin more than 90% of wellbore instability problems 
[18]. Moreover, it has been reported that shales (principally clays) represent 75% of all forma-
tions drilled by the oil and gas industry [16].

Wellbore instability is mainly due to the clays dispersion into ultra-fine colloidal particles, 
which has a direct effect on the drilling fluid properties and performance [19]. Generally, 
wellbore stability is not a concern for most shale formations when drilling is carried out by 
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using oil-based and synthetic-based drilling fluids. However, the use of these drilling fluids 
is limited due to high costs and environmental restrictions particularly for deepwater opera-
tions [16, 19]. Thus, growing environmental concerns currently require the replacement of 
oil-based fluids by environmentally friendly water-based drilling fluids, which can interact 
with shales promoting undesirable clay-swelling phenomena [20].

Wellbore instability problems caused by clay swelling have been widely reported: sloughing 
shales, hole closure causing tight hole, cave-ins leading to fill on trips, and problems when 
running casing. In addition, other important problems have been identified such as cuttings 
accumulation leading to reduced hole-cleaning efficiency, buildup of thick cuttings beds, 
and reduced rates of penetration arising from balling of the drill bit with sticky clay [13, 15]. 
Moreover, wellbore instability can result in the loss of the drilling assembly, well side-tracks 
or in the worst case total abandonment of the well. Consequently, these problems can sig-
nificantly reduce drilling rates as well as increase considerably the costs of exploration and 
production [15]. Therefore, minimizing and controlling shale-fluid interactions during deep-
water drilling become one of the most important challenges for the design and selection of 
deepwater drilling fluids.

2.1.1. Clay mineralogy

Clay minerals account for about 50–60 wt.% of most shales; thus, physical properties and behav-
ior of shale interacting with a drilling fluid rely on the type and amount of clay in the shale. Clays 
are naturally occurring minerals formed by the weathering and decomposition of igneous rocks. 
They are layered minerals, classified among the phyllosilicates, consisting of stacks of negatively 
charged two-dimensional aluminosilicate layers [15]. There is a great variety of different clay 
minerals, which differ in their composition, layer arrangement, and substitutions. However, for 
shale-stability purpose, the most relevant clay minerals are kaolinite, illite, smectite, and chlo-
rite. Their main characteristics have been reported [11, 21] and are shown in Table 1.

Clay mineral Chemical elements Morphology Surface area  
(m2/gm)

Typical range of 
CEC (meq/100 g)

Layer thickness 
(Å)

Kaolinite Al4[Si4O10](OH)8 Stacked plate or 
sheets

20 3–10 7

Chlorite (Mg, Al, Fe)12[(Si, 
Al)8O20](OH)16

Plates, 
honeycomb, 
cabbage-head 
rosette, or fan

100 10–40 14

Illite (K1-1,5Al4[Si7-6,5Al1-

1,5O20](OH)4)
Irregular with 
elongated spines 
or granules

100 20–40 10

Smectite (1/2Ca,Na)0,7(Al, 
Mg, Fe)4[(Si, 
Al)8O20]∙nH2O

Irregular, wavy, 
wrinkled sheets, 
webby, or 
honeycomb

700 80–150 12–14

Table 1. Characteristics of clay minerals involved in shale stability.
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using oil-based and synthetic-based drilling fluids. However, the use of these drilling fluids 
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with shales promoting undesirable clay-swelling phenomena [20].
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Moreover, wellbore instability can result in the loss of the drilling assembly, well side-tracks 
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nificantly reduce drilling rates as well as increase considerably the costs of exploration and 
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Kaolinite is commonly considered as a highly stable mineral clay, non-swelling, presenting a 
relatively small surface area and a low adsorptive capacity (cation exchange  capacity (CEC) 
= 3–10 meq/100 g) as shown in Table 1. Kaolinite clay can be easily dispersed in water-base 
drilling fluids [11, 18]. Chlorite mineral is generally considered as non-swelling clay. Chlorite 
minerals contain a layer of alumina sandwiched between two layers of silica and a layer of 
magnesium or iron oxide, and without interlayer water. Illite clay minerals are similar to chlo-
rite in reactivity, presenting a low adsorptive and swelling/shrinking capacity and proper-
ties intermediate between kaolinite and smectites as shown in Table 1. It has been reported 
that some older shale rocks with a high degree of diagenesis contain only chlorite and illite as 
clay components. Most of these shales are relatively unreactive but some of them can hydrate 
and slough [11, 18]. Table 1 shows also properties of smectite minerals which present higher 
adsorptive capacity (cation exchange capacity = 80–150 meq/100 g), indicating higher reactivity 
and swelling potential as it has been widely reported in literature [11–18, 20]. Smectite miner-
als include a variety of clays such as montmorillonite, hectorite, and beidellite. In addition, 
mixed-layer clay minerals, such as illite-smectite and chlorite-smectite, have also been found 
and reported [11, 21]. Several experimental techniques, such as X-ray diffraction (XRD), spec-
troscopy, and microscopy, are used in order to identify and characterize mineral clays. Figure 1 
shows scanning electron microscopic (SEM) photos of typical clay minerals described earlier.

Studies reported in literature about clay swelling and inhibition are most often focused upon 
smectite clays due to their well-known swelling potential and the frequency with which they 
are found during drilling operations [15]. However, it has been also reported [13] that kaolin-
ite and illite shales can be highly unstable when drilled promoting bit-balling problems, 
suggesting that interlayer expansion cannot be considered as a universal causative mecha-
nism of shale instability. Nevertheless, the tendency of sodium-saturated smectites to swell 
macroscopically has been generally identified as the principal source of shale instability that 
can potentially lead to collapse of the wellbore. Therefore, a deeper understanding about 
the mechanisms involved in the interactions between water-based drilling fluids and mineral 
clays is a key issue to get success during deepwater drilling.

2.1.2. Swelling mechanisms

Exposed to aqueous solution, clay minerals will adsorb water molecules and swell. The phe-
nomenon is also known as clay hydration. The hydration of the clays is a function of the extent 

Figure 1. SEM photos of typical clay minerals involved in shale instability. From left to right: kaolinite, chlorite-illite, and 
smectite (montmorillonite). Images reproduced from the “Images of Clay Archive” of the Mineralogical Society of Great Britain 
& Ireland and The Clay Minerals Society (www.minersoc.org/gallery.php?id=2).
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and location of layer charge, the interlayer cation species, the water activity, the temperature, 
the external pressure, and the salinity of the bulk solution [22]. Crystalline and osmotic swell-
ing are the two main mechanisms reported in literature to explain clay hydration phenomena 
[13–15, 20–23]. Both mechanisms are described below.

Crystalline swelling. This mechanism, also called surface hydration, can occur in all types of 
clay minerals when they are exposed to concentrated brine or aqueous solutions with high 
content of divalent or multivalent cations. The mechanism is carried out through the stepwise 
formation of integer-layer or mixtures of integer-layer hydrates. The process is thermody-
namically comparable to phase transitions. Several water-molecules layers may line up in 
order to build a quasi-crystalline structure between unit layers, resulting in an increased inter-
layer spacing [15, 18]. The principal action force of this mechanism is the adsorption energy 
of water on the surface of clays. The volume and thickness of water adsorbed on the clay 
surface will depend on the hydration energy of exchangeable cations and the charge density 
on the surface of clay. In addition, type, size and charge of exchangeable cations present in the 
interlayer have a significant impact on swelling process. It has been reported that the presence 
of Ca2+, Mg2+, and H+ exchangeable cations in montmorillonite clay increases their interlayer 
attractive force, resulting in a thinner hydrated film and whit a directional and regular water 
molecules arrangement on the clay. On the other hand, for Na+ exchangeable cations, the 
interlayer attractive force decreases, the hydrated film becomes thick, and the arrangement 
of water molecules on the clay is not directional and regular [13, 15, 23]. Therefore, sodium 
montmorillonite has a higher swelling capacity than calcium montmorillonite according to 
the mechanism described earlier. As reported in Ref. [15], molecular simulation studies have 
confirmed the stepwise mechanism of crystalline swelling described earlier observing that 
adsorbed water molecules form distinct layers in the interlayer region. Typical interlayer 
spacings recorded in the crystalline swelling mechanism lie in the range of 0.9–2 nm [15]. 
Figure 2a shows the crystalline swelling mechanism described earlier.

Figure 2. Swelling mechanisms [24]: (a) crystalline swelling and (b) osmotic swelling.
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als include a variety of clays such as montmorillonite, hectorite, and beidellite. In addition, 
mixed-layer clay minerals, such as illite-smectite and chlorite-smectite, have also been found 
and reported [11, 21]. Several experimental techniques, such as X-ray diffraction (XRD), spec-
troscopy, and microscopy, are used in order to identify and characterize mineral clays. Figure 1 
shows scanning electron microscopic (SEM) photos of typical clay minerals described earlier.

Studies reported in literature about clay swelling and inhibition are most often focused upon 
smectite clays due to their well-known swelling potential and the frequency with which they 
are found during drilling operations [15]. However, it has been also reported [13] that kaolin-
ite and illite shales can be highly unstable when drilled promoting bit-balling problems, 
suggesting that interlayer expansion cannot be considered as a universal causative mecha-
nism of shale instability. Nevertheless, the tendency of sodium-saturated smectites to swell 
macroscopically has been generally identified as the principal source of shale instability that 
can potentially lead to collapse of the wellbore. Therefore, a deeper understanding about 
the mechanisms involved in the interactions between water-based drilling fluids and mineral 
clays is a key issue to get success during deepwater drilling.

2.1.2. Swelling mechanisms

Exposed to aqueous solution, clay minerals will adsorb water molecules and swell. The phe-
nomenon is also known as clay hydration. The hydration of the clays is a function of the extent 

Figure 1. SEM photos of typical clay minerals involved in shale instability. From left to right: kaolinite, chlorite-illite, and 
smectite (montmorillonite). Images reproduced from the “Images of Clay Archive” of the Mineralogical Society of Great Britain 
& Ireland and The Clay Minerals Society (www.minersoc.org/gallery.php?id=2).
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and location of layer charge, the interlayer cation species, the water activity, the temperature, 
the external pressure, and the salinity of the bulk solution [22]. Crystalline and osmotic swell-
ing are the two main mechanisms reported in literature to explain clay hydration phenomena 
[13–15, 20–23]. Both mechanisms are described below.

Crystalline swelling. This mechanism, also called surface hydration, can occur in all types of 
clay minerals when they are exposed to concentrated brine or aqueous solutions with high 
content of divalent or multivalent cations. The mechanism is carried out through the stepwise 
formation of integer-layer or mixtures of integer-layer hydrates. The process is thermody-
namically comparable to phase transitions. Several water-molecules layers may line up in 
order to build a quasi-crystalline structure between unit layers, resulting in an increased inter-
layer spacing [15, 18]. The principal action force of this mechanism is the adsorption energy 
of water on the surface of clays. The volume and thickness of water adsorbed on the clay 
surface will depend on the hydration energy of exchangeable cations and the charge density 
on the surface of clay. In addition, type, size and charge of exchangeable cations present in the 
interlayer have a significant impact on swelling process. It has been reported that the presence 
of Ca2+, Mg2+, and H+ exchangeable cations in montmorillonite clay increases their interlayer 
attractive force, resulting in a thinner hydrated film and whit a directional and regular water 
molecules arrangement on the clay. On the other hand, for Na+ exchangeable cations, the 
interlayer attractive force decreases, the hydrated film becomes thick, and the arrangement 
of water molecules on the clay is not directional and regular [13, 15, 23]. Therefore, sodium 
montmorillonite has a higher swelling capacity than calcium montmorillonite according to 
the mechanism described earlier. As reported in Ref. [15], molecular simulation studies have 
confirmed the stepwise mechanism of crystalline swelling described earlier observing that 
adsorbed water molecules form distinct layers in the interlayer region. Typical interlayer 
spacings recorded in the crystalline swelling mechanism lie in the range of 0.9–2 nm [15]. 
Figure 2a shows the crystalline swelling mechanism described earlier.

Figure 2. Swelling mechanisms [24]: (a) crystalline swelling and (b) osmotic swelling.
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Osmotic swelling. This mechanism can occur only in clay minerals containing exchange-
able cations in the interlayer region. A sketch of the mechanism is depicted in Figure 2b. As 
observed, when the concentration of cations in the interlayer is higher than that of the sur-
rounding water, water molecules diffuses into the interlayer in order to dilute its ion concen-
tration, restoring cation equilibrium [15, 23]. This phenomenon creates an osmotic repulsive 
pressure between the clay particles. The osmotic pressure is mainly related to the difference 
of the ion concentrations between the interlayer and surrounding water. In this way, the 
distance between clay particles increases greatly, and then the clay swelling is carried out 
[15, 23]. Compared with crystalline swelling, this type of swelling promotes larger volume 
increases with typical interlayer spacings of 2–13 nm [15]. In fact, osmotic equilibrium of the 
semipermeable membrane on clay particles is considered a key factor to influence the hydra-
tion film of clay swelling. Thus, it can be stated that osmotic hydration is the major factor of 
clay swelling. It has been identified that the tendency of sodium montmorillonite clay to swell 
through this osmotic mechanism is the main cause of wellbore instability that can potentially 
lead to collapse of the wellbore [13–15]. On the other hand, K+-saturated smectite clay min-
erals do not swell through this mechanism and form crystalline hydrates even in aqueous 
suspension. Thus, the K+ ion can be used to inhibit the swelling of sodium montmorillonite 
clay minerals [15].

2.1.3. Shales characterization

The main methods developed for shale characterization including shale-fluid interactions and 
clay-swelling inhibition deal with composition, reactivity (swelling), mechanical, and physi-
cochemical properties of shales (or clay). Some of the most important experimental methods 
reported are described below.

X-ray diffraction (XRD). This is a basic tool in the mineralogical analysis of shales. This 
experimental technique has been widely used to determine clay mineral composition of shale 
samples, degree of crystallization and swelling profiles of clay minerals [25].

Small-angle X-ray scattering (SAXS). This technique is useful for the characterization of the 
microstructural and swelling properties of clay samples [15].

Small-angle neutron scattering (SANS). This is a useful and versatile technique for the study 
of in-homogeneities of both crystalline and amorphous structures on the sub-micron scale, 
with capabilities to measure samples with high degree of swelling (up to interlayer d-spac-
ings of 2000 Å) [15].

X-ray fluorescence (XRF). It is an experimental method used to determine chemical composi-
tion (major and trace elements) of rocks, minerals, sediments, and fluids.

Computer tomography (CT). The technique is generally suitable for visualization from meter 
to millimeter scale. Shale applications include viewing full-diameter core sections to deter-
mine orientation relative to bedding, presence of fractures and nodules, density studies for 
highly interbedded interval, and quality assessment of prepared plug samples [26].
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High-resolution micro-CT. This is a technique with similar principles and shale applica-
tions of the conventional CT, designed for smaller samples and employing a shorter distance 
between source and detector, which allows much higher resolution [26].

Scanning electron microscopy. This is an experimental method for high-resolution imaging 
of surfaces. It allows characterizing morphology, pore structure, and clay microstructure in 
shales samples. It can be also useful for studies of shale-fluid interactions [27].

Cation exchange capacity and methylene blue test (MBT). These are standard methods used 
to determine the reactivity (swelling capacity) of a clay or a shale sample. CEC is defined as 
the ability of clay minerals to absorb cations in such form that they can be easily exchanged 
for other cations present in an aqueous solution. Additional information about the reactivity 
of the shale can be obtained, if the exchangeable cations are identified and quantified [28].

Linear swelling tests (SLTs). This is a standard technique used widely to evaluate shale swelling 
by linear displacement [29]. Some experimental apparatus have the capability to evaluate swell-
ing by this method at reservoir (high-pressure and high-temperature) and dynamic conditions.

Mercury injection porosimetry. This is a standard method for characterizing pore throat size 
distribution from micron to nanoscale. For shale samples, mercury is able to penetrate within and 
between the coarse rigid grains as well as the clay intergrain areas and secondary minerals [26].

Gravimetric swelling test (GST). This is an experimental method used to measure water and 
ion motion during shale/mud interaction in order to determine compatibility between shales 
and drilling fluids [29].

Capillary suction time (CST). This is an experimental test for determination of filtration 
properties and salt concentration optimization [16]. It is used primarily to determine filter-
cake permeability, but data have been also used to study shales reactivity in filter cakes and 
the effect of brine composition on clays in a filter cake.

Thermal gravimetric analysis (TGA). This technique allows characterization of the different 
types of water (free, interlayer, bound, and crystalline) in a shale sample as well as to identify 
the type of clay content in shale samples [30].

Hot-rolling dispersion test. This technique is widely used in optimizing drilling fluid. This 
test provides an assessment of the inhibition of shale cuttings exposed to a drilling fluid eval-
uating in this way the risk of dispersion or swelling in the wellbore [16].

Pressure transmission test. This method can be used for confined or unconfined shale sam-
ples. The experimental apparatus allows evaluating shale-drilling fluid interaction and esti-
mates shale permeability, coefficient of reflectivity (membrane efficiency) as well as ionic 
diffusion coefficient [31].

Rheological tests. This is an experimental method useful for the evaluation of rheological 
behavior of clays in aqueous suspensions to study clay-fluid interactions. It allows characteriz-
ing colloidal behavior of clay-fluid systems through rheological properties such as thixotropy, 
viscoelasticity, and yield stress [32].
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clay minerals [15].

2.1.3. Shales characterization

The main methods developed for shale characterization including shale-fluid interactions and 
clay-swelling inhibition deal with composition, reactivity (swelling), mechanical, and physi-
cochemical properties of shales (or clay). Some of the most important experimental methods 
reported are described below.

X-ray diffraction (XRD). This is a basic tool in the mineralogical analysis of shales. This 
experimental technique has been widely used to determine clay mineral composition of shale 
samples, degree of crystallization and swelling profiles of clay minerals [25].

Small-angle X-ray scattering (SAXS). This technique is useful for the characterization of the 
microstructural and swelling properties of clay samples [15].

Small-angle neutron scattering (SANS). This is a useful and versatile technique for the study 
of in-homogeneities of both crystalline and amorphous structures on the sub-micron scale, 
with capabilities to measure samples with high degree of swelling (up to interlayer d-spac-
ings of 2000 Å) [15].

X-ray fluorescence (XRF). It is an experimental method used to determine chemical composi-
tion (major and trace elements) of rocks, minerals, sediments, and fluids.

Computer tomography (CT). The technique is generally suitable for visualization from meter 
to millimeter scale. Shale applications include viewing full-diameter core sections to deter-
mine orientation relative to bedding, presence of fractures and nodules, density studies for 
highly interbedded interval, and quality assessment of prepared plug samples [26].
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High-resolution micro-CT. This is a technique with similar principles and shale applica-
tions of the conventional CT, designed for smaller samples and employing a shorter distance 
between source and detector, which allows much higher resolution [26].

Scanning electron microscopy. This is an experimental method for high-resolution imaging 
of surfaces. It allows characterizing morphology, pore structure, and clay microstructure in 
shales samples. It can be also useful for studies of shale-fluid interactions [27].

Cation exchange capacity and methylene blue test (MBT). These are standard methods used 
to determine the reactivity (swelling capacity) of a clay or a shale sample. CEC is defined as 
the ability of clay minerals to absorb cations in such form that they can be easily exchanged 
for other cations present in an aqueous solution. Additional information about the reactivity 
of the shale can be obtained, if the exchangeable cations are identified and quantified [28].

Linear swelling tests (SLTs). This is a standard technique used widely to evaluate shale swelling 
by linear displacement [29]. Some experimental apparatus have the capability to evaluate swell-
ing by this method at reservoir (high-pressure and high-temperature) and dynamic conditions.

Mercury injection porosimetry. This is a standard method for characterizing pore throat size 
distribution from micron to nanoscale. For shale samples, mercury is able to penetrate within and 
between the coarse rigid grains as well as the clay intergrain areas and secondary minerals [26].

Gravimetric swelling test (GST). This is an experimental method used to measure water and 
ion motion during shale/mud interaction in order to determine compatibility between shales 
and drilling fluids [29].

Capillary suction time (CST). This is an experimental test for determination of filtration 
properties and salt concentration optimization [16]. It is used primarily to determine filter-
cake permeability, but data have been also used to study shales reactivity in filter cakes and 
the effect of brine composition on clays in a filter cake.

Thermal gravimetric analysis (TGA). This technique allows characterization of the different 
types of water (free, interlayer, bound, and crystalline) in a shale sample as well as to identify 
the type of clay content in shale samples [30].

Hot-rolling dispersion test. This technique is widely used in optimizing drilling fluid. This 
test provides an assessment of the inhibition of shale cuttings exposed to a drilling fluid eval-
uating in this way the risk of dispersion or swelling in the wellbore [16].

Pressure transmission test. This method can be used for confined or unconfined shale sam-
ples. The experimental apparatus allows evaluating shale-drilling fluid interaction and esti-
mates shale permeability, coefficient of reflectivity (membrane efficiency) as well as ionic 
diffusion coefficient [31].

Rheological tests. This is an experimental method useful for the evaluation of rheological 
behavior of clays in aqueous suspensions to study clay-fluid interactions. It allows characteriz-
ing colloidal behavior of clay-fluid systems through rheological properties such as thixotropy, 
viscoelasticity, and yield stress [32].
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Triaxial test. This technique is useful for pore pressure measurements and compressive 
stress/strain behavior in shale samples [15]. It also allows characterizing reactivity behavior 
of shales by measuring the swelling pressures and strains that result from exposure of shale 
cores to different test fluids. Preserved shale cores can be used [33].

Dielectric analysis. These experimental methods are useful to quantify swelling clay content 
and to determine specific surface areas in clays and shales samples. In addition, wettability 
and anisotropy properties of shales can be also determined by using dielectric techniques [26].

2.1.4. Additives in drilling fluids for shale stabilization

Over the past decades, the demands for effective shale stabilizers have never stopped. 
Especially, with the development of shale gas and deepwater fields all over the world, 
such demands have never become as urgent as today. Understanding of the behavior and 
responses of shale-reactive formations to drilling fluids with chemical additives has been an 
important challenge in the oil industry for many years because of the several and complex 
chemical and physical phenomena present in these types of formations. Different types of 
chemical additives for shale stabilization have been used in the oil industry and reported in 
literature [11, 14, 15, 17, 34–42]. The number of commercial shale stabilizers is impressive. 
Each of them has a particular mechanism by which they can inhibit the swelling, disintegra-
tion, and dispersion of clay minerals interacting with water. However, most of these mecha-
nisms are based on the change of the ionic strength and the transport behavior of the fluids 
into the clays, where the cations and anions present in the additives determine their capabil-
ity and efficiency for clay-swelling inhibition [18]. Some authors have reported three main 
mechanisms to reduce clay swelling: ion exchange, coating of the clay particles by stabilizers, 
and modification of surface affinity toward water [43]. In this way, clay-swelling inhibitors 
are classified as temporary and permanent shale inhibitors [42]. Temporary shale inhibitors 
prevent swelling and migration of clays but are easily removed by the formation-produced 
fluids following the treatment [41]. Simple inorganic salts are the most common temporary 
shale inhibitors. However, most recent advances in shale stabilization have been focused on 
the area of permanent clay stabilizer additives [41]. Table 2 shows a summary of the main 
additives reported in literature for shale stabilization.

2.2. Gas hydrates

Gas hydrate formation is another severe challenge to deepwater drilling fluid technology. 
Gas hydrate formation has been identified as a potential shallow hazard facing deepwater 
drilling since the mid-1980s [44, 45]. For deepwater drilling, conditions such as low tempera-
tures and high pressures promote hydrate formation in the drilling fluid when gas is present, 
causing wellbore plugging, blockage in pipelines, or/and blowout preventers, thus leading 
to serious safety problems and increasing operation costs [46–48]. In addition, gas hydrates 
decomposition also causes serious problems such as wellbore instability, lost circulation, and 
blowout [45, 46]. In this way, for deepwater drilling operations, gas hydrate formation is not 
only an economic issue but also more importantly a safety issue [46]. Thus, the problem that 
needs to be solved is to avoid gas hydrates formation during well-controlled situations or 
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Group of shale stabilizers Main characteristics Shale stabilizer additives References

Salts Primary chemical of choice for clay 
stabilization. Capabilities to influence 
swelling and osmotic pressures, 
viscosities of filtrate and shale stability

Potassium chloride [11, 14, 15]

Sodium chloride

Concentrated brines (CaCl2, 
CaBr2, ZnCl2, MgCl2, MgBr2, 
ZnBr2)

Formate and acetate salts

High-molecular-weight 
polymers

Shale stabilization through clay particle 
encapsulation, inhibiting swelling, and 
dispersion

Polyacrylamides [11, 14, 15, 34]

Polyvinylpyrrolidones

Acrylate copolymers

Low-molecular-weight 
polymers

Clay swelling and dispersion inhibited 
through the intercalation of inhibitor 
species into the interlayer of clay 
minerals

Polyglycerols [14, 15, 34, 35]

Polyglycols

Polypropylene oxides

Charged polymers Swelling-inhibitive effect through their 
adsorption onto clay particle surfaces. 
Classified in cationic, anionic, and 
amphoteric. Synthetic or natural in 
origin

Polymeric quaternary 
amines

[15, 34–36]

Celluloses

Starches

Charged polyacrylamides

Non-polymeric amines Clay swelling inhibition through the 
principle of substitution of cationic 
species for a sodium ion in the clay 
lattice

Mono-cationic amines [36]

Oligomeric cationic amines

Carbonaceous additives Very limited effect on shale stabilization 
and without effect on swelling pressure

Asphaltenes [14]

Gilsonites

Graphites

Silicates Inexpensive and usually recommended 
for all shale-stabilization uses, including 
formations in situ fractured

Sodium silicate [14, 17]

Potassium silicate

Saccharides Environmentally friendly low-
molecular-weight viscosifiers and 
reducers of hydraulic flow of water in 
shales

Methylated saccharides [14, 37]

Nanomaterials Capabilities of shale permeability 
reduction during drilling which stops 
fluid invasion, inhibits swelling, 
and improves wellbore stability. 
Environmentally friendly

Nanoparticles [38–41]

Table 2. Additives for shale stabilization.
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are classified as temporary and permanent shale inhibitors [42]. Temporary shale inhibitors 
prevent swelling and migration of clays but are easily removed by the formation-produced 
fluids following the treatment [41]. Simple inorganic salts are the most common temporary 
shale inhibitors. However, most recent advances in shale stabilization have been focused on 
the area of permanent clay stabilizer additives [41]. Table 2 shows a summary of the main 
additives reported in literature for shale stabilization.
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Gas hydrate formation is another severe challenge to deepwater drilling fluid technology. 
Gas hydrate formation has been identified as a potential shallow hazard facing deepwater 
drilling since the mid-1980s [44, 45]. For deepwater drilling, conditions such as low tempera-
tures and high pressures promote hydrate formation in the drilling fluid when gas is present, 
causing wellbore plugging, blockage in pipelines, or/and blowout preventers, thus leading 
to serious safety problems and increasing operation costs [46–48]. In addition, gas hydrates 
decomposition also causes serious problems such as wellbore instability, lost circulation, and 
blowout [45, 46]. In this way, for deepwater drilling operations, gas hydrate formation is not 
only an economic issue but also more importantly a safety issue [46]. Thus, the problem that 
needs to be solved is to avoid gas hydrates formation during well-controlled situations or 
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Figure 3. Typical phase diagram of hydrate stability zones.

to minimize the impact of hydrate formation, such as eliminate potential hydrate blockages 
[47]. Gas hydrates are crystalline inclusion compounds formed of hydrogen-bonded water 
molecules as hosts and gas molecules entrapped in the water cavities as guests [49, 50]. Gas 
hydrates can be only stable at high pressures and low temperatures (as observed in Figure 3), 
conditions found during deepwater drilling operations.

Most gas hydrates are formed from methane; however, gas molecules such as ethane, pro-
pane, and 1-butane, and inorganic gases such as nitrogen, hydrogen, and carbon dioxide are 
also able to be enclathrated into the water lattices. The three most common gas hydrate struc-
tures reported are cubic structure I (sI), cubic structure II (sII), and hexagonal structure H 
(sH) [49, 50]. Nucleation, growth, and agglomeration are the main stages of phase transitions 
associated with hydrate plug formation [49].

Gas hydrate problems found in deepwater operations become inaccessible or impractical for 
most conventional preventive methods. In fact and as reported some years ago, the annual 
costs to clean gas hydrate blockage might exceed $100 million at a rate near $1 million per 
mile of affected lines [45, 51]. In this way, injection of inhibitor chemicals is the main method 
generally used to avoid the formation of gas hydrates during deepwater drilling operations 
[45–50].

2.2.1. Hydrate inhibitors

According to the inhibition mechanism, hydrate inhibitors are classified as thermodynamic 
hydrate inhibitors (THIs) and low-dosage hydrate inhibitors (LDHIs) [45].

The main action mechanism of the thermodynamic hydrate inhibitors (THI) is to delay 
hydrogen bonding of water molecules forming hydrate structures, modifying in this way the 
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hydrate–liquid–vapor equilibrium at a given pressure, temperature, gas composition, and 
water salinity [50]. However, thermodynamic hydrate inhibitors have a strong but limited 
capability to inhibit the formation of gas hydrates due to higher concentration of these inhibi-
tors which may be required for deepwater drilling operations, which results in higher drilling 
fluid density, increasing operational costs as well as the logistical and environmental con-
cerns [48–50].

Low-dosage hydrate inhibitors are a more recent technology for preventing hydrate plugging 
[52]. LDHIs can be subdivided into two basic categories: kinetic hydrate inhibitors (KHIs or 
KIs) and antiagglomerants (AAs).

The main action mechanism of the KHIs is to delay mainly the nucleation but also the growth 
of the gas hydrates, extending the hydrate induction time, which is the most critical factor for 
field operations, to exceed the residence time of the reservoir fluid [47]. Thus, KHIs play a role 
mainly as gas hydrate anti-nucleators [52] where thermodynamic conditions of hydrate forma-
tion are usually not significantly affected, as KHIs do not modify the hydrate–liquid–vapor 
equilibrium [45].

Antiagglomerant inhibitors prevent gas hydrate crystals from increasing their size, which 
results in the formation of smaller particles dispersed during residence time in the subsea 
pipeline allowing the generation of transportable slurries [49]. A polar, hydrate-philic head 
and a hydrophobic, fatty chain form usually the structures of antiagglomerant inhibitors. In 
addition, due to their surfactant nature, they will accumulate at the water/oil interface, just 
where hydrates first begin to form [52]. The application of low-dosage hydrate inhibitors to 
prevent hydrate plugs in deepwater fields has been tested and reported as successful and is 
now a well-established technology [52]. In Figure 4, the main additives reported as hydrate 
inhibitors are shown [53–74].

2.3. Rheological behavior

Rheological properties of drilling fluids are key parameters in offshore operations, especially 
in the extreme and complex conditions found during deepwater drilling. The term “flat rheol-
ogy” used to describe a drilling fluid is a concept recently introduced to the oil industry and 
refers in general to “constant” or “continuous” rheological properties [46, 75–78] as shown in 
Figure 5.

The broad range of exposure temperatures typically found during deepwater drilling opera-
tions greatly influences rheological behavior of drilling fluids; particularly their viscosity 
and yield point properties can be affected. This can promote lost circulation and high equiva-
lent circulating density (ECD) increasing difficulty of pressure control [46, 75, 76]. Thus, 
in order to avoid critical ECDs, drilling fluid rheology should be controlled. In general, a 
thinner fluid yield lowers ECDs. However, cuttings removal and barite suspension issues 
should also be considered for the rheological design of drilling fluids [77]. Therefore, one of 
the main challenges to design drilling fluids for deepwater operations is to effectively bal-
ance fluid rheology for equivalent circulating density, hole cleaning, and barite suspension 
simultaneously [77].
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Flat-rheology properties for drilling fluids can be obtained through the usage of mixtures or 
packages of several specific additives such as emulsifiers, rheology modifiers, and viscosi-
fiers. Typical components for a flat-rheology synthetic-based mud (SBM) have been reported 
[77, 78]. The main components are usually the following:

• Organophilic clay

• Emulsifier

• Wetting agent

• Fluid loss control

• Polymeric rheology modifier

• Viscosifier

The emulsifier additive helps to minimize the impact of drill solids on the rheological proper-
ties of the synthetic fluid. Wetting agents or chemical thinners can be used to reduce yield point 

Figure 4. Additives for hydrate inhibition.
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in invert-emulsion fluids as well as to reduce the solids tolerance of the fluid. Organophilic 
clays used at a minimal concentration provide an optimal rheology modification. The poly-
meric rheology modifier also reduces viscous properties at low temperatures while increas-
ing them at high temperatures. Finally, the viscosifier provides the desired enhancement in 
overall viscosity and suspension capacity [77, 78].

High performance has been reported using “flat rheology” approach for drilling fluids, which 
can be achieved by using accurate combinations of emulsifier, wetting agent, rheology modi-
fiers, and supplementary viscosifiers. However, the ability to control a flat-rheology profile 
can be also influenced by other parameters and phenomena, which cannot always be con-
trolled such as temperature-pressure variations, interactions of rheological modifiers with 
drill solids, shear-rate variations in the annulus, salinity effects, and changes in the concentra-
tion of rheological modifiers during circulation of drilling mud [77, 78].

Another key rheological parameter for deepwater drilling fluids is the “gel strength.” It is 
defined as the shear stress of the drilling fluid measured at a very low value of shear rate after 
it has been set for 10 min [79] and it is considered as a measure of the degree of thixotropy 
present in the drilling fluid. Gel strength determines the ability of the drilling fluid to suspend 
drilled cuttings and other solid additives along the length of the drill pipe/borehole annulus 
when the circulation of the drilling fluid is stopped during tripping or in any other operation 
[79]. However, for deepwater fields, drilling fluid can suffer shear degradation processes due 
to increased depths and high pipe shear, then its rheological properties, including the gel 
strength, can be severely affected; therefore, its capabilities to suspend and transport drill cut-
tings are reduced considerably [79, 80].

2.4. Lost circulation

Lost circulation is one of the most troublesome problems for deepwater drilling operations. 
Lost circulation (or lost returns) is an undesired event where a smaller amount of drilling fluid 
is returned from the wellbore than is pumped into it, thus drilling mud is lost into the formation 
[81, 82]. Lost circulation is a major cause of nonproductive time (NPT) in drilling, which can 

Figure 5. Representative rheological behavior of “flat-rheology” and “conventional” drilling fluids.
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significantly raise operational costs. It has been reported that more than 12% of NPTs are due 
to problems of lost circulation in drilling areas of the Gulf of Mexico (GoM) [81]. Worldwide, 
the impact of lost circulation on well construction has been estimated to be around two to four 
billion dollars annually in nonproductive times, drilling fluid loss, and materials used to stem 
the losses [83]. Figure 6 shows candidate formations for lost circulation events [84].

Lost circulation is carried out through one of two basic mechanisms: invasion and fracturing. 
Invasion refers to fluid loss to formations that are cavernous, vugular, fractured, or unconsoli-
dated, whereas fracturing mechanism refers to the fluid loss due to hydraulic fracturing from 
excessive induced pressures [11]. However, most fluid losses are due to hydraulic-driven 
fractures covering from the wellbore to the far-field region [81]. Thus, lost circulation will be 
carried out mainly through fracturing mechanism, where the mud pressure in the wellbore 
promotes or creates new fractures or opens preexisting fractures on the wellbore wall [81]. In 
this way, formations with a narrow mud weight window, the safe drilling margin between 
pore pressure (or collapse pressure) and fracture pressure, have a greater propensity to suffer 
lost circulation problems.

For deepwater formations, water depth can cause a lower fracture pressure resulting in a 
narrow mud weight window, making it very challenging to maintain the needed wellbore 
pressure, and increasing considerably the propensity of lost circulation [81, 85]. Therefore, min-
imizing and controlling lost circulation is another important challenge to deepwater drilling 
fluid technology.

Figure 6. Schematic classification of lost circulation [84].
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Some authors have identified some main concerns associated with lost circulation in deep-
water environments. These issues are the following: drilling salt formations, identifying loss 
zones, controlling seepage losses, running casing and cementing, excessive rates of penetra-
tion, wellbore breathing, drilling fluid rheology, inadequate shoe tests, synthetic-based fluid 
compressibility, and well control [84].

In order to solve and control lost circulation problems, the following treatments are usually 
employed: lost circulation materials (LCMs), settable materials, and blends of the two [82].

Settable materials are usually pumped in a liquid state and solidify downhole, sealing the 
thief zone. Examples of these kinds of materials are bentonite-oil-mud systems, cement, gunk, 
and cross-linked systems. Thus, these materials usually need some extra preparation time and 
some setting time downhole before they can reduce and stop lost circulation [82].

Lost circulation materials (LCMs) have been widely used to avoid or stop losses. These mate-
rials are pumped downhole in order to bridge and seal fractures and voids, thereby stopping 
losses [82]. LCMs can be classified according to their physical and chemical properties as well 
as their action mechanism [84]. Physical properties are mainly size and appearance, whereas 
chemical properties include solubility in acids, swellability, and reactivity with other chemi-
cals [84]. Their performance, however, commonly declines with the circulation time, which 
is related to the decrease in the average size of the solid components of these materials. This 
phenomenon is known as “shear degradation” [86].

Figure 7 shows a summary of the treatments employed for lost circulation. Finally, in order 
to adequately choose and design the optimal treatment to solve and control lost circulation, 

Figure 7. Classification of lost circulation treatments.
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available data should be processed, analyzed, and used. Required information include the 
amount of loss, the kind of loss mechanism, quantitative data about fractures and pores such 
as fracture apertures, spacing, and pore throat size; geological setting (pay zone, shale, uncon-
solidated sand, gravel, etc.) and for deepwater formations, the mud weight window is a criti-
cal parameter that should be determined [81–85].

2.5. Salt formations

In many deepwater plays around the world, salt formations overlie prolific reservoirs con-
taining a significant amount of hydrocarbons [87]. Successful drilling of the salt layers is not 
easy, and it is considered a challenge in deepwater drilling operations due to the complex salt 
behavior. The Gulf of Mexico (GoM) is the most active deepwater region in the world where 
salt is a dominant structural element that increases drilling risks and affects long-term well 
integrity [88].

Salt formations are considered efficient traps of hydrocarbons as observed in Figure 8. These 
traps were developed due to local faulting and bending processes in formations nearby the 
salt layers and upward migration of salt layers displacing other sediments [87, 88]. The chem-
istry of salts found in these formations can vary significantly. However, typical salts reported 
[11, 88] are the following: halite (NaCl), Sylvite (KCl), Bischofite (MgCl2∙6H2O), Carnalite 
(KMgCl3∙6H2O), Polyhalite (K2MgCa2(SO4)4∙2H2O), and Tachydrite (CaCl2∙MgCl2∙12H2O).

In addition, salt formations can contain other evaporate minerals such as gypsum 
(CaSO4∙2H2O), anhydrite (CaSO4), kieserite (MgSO4∙H2O), limestone (CaCO3), or dolomite 
(CaMg(CO3)2) associated with their structure [11, 88]. Salt presents exceptional and prob-
lematic characteristics. One of the most critical is its capability to deform or creep. Thus, it 
can exhibit plastic flow at certain temperature and pressure through other geological rock 
beds under stress, which results in the reduction of wellbore size, wellbore closure, drill 
string sticking as well as in casing collapse [11, 87]. The creep rate of salt will depend on 

Figure 8. Typical geological salt dome formation [90].
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several factors such as depth, overburden pressures, temperature, minerology and presence 
of impurities, moisture content, local, and regional geomechanical stresses [87]. In addition, 
salt dissolution during drilling can promote hole enlargement due to the increase of rates of 
penetration [11, 89]. Other salt-drilling hazards are sutures and inclusions, rubble zones, and 
tar, as reported [87].

Lost circulation problems are often found in salt formations [82, 91]. The thief zone at the base 
of the salt promotes drastic lost circulation and well control problems, often resulting in loss 
of the interval or the entire well [90]. Controlling losses in this kind of formations is extremely 
problematic. Thus, treatments to control lost circulation problems in salt formations during 
drilling can last for weeks, affecting considerably operation costs, particularly for deepwater 
drilling operations [82, 91].

Drilling fluids play a key role to carry out a successful drilling operation in salt formations 
found in deepwater fields. Key properties of muds need to be controlled when drilling salt for-
mations are mainly density, salinity, and rheology [87]. About density property, the key role 
of mud weight in drilling salt formations is to minimize the creep rate. It has been reported 
that increasing mud weight can efficiently control salt creep and thus prevent wellbore size 
reduction, wellbore closure, and drill string sticking [92]. Salinity of drilling fluid is important 
in order to minimize salt dissolution, which is necessary to maintain the drilling mud salinity 
at or near saturation with respect to the drilled salt formation [87]. In addition, salt dissolution 
can be influenced by the flow regime [87, 89]. Rheological properties of muds can be modified 
during drilling of salt formations as the drill cuttings interact with the drilling fluid, affect-
ing the drilling performance. However, rates of salt dissolution can decrease as the viscosity 
increases [87]. Table 3 shows the main types of fluids commonly used to drill salt formations 
including deepwater plays as reported [87].

Type of drilling fluid Advantages Disadvantages

Riserless water-base fluids • They can be designed and formulated 
for different salinity levels ranging from 
freshwater to supersaturation

• Cost typically lower than other fluid 
types

• Limitations to get optimal performance.

• Additional equipment can be required to 
maintain acceptable rheological properties.

High-performance water-
base fluid

• Good hydrate-inhibition properties.

• Similar performance to synthetic-base 
fluids when designed properly

• Environmentally less recyclable from 
one well to another and may require 
biocides depending on the formulation

Synthetic-base fluids • High stability in terms of contamina-
tion tolerance

• Superior performance in terms of rates 
of penetration (ROP)

• Higher capacity for hydrate inhibition

• Very expensive

Table 3. Drilling fluids for salt formations.
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2.6. Environmental and safety aspects

Safety and environmental concerns have long been a priority for deepwater operations. 
Waste-drilling mud is produced inevitably and has a negative impact on marine ecological 
environment during offshore oil exploration and development, resulting in a serious damage 
to the marine environment and harming the people’s health [93–95]. Thus, preventing pollu-
tion and minimizing environmental impact in a cost-effective way are the challenging tasks 
confronting the industry of drilling fluids nowadays [11].

The Macondo incident in the Gulf of Mexico in 2010 has been widely studied, which led to the 
deaths of 11 workers on the transocean’s deepwater horizon drilling rig as well as the release 
of an estimated 4.9 million barrels of oil [96]. Thus, drilling fluid companies must now comply 
with new offshore safety and environmental regulations [93]. The best available techniques 
and best environmental practices based on the waste management hierarchy of avoidance, 
reduction, reuse, recycling, recovery, and residue disposal can be also applied to the manage-
ment of waste-drilling mud produced during deepwater operations [11, 93]. Usually for waste 
disposal during offshore operations, there are three basic options: discharge, haul to shore, or 
grind and inject [11].

The basic items, present in waste-drilling mud, having potential to cause environmental 
damage are heavy metals, salts compounds, organic wastes, acid or bases, and suspended 
solids. Toxicity tests are used to determine the combined effects of pollution on test organ-
isms [11]. In addition, hazardous effects of additives such as defoamers, descalers, thin-
ners, viscosifiers, lubricants, stabilizers, surfactants, and corrosion inhibitors on marine and 
human life have been reported. Such effects range from minor physiological changes to 
reduced fertility and higher mortality rates [97]. In this way, the oil and gas industry antici-
pates that the zero discharge of oil-contaminated drilling wastes will soon be the global 
standard.

Therefore, another of the great challenging tasks in deepwater operations is the develop-
ment of novel environmentally friendly drilling fluids with better or similar performance, 
efficiency, and cost than oil-based drilling fluids. Several researchers and companies have 
reported new formulations of drilling fluid with minimal but not zero environmental impact 
[97]. Table 4 shows some examples of this kind of drilling fluids.

Environmentally friendly drilling 
fluid system

Main characteristics References

Silicate-based drilling fluids • Good environmental compatibility

• High performance for drilling reactive shales

• Potential to damage the formation

[98]

High-density HPHT water-based 
fluid system

• Excellent fluid-loss control and capabilities to generate ther-
mally stable rheology.

• Chrome-free fluid

[99]
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Environmentally friendly drilling 
fluid system

Main characteristics References

Low-salinity glycol water-based 
drilling fluid

• For reactive shale formations

• Performance limited to the presence of electrolytes

[100]

Zirconium citrate-based drilling fluid • Environmentally friendly

• Good rheological stability at high temperature

• Performance affected by solids absorption

[101]

Water-based drilling fluids with eco-
friendly polymers

• Eco-friendly polymers derived from tamarind gum and 
tragacanth gum

• Cheaper than conventional polymers

• Favorable rheological properties and low potential of for-
mation damage

[102]

Formulations of water-soluble 
polymer amphoteric cellulose ether

• Low cost

• Environmentally friendly

• Potential to damage the formation

[103]

Starch additives for water-based 
muds

• Environment friendly fluid loss additives

• Low manufacturing cost

[104]

Oil-based drilling fluid based on 
vegetable oils

• Derived from palm oil and groundnut oil

• Highly biodegradable and good eco-toxicological properties

[105]

Polymeric potassium-silicate drilling 
fluid

• Excellent borehole-stability properties

• Environmentally friendly

[106]

Formulations of hyperbranched 
polyglycerols

• Clay-inhibitive properties

• Potential to be used as an environmental friendly inhibitor 
additive in WBFs

[107]

Offshore-drilling fluid system • Good rheological properties, temperature tolerance, and 
collapse prevention performance

• Low chromaticity, nontoxicity, and little effect on marine 
environment

[95]

High-performance water-based 
drilling fluid

• High performance on shale stabilization

• High rate of penetration

• Eco-friendly fluid

[108]

Nanoparticle-based drilling fluids • For reactive shale formations

• Stability in rheological properties

• Environmentally friendly

[109]

Table 4. Some examples of environmentally friendly drilling fluids.
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2.6. Environmental and safety aspects

Safety and environmental concerns have long been a priority for deepwater operations. 
Waste-drilling mud is produced inevitably and has a negative impact on marine ecological 
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to the marine environment and harming the people’s health [93–95]. Thus, preventing pollu-
tion and minimizing environmental impact in a cost-effective way are the challenging tasks 
confronting the industry of drilling fluids nowadays [11].
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ners, viscosifiers, lubricants, stabilizers, surfactants, and corrosion inhibitors on marine and 
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ment of novel environmentally friendly drilling fluids with better or similar performance, 
efficiency, and cost than oil-based drilling fluids. Several researchers and companies have 
reported new formulations of drilling fluid with minimal but not zero environmental impact 
[97]. Table 4 shows some examples of this kind of drilling fluids.

Environmentally friendly drilling 
fluid system

Main characteristics References

Silicate-based drilling fluids • Good environmental compatibility
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• Potential to damage the formation

[98]

High-density HPHT water-based 
fluid system
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• Chrome-free fluid

[99]
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tragacanth gum

• Cheaper than conventional polymers

• Favorable rheological properties and low potential of for-
mation damage

[102]

Formulations of water-soluble 
polymer amphoteric cellulose ether

• Low cost

• Environmentally friendly

• Potential to damage the formation

[103]

Starch additives for water-based 
muds

• Environment friendly fluid loss additives

• Low manufacturing cost

[104]

Oil-based drilling fluid based on 
vegetable oils

• Derived from palm oil and groundnut oil

• Highly biodegradable and good eco-toxicological properties

[105]

Polymeric potassium-silicate drilling 
fluid

• Excellent borehole-stability properties

• Environmentally friendly

[106]

Formulations of hyperbranched 
polyglycerols

• Clay-inhibitive properties

• Potential to be used as an environmental friendly inhibitor 
additive in WBFs

[107]

Offshore-drilling fluid system • Good rheological properties, temperature tolerance, and 
collapse prevention performance

• Low chromaticity, nontoxicity, and little effect on marine 
environment

[95]

High-performance water-based 
drilling fluid

• High performance on shale stabilization

• High rate of penetration

• Eco-friendly fluid

[108]

Nanoparticle-based drilling fluids • For reactive shale formations

• Stability in rheological properties

• Environmentally friendly

[109]
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3. Conclusions

Large volumes of the world’s future oil reserves are located in deep and ultra-deep water fields. 
Advances in exploration and production of these fields over the last years indicate that as soon 
as one deepwater record is broken, another surpasses it. Technological challenges of drilling 
at these extreme conditions generate significant operational risks as well as very high costs. 
Exploration of new technology frontiers of deep and ultra-deep water drilling will increase inev-
itably the demand and thus the devolvement of innovative technological solutions related to the 
design and application of drilling fluids for this kind of challenging and complex formations.

In this chapter, an overview about the main challenges facing the deepwater drilling fluids 
industry around the world was presented. The main concerns about deepwater drilling fluids 
reviewed were the following: wellbore stability and clay swelling, gas hydrates, rheologi-
cal behavior, lost circulation, salt formations, environmental, and safety aspects. The design, 
selection, and application of the right fluid system or additives will require balancing each of 
these issues with regard to their impact on the deepwater drilling operation.

Therefore, the future of deepwater technologies must be focused toward the design and 
development of innovative materials with high performance, low cost, and with sustainabil-
ity characteristics such as environmentally friendly and zero impact on the environment.
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Abstract

The characterization of petroleum fluids is fundamental for the calculation of their
thermodynamic properties. Laboratory experiments are able to identify a limited num-
ber of pure components present in a sample. All remaining species, the so called “cut”,
are characterized by its molecular weight and density. The thermodynamic calculations
performed using cubic equations of state require the critical properties and the acentric
factor, which are unknown for the petroleum “cut.” In this chapter, different correlations
are used to calculate the critical properties and the acentric factor of the “cut” fraction.
The performance of the correlations is evaluated through the comparison of a simulated
pressure-volume-temperature (PVT) experiment using an equation of state and experi-
mental data of two reservoir fluids.

Keywords: correlations of critical properties, petroleum heavy fractions, PVT
experiments, thermodynamics, phase equilibrium

1. Introduction

Petroleum is a complex mixture of several chemical components, mainly hydrocarbons. In
addition to the hydrocarbons, it may also contain some inorganic contaminants such as carbon
dioxide (CO2), nitrogen (N2) and hydrogen sulfide (H2S).

The physical properties of reservoir fluids are related to the concentration of their components.
Some properties such as bubble point pressure, oil formation volume factor, solubility ratio, oil
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Abstract

The characterization of petroleum fluids is fundamental for the calculation of their
thermodynamic properties. Laboratory experiments are able to identify a limited num-
ber of pure components present in a sample. All remaining species, the so called “cut”,
are characterized by its molecular weight and density. The thermodynamic calculations
performed using cubic equations of state require the critical properties and the acentric
factor, which are unknown for the petroleum “cut.” In this chapter, different correlations
are used to calculate the critical properties and the acentric factor of the “cut” fraction.
The performance of the correlations is evaluated through the comparison of a simulated
pressure-volume-temperature (PVT) experiment using an equation of state and experi-
mental data of two reservoir fluids.

Keywords: correlations of critical properties, petroleum heavy fractions, PVT
experiments, thermodynamics, phase equilibrium

1. Introduction

Petroleum is a complex mixture of several chemical components, mainly hydrocarbons. In
addition to the hydrocarbons, it may also contain some inorganic contaminants such as carbon
dioxide (CO2), nitrogen (N2) and hydrogen sulfide (H2S).

The physical properties of reservoir fluids are related to the concentration of their components.
Some properties such as bubble point pressure, oil formation volume factor, solubility ratio, oil
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density, gas formation volume factor and gas specific gravity are of particular interest in black
oil reservoir engineering studies. These properties are generally obtained in laboratory using
reservoir fluids samples. These experiments seek to replicate the isothermal recovery path of
an oil field.

Pressure-volume-temperature (PVT) experiments are carried out in liquidmixtures of hydrocarbons
and during the pressure reduction steps, dissolved gas is released. There are two types of experi-
ments that simulate the constant temperature depletion of a reservoir fluid, “flash” and “differen-
tial”. In a “flash” experiment, the overall composition of the system is kept constant, whereas
in a “differential” experiment the gas phase is removed from the system at each pressure step.

These experiments can be simulated using equations of state in order to evaluate different
recovery schemes without carrying out one experiment for each possible scenario, especially in
the cases of enhanced oil recovery techniques. The correct identification of the species and their
concentrations is fundamental for the success of the simulation. However, in any laboratory
test, the heavy fraction of the oil, the so-called “cut,” is characterized by its molecular weight
and density. In order to simulate the experiment, correlations are necessary to calculate the
critical properties and the acentric factor of the “cut” from its molecular weight and density. In
this chapter, different correlations are used to determine the critical properties and acentric
factor of the heavy fraction of two reservoir fluids, the PVT experiments of these fluids are
simulated using an equation of state and the results are compared with laboratory data.

2. Methodology

Cubic equations of state are widely used to describe the volumetric properties of pure sub-
stances and mixtures in the petroleum industry. Furthermore, these models can be used for
equilibrium calculations and to estimate PVT properties, such as bubble point pressure, oil
formation volume factor, solubility ratio, oil specific weight, gas formation volume factor and
gas density.

The input parameters of the most used equations of state are the acentric factor, ω, critical
temperature, Tc, and critical pressure, Pc, of the mixture components. These parameters are
tabulated for a large number of chemical compounds, but for the heavy fractions of petroleum
fluids, they are determined from correlations. Most correlations are functions of density, γ,
molecular mass, M, and/or normal boiling temperature, Tb, of the fractions [1].

Edmister [2] proposed a correlation to estimate the acentric factor of pure liquids and petro-
leum fractions. This correlation is given by:

ω ¼ 3 log Pc
14:7

� �� �

7 Tc
Tb
� 1

h i � 1 (1)

Cavett [3] presented equations to estimate the critical temperature and pressure of hydrocar-
bon fractions. These correlations are a function of the normal boiling point and the API gravity:
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Tc ¼ a0 þ a1 Tbð Þ þ a2 Tbð Þ2 þ a3 APIð Þ Tbð Þ þ a4 Tbð Þ3 þ a5 APIð Þ Tbð Þ2 þ a6 APIð Þ2 Tbð Þ2 (2)

log Pcð Þ ¼b0 þ b1 Tbð Þ þ b2 Tbð Þ2 þ b3 APIð Þ Tbð Þ þ b4 Tbð Þ3 þ b5 APIð Þ Tbð Þ2

þ b6 APIð Þ2 Tbð Þ þ b7 APIð Þ2 Tbð Þ2
(3)

Tb: normal boiling temperature [�F].

The coefficients of Eqs. (2) and (3) are shown in Table 1.

Kesler and Lee [4] developed correlations for critical temperature and pressure, molecular
weight and acentric factor of oil fractions. These expressions are given by:

ln Pcð Þ ¼ 8:3634� 0:0566
γ

� 0:24244þ 2:2898
γ

þ 0:11857
γ2

� �
10�3Tb

þ 1:4685þ 3:648
γ

þ 0:47227
γ2

� �
10�7T2

b � 0:42019þ 1:6977
γ2

� �
10�10T�3

b

(4)

Tc ¼ 341:7þ 811:1γþ 0:4244þ 0:1174γð ÞTb þ 0:4669� 3:26238γð Þ 10
5

Tb
(5)

ω ¼ �7:904þ 0:1352Kw � 0:007465K2
w þ 8:359Tbr þ 1:408� 0:01063Kwð Þ 1

Tbr
, (6)

for Tbr > 0.8, and

ω ¼
�ln Pc

14:7

� �� 5:92714þ 6:09648
Tbr

þ 1:28862 ln Tbrð Þ � 0:169347T6
br

15:2518� 15:6875
Tbr

� 13:4721 ln Tbrð Þ þ 0:43577T6
br

, (7)

for Tbr ≤ 0.8.

i ai bi

0 768.0712100000 2.82904060

1 1.7133693000 0.94120109 � 10�3

2 �0.0010834003 �0.30474749 � 10�5

3 �0.0089212579 �0.20876110 � 10�4

4 0.3889058400 � 10�6 0.15184103 � 10�8

5 0.5309492000 � 10�5 0.11047899 � 10�7

6 0.3271160000 � 10�7 �0.48271599 � 10�7

7 0.13949619 � 10�9

Table 1. Coefficients of Cavett [3] correlation.
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In Eq. (6), Kw is the Watson characterization factor, given by:

Kw ¼ Tbð Þ13
γ

(8)

Standing [5] developed the following correlations based on experimental data:

Tc ¼ 608þ 364 log M� 71:2ð Þ þ 2450 log Mð Þ � 3800½ � log γð Þ (9)

Pc ¼ 1188� 431 log M� 61:1ð Þ þ 2319� 852 log M� 53:7ð Þ½ � γ� 0:8ð Þ (10)

Riazi and Daubert [6] proposed a simple two-parameter equation to calculate the physical
properties of pure components and mixtures of hydrocarbons:

θ ¼ aTb
bγ

c (11)

where θ is the property (Tc, Pc, vc or M), vc is the critical volume (ft3/lb) and a to c are constants
for the correlation of each property.

Table 2 shows the coefficients of Eq. (11) and the errors in the estimative of each property.

Sim and Daubert [13] determined expressions to calculate the critical pressure and critical
temperature of petroleum “cuts,” given by:

Pc ¼ 3:48242� 109T�2:3177
b γ2:4853 (12)

Tc ¼ exp 3:99347T0:08615
b γ0:04614� �

(13)

Twu [7] proposed a set of correlations, based on the perturbation-expansion theory with
normal paraffins as the reference state, to determine the critical properties of heavy fractions
of hydrocarbons. The method is based on the selection of a normal paraffin with normal
boiling temperature, TbPi, identical to the normal boiling temperature of the Cn+ fraction. Once
the normal paraffin is chosen, the heavy fraction critical properties are calculated through the
following steps:

θ a b c Average deviation (%) Max deviation (%)

M �4.56730 � 10�5 2.19620 �1.0164 2.6 11.8

Tc 24.27870 0.58848 0.3596 1.3 10.6

Pc �3.12281 � 109 �2.31250 2.3201 3.1 �9.3

Vc �7.52140 � 10�3 0.28960 �0.7666 2.3 �9.1

Table 2. Coefficients of Riazi and Daubert [6] correlation.
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1. Calculate the critical properties of the normal paraffin

TcPi ¼ TbCþ þ A1 þ A2TbCþ þ A3T2
bCþ þ A4T3

bCþ þ A5

A6TbCþð Þ13
" #

(14)

PcPi ¼ A1 þ A2 1� TbCþ
TcPi

� �0:5

þ A3 1� TbCþ
TcPi

� �
þ A4 1� TbCþ

TcPi

� �2

þ A5 1� TbCþ
TcPi

� �4
" #

(15)

γPi ¼ A1 þ A2 1� TbCþ
TcPi

� �
þ A3 1� TbCþ

TcPi

� �3

þ A4 1� TbCþ
TcPi

� �12
" #

(16)

vcPi ¼ 1� A1 þ A2 1� TbCþ
TcPi

� �
þ A3 1� TbCþ

TcPi

� �3

þ A4 1� TbCþ
TcPi

� �14
" #�8

(17)

The constants of the Eqs. (14)–(17) are shown in Table 3.

2. Calculate the heavy petroleum fraction properties from the equations

TcCnþ ¼ TcPi
1þ 2f Ti
1� 2f Ti

� �
(18)

f Ti ¼ exp 5 γpi � γCnþ
� �h i

� 1
n o A1

T0:5
bCnþ

þ A2 þ A3

T0:5
bCnþ

 !
exp 5 γpi � γCnþ

� �h i
� 1

n o" #
(19)

vcCnþ ¼ vcPi ¼
1þ 2f vi
1� 2f vi

� �2
(20)

f vi ¼ exp 4 γ2
pi � γ2

Cnþ
� �h i

� 1
n o A1

T0:5
bCnþ

þ A2 þ A3

T0:5
bCnþ

 !
exp 4 γ2

pi � γ2
Cnþ

� �h i
� 1

n o" #
(21)

PcCnþ ¼ PcPi
vcPi
vcCnþ

� �
1þ 2f Pi
1� 2f Pi

� �2
(22)

Property A1 A2 A3 A4 A5 A6

TcPi 0.5332272 0.191017 � 10–3 0.779681 � 10�7 �0.284376 � 10�10 0.959468 � 10�2 0.01

PcPi 3.83854 1.19629 34.8888 36.1952 104.193 —

γPi 0.843593 �0.128624 �3.36159 �13749.5 — —

vcPi �0.419869 0.505839 1.56436 9481.7 — —

Table 3. Constants used in the calculation of the critical properties of the normal paraffin [7].
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f Pi ¼ exp 0:5 γpi � γCnþ
� �h i

� 1
n o

A1 þ A2

T0:5
bCnþ

þ A3TbCnþ

 !"

þ A4 þ A5

T0:5
bCnþ

þ A6TbCnþ

 !
exp 0:5 γpi � γCnþ

� �h i
� 1

n o# (23)

where TcPi is the critical temperature of the normal paraffin (�R), TcC+ is the critical temper-
ature of the heavy petroleum fraction (�R), PcPi is the critical pressure of the normal paraffin
(psia), PcC+ is the critical pressure of the heavy oil fraction (psia), γPi is the density of
the normal paraffin, γC+ is the density of the heavy petroleum fraction, vcPi is the critical
volume of the normal paraffin (ft3/lbmol) and vcC+ is the critical volume of the heavy oil
fraction (ft3/lbmol).

Constants utilized in Eqs. (18)–(23) are presented in Table 4.

Riazi and Daubert [8] developed a general correlation given by the following expression:

θ ¼ aθb
1θ

c
2 exp dθ1 þ eθ2 þ fθ1θ2ð Þ (24)

In Eq. (24), θ1 and θ2 are two parameters accounting for the molecular forces and molecular
size of a component. It was found that (Tb, γ) and (M, γ) are appropriate sets of input
parameters for the correlation. Based on these results, two expressions were proposed:

θ ¼ aTb
bγ

c exp dTb þ eγþ f Tbγð Þ (25)

θ ¼ aMbγc exp dMþ eγþ fMγð Þ (26)

Tables 5 and 6 present the coefficients for Eqs. (25) and (26).

Property A1 A2 A3 A4 A5 A6

fTi �0.362456 0.0398285 �0.948125 — — —

fvi 0.466590 �0.182421 3.01721 — — —

fPi 2.53262 �46.19553 �0.00127885 �11.4277 252.14 0.00230535

Table 4. Constants used in the calculation of the critical properties of the heavy oil fraction Cn+ [7].

θ a b c d e f

M 581.96 �0.97476 6.51274 0.000543076 9.53384 0.00111056

Tc 10.6443 0.81067 0.53691 �0.000517470 �0.54444 0.00035995

Pc 6162000 �0.4844 4.0846 �0.00472500 �4.8014 0.0031939

Vc 0.0006233 0.7506 �1.2028 �0.00146790 �0.26404 0.001095

Table 5. Coefficients of Riazi and Daubert [8] correlation as a function of Tb and γ.
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The coefficients were adjusted to experimental data of 38 pure hydrocarbons with carbon
number in the range of 1–20, including paraffins, olefins, naphthenes and aromatics with
molecular weight between 70 and 300, and boiling point in the range of 80–650�F.

Magoulas and Tassios [9] correlated the critical properties of heavy fractions through the
following expressions:

Tc ¼ �1247:4þ 0:792Mþ 1971γ� 27000
M

þ 707:4 (27)

ln Pcð Þ ¼ 0:01901� 0:0048442Mþ 0:13239γþ 227
M

� 1:1663
γ

þ 1:2702ln Mð Þ (28)

ω ¼ �0:64235þ 0:00014667Mþ 0:021876γ� 4:559
M

þ 0:21669ln Mð Þ (29)

Riazi and Alsahhaf [10] developed a correlation for the acentric factor:

ω ¼ � 0:3� exp �6:252þ 3:64457M0:1� �� �
(30)

Sancet [11] proposed correlations for Pc and Tc as a function of the molecular weight of the
heavy oil fractions:

Pc ¼ 82:82þ 653 exp �0:007427Mð Þ (31)

Tc ¼ �778:5þ 383:5 ln M� 4:075ð Þ (32)

From the aforementioned correlations, 22 sets were created and used to calculate the critical
properties and acentric factor of the heavy fraction of two reservoir fluids (Table 7). These sets
were evaluated by comparing the experimental data and simulated PVT analysis of these
fluids. The PVT experiment was simulated using the Peng-Robinson equation of state [12]:

P ¼ RT
v� b

� a
v vþ bð Þ þ b v� bð Þ (33)

where R is the universal gas constant, T is the temperature and v is the molar volume.

θ a b c d e f

Tc 544.4 0.2998 1.0555 �0.000134780 �0.61641

Pc 45203 �0.8063 1.6015 �0.000180780 �0.3084

Vc 0.01206 0.20378 �1.3036 �0.00265700 0.5287 0.0026012

Tb 6.77857 0.401673 �1.58262 0.00377409 2.984036 �0.00425288

Table 6. Coefficients of Riazi and Daubert [8] correlation as a function of M and γ.
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where TcPi is the critical temperature of the normal paraffin (�R), TcC+ is the critical temper-
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Riazi and Daubert [8] developed a general correlation given by the following expression:

θ ¼ aθb
1θ

c
2 exp dθ1 þ eθ2 þ fθ1θ2ð Þ (24)

In Eq. (24), θ1 and θ2 are two parameters accounting for the molecular forces and molecular
size of a component. It was found that (Tb, γ) and (M, γ) are appropriate sets of input
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θ ¼ aTb
bγ

c exp dTb þ eγþ f Tbγð Þ (25)

θ ¼ aMbγc exp dMþ eγþ fMγð Þ (26)

Tables 5 and 6 present the coefficients for Eqs. (25) and (26).

Property A1 A2 A3 A4 A5 A6
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θ a b c d e f
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Vc 0.0006233 0.7506 �1.2028 �0.00146790 �0.26404 0.001095

Table 5. Coefficients of Riazi and Daubert [8] correlation as a function of Tb and γ.
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The coefficients were adjusted to experimental data of 38 pure hydrocarbons with carbon
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M

þ 707:4 (27)
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M

� 1:1663
γ

þ 1:2702ln Mð Þ (28)
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M

þ 0:21669ln Mð Þ (29)
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3. Results

In order to choose the most appropriate correlation for the calculation of the critical properties
of heavy fractions of a reservoir fluid, 22 sets of correlations were used in the estimative of
properties of the “cut” of fluids A and B [14]. The compositions of the fluids A and B are
presented in Tables 8 and 9, respectively.

Fluid A contains approximately 40% of methane and 6% of hydrocarbons with 20 or more
carbons, while fluid B contains 13% of heavy fractions and 27% of methane.

The PVT experiments were simulated using the Peng-Robinson equation of state. The results
were compared with the experimental data, and the total relative deviations are shown in
Tables 10 and 11.

The best correlation for fluids A and B is chosen based on the sum of the average deviation
for each property (Tables 10 and 11). For fluid A, the correlation of Twu [7] led to the best
results in terms of the critical properties while for the fluid B it was the correlation of
Kesler and Lee [4]. For both fluids, the correlation of Riazi and Alsahhaf [10] was chosen to
calculate the acentric factor (Table 12).

Figures 1–6 compare the experimental and calculated PVT data of fluid A using the
Peng-Robinson equation of state with the critical pressure and temperature calcula-
ted from the correlation of Twu [7] and the acentric factor calculated from the Riazi and
Alsahhaf [10] correlation. It is possible to note the excellent agreement between the
experimental and simulated data. Figures 7–10 show the same results for fluid B, with
similar performance.

Set Pc and Tc ω Set Pc and Tc ω

1 Cavett [3] Riazi and Alsahhaf [10] 12 Twu [7] Riazi and Alsahhaf [10]

2 Cavett [3] Edmister [2] 13 Twu [7] Edmister [2]

3 Standing [5] Riazi and Alsahhaf [10] 14 Riazi and Daubert [8] Riazi and Alsahhaf [10]

4 Standing [5] Edmister [2] 15 Riazi and Daubert [8] Edmister [2]

5 Kesler and Lee [4] Kesler and Lee [4] 16 Riazi and Daubert [8] Riazi and Alsahhaf [10]

6 Kesler and Lee [4] Riazi and Alsahhaf [10] 17 Riazi and Daubert [8] Edmister [2]

7 Kesler and Lee [4] Edmister [2] 18 Magoulas and Tassious [9] Magoulas and Tassious [9]

8 Riazi and Daubert [6] Riazi and Alsahhaf [10] 19 Magoulas and Tassious [9] Riazi and Alsahhaf [10]

9 Riazi and Daubert [6] Edmister [2] 20 Magoulas and Tassious [9] Edmister [2]

10 Sim and Daubert [13] Riazi and Alsahhaf [10] 21 Sancet [12] Riazi and Alsahhaf [10]

11 Sim and Daubert [13] Edmister [2] 22 Sancet [12] Edmister [2]

Table 7. Sets used to characterize the properties of heavy oil fractions.
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Component Mole fraction (%) Component Mole fraction (%) Component Mole fraction (%)

N2 0.390 nC5 2.150 C13 1.590

CO2 0.300 C6 2.790 C14 1220

C1 40.200 C7 4.280 C15 1.250

C2 7.610 C8 4.310 C16 1.000

C3 7.950 C9 3.080 C17 0.990

iC4 1.190 C10 2.470 C18 0.920

nC4 4.080 C11 1.910 C19 0.600

iC5 1.390 C12 1.690 C20+ 6.640

Table 8. Fluid A composition [14].

Component Mole fraction (%) Component Mole fraction (%) Component Mole fraction (%)

H2S 0.383 iC5 1.937 C12 0.02285

N2 0.450 nC5 2.505 C13 2.364

CO2 2.070 C6 3.351 C15 1.752

C1 26.576 C7 4.311 C16 1.589

C2 7.894 C8 4.133 C17 1.492

C3 6.730 C9 0.03051 C18 1.263

iC4 1.485 C10 0.02033 C19 0.812

nC4 3.899 C11 0.02635 C20+ 12.962

Table 9. Fluid B composition [14].

Set Average Bo

(%)
Average Rs

(%)
Average ro
(%)

Average Bg

(%)
Average Zg

(%)
Average γg

(%)
Average Pb

(%)
Total deviation
(%)

1 1.98 5.64 6.00 2.33 2.55 1.74 11.07 31.31

2 2.75 9.69 7.87 2.04 2.08 1.04 22.43 47.91

3 5.21 15.60 23.08 1.72 1.14 1.40 38.58 86.74

4 7.36 15.89 18.63 2.53 2.79 1.71 8.83 57.73

5 2.06 6.88 6.48 2.25 2.42 1.54 14.90 36.51

6 2.01 6.08 6.13 2.29 2.48 1.53 12.61 33.13

7 2.42 8.42 7.20 2.13 2.22 1.23 19.27 42.88

8 5.97 11.28 15.58 2.08 2.09 0.40 16.98 54.38

9 5.12 9.58 15.81 2.18 2.22 0.74 18.37 54.04
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Set Average Bo
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(%)
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(%)

Average Bg

(%)
Average Zg

(%)
Average γg

(%)
Average Pb

(%)
Total deviation
(%)

1 1.98 5.64 6.00 2.33 2.55 1.74 11.07 31.31

2 2.75 9.69 7.87 2.04 2.08 1.04 22.43 47.91

3 5.21 15.60 23.08 1.72 1.14 1.40 38.58 86.74

4 7.36 15.89 18.63 2.53 2.79 1.71 8.83 57.73

5 2.06 6.88 6.48 2.25 2.42 1.54 14.90 36.51

6 2.01 6.08 6.13 2.29 2.48 1.53 12.61 33.13

7 2.42 8.42 7.20 2.13 2.22 1.23 19.27 42.88

8 5.97 11.28 15.58 2.08 2.09 0.40 16.98 54.38

9 5.12 9.58 15.81 2.18 2.22 0.74 18.37 54.04

Evaluation of Different Correlation Performance for the Calculation of the Critical Properties and Acentric…
http://dx.doi.org/10.5772/intechopen.71166

107



Set Average Bo

(%)
Average Rs

(%)
Average ro
(%)

Average Bg

(%)
Average Zg

(%)
Average γg

(%)
Average Pb

(%)
Total deviation
(%)

10 1.15 7.33 2.48 2.67 2.98 2.36 6.90 25.88

11 1.73 9.08 3.53 2.31 2.48 1.69 13.84 34.67

12 1.96 3.95 3.64 2.52 2.79 1.45 7.32 23.61

13 2.25 9.06 5.48 2.19 2.31 1.31 18.88 41.48

14 2.67 4.24 4.69 2.42 2.63 0.83 8.54 26.01

15 2.84 9.83 7.23 1.89 1.77 0.59 23.75 47.91

16 5.75 14.71 23.21 1.84 1.65 0.86 29.23 77.24

17 6.96 21.15 27.12 1.18 1.32 1.36 25.00 84.08

18 3.20 11.82 8.44 1.88 1.78 1.10 27.97 56.20

19 1.75 6.04 5.57 2.40 2.64 2.24 11.90 32.54

20 2.55 8.99 6.99 2.04 2.10 1.09 20.77 44.52

21 4.53 13.00 20.59 1.91 1.73 0.79 30.85 73.39

22 4.63 13.49 20.85 1.83 1.64 0.73 32.29 75.46

Table 10. Deviations between measured and calculated properties for fluid A.

Set Average Bo (%) Average Rs (%) Average ro (%) Average Zg (%) Average Pb (%) Total deviation (%)

1 0.56 10.87 5.17 2.65 0.56 19.80

2 1.73 8.50 7.18 3.14 17.86 38.41

3 3.52 26.85 28.74 3.60 38.09 100.80

4 3.41 29.22 27.19 3.29 28.32 91.42

5 1.30 8.00 3.60 2.74 5.44 21.07

6 0.59 9.16 2.82 2.60 3.54 18.70

7 1.80 7.39 4.28 2.92 11.61 27.99

8 4.42 28.11 19.98 3.23 11.99 67.73

9 3.64 26.31 20.31 3.18 15.25 68.69

10 0.53 10.68 4.32 2.58 6.35 24.47

11 2.21 5.79 1.54 2.83 7.63 20.00

12 0.97 7.90 2.04 2.50 21.16 34.57

13 2.95 4.92 0.81 2.76 7.61 19.04

14 0.81 8.78 1.61 2.71 16.27 30.18

15 3.51 6.76 2.18 3.27 17.56 33.28
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Set Average Bo (%) Average Rs (%) Average ro (%) Average Zg (%) Average Pb (%) Total deviation (%)

16 4.24 31.31 28.49 3.31 27.69 95.04

17 4.69 25.44 32.52 3.40 49.36 115.40

18 2.17 9.25 10.62 3.09 24.93 50.05

19 0.82 12.16 7.85 2.60 2.57 25.99

20 1.95 9.84 10.62 3.19 25.10 50.71

21 3.02 26.67 26.45 3.43 32.53 92.10

22 3.16 26.63 26.78 3.48 34.50 94.55

Table 11. Deviations between measured and calculated properties for fluid B.

Fluid Set Pc and Tc ω

Fluid A 12 Twu [7] Riazi and Alsahhaf [10]

Fluid B 6 Kesler and Lee [4] Riazi and Alsahhaf [10]

Table 12. Best correlations for the critical properties and the acentric factor.

Figure 1. Fluid A—oil formation-volume-factor.
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Set Average Bo

(%)
Average Rs

(%)
Average ro
(%)

Average Bg

(%)
Average Zg

(%)
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(%)
Average Pb

(%)
Total deviation
(%)
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11 2.21 5.79 1.54 2.83 7.63 20.00

12 0.97 7.90 2.04 2.50 21.16 34.57

13 2.95 4.92 0.81 2.76 7.61 19.04

14 0.81 8.78 1.61 2.71 16.27 30.18

15 3.51 6.76 2.18 3.27 17.56 33.28

Recent Insights in Petroleum Science and Engineering108
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Fluid Set Pc and Tc ω

Fluid A 12 Twu [7] Riazi and Alsahhaf [10]

Fluid B 6 Kesler and Lee [4] Riazi and Alsahhaf [10]

Table 12. Best correlations for the critical properties and the acentric factor.

Figure 1. Fluid A—oil formation-volume-factor.
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Figure 2. Fluid A—solubility ratio.

Figure 3. Fluid A—oil density.
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Figure 4. Fluid A—gas formation-volume-factor.

Figure 5. Fluid A—gas compressibility factor.
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Figure 2. Fluid A—solubility ratio.

Figure 3. Fluid A—oil density.

Recent Insights in Petroleum Science and Engineering110

Figure 4. Fluid A—gas formation-volume-factor.

Figure 5. Fluid A—gas compressibility factor.
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Figure 6. Fluid A—gas specific gravity.

Figure 7. Fluid B—oil formation-volume-factor.

Recent Insights in Petroleum Science and Engineering112

Figure 8. Fluid B—solubility ratio.

Figure 9. Fluid B—oil density.
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Figure 6. Fluid A—gas specific gravity.

Figure 7. Fluid B—oil formation-volume-factor.
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Figure 8. Fluid B—solubility ratio.

Figure 9. Fluid B—oil density.
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4. Conclusions

Overall, 22 sets of correlations to calculate the critical properties and acentric factors of heavy
oil fractions were tested in order to simulate a PVT experiment of two reservoir fluids. The
results obtained from the simulation were compared with experimental laboratory PVT data.
The Twu [7] correlation showed the best performance for one case, while the Kesler and Lee [4]
correlation led to better results for the other fluid. In both cases, the Riazi and Alsahhaf [10]
correlation was used to calculate the acentric factor. These results show the importance of
evaluating the correlations for each reservoir fluid since no model for the critical properties
and acentric factor calculations can be applied in any case.

Nomenclature

Bg: gas formation volume factor [m3/sm3]

Bo: oil formation volume factor [m3/sm3]

Kw: Watson’s characterization factor

M: molecular weight

Pb: bubble point pressure [psia]

Pc: critical pressure [psia]

Tb: normal boiling temperature [˚R]

Tc: critical temperature [˚R]

Figure 10. Fluid B—gas compressibility factor.
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Rs: solubility ratio [m3/sm3]

Zg: gas compressibility factor

Vc: critical volume [ft3/lbmol]

ω: acentric factor

ro: oil density [g/cm3]

γg: gas specific gravity
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4. Conclusions

Overall, 22 sets of correlations to calculate the critical properties and acentric factors of heavy
oil fractions were tested in order to simulate a PVT experiment of two reservoir fluids. The
results obtained from the simulation were compared with experimental laboratory PVT data.
The Twu [7] correlation showed the best performance for one case, while the Kesler and Lee [4]
correlation led to better results for the other fluid. In both cases, the Riazi and Alsahhaf [10]
correlation was used to calculate the acentric factor. These results show the importance of
evaluating the correlations for each reservoir fluid since no model for the critical properties
and acentric factor calculations can be applied in any case.

Nomenclature

Bg: gas formation volume factor [m3/sm3]

Bo: oil formation volume factor [m3/sm3]

Kw: Watson’s characterization factor

M: molecular weight

Pb: bubble point pressure [psia]

Pc: critical pressure [psia]

Tb: normal boiling temperature [˚R]

Tc: critical temperature [˚R]

Figure 10. Fluid B—gas compressibility factor.
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Rs: solubility ratio [m3/sm3]

Zg: gas compressibility factor

Vc: critical volume [ft3/lbmol]

ω: acentric factor

ro: oil density [g/cm3]

γg: gas specific gravity
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1. Introduction

1.1. General aspects of crude oil

The name crude oil is used for naturally occurring and unprocessed petroleum. Crude oils are 
mixtures of many componentes, hydrocarbons (mostly alkanes, cycloalkanes, and aromatics) 
and other organic compounds containing nitrogen, oxygen, sulfur, and traces of metals [1].

Traditionally, these compounds are classified in several complex groups. The most popular 
is the method of separation into four groups: saturates, aromatics, resins, and asphaltenes 
(SARA) [2].

In refineries, one of the main criteria for control process is the content of asphaltene. Table 1 
shows the composition differences normally found in conventional oils, heavy oils, and 
residues.

1.2. Importance of the characterization of crude oil and asphaltenes

Asphaltenes are petroleum hydrocarbons with extremely complex molecular structure con-
taining sulfur (0.3–10.3%), oxygen (0.3–4.8%), nitrogen (0.6–3.3%), and metal elements such as 
Fe, Ni, and V in small quantities [4, 5].

The association of metal porphyrins with asphaltenes is probably the reason behind the 
great difficulty in extracting or separating metal porphyrins from oil or waste oil. Metal 
porphyrins entrapment by asphaltenes was predicted long ago when the presence of free 
radicals in asphaltenes was discussed [6]. The porphyrins carry nickel and vanadium in the 
same proportions as established in the depositional environment. During generation and 
migration, these porphyrin structures are incorporated into the crude oil and carried along 
to the reservoir, preserving this information about the proportions of nickel and vanadium 
in the source rock. The nickel and vanadium content are also important in establishing a 
value for the oil. Nickel and vanadium will poison catalysts during the refining process. As 
such, high concentrations of nickel and vanadium in crude oil will reduce the market value 
of the oil [7].

On the other hand, the aromatic moiety, through π-π* and dipole interactions, was thought to be 
one of the dominant contributors to asphaltenes self-association. Hence, proper characterization 

Sample Typical composition range (wt%)

Asphaltene Resin Oil fraction1

Conventional oil <0.1–12 3–22 67–97

Heavy oil 11–45 14–39 24–64

Residue 11–29 29–39 <39

1Correspondent to the fraction composed of saturate and aromatic.

Table 1. Composition for conventional oil, heavy oil and residue (Adapted from Speight Ref. [3]).
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of the asphaltene molecular structure and its aromaticity is fundamental in understanding the 
self-association phenomenon [8].

The compositional analysis of crude oils provides important information that impacts petro-
leum exploitation at every step along the value chain, from exploration through production, 
transportation, and refining. In upstream operations, geochemical inversion of crude oil to 
the provenance of petroleum is invaluable in petroleum system analysis, especially where 
source-bed information may be difficult or impossible to obtain during exploration. In reser-
voir management, crude oil composition is essential for fluid correlation and the construction 
of functional, effective static reservoir models [9].

Heavy oils usually display a greater content of asphaltenes and resins than conventional oils, 
which directly impacts recovery, transport and refining processes. Colloidal properties of 
asphaltenes and resins have been the subject of intense debate in the literature [10].

In refineries, some issues include the reduction of the overall rates of hydrotreating reactions, 
deactivation of catalysts form surface deposition, and increased coke formation (asphaltenes 
are a coke precursor). In general, asphaltene precipitation limits the ultimate level of con-
version. From this operational definition, asphaltenes are anticipated as a group of complex 
compounds, which are highly polydispersed and cannot be absolutely prescribed by some 
simple physicochemical parameters. There are fewer large aggregates and narrower distribu-
tions once asphaltenes are in infinitely diluted systems of higher temperatures and better sol-
vents; however, they still exhibit a real polydispersity. The average molecular weight (MW) is 
not necessarily a good parameter to characterize asphaltenes, simply because asphaltenes are 
defined through their solubility in aliphatic hydrocarbons [11]. Asphaltenes, usually derived 
either from coal or from petroleum vacuum distillation residues, are wide spread, and a class of 
compounds that are by their solubility, insoluble in n-heptane, and soluble in toluene [12, 13].

1.3. Types of characterizations for crude oil and asphaltenes

Depending on the origin of the crude oil from which they are precipitated, asphaltenes can 
exhibit wide differences in composition and structure. The amount and length of the alkyl 
side chains as well as the number of aromatic rings may change in such a way that the varia-
tions of molecular weight and aromaticity factor of asphaltenes are notorious [14].

Crude oil is a complex mixture of compounds difficult to characterize using optical methods 
because of its dark color. Ultraviolet-visible (UV-vis) spectroscopy is simple, practical, and 
inexpensive. It allows the characterization of crude oil through dilution in solvents like cyclo-
hexane. Recently, a study was conducted on the development of a spectroscopic method for 
the quantification of functional groups characteristic of asphaltenes, making direct quantifica-
tion from oil a simple and practical method [15]. The strongest absorption of metal porphyrin 
occurs in the vicinity of 425 nm and is called Soret band [16]. In addition to the well-defined 
amounts of energy to increase its vibrational and rotational moiety, a molecule can also 
absorb some energy to increase the excitation of its electrons. The energy changes involved 
are considerably greater than those involved in vibrational and rotational energy changes and 
correspond to radiation in the ultraviolet (200–400 nm) and visible (400–750 nm) regions [17].
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Traditionally, these compounds are classified in several complex groups. The most popular 
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taining sulfur (0.3–10.3%), oxygen (0.3–4.8%), nitrogen (0.6–3.3%), and metal elements such as 
Fe, Ni, and V in small quantities [4, 5].
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of the asphaltene molecular structure and its aromaticity is fundamental in understanding the 
self-association phenomenon [8].

The compositional analysis of crude oils provides important information that impacts petro-
leum exploitation at every step along the value chain, from exploration through production, 
transportation, and refining. In upstream operations, geochemical inversion of crude oil to 
the provenance of petroleum is invaluable in petroleum system analysis, especially where 
source-bed information may be difficult or impossible to obtain during exploration. In reser-
voir management, crude oil composition is essential for fluid correlation and the construction 
of functional, effective static reservoir models [9].

Heavy oils usually display a greater content of asphaltenes and resins than conventional oils, 
which directly impacts recovery, transport and refining processes. Colloidal properties of 
asphaltenes and resins have been the subject of intense debate in the literature [10].

In refineries, some issues include the reduction of the overall rates of hydrotreating reactions, 
deactivation of catalysts form surface deposition, and increased coke formation (asphaltenes 
are a coke precursor). In general, asphaltene precipitation limits the ultimate level of con-
version. From this operational definition, asphaltenes are anticipated as a group of complex 
compounds, which are highly polydispersed and cannot be absolutely prescribed by some 
simple physicochemical parameters. There are fewer large aggregates and narrower distribu-
tions once asphaltenes are in infinitely diluted systems of higher temperatures and better sol-
vents; however, they still exhibit a real polydispersity. The average molecular weight (MW) is 
not necessarily a good parameter to characterize asphaltenes, simply because asphaltenes are 
defined through their solubility in aliphatic hydrocarbons [11]. Asphaltenes, usually derived 
either from coal or from petroleum vacuum distillation residues, are wide spread, and a class of 
compounds that are by their solubility, insoluble in n-heptane, and soluble in toluene [12, 13].

1.3. Types of characterizations for crude oil and asphaltenes

Depending on the origin of the crude oil from which they are precipitated, asphaltenes can 
exhibit wide differences in composition and structure. The amount and length of the alkyl 
side chains as well as the number of aromatic rings may change in such a way that the varia-
tions of molecular weight and aromaticity factor of asphaltenes are notorious [14].

Crude oil is a complex mixture of compounds difficult to characterize using optical methods 
because of its dark color. Ultraviolet-visible (UV-vis) spectroscopy is simple, practical, and 
inexpensive. It allows the characterization of crude oil through dilution in solvents like cyclo-
hexane. Recently, a study was conducted on the development of a spectroscopic method for 
the quantification of functional groups characteristic of asphaltenes, making direct quantifica-
tion from oil a simple and practical method [15]. The strongest absorption of metal porphyrin 
occurs in the vicinity of 425 nm and is called Soret band [16]. In addition to the well-defined 
amounts of energy to increase its vibrational and rotational moiety, a molecule can also 
absorb some energy to increase the excitation of its electrons. The energy changes involved 
are considerably greater than those involved in vibrational and rotational energy changes and 
correspond to radiation in the ultraviolet (200–400 nm) and visible (400–750 nm) regions [17].
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Other research about combustion characterization and kinetics of four different origin crude 
oil samples was determined using thermogravimetry-differential thermal analysis (TGA-
DTA) and thermogravimetry-Fourier transform infrared (TGA-FTIR) and thermogravimetry-
mass spectrophotometry (TGA-MS) techniques [18].

Four crude oil samples from the oil fields Intisar A, Intisar D, and Intisar E (Sirte Basin, Libya) 
were investigated in order to define depositional environment, lithology, thermal maturity, 
and geologic age of the corresponding source rocks. Saturated biomarkers (n-alkanes, isopren-
oids, steranes, and triterpanes) were determined using gas chromatography-mass spectrom-
etry (GC-MS) and gas chromatography-mass spectrometry-mass spectrometry (GC-MS-MS). 
Aromatic hydrocarbons (phenanthrene, methylphenanthrenes, methyl dibenzothiophenes, 
and trimethyl naphtalenes) were analyzed by GC-MS [19].

***A large amount of research is currently oriented to the study of asphaltene aggregation in 
different solvents [20]. The aggregation of asphaltene solutions in toluene was investigated. 
The particle diameter grows with increasing concentrations of asphaltene, and the increase 
rate varies with asphaltene concentration. This trend proves the presence of interactions that 
promote the formation of aggregates. With increasing concentration of asphaltene the forma-
tion of small particles is no longer dominant since, at higher concentrations, strong attractive 
interactions from small particles may cause the formation of larger particles [21].

Most research has been focused on native asphaltenes. Some researchers determined the 
molecular weight, density, and solubility parameter distributions of asphaltenes from thermo 
and hydrocracked oils [22]. Other researchers precipitated asphaltene fractions from heavy 
oil using a series of solvents that are similar from the thermodynamic viewpoint but are dis-
criminated by their solubility parameters [2].

Asphaltene aggregation is usually discussed by means of the appearance of flocculation, which 
is regulated by thermodynamics of phase transition and can be observed by optic and spec-
troscopic techniques. However, growth and precipitation of aggregates not only depend on 
thermodynamic parameters (e.g., concentration and temperature) but also kinetic factors [23].

Recently, a study was conducted on the development of a spectroscopic method for the quan-
tification of functional groups characteristic of asphaltenes, making direct quantification from 
oil a direct and practical method [24]. Nondiluted light and heavy crude oils and their blends 
were studied with additives of pyrolysis oil and Kemelix, both acting as asphaltene disper-
sants [25].

The classic form used to study the composition of an extremely complex mixture such as oil 
is to separate it into discrete simple fractions that can be analyzed, but the main objective of 
this work was to develop a spectroscopic method for the quantification of functional groups 
characteristic of asphaltenes, making a direct and practical method for quantification from 
oil. This investigation was conducted as a comparative study of two heavy crude oil solutions 
(HC1 and HC2) and asphaltene precipitated (AHC1 and AHC2) using UV-vis spectroscopy 
and dynamic light scattering (DLS). Particle size of the aggregates was performed by scanning 
electron microscopy (SEM) and high-resolution transmission electron microscopy (TEM).
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2. Methodology

2.1. Materials

Cyclohexane with 99.9% of purify supplied by Tedia, analytical balance, OHAUS Adventurer 
Pro, AV264C model and UV-vis Spectrophotometer, model GBC Cintral 303 were used for 
the quantification of characteristic functional asphaltene groups in crude oil. A dynamic light 
scattering (DLS) Zetasizer Nano Malvern for determining the particle size and Heavy Fuel 
Formulation Classic Turbiscan and software Turbisoft Classic for analyzing crude oil migra-
tion phenomena were used.

Table 2 shows SARA fraction of HC1 and HC2 heavy crudes determined by ASTM-D2007-98 
with 18°API density, which was used in this work.

2.2. Extraction of asphaltene from heavy crude oils

Asphaltenes were precipitated by ASTM D2007-80 standard method (American Society for 
Testing and Materials [ASTM], 1983).

2.3. UV-visible spectroscopy analysis of the crude-solvent solutions

Beginning with a standard 100 mg L−1 solution of crude in cyclohexane, dilutions of 10–100 mg L−1 
were prepared. Successively and in triplicate, each dilution was analyzed on a UV-vis spec-
trophometer to obtain the different absorbance (A) signals vs wavelength (λ), in the range of 
200–450 nm. The information was graphed to obtain an absorbance vs concentration curve, the 
equation of a straight line and the value of the coefficient of determination (R2). For each con-
centration, the highest absorbance peak was sought, which was important for the calibration 
curves.

2.4. UV-visible spectroscopy analysis of the asphaltenes-solvent solutions

Based on a standard solution of 100 mg L−1 asphaltenes in cyclohexane, solutions 10–100 mg L−1 
were prepared. Successively and in triplicate, each solution was analyzed on a UV-vis spec-
trophotometer for the different absorbance signals (A) versus wavelength (λ), in the range of 
200–600 nm. The obtained data were plotted to graph a curve to show variations of absorbance 

SARA fraction HC1 HC2

Saturated 21.66 23.69

Aromatic 30.57 38.74

Resins 24.35 14.06

Asphaltenes 23.41 23.51

Table 2. SARA fraction in weight % of the analyzed crude oils.
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electron microscopy (SEM) and high-resolution transmission electron microscopy (TEM).
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2. Methodology

2.1. Materials
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2.3. UV-visible spectroscopy analysis of the crude-solvent solutions

Beginning with a standard 100 mg L−1 solution of crude in cyclohexane, dilutions of 10–100 mg L−1 
were prepared. Successively and in triplicate, each dilution was analyzed on a UV-vis spec-
trophometer to obtain the different absorbance (A) signals vs wavelength (λ), in the range of 
200–450 nm. The information was graphed to obtain an absorbance vs concentration curve, the 
equation of a straight line and the value of the coefficient of determination (R2). For each con-
centration, the highest absorbance peak was sought, which was important for the calibration 
curves.

2.4. UV-visible spectroscopy analysis of the asphaltenes-solvent solutions

Based on a standard solution of 100 mg L−1 asphaltenes in cyclohexane, solutions 10–100 mg L−1 
were prepared. Successively and in triplicate, each solution was analyzed on a UV-vis spec-
trophotometer for the different absorbance signals (A) versus wavelength (λ), in the range of 
200–600 nm. The obtained data were plotted to graph a curve to show variations of absorbance 

SARA fraction HC1 HC2

Saturated 21.66 23.69

Aromatic 30.57 38.74

Resins 24.35 14.06

Asphaltenes 23.41 23.51

Table 2. SARA fraction in weight % of the analyzed crude oils.
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versus concentration. The equation of a line was determined, and the coefficient of determina-
tion (R2) was established. For each concentration, the highest absorbance peak was sought, 
which was important for the calibration curves.

2.5. Dynamic light scattering analysis (DLS) of crude oils and precipitated asphaltenes 
solutions

DLS analysis was conducted to determine the state of aggregation and stability of crude oil 
and asphaltenes in cyclohexane from a standard solution of 100 mg L−1, performing triplicate 
measurements. For both solutions, ultrasonic vibration was applied for 20 min.

2.6. Crude oils migration phenomena analysis

Migration phenomena in crude oil were determined by measuring the variation of the trans-
mittance versus the height of the signal for each sample. These measurements were carried 
out as a function of time, as the mechanism of this instrument is to take readings of transmit-
ted and backscattered light at a maximum sample height of 80 mm. This scan can be repeated 
with a programmable frequency to obtain a macroscopic fingerprint of the sample. It was a 
2-h analysis (12 scans at intervals of 5 min) and then, 1 min each 24 h for a period of 30 days. 
Experiments were performed at room temperature (~25°C).

2.7. Scanning electron microscopy and energy dispersive X-ray spectroscopy

Microstructure and surface elemental characterization of asphaltenes were performed 
through scanning electron microscopy (SEM) by using a JEOL JSM 6390-LV. Samples were 
dispersed and adhered to a double-sided graphite tape placed over a brass sample holder.

2.8. High-resolution transmission electron microscopy

The shape and size of asphaltene nanoparticles were examined through high-resolution trans-
mission electron microscopy (HTEM) by using a JEOL JEM-2200FS equipment. Asphaltenes 
suspensions in ethanol were prepared by applying 5 min of ultrasonication, and one drop of 
each solution was placed on the grid and left to dry for 10 min with an incandescent light lamp.

3. Results and discussion

3.1. UV-vis spectroscopy analysis of crude-solvent and asphaltene-solvent solutions

By using UV-vis spectroscopy, the analyses of crude-solvent and asphaltene-solvent solu-
tions were possible. Calibration curves were constructed for both solutions. In approximately 
120 min of UV-vis spectroscopy analysis, no significant changes were detected.

Figures 1 and 2 show the wavelength versus absorbance plot for crude-solvent solutions in 
cyclohexane, varying their concentration from 10 to 70 mg L−1 for HC1 and HC2 oils. In the oper-
ating UV-vis region of the test, three signals were observed and identified: at  approximately 
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Figure 1. UV spectrum for HCl oil solutions, at different concentrations (decreasing order from 70 to 10 mg L-1).

Figure 2. UV spectrum for HC2 oil solutions, at different concentrations (decreasing order from 100 to 10 mg L-1).
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ating UV-vis region of the test, three signals were observed and identified: at  approximately 
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Figure 1. UV spectrum for HCl oil solutions, at different concentrations (decreasing order from 70 to 10 mg L-1).

Figure 2. UV spectrum for HC2 oil solutions, at different concentrations (decreasing order from 100 to 10 mg L-1).
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230 nm, the signal corresponding to benzenic compounds; at 260 nm, the one of naphthenic 
compounds; and at 410 nm, the Soret band, showing information of metal porphyrin com-
pounds [26–30] for HC1 oil and only the first two for HC2 oil. It was noticed that, as the oil con-
centration in the solutions decreased, the intensity of the three signals did the same, as effect 
of concentration for both crudes. Nevertheless, maximum absorbance signals could not be 
detected neither above 70 mg L−1 concentrations for HC1 oil due to noise nor below 10 mg L−1 
because of the low concentration of HC1 oil, which precludes the detection of species by this 
technique [26].

Due to a smaller amount of resins in the HC2 oil composition, it was possible to display sig-
nals from 100 mg L−1. For HC2 oil solutions above the concentration of 100 mg L−1, it was not 
possible to detect signals due to the presence of noise. Below the concentration of 10 mg L−1, 
no signs were present.

Figures 3 and 4 show the absorbance versus concentration graph for asphaltene solutions 
(AHC1 and AHC2), varying the concentration from 10 to 100 mg L−1.

For AHC1 (Figure 3), three signals were detected: the one attributed to benzenic compounds 
at 235 nm, naphtenic compounds at 262 nm, and the Soret band at 410 nm, which corre-
sponds to metal porphyrins present in asphaltene solutions [26, 30, 31]. For AHC2 solutions 
(Figure 4), only the two signals were detected at 235 and 262 nm. With this information, 
calibration curves for each compound and their respective linear equations were calculated.

Figure 3. UV spectrum for AHC1 solutions, at different concentrations (decreasing order from 100 to 10 mg L-1).
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For concentrations under 50 mg L−1 of AHC1 solutions, no Soret band was found, and simi-
larly, no signals were detected for samples prepared at concentrations below 10 mg L−1, due 
to the low concentration of asphaltenes; therefore, it was not possible to detect species by 
this method. As mentioned earlier, signal detection was impossible for HC1 oil solutions at 
concentrations exceeding 70 mg L−1; however, for asphaltene solutions, the three signals were 
found, even above those concentrations. This phenomenon is attributed to the fact that crude 
is a complex mixture of various compounds including saturates, asphaltenes, resins, and aro-
matics, and as the saturation of a crude solution increases, noise becomes more evident in the 
spectrum, hindering the signal recognition. It was also observed that the amplitude of the 
maximum absorbance signals for crude solutions was more intense compared to absorbance 
maximum for asphaltene solutions. That is to say, higher absorbance maximum was observed 
when working with whole crude, because of the overlapping of individual absorbances, cor-
responding to many of the different components of crude. That complex composition includes 
the saturate fraction, which is nonpolar and is composed of linear alkanes, branched alkanes, 
and cycloalkanes [30]. The saturates tend to absorb strongly in the deep UV region, with 
high-frequency electronic transitions, as their electrons are tightly bound and require more 
incident energy to be excited. Meanwhile, aromatic hydrocarbons form structures of one or 
more rings, where multiring structures are often referred to as polycyclic aromatic hydro-
carbons. Similar to saturates, a redshift is noted as complexity increases, and more rings are 

Figure 4. UV spectrum for AHC2 solutions, at different concentrations (decreasing order from 100 to 20 mg L-1).
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added to the molecule [32, 33]. Bathochromic shift exists in signals of benzenic and naphtenic 
compounds for both asphaltene solutions at longer wavelengths because of more interactions 
between asphaltenes caused by the absence of resins.

It was possible to obtain signals at the concentration of 100 mg L−1 for AHC2 solutions. For 
concentrations below 20 mg L−1, it was not possible to detect signals.

Figure 5(a) and (b) show the calibration curves of HC1 and HC2 oil solutions, respectively. 
Coefficient values for each compound are presented, since little dispersion of data was found. 
The HC1 oil solutions at concentration of 40 mg L−1 and HC2 oil solutions at concentration of 
60 mg L−1 appear to be slightly deviated, which can be attributed to the presence of aromatics 
that favor aggregation in crude.

Figure 6(a) and (b) show the calibration curves of asphaltene solutions for HC1 and HC2, 
respectively. Coefficient values for each compound are presented. No dispersion of data was 
found.

3.2. Study of aggregate dispersion in crude and asphaltene solutions

DLS analysis was carried out in order to evaluate the average size of crude and asphaltene 
solutions in cyclohexane over time. Figure 7(a) shows the behavior of average size particles 
(ZAV) over time (t) for HC1 oil solutions in cyclohexane at 100 mg L−1. ZAV was plotted from 
t = 0 min, when the particle size was 51.16 nm, to t = 100 min, when the average aggregate size 
showed an increase to 72.27 nm. In general, this behavior corroborates the instability of the 
unfractionated HC1 oil, although that its components coexist in equilibrium, which permits 
to perform analyses with good and reproducible results. Recently, a study was conducted to 
evaluate the aggregation state of Mexican crude oil solutions from two different sources and 
SARA compositions, by using dynamic light scattering (DLS) [34].

Figure 7(b) shows ZAV (nm) behavior of HC2 oil solutions versus time. During the first 40 
min, there was a ZAV increase from 173.16 to 542 nm. After 40 min, ZAV stabilized in the range 

Figure 5. Calibration curves for benzenic, naphthenic and petroporphyrinic compounds in heavy crude oil solutions. 
(a) HC1 and (b) HC2.
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of 563–624 nm. Molecules of the asphaltene fraction are dispersed in crude oil as stabilized 
colloids, and they can form aggregates by steric effect according to their sizes, polar charac-
teristics, and solvent polarity [35].

The solutions of HC2 oil showed bigger size of aggregates in comparison with the solutions of 
HC1 oil, due to a smaller amount of resins present in the HC2 oil as confirmed by SEM. Banda 
et al. [34] studied different crude oil concentrations by using DLS. Results indicate that the 
aggregation state of the studied solutions is influenced by crude oil composition, specifically by 
the amount of resins. The resins are less soluble in n-alkanes than in cyclohexane and therefore 
are more likely to interact with asphaltenes to keep them in the form of small aggregates [5].

In the case of asphaltene solutions for both oils, the average aggregate size changed so rapidly 
that it was impossible to determine it. The aggregate size instability of asphaltenic solutions is 
a result of the absence of resins, which are known to favor stability [1, 37]. Therefore, the aver-
age aggregate size was no longer uniform, and unlike the behavior observed in unfractionated 
crude oil, the values corresponding to asphaltene solutions did not fit any tendency [1, 25–38].

Figure 6. Calibration curves for benzenic, naphthenic and petroporphyrinic compounds in asphaltene solutions. 
(a) AHC1 and (b) AHC2.

Figure 7. The average aggregate size (ZAV) over time for (a) HC1 and (b) HC2 oil solutions.
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of 563–624 nm. Molecules of the asphaltene fraction are dispersed in crude oil as stabilized 
colloids, and they can form aggregates by steric effect according to their sizes, polar charac-
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3.3. Scanning electron microscopy (SEM)

Figure 8(a) and (b) shows a SEM micrograph of AHC1 asphaltenes. In the figures, a slightly 
porous surface can be observed. It is possible to appreciate agglomerates of various shapes 
and sizes. The larger agglomerates correspond to asphaltenes. At the top of the Figure 8(a), 
large agglomerate of asphaltene is presented with lamellar morphology. On the surface, 
smaller agglomerates with smooth surface that correspond to resins can be noted.

Figure 8(c) and (d) shows a SEM micrograph of AHC2 asphaltenes, where a surface with 
lower precipitation degree is presented. SEM micrographs show stacked sheets of asphaltenes 
over the surface.

Two types of asphaltenes extracted from crude oil of different sources and SARA compo-
sitions were studied, by using SEM and HTEM. Significant differences in morphology and 
aggregate size for each type of asphaltene were noted. Results from these techniques reveal 
particulated low-porosity smooth surfaces due to the presence of resin, as well as the deter-
mination of the characteristic elements found in asphaltenes [34].

3.4. High-resolution transmission electron microscopy (HTEM)

Figure 9(a) and (b) shows AHC1 crude oil asphaltenes HTEM micrographs. The presence of 
asphaltene aggregates is constituted by nanometric particles. The presence of agglomerates of 
various sizes and shapes is found. Differences in image contrast are probably because of mate-

Figure 8. Morphology of (a and b) AHC1 and (c and d) AHC2 crude oil asphaltenes.
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rial superposition for both images [39]. Figure 9(a) shows the grid of Cu/C with the sample. 
Agglomerates of approximately 1000 nm in size are presented. At the top of Figure 9(b), lay-
ered structures are presented. In the center of micrograph, agglomerates with regular edges 
and approximately 500 nm sizes are found. At the bottom of the figure, there are agglomerates 
greater than 100 nm size.

Figure 9(c) and (d) shows AHC2 crude oil asphaltenes HTEM micrographs. Figure 9(c) proves 
the existence of crystalline zones in AHC2 asphaltene particles. Reticular stripes appear 
at the bottom of the image, indicating the nanocrystalline limits of the stacked layers [13]. 
Figure 9(d) shows the aggregates are constituted by nanometric particles. The presence of 
lamellar morphology is observed. There are stacked sheets at the top of the image, and there 
are agglomerates of approximately 200 nm. In the center of the micrograph, agglomerates 
are observed with a lamellar morphology and approximately 300 nm size. HTEM indicated 
the presence of asphaltene aggregates constituted by nanometric particles and asphaltene 
stacking as well as ultrafine nanocrystalline-oriented structures. Dark zone at the bottom of 
micrograph shows asphaltene stacking. The jagged surfaces along the edge of the structure 
correspond to nanocrystal-oriented structures.

Figure 9. Morphology of AHC1 (a and b) and AHC2 (c and d) crude oil asphaltenes.
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3.3. Analysis of migration phenomenon in heavy crude oil

Furthermore, in Figure 10, the graph of percent transmittance versus cell length for stability 
assessment and crude oils separate fronts of this study is presented. Generally and conclu-
sively, both crude oils were very stable. There was no change of percent transmittance (>8%) 
within 30 days of analysis. No phenomena of measurable migration (separation, flocculation, 
coalescence, or sedimentation) were observed [36, 40]. To confirm the results yielded by the 
Turbiscan instrument, the migration speed of the agglomerates of HC1 was determined to be 
3.69 × 10−6 mm min−1 and for HC2 of 8.683 × 10−7 mm min−1 (Table 3).

Low values of migration velocity and high sample stability were observed in Figure 10, which 
allow us to establish that the oils are stable over a wide range of time (there is no separation of 
components, mainly resins and asphaltenes). Studies conducted by the working group have 
shown that the rates of sedimentation of asphaltenes of various Mexican crudes in toluene 
and n-heptane are of the order of 5.94 × 10−2 mm min−1. These studies showed monodispersion 
and stability, because the asphaltenes tend to form large aggregates quickly, which facilitates 
precipitation [27].

Recently, a study of migration rate in a period of 30 days of two crudes from different sources 
and SARA composition. For both crude oils are very stable and did not show changes in the 
percentage of transmittance during the 30 days of analysis [15].

Figure 10. Curve of percent transmittance versus cell length (mm). Stability analysis of HC1 and HC2 oils obtained from 
the Turbisoft and Migration softwares of Classic Turbiscan software.
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4. Conclusions

UV-vis spectroscopy is an important tool that can be used to characterize crude oil solutions 
and their asphaltenes fractions. Characteristic signals of benzenic, naphthenic, and Soret 
compounds, which correspond to petroporphyrins, were identified in solutions of crude oil 
and extracted asphaltenes, using UV-vis spectroscopy. Bathochromic shift exists in signals 
of benzenic and naphtenic compounds for both asphaltene solutions at longer wavelengths 
because of more interactions between asphaltenes caused by the absence of resins. It was also 
observed that the amplitude of the maximum absorbance signals for crude solutions was 
more intense compared to absorbance maximum for asphaltene solutions. Higher absorbance 
maximum were observed for whole crude, because of the overlapping of individual absor-
bances, corresponding to many of the different components of crude. Stability in solutions 
was also established under test conditions using UV-vis spectroscopy.

DLS analysis indicated a slight increase in aggregate particle size during the first 100 min for 
solutions of HC1 oil. For HC2 solutions, ZAV values were unstable during the first 80 min. The 
amount of resins present in each crude affects the aggregate size and the stability of the solu-
tions with respect to time. ZAV of asphaltene solutions changes rapidly due to the absence of 
resins for both crudes.

SEM showed a lamellar morphology in both asphaltenes. A greater quantity of resins was 
observed on the surface of AHC1. It was possible to observe differences in the morphology of 
the resins for AHC1 and AHC2. HTEM indicated the presence of asphaltene aggregates con-
stituted by nanometric particles and asphaltene stacking as well as ultrafine nanocrystalline-
oriented structures in AHC1 and AHC2.

A migration study was carried out for 30 days, indicating stability of asphaltenes in both 
crudes, backing up the results obtained in all the undertaken characterizations.
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3.3. Analysis of migration phenomenon in heavy crude oil
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Abstract

Density measurements revealed anomalies of nonideality (maxima of excess density) at 
some compositions in binary blends of light and heavy crude oils from diverse origins. 
By IR absorption measurements, density anomalies were attributed to increased contents 
of suspended asphaltene colloidal-sized particles/aggregates in the blends. By compari-
son with a database of world’s native crude oils, it was concluded that density anoma-
lies may correspond to different equilibrium structural states of asphaltene colloids that 
occur at several specific asphaltene contents, apparently common for petroleum media 
of any origin.

Keywords: crude oil blends, nonideality, excess density, volumetric shrinkage, 
asphaltene aggregates, structural transformations

1. Introduction

A common approach frequently used in the petroleum industry for either transportation or 
refining purposes is blending of heavy crude oils with lighter ones [1–5]. Therefore, studying 
the effect of blending on the physical and chemical properties of produced petroleum fluids 
has become increasingly important. It was soon realized that blends of multicomponent crude 
oils are nonideal systems, for which ideal “mixing rules” developed for binary mixtures of 
pure chemical substances [6–8] are not applicable. For example, in ideal mixtures, both mass 
and volume are additive parameters and the total volume of the binary blend Videal is equal to 
the sum of the volumes of the components:
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   V  ideal   =  V  1   +  V  2    (1)

Consequently, the density of the ideal binary blend:

   ρ  ideal   =  ρ  1    φ  1   +  ρ  2    φ  2  ,  (2)

where φ1 and φ2 are volume fractions of the components.

In binary blends of crude oils, deviations of the measured volume Vblendand density ρblend from 
the above ideal mixing rules are usually characterized [9–14] by such interrelated dimension-
less quantities as “volumetric shrinkage”:

  S =   
 V  ideal   −  V  blend   _________  V  ideal  

    (3)

and “excess density”:

   ρ  ex   =   
 ρ  blend   −  ρ  ideal   ________  ρ  ideal      (4)

where, by definition:

   ρ  ex   = S /  (1 − S)   (5)

Empirical testing of crude oil blends by a number of major oil companies has produced 
vast amounts of volumetric shrinkage and excess density data [10]. An API Measurement 
Committee correlated the data collected over several decades and in 1996 released equations, 
published in the API Manual of Petroleum Measurement Standards [15], which served as the 
accepted industry standard for over 20 years. In particular, the standard equation for volu-
metric shrinkage (in % units):

  S = 2.69 ×  10   4  C   (100 − C)    0.819    (  1 ___ dL   −   1 ___ dH  )    
2.28

   (6)

where C is the concentration, in liquid volume % of the lighter oil in the blend (i.e., C = 100 φ); 
dL and dH are the densities (in kg/m3) of lighter and heavier oil, respectively.

The authors of Eq. (6) made no attempts to account for the presence of any specific molecular 
fractions in the blended oils. Consequently, for all blends, the S(C) dependencies are similar 
dome-shaped functions peaked at C ≈ 55%, while the densities of particular oils affect only 
the magnitude of this peak. In spite of its over-simplified nature, Eq. (6) is still frequently 
employed by various research groups for approximating experimental data [9, 14, 16, 17].

More recent tendencies in discussing the measured nonideal properties of crude oil blends 
are attempts to reveal specific molecular substances responsible for nonideality. The most 
discussed nonideal petroleum constituents in crude oil blends are asphaltenes [18–27]. In par-
ticular, it was suggested that volumetric shrinkage/excess density may result from an increase 
in the equilibrium content of asphaltene colloidal aggregates dispersed in the blend, which 
occur at some specific asphaltene contents [23–27].
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In this work, we describe a study of the nonideality phenomena in three blends of native 
crude oils of diverse origin by experimental density measurements. This study is supple-
mented by IR optical absorption experiments, which provide the direct proof of the crucial 
role of asphaltene aggregation.

2. Diversity of studied native crude oils: preparation of oil blends

To ensure that the observed nonideal effects are not specific for particular crude oils, in the 
described series of experiments, we employed blends of light and heavy native crude oils col-
lected from the well heads at several Russian oilfields geographically separated by thousands 
of kilometers (cf. Table 1).

Heavy oil Light oil

Blend #1

Region Samara Volgograd

Oilfield; well # Kalmayursk.; 238 Korobkovsk.; n/a

Location 53°12′10″N; 50°08′27″E 50°19′00″N; 44°48′00″E

Density, 20°C, kg/m3 963.9 820.3

Viscosity, 20°C, cSt 3732 4.6

Asphaltenes, wt% 15.48 0.064

Resins, wt% 35.91 16.00

Paraffins, wt% 1.53 9.00

Sulfur, wt% 2.5 0.3

Metals (V + Ni), wt% 0.175 n/a

Solids, wt% 0.587 0.06

Blend #2

Region Tatarstan Yugra

Oilfield; well # Aznakayevsk.; 24,534 Pogranichn.; 43P

Location 54°32′16″N; 52°47′54″E 63°11′57″N; 75°27′02″E

Density, 20°C, kg/m3 893.2 818.3

Viscosity, 20°C, cSt 39.3 2.94

Asphaltenes, wt% 4.19 0.14

Resins, wt% 20.57 3.82

Paraffins, wt% 0.89 2.59

Sulfur, wt% 2.28 0.28

Metals (V + Ni), wt% 0.076 0.018

Solids, wt% 0.07 0.006
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Samples of blends with various oil volume fractions ϕ (determined with an accuracy Δϕ ≤ 
0.01) were prepared in 100 ml dark glass vessels. Each prepared sample was intermixed man-
ually with a glass rod and was aged at room temperature over a standard period of 3 days 
for equilibration. Before density measurements, samples were again homogenized by stirring 
with a glass rod for 2 minutes.

3. Density measurements reveal multiple “excess density” peaking in 
crude oil blends of varying compositions

Densities of all samples of Blend #1 were determined using a standard 10 ml pycnometer. In 
the studied density range of 818–964 kg/m3 (cf. Table 1), an accuracy of density measurement 
was ≤1 kg/m3. For samples of Blend #2 and Blend #3 measurements were performed in an 
oscillating U-tube densitometer (model VIP-2M, produced by TERMEX, Tomsk, Russia) with 
an accuracy of ±0.3 kg/m3. All measurements were performed at 24 ± 0.5°C.

Experimental values of “excess density” ρex were calculated according to Eq. (4) on the basis 
of the measured densities of the parent crude oils and of samples of oil blends with various 
compositions. These experimental values are shown in the graphs of Figure 1 by filled circles 
connected by straight-line segments. For comparison, continuous curves in Figure 1 illustrate 
the predictions of the standard API model in Eq. (6) converted to ρex units by Eq. (5).

Immediately evident is a strong quantitative disagreement of model predictions with experimen-
tal data (note that in Figure 1, all model data are multiplied by the factor of 10). A fundamental  

Heavy oil Light oil

Blend #3

Region Komi Yugra

Oilfield; well # Usinsk.; n/a Potochn.; 401

Location 66°10′38″N; 57°21′14″E 61°15′15″N; 75°12′44″E

Density, 20°C, kg/m3 955.3 840.8

Viscosity, 20°C, cSt 962.7 7.37

Asphaltenes, wt% 10.87 0.46

Resins, wt% 9.45 2.34

Paraffins, wt% 5.45 5.21

Sulfur, wt% 1.09 0.56

Metals (V + Ni), wt% 0.0111 0.0137

Solids, wt% 0.46 0.04

Table 1. The diverse properties of native crude oils employed in the studied blends.
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qualitative difference of the model with experimental results appears even more significant. 
Namely, as noted in Introduction, the API model predicts a single maximum of ρex, roughly at 
equal contents of light and heavy oil in any blend. In contrast, experimental data in Figure 1 
reveal multiple peaks of the measured excess density for all studied blends with diverse proper-
ties of the parent light and heavy oils.

In accordance with previous publications [23–27], we suggest that the main mechanism 
behind the observed multiple extrema of ρex, not accounted for by the standard API model, 
is an increase in the equilibrium content of asphaltene colloidal aggregates dispersed in the 
blend, which occur at some specific asphaltene contents. A direct experimental verification of 
this assumption by IR absorption measurements is described in the following section.

4. IR absorption experiments confirm close relationship of excess density 
with the content of asphaltene colloidal aggregates in crude oil blends

Infrared optical absorption spectra were measured in the 650–4000 cm−1 range with 2 cm−1 
increment using a model FT-801 FTIR Spectrometer (Simex, Novosibirsk, Russia). For conve-
nience of presentation/discussion, the values of “transmittance” T output of the instrument 
(in %) were converted to the values of “absorption” (in %) calculated as (100 − T).

Figure 1. Filled circles connected by straight-line segments—experimental values of excess density in the studied crude 
oil blends. Continuous curves—excess densities (multiplied by 10) calculated according to the standard API model.
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Figure 2 show experimental IR absorption spectra for the parent light and heavy oil compo-
nents of Blend #3 (cf. Table 1). By literature analysis, we could not reliably distinguish in these 
complex spectra any characteristic peaks representative of asphaltene colloidal aggregates.

To solve this problem, we utilized a well-known method of changing the aggregation state 
of asphaltenes by dilution of crude oils with n-heptane [28–30]. At strong dilutions (e.g., at 
the ratio of 1/40 v/v, as in the standard ASTM D 6560 method [28]), asphaltenes precipitate, 
flocculate, and fall out of a solution as solid deposits. At small dilutions, the precipitated 
asphaltenes form a conglomeration of colloidal species suspended in solution, but no solid 
deposits may be formed even in course of lengthy experiments [29, 30]. In our studies, we 
diluted the parent heavy oil, employed as a component in Blend #3, with n-heptane at the 
ratio of 1/4 (v/v). The diluted oil was stored for 2 days in quiescent conditions to ensure 
gravitational spatial segregation of asphaltene colloidal particles (no solid deposits were 
registered even at the end of this period). Samples from the lower and the upper layers 
of diluted crude oil (enriched and deficient in asphaltene colloidal particles) were then 
extracted with syringe, and the respective IR absorption spectra were measured. Specific 
contribution of asphaltene colloids to IR absorption was revealed by calculating the dif-
ference between both spectra and smoothing the difference spectrum by 11-point sliding 
data window. In the difference spectrum, as illustrated at the upper part of Figure 3, the 
most prominent group of absorption peaks above a continuous background (dashed line) 
was registered in the range of 2800–3200 cm−1, with the main absorption peak of intensity 
IA at 3041 cm−1. By literature analysis [31, 32], absorption at 3040–3050 cm−1 may be ascribed 
to excitation of the aromatic sp2═C─H stretching vibrations. Note that in various previous 
experiments, this ═C─H absorption band was regarded as one of the principal structural 
parameters of asphaltenes [33–36]. Note also that in the IR spectra of the original crude oils 
and of their blends, the discussed peak at 3041 cm−1 has a very small intensity compared to 
the main absorption bands—cf. the lower part of Figure 3.

Figure 2. IR absorption spectra of the parent light and heavy oils, employed as components of Blend #3.
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On the basis of the above arguments, we concluded that changes in the content of colloidal-
sized asphaltenes in crude oil blends with varying compositions may be characterized by 
intensity increments of the 3041 cm−1 absorption peak ΔIA (measured with respect to the IA 
value in the lighter crude oil). Figure 4 shows a good correspondence of ΔIA variations in 
Blend #3 with the measured excess density variations from Figure 1. Hence, IR experiments 
confirm the above suggestion that peaking of ρex is caused by the growth of the equilibrium 
contents of asphaltene colloidal aggregates suspended in crude oil blends. Moreover, as 
shown in the following section, maxima of excess density apparently occur at some specific 
asphaltene contents in all blends, independent of the origin of the blended crude oils.

Figure 3. Above: specific contribution to IR absorption by asphaltene colloids (cf. text). Below: the same part of absorption 
spectrum for the parent heavy crude oil.

Figure 4. Close relationship of excess density variations in crude oil Blend #3 with content of colloidal-sized asphaltenes, 
characterized by intensity increments ΔIA of the IR absorption peak at 3041 cm−1.
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IA at 3041 cm−1. By literature analysis [31, 32], absorption at 3040–3050 cm−1 may be ascribed 
to excitation of the aromatic sp2═C─H stretching vibrations. Note that in various previous 
experiments, this ═C─H absorption band was regarded as one of the principal structural 
parameters of asphaltenes [33–36]. Note also that in the IR spectra of the original crude oils 
and of their blends, the discussed peak at 3041 cm−1 has a very small intensity compared to 
the main absorption bands—cf. the lower part of Figure 3.

Figure 2. IR absorption spectra of the parent light and heavy oils, employed as components of Blend #3.
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On the basis of the above arguments, we concluded that changes in the content of colloidal-
sized asphaltenes in crude oil blends with varying compositions may be characterized by 
intensity increments of the 3041 cm−1 absorption peak ΔIA (measured with respect to the IA 
value in the lighter crude oil). Figure 4 shows a good correspondence of ΔIA variations in 
Blend #3 with the measured excess density variations from Figure 1. Hence, IR experiments 
confirm the above suggestion that peaking of ρex is caused by the growth of the equilibrium 
contents of asphaltene colloidal aggregates suspended in crude oil blends. Moreover, as 
shown in the following section, maxima of excess density apparently occur at some specific 
asphaltene contents in all blends, independent of the origin of the blended crude oils.

Figure 3. Above: specific contribution to IR absorption by asphaltene colloids (cf. text). Below: the same part of absorption 
spectrum for the parent heavy crude oil.

Figure 4. Close relationship of excess density variations in crude oil Blend #3 with content of colloidal-sized asphaltenes, 
characterized by intensity increments ΔIA of the IR absorption peak at 3041 cm−1.
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5. Density maxima in the studied crude oil blends and in the database 
of world’s native crude oils are observed at the same special asphaltene 
contents in petroleum media

Previously, we have analyzed distributions of density/specific gravity in a database of several 
hundreds world’s native crude oils from a diversity of geographical/geological locations [23]. 
Figure 5 shows the scatter plot of specific gravity (SG) versus Log of asphaltene content (CA) in 
this database (filled triangles). The analysis of these data revealed that (1) minimum values of SG 
are randomly distributed along some smooth curve and (2) distribution of maximum SG values 
is not random, and these tend to concentrate near certain asphaltene contents. To highlight these 
points, maximum and minimum values of SG in the scatter plot were evaluated in consecu-
tive equal intervals of ΔLog(CA) = 0.05 and the results were connected by continuous lines, as 
illustrated in Figure 5. It is clearly seen that anomalous peaking of specific gravity/density is 
observed in native crude oils with some particular asphaltene contents CA* listed in Table 2. 
In Ref. [23], these anomalies were attributed to different structural states (structural phases) of 
asphaltene colloids suspended in crude oils and the reliability of the values of respective asphal-
tene contents CA* was demonstrated by the analysis of databases from other publications [37–39].

Additional analysis of excess density measurements from Figure 1 in terms of asphaltene 
content has shown that in all blends peaking of ρex apparently occurs at the same charac-
teristic asphaltene contents CA* revealed in native crude oils. The results of this analysis are 
illustrated in Figures 6–8. The experimental excess density values from Figure 1 are denoted 
by filled circles. Filled squares denote maximum values of specific gravity from a database of 
world’s native crude oils (Figure 5). A fairly good qualitative coincidence of both data sets is 
observed in all cases.

Figure 5. Data points: the scatter plot of specific gravity (density) in a database of world’s native crude oils from a 
diversity of geographical/geological locations. Continuous lines: analysis of maximum and minimum values of specific 
gravity in this database. Note specific gravity peaking at some characteristic asphaltene contents.
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No. 3a 3a 3b 4 5 6

CA*, g/L 1.88 2.66 7.50 26.6 66.8 149.6

Table 2. Characteristic asphaltene contents CA* (numbered as in Ref. [23]) at which maximum density anomalies are 
observed in native crude oils (cf. Figure 5).

Figure 6. Comparison of the experimental excess density data for Blend #1 (filled circles) with the maximum values of 
specific gravity from a database of world’s native crude oils (filled squares).

Figure 7. Comparison of the experimental excess density data for Blend #2 (filled circles) with the maximum values of 
specific gravity from a database of world’s native crude oils (filled squares).
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Summarizing, Figures 6–8 indicate that the observed multiple nonideal anomalies in the prop-
erties of equilibrated crude oil blends (multiple peaks of excess density/volumetric shrink-
age values) apparently result from step-like changes between several equilibrium structural 
phases of suspended asphaltene colloids, which are observed between several particular 
asphaltene contents, apparently common for petroleum media of any origin.

6. Plausible constitution of multiple structural phases of asphaltenes. 
Apparent resemblance of asphaltene transformations to those of block 
copolymers

In spite of intensive experimental and theoretical studies, association and aggregation mecha-
nisms of asphaltene colloids are still not well characterized and are subjects of ongoing debate 
[22–25, 29, 30]. In particular, for decades, the prevailing aggregation paradigm (now dismissed as 
erroneous) has been that at a “critical micelle concentration” (“CMC” ≈ 2–10 g/L) of asphaltenes in 
native petroleum, or in “good” solvents, such as toluene, there is a one-step transition from a struc-
tural phase of single asphaltene molecules to a structural phase colloidal asphaltene “micelles” 
of 4–6 molecules [40]. The development of more accurate experimental techniques provided 
substantial evidence of asphaltene aggregation at concentrations much lower than previously 
quoted “CMC.” Hence, the aggregation paradigm has been changed quantitatively, though not 
qualitatively. The most popular current model is that at a “critical nanoaggregate concentration” 
(“CNAC” ≈ 100–200 mg/L) of asphaltenes in native crude oils, or in “good” solvents, there is a 
one-step transition from a phase of individual asphaltene monomers to a phase of colloidal “nano-
aggregates” of 4–6 monomers (further clustering of primary aggregates is usually regarded as a 
dynamic random process and is not discussed in terms of a phase transformations) [41, 42].

Figure 8. Comparison of the experimental excess density data for Blend #3 (filled circles) with the maximum values of 
specific gravity from a database of world’s native crude oils (filled squares).
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• The dismissed paradigm [40]:

  MOLECULE    CMC   ⎯ →   COLLOIDAL MICELLE  

• The current paradigm [41, 42]:

  MONOMER    CNAC   ⎯ →   COLLOIDAL NANOAGGREGATE  

Apparently, due to their simplicity, the above one-step (two-phase) paradigms have been and 
still are the ones, almost exclusively employed for description of asphaltene aggregation phe-
nomena and for interpretation of experimental data. Regardless of the difference in suggested 
molecular mechanisms, the above paradigm closely resembles the idealized model of one-step 
aggregation (“micellization”) with just two indigenous solute phases developed for solutions of 
primitive amphiphilic surfactants like sodium dodecyl sulfate (SDS) [43]. It is now well known 
that much more common in nature are complex self-organizing amphiphilic species, e.g., block 
copolymers, which possess a wide array of indigenous colloidal phases in solutions [44].

However, all evidence for the close resemblance of petroleum asphaltenes to block copoly-
mers, both in their molecular structure and in their propensity for self-assembly into wide 
array of nano-sized and micro-sized structures, still remains virtually unnoticed. In fact, the 
existence of several aggregation stages below and above CNAC has been repeatedly demon-
strated by various experiments (cf. a review in Ref. [45]). It appears that the corresponding 
characteristic concentrations CA* only marginally depend on the geographical/geological ori-
gin of asphaltenes or on the type of solvents/crude oils.

Historically, asphaltenes are defined not as members of some particular family of chemi-
cal species, but as a fraction of petroleum, which is soluble in toluene (“good solvent”), and 
resemblance of asphaltene molecular architecture to that of block copolymers for the first time 
was suggested in 1994 by I.A. Wiehe [46], whereas in 2002, W. Loh noticed a parallel between 
some aggregation processes for block copolymers and asphaltenes [47]. Various molecular 
models of asphaltenes have been developed [22, 29, 30, 41]; all these models agree that asphal-
tene molecules contain the following principal “building blocks” [46]: (1) rigid flat condensed 
systems of aromatic rings with an affinity for “good solvents” and (2) flexible linear alkyl 
side chains, which may contain some heteroatoms, and have an affinity for “nonsolvents.” 
In the “continental-type” models, aromatic regions are large, whereas in “archipelago-type” 
models, aromatic blocks are much smaller. Aggregation of such “multiblock” molecules may 
proceed via π-π stacking and H-π bonding, involving aromatic blocks, as well as via polar 
and hydrogen-bonding interactions between side-chain blocks. By virtue of these noncova-
lent interactions, asphaltenes in solutions as well as in native petroleum apparently exhibit 
multiple structural phases—a well-known property of block copolymers [44].

Recently, it was experimentally proven [48–52] that basic asphaltene molecules (unimers, 
monomers) typically include very small, 1–3 ring, aromatic systems, in contrast to the popular 
notions about the predominance of large multiring fused systems [41, 42]. These basic molecules 
become predominant equilibrium species only after dissolution of solid asphaltenes in “good” 
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solvents (benzene, toluene, etc.) to asphaltene concentrations C ≤ 0.5–0.6 mg/L. Aggregation 
of basic asphaltene molecules commences at C = 0.6–0.7 mg/L, much smaller than the above-
discussed CNAC, and the predominant equilibrium species become polydisperse “primary” 
asphaltene aggregates, which may contain up to 10–12 basic molecules associated mainly in 
a head-to-tail manner by noncovalent interactions. On the basis of these experimental results, 
it concluded that the adequate structural description of primary asphaltene aggregates may 
be that suggested in Ref. [53]. The authors of this publication described that such aggregates 
as supramolecular assemblies of molecules, combining cooperative binding by Brønsted 
acid-base interactions, hydrogen bonding, metal coordination complexes, and interactions 
between cycloalkyl and alkyl groups to form hydrophobic pockets, in addition to aromatic 
π-π stacking. They suggested a range of aggregate architectures, which almost certainly 
occur simultaneously, including porous networks and host-guest complexes. The latter may 
include organic clathrates, in which occluded guest molecules stabilize the assembly of a cage, 
as methane does in gas hydrates [53]. With increasing asphaltene concentration (still below 
CNAC), several structural phases of soft, voluminous, primary aggregates are observed in 
solutions, which may be accompanied by a release of some occluded “guests” [51]. Finally, 
at C ≈ 100–130 mg/L, primary aggregates shrink and may be described as “solid-like” asphal-
tene colloidal nanoparticles [52]. Interpretations of some structural asphaltene phases above 
CNAC by various authors were reviewed in Refs [23–25, 45, 54].

Plausible types of some of the multiple structural transformations of asphaltenes are sche-
matically illustrated in Figure 9.

In Figure 9, characteristic asphaltene contents CA* are numbered as in Ref. [23] (cf. also Table 2):

1. At asphaltene contents of 0.6–0.7 mg/L, apparently there is a transition from a solution of 
small asphaltene basic molecules to a solution of voluminous primary aggregates.

2. At concentrations of 100–130 mg/L, soft primary aggregates are transformed to solid-like 
“nanocolloids” with individual nanoparticles 2–4 nm in diameter.

Figure 9. Plausible structural phase transformations of asphaltenes at some characteristic asphaltene contents, numbered 
as in Ref. [23].
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3. This group of two close characteristic concentrations (3a,b) in the range of 1.7–8 g/L (cf. 
Table 2) may reflect the appearance of elongated colloidal clusters of solid-like nanoparti-
cles, 15–20 nm in length.

4. At concentrations of 25–30 g/L, elongated clusters presumably form fractal aggregates 
≥100 nm in size.

5. At 55–70 g/L, there start to appear micron-sized asphaltene flocs still suspended in the 
liquid media.

To conclude this section, it should be emphasized that revealing multiple asphaltene struc-
tural phases in solutions and in native petroleum was largely facilitated by a seemingly trivial 
but a crucial improvement in analysis of experimental data. Namely, previously overlooked 
details of analyzed correlations become perceptually well separated only at data plots with 
log concentration scales, common in surfactant chemistry, while in conventional petroleum 
studies, linear-scale plots are still employed [29, 30, 41].

7. Conclusion

In contrast to the predictions of the standard API model, the described density measure-
ments revealed multiple anomalies of excess density at several compositions in all studied 
blends of light and heavy crude oils from diverse origins. It was suggested that density 
anomalies are caused by increased contents of suspended asphaltene colloidal-sized par-
ticles/aggregates in the blends. In IR absorption experiments, the most intense absorption 
peak representative of asphaltene colloids appeared to be that at 3041 cm−1, by literature 
analysis, ascribed to excitation of the aromatic sp2═C─H stretching vibrations. Intensity 
variations of this peak correlated with variations of excess density, supporting the conclu-
sion of the governing role of asphaltene colloids in the observed density anomalies. By com-
parison with an extended database of world’s native crude oils, it was further concluded 
that different density anomalies may correspond to different equilibrium structural states 
of asphaltene colloids, which occur at several specific asphaltene contents, apparently com-
mon for petroleum media of any origin.

It is hoped that the insight gained into the nonideal behavior of the densities of crude oils, 
upon mixing and the explanations proposed, will assist in a better scientific understanding 
of the mechanism of the changes that may occur in mixtures. This should help oil producers 
and refiners in a better utilization of the existing oil resources, i.e., crude oils and petroleum 
products.
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Abstract

With the continuous rise in energy demand and decline in reserves, the Petroleum Indus-
tries are constantly in search of inventive and novel approaches to optimize hydrocarbon
recovery despite several decades of deployment of conventional and enhanced strategies.
This chapter presents an in-depth analysis of nanomaterial (nanoparticles), their unique
characteristics and potentials in relation to smart field development, enhanced oil recov-
ery (EOR) and CO2 geosequestration. The particles surface functionalities, unique size
dependent property, adsorption, and transport behavior were scrutinized. The materials
precise role in enhancing reservoir parameters that influences rock–fluid interactions, and
reservoir fluid distribution and displacement such as permeability, wettability, interfacial
tension, and asphaltene aggregate growth inhibition were evaluated. The study argues
that the application of nanoparticle based fluids as novel EOR approach offers more
holistic measures, potentials, and opportunities than micro and macro particles and can
stimulate the continuous evolution of EOR processes even under harsh reservoir condi-
tions, thus, offering better benefits over conventional surface-active agents. We believe this
study will significantly impact the understanding of EOR with respect to nanoparticles,
which is crucial for augmenting reservoir processes and to accelerate the realization of
nanoparticles for EOR and CO2 sequestration processes at industrial scale.
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dependent property, adsorption, and transport behavior were scrutinized. The materials
precise role in enhancing reservoir parameters that influences rock–fluid interactions, and
reservoir fluid distribution and displacement such as permeability, wettability, interfacial
tension, and asphaltene aggregate growth inhibition were evaluated. The study argues
that the application of nanoparticle based fluids as novel EOR approach offers more
holistic measures, potentials, and opportunities than micro and macro particles and can
stimulate the continuous evolution of EOR processes even under harsh reservoir condi-
tions, thus, offering better benefits over conventional surface-active agents. We believe this
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which is crucial for augmenting reservoir processes and to accelerate the realization of
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1. Overview

It is a fact that the period of cheap hydrocarbon recovery is waning as hydrocarbons are
currently been explored in remote regions under harsh reservoir conditions. The accessible
hydrocarbon resources are constantly declining with a corresponding increase in energy
demand which invariably contributes to the price irregularities in the oil and gas industry.
Globally, the growth in energy demand appears to be predominant amidst feasible unconven-
tional energy options (renewable energy). Unarguably, newer energy sources, such as nuclear,
wind, geo-thermal and solar are effective measures for addressing energy shortage. However,
they are yet to be ample alternatives for substituting the role of oil in meeting the ever-rising
energy demand. To date, these demands are currently being substantiated via hydrocarbon
sources especially petroleum – oil is still the most valuable product with great global economic
impact. Currently, diverse conventional strategies (waterflooding), and enhanced methods
(use of chemicals, gases, and microbes) are been deployed in oil fields, regardless, these
challenges persist. More efficient, yet cost-effective, environmentally friendly, and novel alter-
natives are constantly being searched for process feasibility, and to meet the current global
high-energy demand. Interestingly, these challenges can be averted through innovative scien-
tific and engineering approaches such as nanotechnology, specifically, via the use of nanostruc-
tured materials. Nanostructured materials in the form of nanoparticles or carbon nanotubes
have attracted attention for consideration as effective solutions for resolving challenges in the
oil and gas industry. Nanoparticles are considered the simplest forms of nanostructured
materials categorize as metallic, metal oxides or magnetic nanoparticles; whereas, the carbon
nanotubes are carbon allotropes with a cylindrical nanostructure in the form of a tube which
can be single, double, or multiple walled nanotubes [1, 2]. These materials have vast applica-
tion potentials industrially, however, the choice of a specific material type is highly dependent
on the application process.

Research has shown that diverse potentials exist for the application of nanostructured mate-
rials in the oil and gas industry for smart field development (Table 1). The carbon nanotube
materials display great unique properties such as stiffness, strength, and tenacity in compari-
son to other fiber materials, which lacks one or more of these characteristics. Also, the thermal
and electrical conductivity of carbon nanotubes is higher in comparison to other conductive
materials [1]. Nanoparticles (NP) are characterized by unique thermal, mechanical, and chem-
ical properties thus particularly interesting for the oil and gas industry. For instance, oil and
gas tools are manufactured with nanomaterial functionalities; the inner surfaces of pipelines
and production facilities can be coated with nano-based paints; nanoparticle based catalysts
are been used in the oil and gas downstream for oil refining and petrochemical activities.
Currently, complex reservoir rock heterogeneity and microstructures, and the corresponding
effect on multiphase flow as well as the reservoir depth information can now be effectively
characterized using sensors fabricated with nanoparticle materials. Superparamagnetic
nanoparticles can be effectively used for conductive heat generation [3]. Nanoparticles dis-
persed in solvents are also been used for drilling, exploration, production, and enhanced oil
recovery processes. Such fluids can be used for resolving shallow water flow challenges,
drilling and production issues such as borehole instability linked to poorly consolidated and
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Processes Material type Applications References

Drilling and completion

Drilling Bits Carbon
nanomaterial -
nano-diamond
polycrystalline
diamond compact
(PDC) Technology

• Suitable for functionalization of PDC cutters for
drill bits

• Effective for the manufacture of advanced drill
bits that has good resistance to abrasion and cor-
rosion upon nano-coating

[1, 46, 47]

Logging while drilling
(LWD)

Nanostructured
glass-ceramics

• Effective neutron detectors - Li-6 scintillation
nanostructured glass ceramics shows better effi-
ciency than ordinary Li-6 scintillation materials

[1]

Cementing Carbon nanotube
(CNT)

• Suitable as reinforcement materials for cement
instead of conventional fibers

[1]

Drilling fluids NP • Control of fluid loss and wellbore stability
• Design of drilling fluids suitable for harsh reser-

voir conditions
• Nanoparticle based drilling fluids can be effec-

tive for elimination or reduction of drilling prob-
lems such as pipe sticking, equipment wear and
tear, rig instability and poor hole cleaning issues

[1, 4]

Exploration

Geothermal production NP • Nanoscale metals suitable for delineation of ore
deposits during geochemical exploration

[1, 19, 48]

Exploration

Imaging tool NP • Hyperpolarized silicon Np deliver innovative
tools for measurement and imaging oil explora-
tion

[1, 29, 49]

Production

Hydrate Recovery NP • Nickel-iron Np can be used for dissociation of
hydrates

[1, 29]

Viscoelastic surfactant
stimulation fluid (VES)

NP • Np associates with VES micelles for stabilization
of fluid viscosity

[1, 29]

Reservoir characterization and management

EOR NP • Advanced EOR approach - suitable for surface/
interfacial modifications and oil recovery

[23, 24, 31,
50, 78, 79]

Inhibition of inorganic
scales

NP • Inhibition can be achieved over long distances
from the injection point using synthesized
nanoparticles

[42]

Hydrocarbon detection NP • Suitable for detection of hydrocarbon in forma-
tion rocks

[1, 47, 51]

Oil microbe detection tool Nano optical fiber • Suitable for reservoir penetration and for trans-
mission of laser light which enables the detection
of stranded or bypassed oil

[1, 47, 52]

Carbon capture and storage NP/
Nanomembranes

• Enhances improved gas streams separation and
for contamination removal from oil

[1, 19, 47]

Table 1. Nanostructured material applications for smart field development in the oil and gas industry.
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materials [1]. Nanoparticles (NP) are characterized by unique thermal, mechanical, and chem-
ical properties thus particularly interesting for the oil and gas industry. For instance, oil and
gas tools are manufactured with nanomaterial functionalities; the inner surfaces of pipelines
and production facilities can be coated with nano-based paints; nanoparticle based catalysts
are been used in the oil and gas downstream for oil refining and petrochemical activities.
Currently, complex reservoir rock heterogeneity and microstructures, and the corresponding
effect on multiphase flow as well as the reservoir depth information can now be effectively
characterized using sensors fabricated with nanoparticle materials. Superparamagnetic
nanoparticles can be effectively used for conductive heat generation [3]. Nanoparticles dis-
persed in solvents are also been used for drilling, exploration, production, and enhanced oil
recovery processes. Such fluids can be used for resolving shallow water flow challenges,
drilling and production issues such as borehole instability linked to poorly consolidated and
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or reactive shale zones, reduction of the frictional resistance between pipes and borehole well,
and for prevention of loss circulation of drilling mud [4]. Despite the relevance of nanoparticles
in diverse oil and gas engineering processes, reservoir engineering specifically enhanced oil
recovery (EOR) have attracted the most attention in recent times. EOR is mainly driven by the
possibilities of increasing the overall oil displacement efficiency which is greatly dependent on
microscopic and macroscopic displacement efficiencies [5, 6]. Unarguably, EOR mechanisms
augment additional oil recovery potentials than the primary and secondary methods. How-
ever, the successful deployment of EOR requires an understanding of the mechanisms that
control efficient fluid displacement and distribution, as well as, overall optimal recovery
efficiencies. A number of processes and technologies are used in this regard to upsurge or
maintain recovery from existing fields which includes the injection of steams (Thermal EOR),
fluid(s) (Chemical EOR) and gases into a reservoir (Gas EOR), and recently microbes (Micro-
bial EOR). These processes facilitate effective displacement of oil towards the producing well,
thus, production from matured fields are enhanced as the injected fluid, gases, or microbes
interact with the formation rock and oil systems thereby creating a favorable condition for
better recovery. Comprehensive breakdown of these processes is provided in our previous
work [6]. In the face of diverse EOR technological advancements, there exist several challenges
that impede process efficiency. The key process challenges among others are:

• Thermal EOR (TEOR): high operational cost, and environmental unfriendliness owing to
emissions from surface steam generation.

• Chemical EOR (CEOR): high chemical cost, chemical mismatch, porous media pore-
plugging and chemical trapping issues.

• Gas EOR (GEOR): separation issues, inadequate sources of gas on basis of geographical
availability, and mobility control issues.

• Microbial EOR (MEOR): complex process mechanisms, and poor oil recovery potential.

Among these challenges is the need for more economically feasible approach that will reduce
operational cost and improve the quality and amount of recoverable oil to meet the global
market demands with less environmental footprints.

2. Nanoparticles

Nanoparticles are nano-sized structures with at least a phase of one or more dimensions in the
nanometer size range (typically 1–100 nm). The uniqueness of the properties of the material
dates to several centuries (ninth century AD). The first optical property of nanoparticle was
discovered from a luster technology on a glazed ceramic in Mesopotamia at the time, which
later became popular in Egypt, Spain, and Persia. An archeomaterial of this material indicted
the optical properties were as a result of the metallic nanoparticles that were dispersed on the
outermost layers of the glaze [7]. With the advent of time, practicalities of nanoparticle have
become even more prevalent owing to their physical and chemical properties. Nanoparticles
cut across a wide variety of materials such as; (a) materials with surface protrusions spatially
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separated by distances in the order of nanometers; (b) porous materials with particle sizes in
the nanometer range or nanometer sized metallic clusters dispersed within a porous matrix; (c)
polycrystalline materials with nanometer sized crystallites. Quantization of the electronic
states of nanoparticles, and the possible state manipulation through shape and size control
are the key drivers for research in nanoscience or nanotechnology. At nano-scale, the property
changes that occur are based on the nature of the material and the applied mechanisms. For
instance, when metallic nanoparticles transition from bulk metal to a much smaller metallic
nanoparticle, the bulk metal energy continuum changes to produce even more discrete energy
levels – an indication of a decrease in the density of the electronic states [8].

2.1. Characteristics of nanoparticles

Nanoparticle application though in its early stage have emerged a novel EOR pathway owing
to its unique properties and transport behavior that can address the underlying mechanisms
that influence reservoir behavior and the corresponding effect on efficient recovery.
Nanoparticles are considered suitable for EOR due to their strong particle surface interaction
with solvents, which helps to overcome density difference that make materials float or sink in a
system This material has an extensive range of unique characteristics for varied functionalities
such as surface plasmon resonance, superior catalytic activity, intrinsic reactivity, quantum
confinement, great adsorption affinity and dispersibility [9–11]. Interestingly, the particles
surface functionalities can be engineered with potentials for subsurface engineering applica-
tions.

Comparison of the exceptional properties of nanoparticles to their bulk material counterpart
shows that nanoparticles display quite different properties and superior behavior. Its applica-
tions enable the creation of new composites with unique properties, which allows for innova-
tive technological advancements. Typically, nanoparticles are characterized by thermal,
mechanical, physical, and chemical properties. These properties span through material’s grain
boundary, particle size, surface area per unit volume, size of the particles, purity, thermal
conductivity etc. On basis of their thermal properties, nanoparticle based fluids exhibit high
thermal conductivity and high surface area than conventional base-fluids. The thermal con-
ductivity of conventional base liquid can be improved by addition of nanoparticles as heat
transfer occurs at the surface of the particles [12]. The high surface area increases the
thermophysical properties and the small particle size enhances their potentials as absorber
fluids due to high potential of large surface coverage in heat transfer processes. Lee et al. [12],
Choi [13], and Eastman et al. [14] reported that nanoparticle based fluids exhibit higher
thermal conductivity with great dependency on factors such as the material type, size, shape,
surface area, particle volume fraction, base fluid material and temperature. For example; the
thermal conductivity of ethylene glycol – a conventional base fluid with thermal conductivity
of approximately 0.258 (W/m K), can be significantly enhanced (20% increase) upon addition
of about 4% volume CuO of 35 nm particles. On the mechanical properties, nanoparticles
exhibit high ductility, high average hardness, and maximum strain in comparison to the other
composite materials, thus, considered suitable for improving fracture toughness. However, the
particles geometry can influence the mechanical properties of nanoparticles such as tensile
modulus, tensile strength, and fracture toughness [15]. Zhang and Singh [16] showed that the
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addition of 4.5% volume fraction of well-bonded Al2O3 particles to unsaturated polyester led
to a 100% increase in fracture toughness. It has also been reported [17, 18] that nanoparticles
are suitable filler materials for improving the mechanical properties of composites. The addi-
tion of small amount of rattan nanoparticles (0–5%) to polymer matrix (polypropylene) as
fillers enhanced the mechanical performance of composites.

With respect to the physical and chemical properties, these span through shape, size, structure,
quantum confinement, lattice parameter and symmetry, charge, solubility, and surface coating
[19–21]. The enhanced physiochemical properties and superior performance of nanoparticles is
mainly based on the overriding effect of surface forces from the particles atomic scale size
rather than the mass forces. The physical and chemical properties of the bulk materials are
typically constant irrespective of the material size; and the number of surface atoms is sub-
stantially smaller than atoms in the bulk phase. This is not the case with nanoparticles owing
to the small particle size, high surface area, and unique transport behavior that enhances
surface performance. Nanoparticles yield applications that are even more extensive with the
particle size approaching nanoscale. The particles coalesce into the structure of materials and
display strength. The atoms of conventional materials are located in the interior of the particle,
whereas, the atoms of nanoparticles are located on the particles surface [22–25]. A dramatic
change in properties such as thermal resistance, chemical and catalytic activities, melting
point, internal pressure, magnetism, and optical behavior occurs as the atoms at the surface
of the material become even more significant owing to the large surface area to volume ratio.
The surface area to volume ratio appears exponentially larger, and the number of surface
atoms becomes even more substantial with respect to that in the bulk phase [2, 10, 11, 26–29].
Amanullah and Al-Tahini [4] reported a comparison between the surface area to volume ratio
of spherical particles of the same nanomaterial in micrometer, millimeter, and nanometer.
Nanoparticle surface area to volume ratio is over a million times higher than the conventional
scales and the particle surface area is also higher than the bulk particles – micro and macro
materials of the same mother source, which enhances their increased potentials even with a
significantly low concentration of the materials in the system. Such high surface area increases
the particles surface energy which leads to structural transitioning [30]. This behavior allows
for favorable particle adsorption at the surface boundaries and permits high particles contact
tendencies with nearby materials or solvent molecules in suspensions [23], and the particles
boundaries facilitate their enhanced quantum effects. A key benefit of nanoparticles in EOR is
the ability to alter reservoir rock surfaces – where strongly hydrophobic surfaces can be
rendered hydrophilic upon contact with nano – based systems [23, 24, 31–38] thus interesting
for engineering and subsurface processes, EOR, and carbon geo-sequestration process effi-
ciency.

2.2. Nano-based smart fluids

Nanoparticle based fluids otherwise called smart fluids are fluid systems containing nano-
additives, and the systems exist in the form of suspensions or emulsions known as nanofluids,
nano-catalyst suspensions or nanoemulsions. The nano-emulsions are emulsions that exhibit
unique characteristics such as great stability in comparison to micro-emulsions. Anton et al.
[99] established that nano-emulsions are kinetically stable irrespective of temperature changes
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in comparison to other emulsions that are thermodynamically unstable systems with free
energy of emulsion formation greater than zero. Since nanoparticles are active emulsifiers of
oil and water [39, 40], preparation of ultra-stable emulsion is attainable by the control of the
degree of surface charges. The emulsions are not subject to gravity driven separation as the
dispersed droplets are relatively small size which eliminates separation processes owing to
phase density difference. The particle dispersals are typically mixtures of water, oil, surfactant,
or brine. It has been reported that nano-emulsions upsurge additional oil recovery [41]. Zhang
et al. [42] reported that nanoparticles form stable emulsions, however, the level of stability
depends on the oil polarity as the formation of oil-water stable emulsions are more favorable to
non-polar oils and water oil emulsions are preferable with polar oil. Another relevant system
suitable for EOR processes in porous media is the nano-based catalysts suspensions, which
demonstrates high efficiency for heavy oil recovery. The presence of nanocatalyst in porous
media has been reported to enhance bitumen conversion to lighter products [10, 43, 45].
Nanofluids are colloidal suspensions of solid nanoparticles or nanofibers consisting of a carrier
medium and solid phase. A key advantage of nanofluids over conventional fluids in EOR is
that nanoparticles improve the property of its dispersals even at very low particle concentra-
tions in the suspension. The particles in suspension enhance the performance of the carrier
fluid during production owing to high dependency on the unique electrical, rheological, and
magnetic properties of the nanoparticles. Since the carrier fluids are normally conventional
heat transfer liquids, the particles also enhance the thermal conductivity and convective heat
transfer performance of this base liquids as its thermal conductivities are typically an order-of-
magnitude higher than that of the base fluids [9, 63]. The nano-based smart fluids display
significantly high functional abilities in different systems while reducing the overall fluid cost
irrespective of high cost of individual additives [4].

3. Definite role of nanoparticles in porous media applications for process
enhancement

3.1. Adsorption/transport potentials

Nanoparticles injected into porous media can exhibit different phenomenal behaviors; adsorp-
tion, desorption, transport, and blocking inclinations. The interactions between nanoparticles
and the walls of the porous media can lead to adsorption if the force of attraction is higher than
the repulsive with the reverse leading to desorption, however, adsorption and desorption is a
dynamic balance process that is controlled by the total force existing between the porous
media wall and nanoparticle. Blocking can occur if the nanoparticle diameter appears bigger
than the size of the pore throat or due to particle to particle aggregation at the pore throat
which can inhibit efficient transport of nanoparticle based fluids through the porous media
[44, 54–59]. Generally, nanoparticles regardless of their small particle sizes are easily suscepti-
ble to aggregation in liquid suspensions, which promotes surface adsorption of neighboring
particles or molecules. This behavior is due to the particles large surface-to-volume ratio and
poor wettability in the metal matrix [2, 60, 61, 63]. However, a recent study on nanoparticle
adsorption and transport behavior shows that nanoparticle based fluids can efficiently flow
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addition of 4.5% volume fraction of well-bonded Al2O3 particles to unsaturated polyester led
to a 100% increase in fracture toughness. It has also been reported [17, 18] that nanoparticles
are suitable filler materials for improving the mechanical properties of composites. The addi-
tion of small amount of rattan nanoparticles (0–5%) to polymer matrix (polypropylene) as
fillers enhanced the mechanical performance of composites.

With respect to the physical and chemical properties, these span through shape, size, structure,
quantum confinement, lattice parameter and symmetry, charge, solubility, and surface coating
[19–21]. The enhanced physiochemical properties and superior performance of nanoparticles is
mainly based on the overriding effect of surface forces from the particles atomic scale size
rather than the mass forces. The physical and chemical properties of the bulk materials are
typically constant irrespective of the material size; and the number of surface atoms is sub-
stantially smaller than atoms in the bulk phase. This is not the case with nanoparticles owing
to the small particle size, high surface area, and unique transport behavior that enhances
surface performance. Nanoparticles yield applications that are even more extensive with the
particle size approaching nanoscale. The particles coalesce into the structure of materials and
display strength. The atoms of conventional materials are located in the interior of the particle,
whereas, the atoms of nanoparticles are located on the particles surface [22–25]. A dramatic
change in properties such as thermal resistance, chemical and catalytic activities, melting
point, internal pressure, magnetism, and optical behavior occurs as the atoms at the surface
of the material become even more significant owing to the large surface area to volume ratio.
The surface area to volume ratio appears exponentially larger, and the number of surface
atoms becomes even more substantial with respect to that in the bulk phase [2, 10, 11, 26–29].
Amanullah and Al-Tahini [4] reported a comparison between the surface area to volume ratio
of spherical particles of the same nanomaterial in micrometer, millimeter, and nanometer.
Nanoparticle surface area to volume ratio is over a million times higher than the conventional
scales and the particle surface area is also higher than the bulk particles – micro and macro
materials of the same mother source, which enhances their increased potentials even with a
significantly low concentration of the materials in the system. Such high surface area increases
the particles surface energy which leads to structural transitioning [30]. This behavior allows
for favorable particle adsorption at the surface boundaries and permits high particles contact
tendencies with nearby materials or solvent molecules in suspensions [23], and the particles
boundaries facilitate their enhanced quantum effects. A key benefit of nanoparticles in EOR is
the ability to alter reservoir rock surfaces – where strongly hydrophobic surfaces can be
rendered hydrophilic upon contact with nano – based systems [23, 24, 31–38] thus interesting
for engineering and subsurface processes, EOR, and carbon geo-sequestration process effi-
ciency.

2.2. Nano-based smart fluids

Nanoparticle based fluids otherwise called smart fluids are fluid systems containing nano-
additives, and the systems exist in the form of suspensions or emulsions known as nanofluids,
nano-catalyst suspensions or nanoemulsions. The nano-emulsions are emulsions that exhibit
unique characteristics such as great stability in comparison to micro-emulsions. Anton et al.
[99] established that nano-emulsions are kinetically stable irrespective of temperature changes
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in comparison to other emulsions that are thermodynamically unstable systems with free
energy of emulsion formation greater than zero. Since nanoparticles are active emulsifiers of
oil and water [39, 40], preparation of ultra-stable emulsion is attainable by the control of the
degree of surface charges. The emulsions are not subject to gravity driven separation as the
dispersed droplets are relatively small size which eliminates separation processes owing to
phase density difference. The particle dispersals are typically mixtures of water, oil, surfactant,
or brine. It has been reported that nano-emulsions upsurge additional oil recovery [41]. Zhang
et al. [42] reported that nanoparticles form stable emulsions, however, the level of stability
depends on the oil polarity as the formation of oil-water stable emulsions are more favorable to
non-polar oils and water oil emulsions are preferable with polar oil. Another relevant system
suitable for EOR processes in porous media is the nano-based catalysts suspensions, which
demonstrates high efficiency for heavy oil recovery. The presence of nanocatalyst in porous
media has been reported to enhance bitumen conversion to lighter products [10, 43, 45].
Nanofluids are colloidal suspensions of solid nanoparticles or nanofibers consisting of a carrier
medium and solid phase. A key advantage of nanofluids over conventional fluids in EOR is
that nanoparticles improve the property of its dispersals even at very low particle concentra-
tions in the suspension. The particles in suspension enhance the performance of the carrier
fluid during production owing to high dependency on the unique electrical, rheological, and
magnetic properties of the nanoparticles. Since the carrier fluids are normally conventional
heat transfer liquids, the particles also enhance the thermal conductivity and convective heat
transfer performance of this base liquids as its thermal conductivities are typically an order-of-
magnitude higher than that of the base fluids [9, 63]. The nano-based smart fluids display
significantly high functional abilities in different systems while reducing the overall fluid cost
irrespective of high cost of individual additives [4].

3. Definite role of nanoparticles in porous media applications for process
enhancement

3.1. Adsorption/transport potentials

Nanoparticles injected into porous media can exhibit different phenomenal behaviors; adsorp-
tion, desorption, transport, and blocking inclinations. The interactions between nanoparticles
and the walls of the porous media can lead to adsorption if the force of attraction is higher than
the repulsive with the reverse leading to desorption, however, adsorption and desorption is a
dynamic balance process that is controlled by the total force existing between the porous
media wall and nanoparticle. Blocking can occur if the nanoparticle diameter appears bigger
than the size of the pore throat or due to particle to particle aggregation at the pore throat
which can inhibit efficient transport of nanoparticle based fluids through the porous media
[44, 54–59]. Generally, nanoparticles regardless of their small particle sizes are easily suscepti-
ble to aggregation in liquid suspensions, which promotes surface adsorption of neighboring
particles or molecules. This behavior is due to the particles large surface-to-volume ratio and
poor wettability in the metal matrix [2, 60, 61, 63]. However, a recent study on nanoparticle
adsorption and transport behavior shows that nanoparticle based fluids can efficiently flow
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through the porous media without excessive adsorption and retention inclinations with an
equilibrium adsorption estimation of 1.27 mg/g for 5000 ppm nanofluid [62]. More so, when
the particle size of nanomaterial is reduced to near or less than the wavelength of electrons
conductivity, the property of the material changes. Since oil is typically recovered from forma-
tion rocks with micron-sized pores, nanoparticles are much smaller fine particles with unique
size dependent physical and chemical properties that enhance easy penetration through the
reservoir pores since the particle size is much smaller than the conventional rock pores [22–24].
Thus, fluid flow through the reservoir pore spaces can be significantly improved with little or
no negative impact on the formation permeability, or porous media pore-plugging or chemical
trapping related issues that are commonly associated with conventional EOR processes. Shen
et al. [63] and Zhang et al. [64] also reported the excellent transport, diffusion, retention, and
releasing properties of nanoparticles in porous media.

3.2. Asphaltene growth inhibition

Nanoparticles exhibit strong chemical stability, irrespective of harsh reservoir conditions and
great selective adsorption behavior in the presence of heavy components in crude oil such as
asphaltenes. Asphaltenes are common petroleum macromolecules which poises challenges
such as well bore plugging, adsorption, pipeline deposition, and sedimentation issues.
Asphaltenes [65, 66] exist in forms of solid deposits and usually self-associate with resins in
crude oil and are often problematic during production as they can plug wellbore tubing and
valves, and contribute to undesirable formation rock surface coating. Such asphaltenes – poly-
dispersed [67] can exist in the form of colloidal suspensions or micelles which form deposits
when the wettability conditions of the reservoirs are altered. A study by Franco et al. [68] on
the adsorption behavior of nanoparticles on heavy components in crude oil such as resins and
asphaltenes shows that nanoparticles in contact with crude oil is capable of adsorbing resins
and (or) asphaltenes, however, nanoparticles exhibit great selectivity and preferential affinity
for adsorption of asphaltenes (n-C7) compared to resins. This behavior is also confirmed by an
earlier report by Nassar et al. [56, 57], which shows that nanoparticles have great affinity for
asphaltenes—where alumina nanoparticles adsorbed asphaltenes more readily than micro
porous alumina particles with similar acid content. Taborda et al. [69] investigated
nanoparticles effect on adsorption isotherms of n-C7 asphaltenes at 298 K temperature in
complex crude oil systems. The authors compared the performance of different ranges of SiO2

and Al2O3 nanoparticles. The SiO2A nanoparticles showed better adsorption capacity than
others as the adsorption potential to capture n-C7 asphaltenes is in the order of
SiO2A > SiO2 > Al2O3. The acidic silica exhibited better adsorptive capacity especially at low
concentrations owing to increased surface acidity of the nanoparticles as n-C7 asphaltenes
adsorption increases concurrently with increase in surface acidity [70].

Heavy oils are typically known for their high asphaltene content (> 5 wt.%), such asphaltenes
[71, 72] forms viscoelastic network of large size nanoaggregate clusters and promote formation
damage as a result of self-association, and if sub-saturated oil reservoirs exist at pressures
above the bubble point. The asphaltene becomes excluded from the oil matrix and then forms
deposits on the reservoir rock. This behavior causes blockages of the porous media and
wettability challenges. Reduction of large asphaltene aggregates using nanoparticles by break-
ing the attachment points within the viscoelastic network is thus necessary to improve their
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configuration and distribution in the oil matrix. Taborda et al. [69] examined the behavior of n-
C7 asphaltenes in the presence and absence of nanoparticles as a function of time at 298 K
temperature. An initial increase in the mean size of asphaltene aggregates (dasp) occurred with
time, followed by a decrease in size in the absence of nanoparticles with a notable stabilization
of approximately 300 min. This was attributed to the aggregation-fragmentation forces that
exist under shear conditions which has a direct growth / reduction effect on dasp. Similar
behavior was also observed in the presence of the diverse nanoparticles (Al2O3, SiO2 and
SiO2A) tested, however, a lower dasp and faster stabilization (180 min) was attained in a
decreasing order of SiO2A < SiO2 < Al2O3. Franco et al. [73] conducted an asphaltene displace-
ment and adsorption test to inhibit formation damage using nanoparticles at reservoir condi-
tions. The authors reported a significant increase in oil production level owing to the presence
of nanoparticles. 80% increase in oil recovery occurred after the injection of nanoparticle based
fluids in damage systems owing to efficient inhibition of the growth of asphaltene aggregates
and the swift capture of asphaltene through adsorption.

3.3. Permeability improvement

Permeability plays a major role in oil recovery processes as adequate permeability can improve
reservoir fluid displacement. High permeable formations permit high fluid displacement
alongside other essential factors, such as capillary pressure and formation wettability. Relative
permeability is considered the ratio of the phase permeability to the absolute permeability k.
The phase permeability primarily exists as a water, gas, or oil phase as shown in Eqs. (1)–(3):

Water phase relative permeability : krw ¼ kw=k (1)

Gas phase relative permeability : krg ¼ kg =k (2)

Oil Phase relative permeability : kro ¼ ko=k (3)

Nanoparticles have the potentials of enhancing the reservoirs permeability for achieving
higher recovery factor. Nanoparticles can efficiently expand the pore radius, enable the reduc-
tion of flow resistivity of the water injected into the pores, promote water permeability enrich-
ment, promote reduction in injection pressure and enhance injection volume as well as
recovery potentials. Wang et al. [74] reported that the injection of 0.5 wt.% of SiO2 nanoparticle
concentration led to over 10% increase in oil recovery. The small particle size of this material
enabled penetration into the low-permeability layers while averting hydration occurrences
from water-rock contact, and promoted injection and subsequent augmentation of oil recovery
even in low permeable regions. Guzmán et al. [75] performed a core flooding test in bauxite
porous media, relative permeability was measured in the presence and absence of fracturing
fluid containing nanoparticles. Injection of fracturing fluids into reservoirs can induce forma-
tion damage, where the original Kro values appears lower than the base system due to some
degree of formation damage. However, with optimized fracturing fluid containing
nanoparticles, Kro becomes higher than the base system with mobility range of 0.42–0.80.
Formation damage reduction from 55 to 16% occurred which was about 71% reduction upon
addition of nanoparticles to the optimized fracturing fluid, thus, an indication that the pres-
ence of nanoparticles improved the fluids performance and inhibits the associated formation

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

163



through the porous media without excessive adsorption and retention inclinations with an
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size dependent physical and chemical properties that enhance easy penetration through the
reservoir pores since the particle size is much smaller than the conventional rock pores [22–24].
Thus, fluid flow through the reservoir pore spaces can be significantly improved with little or
no negative impact on the formation permeability, or porous media pore-plugging or chemical
trapping related issues that are commonly associated with conventional EOR processes. Shen
et al. [63] and Zhang et al. [64] also reported the excellent transport, diffusion, retention, and
releasing properties of nanoparticles in porous media.

3.2. Asphaltene growth inhibition

Nanoparticles exhibit strong chemical stability, irrespective of harsh reservoir conditions and
great selective adsorption behavior in the presence of heavy components in crude oil such as
asphaltenes. Asphaltenes are common petroleum macromolecules which poises challenges
such as well bore plugging, adsorption, pipeline deposition, and sedimentation issues.
Asphaltenes [65, 66] exist in forms of solid deposits and usually self-associate with resins in
crude oil and are often problematic during production as they can plug wellbore tubing and
valves, and contribute to undesirable formation rock surface coating. Such asphaltenes – poly-
dispersed [67] can exist in the form of colloidal suspensions or micelles which form deposits
when the wettability conditions of the reservoirs are altered. A study by Franco et al. [68] on
the adsorption behavior of nanoparticles on heavy components in crude oil such as resins and
asphaltenes shows that nanoparticles in contact with crude oil is capable of adsorbing resins
and (or) asphaltenes, however, nanoparticles exhibit great selectivity and preferential affinity
for adsorption of asphaltenes (n-C7) compared to resins. This behavior is also confirmed by an
earlier report by Nassar et al. [56, 57], which shows that nanoparticles have great affinity for
asphaltenes—where alumina nanoparticles adsorbed asphaltenes more readily than micro
porous alumina particles with similar acid content. Taborda et al. [69] investigated
nanoparticles effect on adsorption isotherms of n-C7 asphaltenes at 298 K temperature in
complex crude oil systems. The authors compared the performance of different ranges of SiO2

and Al2O3 nanoparticles. The SiO2A nanoparticles showed better adsorption capacity than
others as the adsorption potential to capture n-C7 asphaltenes is in the order of
SiO2A > SiO2 > Al2O3. The acidic silica exhibited better adsorptive capacity especially at low
concentrations owing to increased surface acidity of the nanoparticles as n-C7 asphaltenes
adsorption increases concurrently with increase in surface acidity [70].

Heavy oils are typically known for their high asphaltene content (> 5 wt.%), such asphaltenes
[71, 72] forms viscoelastic network of large size nanoaggregate clusters and promote formation
damage as a result of self-association, and if sub-saturated oil reservoirs exist at pressures
above the bubble point. The asphaltene becomes excluded from the oil matrix and then forms
deposits on the reservoir rock. This behavior causes blockages of the porous media and
wettability challenges. Reduction of large asphaltene aggregates using nanoparticles by break-
ing the attachment points within the viscoelastic network is thus necessary to improve their
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configuration and distribution in the oil matrix. Taborda et al. [69] examined the behavior of n-
C7 asphaltenes in the presence and absence of nanoparticles as a function of time at 298 K
temperature. An initial increase in the mean size of asphaltene aggregates (dasp) occurred with
time, followed by a decrease in size in the absence of nanoparticles with a notable stabilization
of approximately 300 min. This was attributed to the aggregation-fragmentation forces that
exist under shear conditions which has a direct growth / reduction effect on dasp. Similar
behavior was also observed in the presence of the diverse nanoparticles (Al2O3, SiO2 and
SiO2A) tested, however, a lower dasp and faster stabilization (180 min) was attained in a
decreasing order of SiO2A < SiO2 < Al2O3. Franco et al. [73] conducted an asphaltene displace-
ment and adsorption test to inhibit formation damage using nanoparticles at reservoir condi-
tions. The authors reported a significant increase in oil production level owing to the presence
of nanoparticles. 80% increase in oil recovery occurred after the injection of nanoparticle based
fluids in damage systems owing to efficient inhibition of the growth of asphaltene aggregates
and the swift capture of asphaltene through adsorption.

3.3. Permeability improvement

Permeability plays a major role in oil recovery processes as adequate permeability can improve
reservoir fluid displacement. High permeable formations permit high fluid displacement
alongside other essential factors, such as capillary pressure and formation wettability. Relative
permeability is considered the ratio of the phase permeability to the absolute permeability k.
The phase permeability primarily exists as a water, gas, or oil phase as shown in Eqs. (1)–(3):

Water phase relative permeability : krw ¼ kw=k (1)

Gas phase relative permeability : krg ¼ kg =k (2)

Oil Phase relative permeability : kro ¼ ko=k (3)

Nanoparticles have the potentials of enhancing the reservoirs permeability for achieving
higher recovery factor. Nanoparticles can efficiently expand the pore radius, enable the reduc-
tion of flow resistivity of the water injected into the pores, promote water permeability enrich-
ment, promote reduction in injection pressure and enhance injection volume as well as
recovery potentials. Wang et al. [74] reported that the injection of 0.5 wt.% of SiO2 nanoparticle
concentration led to over 10% increase in oil recovery. The small particle size of this material
enabled penetration into the low-permeability layers while averting hydration occurrences
from water-rock contact, and promoted injection and subsequent augmentation of oil recovery
even in low permeable regions. Guzmán et al. [75] performed a core flooding test in bauxite
porous media, relative permeability was measured in the presence and absence of fracturing
fluid containing nanoparticles. Injection of fracturing fluids into reservoirs can induce forma-
tion damage, where the original Kro values appears lower than the base system due to some
degree of formation damage. However, with optimized fracturing fluid containing
nanoparticles, Kro becomes higher than the base system with mobility range of 0.42–0.80.
Formation damage reduction from 55 to 16% occurred which was about 71% reduction upon
addition of nanoparticles to the optimized fracturing fluid, thus, an indication that the pres-
ence of nanoparticles improved the fluids performance and inhibits the associated formation
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damage which may be due to the porous media wettability alteration as nanoparticle inclusion
changes the rock wettability from oil-wet to water-wet.

3.4. Wettability alteration

Oil recovery exhibits great dependency on the formation wettability as it controls the fluid
displacements of the wetting and non-wetting phase at the pore scale. Wettability is however
influenced by the degree to which the crude oil polar components deposits or adsorbs on the
mineral rock surface, hence, an understanding of fluid–rock interaction is vital for efficient
EOR processes. Quantification of reservoir wettability in relation to nanoparticles are analyzed
by contact angle, imbibition etc.

3.4.1. Contact angle

Contact angle is an effective wettability measurement approach for evaluating rock surface
wetting as it enables the valuation of the balance of forces at the contact line. Theoretically, this
has been demonstrated by the Young-Laplace equation (Eq. (4); Figure 1). Wetting phenome-
non is closely related to the reservoir rock surfaces and the imbibing fronts, as such if a liquid
wet a solid, the change in wettability can be dramatic even for a slight surface modification of
the surface property of the solid. Wetting via nano-modification have been reported in several
literatures [23, 24, 31, 36, 37, 76, 77, 80–85], despite the disparity in test methods, a clear trend
in nanoparticles wetting efficiency in changing hydrophobic surfaces towards favorable
hydrophilic conditions were reported. For example: Ju and Fan [76] tested the wetting inclina-
tion of lipophobic and hydrophilic polysilicon nanoparticles in hydrophobic sandstone forma-
tion. The authors reported that the presence of nanoparticles caused a change in wettability to
hydrophilic state owing to efficient particle adsorption on the surface of the rock. Nwidee et al.
[24] assessed nanoparticles surface modification effect on solid-wetting in hydrophobic lime-
stone formation over a wide range of temperatures (22–70�C) using Zirconium oxide—ZrO2

and Nickel oxide—NiO; concentrations - 0.05 wt.%). To optimize the wetting characteristics of
the nanoparticles, appropriate amount of surfactant (cationic - C16TAB) was used, which
facilitated the reduction in the solid-nanofluid-oil three-phase contact angle and maximized
the structural force from the nanoparticles confinement in the wedge film. The nanoparticles
formed a wetting wedge in form of an ordered structure near the three-phase contact line of
the droplet on the rock surfaces, which stimulated significant wetting and spreading effect with
ZrO2 system exhibiting better surface wetting over NiO (ZrO2C16TAB > NiOC16TAB) while
maintaining great stability at elevated temperature (Figures 2 and 3). Cao et al. [77] performed

Figure 1. Young’s equation illustrating a three-phase contact line.
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a wetting investigation in the presence of zirconium oxide, and silicon oxide dispersed in
surfactant, alkali and brine solutions. The authors reported that the nanofluids displayed great
stability under harsh reservoir conditions of high pressure and high temperature.

σsg ¼ σsl þ σlg cosθ (4)

where σsg is the solid surface free energy; σsl is the IFT between the solid and liquid; σlg is the
liquid surface tension; θ is the contact angle.

Notably, although nanoparticles promote formation rock wetting, the extent to which wetting
occurs is dependent on the level of contact established between the rock surface and the
wetting phase, which can impact the rather immobile fluid on the rock surface while mobiliz-
ing such fluids towards the flow lines.

Figure 2. The receding (θr) and advancing (θa) contact angle images of water droplets (probe liquid) before and after
exposure to nanofluid (A) oil modified rock (before nano-modification - high θ - indicates the surface’s hydrophobicity -
152� θa); (B) nano modified at different temperatures (22–70�C) (B1- NiOC16TAB; B2 - ZrO2C16TAB - low θ - indicates
hydrophilic conditions) which represents strong interaction with the rock surface thus exhibiting low surface energies and
inclination to wet; I–IV); see graphical representation (Figure 3) for θ - values [24]©.

Figure 3. θR and θA depicting wettability change of NiO, ZrO2 (0.05 wt.%), C16TAB (0.5 wt.%) blends in toluene (1-hour
Exposure time) at different temperatures [24]©.
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formed a wetting wedge in form of an ordered structure near the three-phase contact line of
the droplet on the rock surfaces, which stimulated significant wetting and spreading effect with
ZrO2 system exhibiting better surface wetting over NiO (ZrO2C16TAB > NiOC16TAB) while
maintaining great stability at elevated temperature (Figures 2 and 3). Cao et al. [77] performed
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a wetting investigation in the presence of zirconium oxide, and silicon oxide dispersed in
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where σsg is the solid surface free energy; σsl is the IFT between the solid and liquid; σlg is the
liquid surface tension; θ is the contact angle.

Notably, although nanoparticles promote formation rock wetting, the extent to which wetting
occurs is dependent on the level of contact established between the rock surface and the
wetting phase, which can impact the rather immobile fluid on the rock surface while mobiliz-
ing such fluids towards the flow lines.
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3.4.2. Imbibition

Imbibition enables an assessment of the displacement capacity of a wetting phase over a non-
wetting phase. When immiscible fluids in the rock pore spaces are in contact, there exists
possibilities for pressure discontinuity across the interfaces which shows high dependency on
interfacial tension, the porous media pore spaces, and the wetting angle. Capillary pressure
(the pressure variation between two fluid phases in contact - Eq. (5)) and wetting phase
saturation plays a key role in imbibition processes and exhibits great dependency on wettabil-
ity. For example; if a formation exhibits hydrophobic wetting characteristics, water imbibition
in such systems is typically inhibited owing to negative capillarity. Whereas, if a formation
exhibits hydrophilic wetting characteristics, such promotes better oil displacement from the
rock as water readily imbibes into the rock pores and the presence of positive capillary
pressure promotes this behavior. In a typical complex crude oil system, Zhang et al. [86]
performed an imbibition test under high temperature, pressure, and high salinity condition
using IIT nanofluid to simulate reservoir condition. The nanoparticle dispersion was reported
as insensitive to electrolytes or temperature and stable in harsh reservoir environment. Core
plugs saturated with crude oil was placed into a glass jar containing the test solution (IIT
nanofluid and brine) to test their potentials to displace oil from the cores at 55�C. As the fluids
imbibe into the core, oil is expelled which floats on the top of the glass jar. The recovered oil
was recorded as a function of percentage of the original oil in place versus time in the presence
and absence of nanoparticles. For the brine solution alone in the absence of nanoparticles only
about 17% of the crude oil was displaced, whereas, the oil-wet cores exposed to the nanofluid
formulations displaced approximately 50% of the crude oil. Youssif et al. [87] conducted a
tertiary recovery core flooding test using silica nanofluid after imbibition by water flooding.
Black oil (32.5 API and 4.6 cp) from the North Sea was used in the flooding experiments. Oil
saturated cores were subjected to imbibition by initial saturation with brine to displace oil at
injection rate of 0.5 ml/min and a pore volume of 1.77 PV. Eq. (6) was used for the calculation of
the displacement efficiency. The injection of silica nanofluid in the core enhanced oil produc-
tion with increase in particle concentration (0.01–0.1 wt.%), then decrease in the amount of oil
at much higher concentrations (0.5 wt.%) occurred after the optimal concentration (0.1 wt.%),
which was attributed to possible permeability impairment. At 0.1 wt.% silica concentration, an
increase in the oil recovery factor from 53.1% (waterflooding alone - Figure 4) to 66.40%
following the nanofluid injection occurred. Better recovery occurred in comparison to water
flooding alone, with an initial oil in place increase of 13.28% in the presence of the nanoparticle
and low injection rate of the nanofluid decreased permeability impairment.

Pc ¼ Pn � Pw (5)

where Pc is the capillary pressure (Pa), Pn is the non-wetting pressure (Pa), Pw is the wetting
pressure (Pa).

ED ¼ 1� Sor2=SOr1½ � � 100 (6)

where ED is the displacement efficiency, Sor is the residual oil saturation, Sor1 is the Sor after
brine flooding, Sor2 is the Sor after nanofluid flooding.
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3.4.3. SEM and AFM imaging

Mechanistic surface imaging tools such as scanning electron microscopy (SEM) and atomic-force
microscopy (AFM) are used to characterize porous media wetting, adsorption characteristics of
reservoir rocks and their surface roughness. Morphology and roughness are key parameters that
influence rock surface wetting. Assessing wettability by contact angle usually does not account
for surface roughness and the pore rock structures that impact liquid–solid contact lines. For
improved knowledge of wetting and rock surface behavior, it is imperative that these factors are
put into considerations. SEM is an approach for micro-analysis of solid materials with high
accuracy. SEM produces high-resolution images for even the smallest structures at nano-scale as
high magnifications are used during image processing. SEM investigations on rock substrates
with respect to wetting have been reported by several researchers [88–90]. AFM also enables
imaging of the surface of the samples at extremely high resolutions using a sharp tip for probing
the surface features of the samples. These tools enable micro and nano-scale evaluation of solid
surfaces, the topographic changes of such surfaces, and their surface roughness. The surface
roughness is generally estimated using Eq. (7) and (8). Figure 5 shows example cases of SEM
and AFM images in wetting evaluations [23]. Treating rock surfaces with nanoparticles based
fluids have been shown to improve surface wetness confirmed via contact angle examinations
owing to efficient adsorption of nanoparticles on rock surfaces and surface roughness increase.
Several wetting studies have been performed via this approach and confirms the effectiveness
thereof on diverse rock surfaces [23, 24, 46–48, 91–94]. For example, the adsorption and surface
roughness behavior of blends of nanoparticles (ZrO2 and NiO) and surfactants (cetyltrimethy-
lammonium bromide (C16TAB-cationic) and triton X-100 (non-ionic)) were mechanistically
assessed by exposing rock substrates to different nanoparticle-surfactant fluids (NiO/C16TAB,
NiO/TX-100, ZrO2/C16TAB, ZrO2/TX-100) [24]. The treatment of the substrates with surfactant -
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3.4.2. Imbibition
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the displacement efficiency. The injection of silica nanofluid in the core enhanced oil produc-
tion with increase in particle concentration (0.01–0.1 wt.%), then decrease in the amount of oil
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Pc ¼ Pn � Pw (5)

where Pc is the capillary pressure (Pa), Pn is the non-wetting pressure (Pa), Pw is the wetting
pressure (Pa).

ED ¼ 1� Sor2=SOr1½ � � 100 (6)

where ED is the displacement efficiency, Sor is the residual oil saturation, Sor1 is the Sor after
brine flooding, Sor2 is the Sor after nanofluid flooding.
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3.4.3. SEM and AFM imaging
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fluids have been shown to improve surface wetness confirmed via contact angle examinations
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surface roughness, Sa and root mean square, RMS). The C16TAB - nanoparticle systems exhibited
better surface adsorption, higher surface roughness, and wetting inclinations than the TX-100 -
nanoparticle systems in the order of ZrO2/C16TAB (Sa �120 nm; RMS -200 nm) > NiO/C16TAB
(Sa �100 nm; RMS -190 nm) > NiO/TX-100 (Sa �78 nm; RMS - 180 nm) > ZrO2/TX-100 (Sa -
60 nm; RMS - 83 nm) [24]. Similarly, the irreversibly adsorption behavior of silica nanoparticles
through SEM and AFM have also been reported [37]. Nano-modified substrates were exposed to
different cleaning fluids at temperatures of 296 and 323 K. The authors reported that SiO2

nanoparticle homogeneously adsorbed on the rock surface with increase in temperature and
rock surface roughness (RMS from 18–580 nm at 296 k; 2700 nm at 323 K) which also stimulated
better wetting.

ð7Þ
where N is the total data points in the measurement; Zj is the vertical deviations measured
from the average height of the surface.

ð8Þ

where N is the data points; Zj is the vertical deviation of j- point with respect to the mean line.

Figure 5. SEM (a) and AFM(b) images of ZrO2 nanoparticle as uniform nano-spherical particle with mean particle size of
28 nm depicting surface adsorption on calcite substrates [23]©.
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3.4.4. Zeta potential

Zeta potential is a simple, rapid, direct-on-particle approach that permits the characterization of
particlemodification. This electro kinetic potential allows for estimation of the potential difference
in colloidal systems that exist between the dispersion medium and stationary layer of the fluid
that attaches to particles. It is closely related to the morphology of the particle surface and the
suspension stability as the colloidal dispersions stability is dependent on the zeta potential value.
The zeta potential of the rock-water interface and oil–water interface charges can be estimated
based on the properties of the particles and suspension conditions (ionic type and strength, pH,
and temperature). For example, in carbonate formation; pH and potential ions that forms a part of
the carbonate structure such as Ca2

+ and CO3
2� enables the determination of carbonate-water

interface via zeta potential [95]. With respect to nanoparticles, zeta potential enables estimation of
the electric potential of particles on the inner boundary of the diffuse layers and surface charge of
nanoparticles, since surface charges impact their reactivity, toxicology, and agglomeration behav-
iors [96, 97]. However, the agglomeration inclinations of nanoparticles can promote colloidal
instability. Manan et al. [98] reported that different types of nanoparticles behaves differently
owing to their zeta potential. In their study, the zeta potential of four different nanoparticles were
compared and reported with varied zeta potential ranges (10–24 mv); where the zeta potential of
Aluminum oxide(Al2O3) was 24 mv, Silicon dioxide (SiO2) - 19 mv, Titanium dioxide (TiO2) -13
mv, andCopper oxide 10mv. The higher the zeta potential valuewhether positive or negative, the
higher the stability potentials of the NP suspensions. Low zeta potential of colloidal fluids indi-
cates that the repulsive force is lower than the forces of attraction which promotes precipitation
and flocculation. However, such flocculation of nanoparticle based fluids like nano-emulsions can
be prevented via steric stabilization owing to their droplet size which is sub-micrometric.
Overlapping of interfacial droplet layers causes steric repulsion due to the unfavorable mixing of
the stabilizing chain of the adsorbed layer which is dependent on the interfacial layer thickness,
density and interactions between the interfacial layer and solvent [99–102]. Theoretically,
Derjaguin and Landau [103] and Overbeek and Verwey [104] through the DLVO (Derjaguin,
Landau, Verwey, and Overbeek) have shown that the stability of colloidal particles in solution is
governed by their total energy of interactions (attractive and repulsive) when the particles are near
each other. Nanoparticle as colloidal particle interacts with its carrier fluid or dispersal due to van
der Waals attraction or electrostatic repulsion forces, of which the effects of the attraction forces
can be higher than the repulsive. A comparative zeta potential tests was conducted by Ahmadi
et al. [105] to examine the interactions between fines and pore surfaces and the change in total
energy of the interactions due to colloidal forces of alterations in the presence of nanoparticles. The
pore surfaces were coated with MgO (magnesium oxide), aluminum oxide (Al2O3) and silicon
dioxide (SiO2). The pore surfaces changes in potential was tested and the total interaction energy
was used to estimate the effects of the nanoparticles on surface properties and fines migration
reduction. Upon comparison of the effects of the different nanoparticles, the authors reported that
MgOdisplayed the highest propensity to attach fines to the surface and significantly reduced fines
migration than Al2O3 and SiO2, thus considered more efficient.

3.5. Interfacial tension reduction

For two liquid phases (e.g. gas-water, gas-oil or oil–water) to be in existence, there is usually an
interplay of interfacial tension (IFT), which is the force that binds the surfaces of two distinct
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phases. During oil recovery, reduction in such IFT is essential for better fluid mobilization and
efficient recovery process. More so in the presence of negative capillary pressure, a favorable
reduction in IFT can be achieved owing to a reduction in the resistance forces that impedes
efficient oil production. Nanoparticles exhibit great potentials as IFT reduction agents when in
combination with efficient dispersals as the particles display effective adsorption tendencies on
the surface of liquids, creating separation layers that permits IFT reduction. This behavior is
mainly governed by the nanoparticles surface adsorption, which is reliant on the phase concen-
tration and efficient IFT reduction rate, however, the production of a stable process is dependent
on the injected particle concentration. Several studies have been conducted in this regard [23, 68,
69, 83, 106–110]; Sharma and Sangwai [110] investigated the effect of temperature (30–90�C) on
IFT of four paraffin oil (n-decane, n-hexane, n-pentane, n-heptane) using nanoparticle-polymer
(NP) and nanoparticle-surfactant-polymer (NSP). Nanofluids IFT decreased with temperature
increase for n-decane and n-heptane; n-hexane and n-pentane decreased with subsequent
increase after reaching a minimum value owing to their low molecular weight that causes
volatile losses at high temperature (>70�C). Vatanparast et al. [106] investigated the dynamic
IFT of n-heptane/water in the presence nanoparticle (SiO2 concentration - 0–2 wt.%) and surfac-
tants. A sharp reduction in IFT occurred in the absence of nanoparticle and equilibrium was
attained in 30 s and from a notable point of about 39 mN/m. For nanoparticle based systems, a
rather gradual and steady decrease in IFT occurred over longer time interval (>1500 s). The IFT
commenced at about 51 mN/m (close to pure water/heptane IFT) and decreases gradually with
increase in the nanoparticle concentration - an indication of the existence of a negligible amount
of free surfactant molecules in the system at this point, the nanoparticles did not promote rapid
IFT reduction as with the case of the pure surfactant. The exchange of surfactant between the
nanoparticle and the interface promoted decrease in IFT as each nanoparticle carries certain
amount of surfactant molecules. With the increase in nanoparticle concentration, even more
surfactant-nanoparticle complex occurs in the bulk phase which adsorbs to the interface, thus
promoting further decrease in IFT at equilibrium condition. A much lower IFT reduction was
attained compared to that of surfactant alone. Zargartalebi et al. [83] and Vashisth et al. [111] also
reported better IFT reduction occurs in the presence of nanoparticles due to the adsorption of
nanoparticles at the aqueous suspension/oil interface.

3.6. Heavy oil recovery enhancement

The upgrading of bitumen and heavy crude oil has remained a challenge. The associated high
viscosity and density makes handling and transportation processes even more complex. The
unique properties of nanoparticle make it effective as adsorbent and catalysts for enhancing
heavy oil upgrading. The presence of nanoparticles in reservoirs improve oil recovery through
the production of lighter components achieved by catalytic hydrocracking of heavy oil and by
altering the rock surface wettability when the porous medium surface is coated with
nanoparticles. Hashemi et al. [45] tested nano-catalysts suspended in heavy oil matrices
containing vacuum gas oil (VGO) in oil sands at high temperature and pressure. This was done
to ascertain the transport behavior of nanoparticles in oil-reservoirs during heavy oil recovery
and upgrading. It was found that nanoparticles specifically, UD multimetallic nanoparticles, can
be transported through oil sands porous media into heavy oil reservoir as catalysts for heavy oil
upgrading. Similar effects have also been reported in literature [10, 43, 44, 112, 113].
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3.7. Thermal conductivity

The thermal conductivity of a material is an essential characteristic for evaluation of the heat
conduction and transmission capacity of the specific material. Nusselt number usually denotes
the resistance of a flowing fluid to the heat transfer since it directly considers the thermal
conductivity of the fluid and indirectly by the Prandtl number. Interestingly, nanoparticle
based fluids exhibits high thermal conductivity and large surface area than conventional
base-fluids, although, the physical mechanism that accounts for its potential to enhance ther-
mal conductivity is still not well understood [53, 113–115]. The thermal conductivity of con-
ventional base liquid can be improved by addition of nanoparticles. The high surface area
increases the thermophysical properties of nanoparticle based fluids and the small particle size
enhances their potentials as absorber fluids as it has high potential of large surface coverage in
heat transfer processes. Lee et al. [12], Choi [13] and Eastman et al. [14] reported that nanopar-
ticle based fluids exhibits higher thermal conductivity with great dependency on factors such
as the material type, size and shape, surface charge, particle volume fraction, the base fluid
containing the particles and temperature.

3.8. Stabilization of viscoelastic surfactant (VES) fluids

Viscoelastic surfactant fluids are fluids composed of low molecular weight surfactants that
create elongated micelle structures, which display viscoelastic behavior for fluid viscosity
increase [116–120]. Huang and Clark [121] reported that the addition of small amount of
nanoparticles to VES solutions leads to a pseudo crosslink between the nanoparticle and the
VES micelles owing to charge attraction and surface adsorption, as nanoparticles have high
surface area. The nanoparticle stabilizes the VES micelles even at high temperature conditions,
while minimizing the VES fluid leakage potential in the porous media.

3.9. Control of formation fines migration

Formation fines migration can be controlled in the presence of nanoparticles to enhance
reservoir productivity and oil recovery. Nanoparticles show great potentials as possible forma-
tion damage remediation measures, as they are capable of sticking fines together while holding
them in place to prevent their movement in porous media. Huang et al. [120] showed that in
fracture packing operations, nanoparticles coated on proppants exhibit great potentials in
holding formation fines in the proppant fractures. The high surface forces of nanoparticles
enable the attachment of the particles on the proppant surface during proppant fracturing
pumping treatments. Movement of the formation fines to the near-wellbore region is hindered
owing to the surface forces of the nanoparticles, which captures the formation fines as it
migrates through the nanoparticle treated regions.

3.10. Viscosity and reservoir sweep efficiency improvement

Improving formation viscosity and sweep efficiency is of great necessity for efficient hydrocar-
bon flow so as to avoid poor oil, gas or water movement or distribution through the pore
spaces. The addition of nanoparticles to injection water can increase contact with more swept
zones and upsurge the formations sweep efficiency. Typically, the reservoirs pores are filled
with hydrocarbons, the flow of water containing nanoparticles through such pores can control

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

171
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viscosity and density makes handling and transportation processes even more complex. The
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the production of lighter components achieved by catalytic hydrocracking of heavy oil and by
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pumping treatments. Movement of the formation fines to the near-wellbore region is hindered
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the movement and swelling tendencies of the local clays and other formation fines therein.
This will in-turn reduce the accumulation of formation-particles and pore throats plugging in
the flow channels, which can enhance better water sweep efficiency and subsequent oil recov-
ery [121]. Maghzi et al. [122] investigated the effect of nanoparticles on the rheological behav-
ior of polymer in promoting oil recovery. The authors reported that the presence of low
concentration of nanoparticles in the polymer suspension improved the viscosity of the system
and the system exhibited better viscosity with much higher oil recovery potential than the
polymer system without nanoparticle.

3.11. CO2 storage and leakage inhibition

For several decades, the excessive use of fossil fuels has contributed immensely to the
increase in the atmospheric concentration of greenhouse gases. Carbon capture and storage
(CCS) [123–128] is considered the most direct carbon management strategy for long-term
reduction of such greenhouse gases. However, the capturing and storage process of CO2 in
geological formations such as deep saline aquifers or depleted reservoirs pose potential
leakage threats, which has raised several concerns about the feasibility and long-term storage
fate of such CO2. Interestingly, when reservoirs are primed with nanoparticle based fluids,
the systems demonstrate potentials of improving storage efficiency and also inhibit CO2

leakage tendencies thus providing containment security and storage capacity improvement.
Al-Anssari et al. [129] investigated the influence of pressure on the wettability of calcites
treated with and without nanoparticles in the presence of CO2 to account for pressure
variation with injection depth. An increase in pressure with increase in contact angle occurred
for all surfaces tested which is attributed to an increase in intermolecular interactions between
CO2 and calcite, which increased significantly with increasing CO2 density thus an implica-
tion of a reduction in structural and residual trapping capacities at reservoir conditions [126–
128, 130–133]. At ambient condition, oil-wet calcite was weakly CO2-wet (115� θa - 0.1 MPa
and 323 K) and strongly CO2-wet at storage conditions (148� θa - 20 MPa and 323 K) - the high
contact angle is an indication of possibilities of CO2 leakage. However, the CO2-wet surfaces
were significantly rendered water -wet (41� θa - 15 MPa and 323 K) upon exposure to
nanofluids. Aminzadeh et al. [134] investigated CO2 leakage prevention mechanism through
nanoparticle application. The study proffers a remediation strategy where injection of nano-
particle dispersion into a leakage pathway after CO2 escape has been revealed can create a
passive barrier against CO2 leakage whether driven by viscous forces such as pressure, or by
buoyancy. Core floods test was performed to measure the flow pattern and pressure drop in
which CO2 or a CO2-analogue fluid displaced brine with and without dispersed nanoparticles.
The in-situ saturation distribution of the phases was captured in real time for cores positioned
horizontally in a modified medical scanner, and the pressure gradient during displacement
was measured using pressure transducers. CT scans was used to evaluate water saturation
distribution along the core after injection of 0.1 PV n-octane with and without nanoparticles.
Lateral CT scans with brine (2 wt.% salinity) as the initial fluid demonstrates non-uniform
displacement front. In comparison, the system containing nanoparticle suspension depicts a
more distinct and uniform front with slower displacement front and more uniform CO2

saturation near the inlet and less gravity override. The authors emphasized that the dispersion
of nanoparticles on or above potential CO2 leakage paths such as faults, abandoned wells or
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fractures can allow the formation of CO2/brine foam when CO2 enters the path, which can
avert the possibilities of leakage.

3.12. CO2 Foamability, stabilization and mobility control

Surfactants have been used as a common approach for stabilizing CO2 foams. CO2-in-water
foams permit the reduction of the mobility of CO2 which upsurges better sweep efficiency.
Despite the process efficiency, the key limitation with this process is that, constant regeneration
of surfactant based foams is required for efficient process implementation. Nanoparticle is
currently being used to stabilize CO2 instead of surfactant owing to its unique chemical
properties as it offers several advantages over bulk material especially with respect to stability.
CO2 injected with nanoparticle dispersion stabilizes nanoparticle foam, although, at a thresh-
old shear rate, since high shear rates are usually connected with preferential flow through high
permeability zones in typical field cases. This promotes the tendencies for the creation of self-
guiding fluids that selectively reduces the mobility of CO2 via foam generation in fractured
and gravity override regions with rapid CO2 flow, which normally contains less oil. In the
presence of the oil, the foam breaks to facilitate high recovery via contact with the mobile CO2.
AttarHamed et al. [135] assessed nanoparticle size effect on foamability, foam stability, and
synergistic effect. To evaluate the foam stability, a glassware test was conducted at ambient
temperature and atmospheric pressure using amorphous hydrophilic silica nanoparticle with
particle size ranges of 15, 70, and 250 nm (concentration: 0.1–1.0 wt.%) and alpha olefin
sulfonate—AOS (anionic surfactant). The CO2 foam behavior was assessed by injecting CO2

into 400 ml prepared solution in a visual cell at a constant rate of 7.9 mL/min, thereafter, the
foam volume and the break time were measured and the normalize foam height estimated
using Eq. (9) and the synergistic effect were also evaluated. The authors reported that the
particle size, concentration, and hydrophobicity have significant effect on foam stability. The
silica nanoparticles displayed an antagonism effect on foamability with an initial foam height
reduction irrespective of their particle sizes - 15, 70, and 200 nm. However, for the synergistic
effect on basis of foam stability, only systems containing small size nanoparticles (15 nm) and
low particle concentration (0.3 and 0.5 wt.%) displayed better effect in stabilizing CO2 in water
foams over 70 and 250 nm particle size and 1 wt.% concentration and improved CO2 in water
foams stability by 25% at an initial foam volume of 20%. On basis of the particles hydropho-
bicity, for high stability to be achieved, nanoparticles should be designed with efficient surface
coatings for adequate hydrophobicity and formation of CO2 in water foams.

Normalized foam height ¼ foam height tð Þ=foam height t ¼ 0ð Þ (9)

where, t is the time (minutes).

Similarly, Singh and Mohanty [136] reported that nanoparticle-surfactant solutions containing
only about 0.3 wt.% nanoparticles significantly modified foam mobility ratio. The increase in
nanoparticle concentration (0–5 wt.%) increased the mobility reduction factor from 4000 to
8700 and increased foam stability. It has also been experimentally proven that the presence of
nanoparticle creates better foam stability than surfactant or VES fluids and even polymer, and
improves mobility control; and efficient for enhancing oil recovery owing to high sweep
efficiency and effective viscosity [137–142] (Table 2).
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buoyancy. Core floods test was performed to measure the flow pattern and pressure drop in
which CO2 or a CO2-analogue fluid displaced brine with and without dispersed nanoparticles.
The in-situ saturation distribution of the phases was captured in real time for cores positioned
horizontally in a modified medical scanner, and the pressure gradient during displacement
was measured using pressure transducers. CT scans was used to evaluate water saturation
distribution along the core after injection of 0.1 PV n-octane with and without nanoparticles.
Lateral CT scans with brine (2 wt.% salinity) as the initial fluid demonstrates non-uniform
displacement front. In comparison, the system containing nanoparticle suspension depicts a
more distinct and uniform front with slower displacement front and more uniform CO2

saturation near the inlet and less gravity override. The authors emphasized that the dispersion
of nanoparticles on or above potential CO2 leakage paths such as faults, abandoned wells or
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fractures can allow the formation of CO2/brine foam when CO2 enters the path, which can
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Surfactants have been used as a common approach for stabilizing CO2 foams. CO2-in-water
foams permit the reduction of the mobility of CO2 which upsurges better sweep efficiency.
Despite the process efficiency, the key limitation with this process is that, constant regeneration
of surfactant based foams is required for efficient process implementation. Nanoparticle is
currently being used to stabilize CO2 instead of surfactant owing to its unique chemical
properties as it offers several advantages over bulk material especially with respect to stability.
CO2 injected with nanoparticle dispersion stabilizes nanoparticle foam, although, at a thresh-
old shear rate, since high shear rates are usually connected with preferential flow through high
permeability zones in typical field cases. This promotes the tendencies for the creation of self-
guiding fluids that selectively reduces the mobility of CO2 via foam generation in fractured
and gravity override regions with rapid CO2 flow, which normally contains less oil. In the
presence of the oil, the foam breaks to facilitate high recovery via contact with the mobile CO2.
AttarHamed et al. [135] assessed nanoparticle size effect on foamability, foam stability, and
synergistic effect. To evaluate the foam stability, a glassware test was conducted at ambient
temperature and atmospheric pressure using amorphous hydrophilic silica nanoparticle with
particle size ranges of 15, 70, and 250 nm (concentration: 0.1–1.0 wt.%) and alpha olefin
sulfonate—AOS (anionic surfactant). The CO2 foam behavior was assessed by injecting CO2

into 400 ml prepared solution in a visual cell at a constant rate of 7.9 mL/min, thereafter, the
foam volume and the break time were measured and the normalize foam height estimated
using Eq. (9) and the synergistic effect were also evaluated. The authors reported that the
particle size, concentration, and hydrophobicity have significant effect on foam stability. The
silica nanoparticles displayed an antagonism effect on foamability with an initial foam height
reduction irrespective of their particle sizes - 15, 70, and 200 nm. However, for the synergistic
effect on basis of foam stability, only systems containing small size nanoparticles (15 nm) and
low particle concentration (0.3 and 0.5 wt.%) displayed better effect in stabilizing CO2 in water
foams over 70 and 250 nm particle size and 1 wt.% concentration and improved CO2 in water
foams stability by 25% at an initial foam volume of 20%. On basis of the particles hydropho-
bicity, for high stability to be achieved, nanoparticles should be designed with efficient surface
coatings for adequate hydrophobicity and formation of CO2 in water foams.

Normalized foam height ¼ foam height tð Þ=foam height t ¼ 0ð Þ (9)

where, t is the time (minutes).

Similarly, Singh and Mohanty [136] reported that nanoparticle-surfactant solutions containing
only about 0.3 wt.% nanoparticles significantly modified foam mobility ratio. The increase in
nanoparticle concentration (0–5 wt.%) increased the mobility reduction factor from 4000 to
8700 and increased foam stability. It has also been experimentally proven that the presence of
nanoparticle creates better foam stability than surfactant or VES fluids and even polymer, and
improves mobility control; and efficient for enhancing oil recovery owing to high sweep
efficiency and effective viscosity [137–142] (Table 2).
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4. Conclusion

In hydrocarbon reservoirs, fluid–rock interactions are predominant occurrences owing to the
existence of surface forces between molecules. The presence of oil, water and even gas is an
indication that concurrent flow of fluids at the production stage of a reservoir often occurs.
Fluid displacement in reservoirs, especially when more than one fluid is involved can contrib-
ute to poor oil recovery as the oil gets trapped owing to factors such as IFT between fluids,
fluids immiscibility and rock surface wetting challenges. The role of nanomaterial in
addressing these issues have been evaluated; the material displays great potentials as excellent
particles for the design and formulations of smart fluids for applications in high temperatures-
high pressures regions. The surface functionalities and excellent properties of nanomaterial
such as their enhanced thermal conductivity and stability, unique particle size, high surface
area, great adsorption affinity, and unique transport behavior in porous media influences their
superior efficiency over the micros and macros bulk counterpart even under harsh reservoir
conditions. Nanoparticles show great potentials as effective novel tools for permeability
enhancement; IFT reduction, rock wettability alteration from oil-wet to water-wet, oil mobility
and recovery enhancement, and CO2 stabilization. The study identifies a prime characteristic
of nanoparticles in EOR, which is its ability to improve the property of the dispersal even at
low particle concentrations in the suspensions owing to high dependency on the materials
unique properties. The addition of nanoparticle changes the rheological property of the fluid
and the particles in suspension enhanced the performance of the carrier fluid during produc-
tion and inhibits any associated formation damage. Thus nano-smart fluids are highly
recommended for EOR project design as potential stabilizer of dispersed systems for hydro-
carbon production augmentation, CO2 geo-storage, and soil de-contamination processes.
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4. Conclusion

In hydrocarbon reservoirs, fluid–rock interactions are predominant occurrences owing to the
existence of surface forces between molecules. The presence of oil, water and even gas is an
indication that concurrent flow of fluids at the production stage of a reservoir often occurs.
Fluid displacement in reservoirs, especially when more than one fluid is involved can contrib-
ute to poor oil recovery as the oil gets trapped owing to factors such as IFT between fluids,
fluids immiscibility and rock surface wetting challenges. The role of nanomaterial in
addressing these issues have been evaluated; the material displays great potentials as excellent
particles for the design and formulations of smart fluids for applications in high temperatures-
high pressures regions. The surface functionalities and excellent properties of nanomaterial
such as their enhanced thermal conductivity and stability, unique particle size, high surface
area, great adsorption affinity, and unique transport behavior in porous media influences their
superior efficiency over the micros and macros bulk counterpart even under harsh reservoir
conditions. Nanoparticles show great potentials as effective novel tools for permeability
enhancement; IFT reduction, rock wettability alteration from oil-wet to water-wet, oil mobility
and recovery enhancement, and CO2 stabilization. The study identifies a prime characteristic
of nanoparticles in EOR, which is its ability to improve the property of the dispersal even at
low particle concentrations in the suspensions owing to high dependency on the materials
unique properties. The addition of nanoparticle changes the rheological property of the fluid
and the particles in suspension enhanced the performance of the carrier fluid during produc-
tion and inhibits any associated formation damage. Thus nano-smart fluids are highly
recommended for EOR project design as potential stabilizer of dispersed systems for hydro-
carbon production augmentation, CO2 geo-storage, and soil de-contamination processes.

Author details

Lezorgia Nekabari Nwidee1*, Ahmed Barifcani1,2, Maxim Lebedev3,
Mohammad Sarmadivaleh1 and Stefan Iglauer1

*Address all correspondence to: l.nwidee@postgrad.curtin.edu.au

1 Department of Petroleum Engineering, Curtin University, Perth, Western Australia,
Australia

2 Department of Chemical Engineering, Curtin University, Perth, Western Australia, Australia

3 Department of Exploration Geophysics, Curtin University, Perth, Western Australia,
Australia

References

[1] El-Diasty AI, Ragab AMS. Applications of nanotechnology in the oil and gas industry:
latest trends worldwide and future challenges in Egypt. North Africa, Technical Confer-
ence and Exhibition; Cairo, Egypt; 15-17April; 2013

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

177



[2] Khalil M, Jan BM, Tong CW, Berawi MA. Advanced nanomaterials in oil and gas
industry: Design, application and challenges. Applied Energy. 2017;191:287-310

[3] Davidson A, Huh C, Bryant SL. Focused magnetic heating utilizing superparamagnetic
nanoparticles for improved oil production applications. In SPE International Oilfield
Nanotechnology Conference and Exhibition; Noordwijk, The Netherlands; 12–14 June;
2012

[4] Amanullah MD, Al-Tahini AM. Nanotechnology - its significance in smart fluid devel-
opment for oil and gas field application. SPE Saudi Arabia Section Technical Sympo-
sium; Al-Khobar, Saudi Arabia; 9–11 May; 2009

[5] Green DW, Willhite GP. Enhanced Oil Recovery. SPE Textbook Series. Vol. 6. Richard-
son: Henry L. Doherty Memorial Fund of AIME, Society of Petroleum Engineers; 1998

[6] Nwidee LN, Theophilus S, Barifcani A, Sarmadivaleh M, Iglauer S. EOR processes,
opportunities and technological advancements. In: Chemical Enhanced Oil Recovery
(cEOR)-a Practical Overview. InTech; 2016

[7] Sciau P, Mirguet C, Roucau C, Chabanne D, Schvoerer M. Double nanoparticle layer in a
12th century lustreware decoration: Accident or technological mastery? Journal of Nano
Research. 2009;8:133-139. Trans Tech Publications

[8] White RJ, Luque R, Budarin VL, Clark JH, Macquarrie DJ. Supported metal nano-
particles on porous materials, methods and applications. Chemical Society Reviews.
2009;38(2):481-494

[9] Sabet M, Hosseini SN, Zamani A, Hosseini Z, Soleimani H. Application of nanotechnol-
ogy for enhanced oil recovery: A review. Defect and Diffusion Forum. 2016;367:149-156

[10] Hashemi R, Nassar NN, Pereira-Almao P. Nanoparticle technology for heavy oil in-situ
upgrading and recovery enhancement: Opportunities and challenges. Applied Energy.
2014;133:374-387

[11] Hashemi-Kiasari H, Hemmati-Sarapardeh A, Mighani S, Mohammadi AH, Sedaee-Sola B.
Effect of operational parameters on SAGD performance in a dip heterogeneous fractured
reservoir. Fuel. 2014;122:82-93

[12] Lee S, Choi SS, Li SA, Eastman JA. Measuring thermal conductivity of fluids containing
oxide nanoparticles. Journal of Heat Transfer. 1999;121(2):280-289

[13] Choi SUS. Enhancing thermal conductivity of fluids with nanoparticles, developments
and applications of non-Newtonian flows. ASME FED. 1995;105(99):231

[14] Eastman JA, Choi US, Li S, Thompson LJ, Lee S. Enhanced thermal conductivity
through the development of nanofluids. MRS Online Proceedings Library Archive.
1996;457:3

[15] Lim SH, Zeng KY, He CB. Morphology, tensile and fracture characteristics of epoxy-
alumina nanocomposites. Materials Science and Engineering A. 2010;527:5670-5676

Recent Insights in Petroleum Science and Engineering178

[16] Zhang M, Singh RP. Mechanical reinforcement of unsaturated polyester by Al2O3

nanoparticles. Materials Letters. 2004;58:408

[17] Nikmatin S. Bionanocomposite produced by rattan filler as a substitute glass fiber on
vehicle components PhD thesis. Bogor Agricultural University; 2012

[18] Nikmatin S, Syafiuddin A, Kueh ABH, Purwanto YA. Effects of nanoparticle filler on
thermo-physical properties of rattan powder-filled polypropylene composites. Jurnal
Teknologi. 2015;77(16):181-187

[19] Strambeanu N, Demetrovici L, Dragos D, Lungu M. Nanoparticles: Definition, classifi-
cation and general physical properties. In: Nanoparticles’ Promises and Risks. Springer
International Publishing; 2015. pp. 3-8

[20] Cadden A. Comparative effects of particle size reduction on physical structure and water
binding properties of several plant fibers. Journal of Food Science. 1987;52:1595-1599

[21] Rao C, Biswas K. Characterization of nanomaterials by physical methods. Annual
Review of Analytical Chemistry. 2009;2:435-462

[22] Kim BH, Hackett MJ, Park J, Hyeon T. Synthesis, characterization, and application of
ultrasmall nanoparticles. Chemistry of Materials. 2013;26(1):59-71

[23] Nwidee LN, Al-Anssari S, Barifcani A, Sarmadivaleh M, Lebedev M, Iglauer S.
Nanoparticles influence on wetting behaviour of fractured limestone formation. Journal
of Petroleum Science and Engineering. 2017;149:782-788

[24] Nwidee LN, Al-Anssari S, Barifcani A, Sarmadivaleh M, Lebedev M, Iglauer S. Wetta-
bility alteration of oil-wet limestone using surfactant-nanoparticle formulation. Journal
of Colloid and Interface Science. 2017;504:334-345

[25] Fakoya MF, Subhash SN. Emergence of nanotechnology in the oil and gas industry:
Emphasis on the application of silica nanoparticles. Petroleum. 2017 in press

[26] Guo D, Xie G, Luo J. Mechanical properties of nanoparticles: Basics and applications.
Journal of Physics D: Applied Physics. 2014;47(1):013001

[27] Lin Y, Skaff H, Emrick T, Dinsmore AD, Russell TP. Nanoparticle assembly and trans-
port at liquid-liquid interfaces. Science. 2003;299(5604):226-229

[28] Bell AT. The impact of nanoscience on heterogeneous catalysis. Science. 2003;299(5613):
1688-1691

[29] Kong X, Ohadi MM. Application of micro and nanotechnologies in the oil and gas
industry-An overview of the recent progress. In SPE 138241 Presented at the Abu Dhabi
International Petroleum Exhibition & Conference; Abu Dhabi, UAE; 1–4 November; 2010

[30] Tsuzuki T. Nanotechnology Commercialization. Florida USA: Pan Stanford Publishing;
2013

[31] Nwidee LN, Al-Anssari S, Barifcani A, Sarmadivaleh M, Iglauer S. Nanofluids for
enhanced oil recovery processes: wettability alteration using zirconium oxide. Offshore
Technology Conference (OTC-26573-MS); Kuala Lumpur, Malaysia; 22–25 March; 2016

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

179



[2] Khalil M, Jan BM, Tong CW, Berawi MA. Advanced nanomaterials in oil and gas
industry: Design, application and challenges. Applied Energy. 2017;191:287-310

[3] Davidson A, Huh C, Bryant SL. Focused magnetic heating utilizing superparamagnetic
nanoparticles for improved oil production applications. In SPE International Oilfield
Nanotechnology Conference and Exhibition; Noordwijk, The Netherlands; 12–14 June;
2012

[4] Amanullah MD, Al-Tahini AM. Nanotechnology - its significance in smart fluid devel-
opment for oil and gas field application. SPE Saudi Arabia Section Technical Sympo-
sium; Al-Khobar, Saudi Arabia; 9–11 May; 2009

[5] Green DW, Willhite GP. Enhanced Oil Recovery. SPE Textbook Series. Vol. 6. Richard-
son: Henry L. Doherty Memorial Fund of AIME, Society of Petroleum Engineers; 1998

[6] Nwidee LN, Theophilus S, Barifcani A, Sarmadivaleh M, Iglauer S. EOR processes,
opportunities and technological advancements. In: Chemical Enhanced Oil Recovery
(cEOR)-a Practical Overview. InTech; 2016

[7] Sciau P, Mirguet C, Roucau C, Chabanne D, Schvoerer M. Double nanoparticle layer in a
12th century lustreware decoration: Accident or technological mastery? Journal of Nano
Research. 2009;8:133-139. Trans Tech Publications

[8] White RJ, Luque R, Budarin VL, Clark JH, Macquarrie DJ. Supported metal nano-
particles on porous materials, methods and applications. Chemical Society Reviews.
2009;38(2):481-494

[9] Sabet M, Hosseini SN, Zamani A, Hosseini Z, Soleimani H. Application of nanotechnol-
ogy for enhanced oil recovery: A review. Defect and Diffusion Forum. 2016;367:149-156

[10] Hashemi R, Nassar NN, Pereira-Almao P. Nanoparticle technology for heavy oil in-situ
upgrading and recovery enhancement: Opportunities and challenges. Applied Energy.
2014;133:374-387

[11] Hashemi-Kiasari H, Hemmati-Sarapardeh A, Mighani S, Mohammadi AH, Sedaee-Sola B.
Effect of operational parameters on SAGD performance in a dip heterogeneous fractured
reservoir. Fuel. 2014;122:82-93

[12] Lee S, Choi SS, Li SA, Eastman JA. Measuring thermal conductivity of fluids containing
oxide nanoparticles. Journal of Heat Transfer. 1999;121(2):280-289

[13] Choi SUS. Enhancing thermal conductivity of fluids with nanoparticles, developments
and applications of non-Newtonian flows. ASME FED. 1995;105(99):231

[14] Eastman JA, Choi US, Li S, Thompson LJ, Lee S. Enhanced thermal conductivity
through the development of nanofluids. MRS Online Proceedings Library Archive.
1996;457:3

[15] Lim SH, Zeng KY, He CB. Morphology, tensile and fracture characteristics of epoxy-
alumina nanocomposites. Materials Science and Engineering A. 2010;527:5670-5676

Recent Insights in Petroleum Science and Engineering178

[16] Zhang M, Singh RP. Mechanical reinforcement of unsaturated polyester by Al2O3

nanoparticles. Materials Letters. 2004;58:408

[17] Nikmatin S. Bionanocomposite produced by rattan filler as a substitute glass fiber on
vehicle components PhD thesis. Bogor Agricultural University; 2012

[18] Nikmatin S, Syafiuddin A, Kueh ABH, Purwanto YA. Effects of nanoparticle filler on
thermo-physical properties of rattan powder-filled polypropylene composites. Jurnal
Teknologi. 2015;77(16):181-187

[19] Strambeanu N, Demetrovici L, Dragos D, Lungu M. Nanoparticles: Definition, classifi-
cation and general physical properties. In: Nanoparticles’ Promises and Risks. Springer
International Publishing; 2015. pp. 3-8

[20] Cadden A. Comparative effects of particle size reduction on physical structure and water
binding properties of several plant fibers. Journal of Food Science. 1987;52:1595-1599

[21] Rao C, Biswas K. Characterization of nanomaterials by physical methods. Annual
Review of Analytical Chemistry. 2009;2:435-462

[22] Kim BH, Hackett MJ, Park J, Hyeon T. Synthesis, characterization, and application of
ultrasmall nanoparticles. Chemistry of Materials. 2013;26(1):59-71

[23] Nwidee LN, Al-Anssari S, Barifcani A, Sarmadivaleh M, Lebedev M, Iglauer S.
Nanoparticles influence on wetting behaviour of fractured limestone formation. Journal
of Petroleum Science and Engineering. 2017;149:782-788

[24] Nwidee LN, Al-Anssari S, Barifcani A, Sarmadivaleh M, Lebedev M, Iglauer S. Wetta-
bility alteration of oil-wet limestone using surfactant-nanoparticle formulation. Journal
of Colloid and Interface Science. 2017;504:334-345

[25] Fakoya MF, Subhash SN. Emergence of nanotechnology in the oil and gas industry:
Emphasis on the application of silica nanoparticles. Petroleum. 2017 in press

[26] Guo D, Xie G, Luo J. Mechanical properties of nanoparticles: Basics and applications.
Journal of Physics D: Applied Physics. 2014;47(1):013001

[27] Lin Y, Skaff H, Emrick T, Dinsmore AD, Russell TP. Nanoparticle assembly and trans-
port at liquid-liquid interfaces. Science. 2003;299(5604):226-229

[28] Bell AT. The impact of nanoscience on heterogeneous catalysis. Science. 2003;299(5613):
1688-1691

[29] Kong X, Ohadi MM. Application of micro and nanotechnologies in the oil and gas
industry-An overview of the recent progress. In SPE 138241 Presented at the Abu Dhabi
International Petroleum Exhibition & Conference; Abu Dhabi, UAE; 1–4 November; 2010

[30] Tsuzuki T. Nanotechnology Commercialization. Florida USA: Pan Stanford Publishing;
2013

[31] Nwidee LN, Al-Anssari S, Barifcani A, Sarmadivaleh M, Iglauer S. Nanofluids for
enhanced oil recovery processes: wettability alteration using zirconium oxide. Offshore
Technology Conference (OTC-26573-MS); Kuala Lumpur, Malaysia; 22–25 March; 2016

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

179



[32] Wasan DT, Nikolov AD. Spreading of nanofluids on solids. Nature. 2003;423(6936):156

[33] Wasan DT, Nikolov A, Kondiparty K. The wetting and spreading of nanofluids on
solids: Role of the structural disjoining pressure. Current Opinion in Colloid and Inter-
face Science. 2011;16(4):344-349

[34] Chengara AN, Nikolov A, Wasan DT, Trokhymchuck A, Henderson D. Spreading of
nanofluids driven by the structural disjoining pressure gradient. Journal of Colloid and
Interface Science. 2004;280(1):192-201

[35] Mc.Elfresh P, Holcomb D, Ector D. Application of nanofluid technology to improve
recovery in oil and gas wells. Paper SPE 154827-MS Presented at SPE International
Oilfield Technology Conference; Noordwijk; 12–14 June; 2012

[36] Al-Anssari S, Barifcani A, Wang S, Maxim L, Iglauer S. Wettability alteration of oil-wet
carbonate by silica nanofluid. Journal of Colloid and Interface Science. 2016;461:435-442

[37] Al-Anssari S, Wang S, Barifcani A, Lebedev M, Iglauer S. Effect of temperature and SiO2

nanoparticle size on wettability alteration of oil-wet calcite. Fuel. 2017;206:34-42

[38] Hamouda AA, Karoussi O. Effect of temperature, wettability, and relative permeability
on oil recovery from oil-wet chalk. Energies. 2008;1(1):19-34

[39] Binks BP, Lumsdon SO. Influence of particle wettability on the type and stability of
surfactant-free emulsions. Langmuir. 2000;16(23):8622-8631

[40] Binks BP, Rodrigues JA. Inversion of emulsions stabilized solely by ionizable
nanoparticles. Angewandte Chemie. 2005;117(3):445-448

[41] Mandal A, Bera A, Ojha K, Kumar T. Characterization of surfactant stabilized
nanoemulsion and its use in enhanced oil recovery. In SPE International Oilfield Nano-
technology Conference and Exhibition; Noordwijk, The Netherlands; 12–14 June; 2012

[42] Zhang T, Davidson D, Bryant SL, Huh C. Nanoparticle-stabilized emulsions for appli-
cations in enhanced oil recovery. In SPE improved oil recovery symposium; Tulsa,
Oklahoma, USA; 24–28 April; 2010

[43] Shokrlu YH, Babadagli T. Transportation and interaction of nano and micro size metal
particles injected to improve thermal recovery of heavy-oil. In SPE Annual Technical
Conference and Exhibition; Denver, Colorado, USA; 30 October-2 November; 2011

[44] Pereira-Almao P. In situ upgrading of bitumen and heavy oils via nanocatalysis. The
Canadian Journal of Chemical Engineering. 2012;90(2):320-329

[45] Hashemi R, Nassar NN, Pereira-Almao P. Transport behavior of multimetallic
ultradispersed nanoparticles in an oil-sands-packed bed column at a high temperature
and pressure. Energy & Fuels. 2012;26(3):1645-1655

[46] Chakrabarty S, Chatterjee K. Synthesis and characterization of nano-dimensional
nickelous oxide (NiO) semiconductor. Journal of Physical Science. 2009;13:245-250

Recent Insights in Petroleum Science and Engineering180

[47] Ponmani S, Nagarajan R, Sangwai J. Applications of nanotechnology for upstream oil
and gas industry. Journal of Nano Research. 2013;24:7-15

[48] Wang X, Cheng Z, Lu Y, Xu L, Xie X. Nanoscale metals in earth gas and mobile forms of
metals in overburden in wide-spaced regional exploration for giant deposits in overbur-
den terrains. Journal of Geochemical Exploration. 1997;58(1):63-72

[49] Song YQ, Marcus C. Hyperpolarized silicon nanoparticles: reinventing oil exploration?.
International Presentation; 2007

[50] Ogolo NA, Olafuyi OA, Onyekonwu MO. Enhanced oil recovery using nanoparticle.
Society of Petroleum Engineers, Oil and Gas Saudi Arabian Section Technical and
Exhibition, SPE 160847; Al-Khobar, Saudi Arabia; 8–11 April; 2012

[51] Kanj MY, Rashid M, Giannelis E. Industry first field trial of reservoir nanoagents. In SPE
Middle East Oil and Gas Show and Conference. Society of Petroleum Engineers;
Manama, Bahrain; 25–28 September; 2011

[52] Jahagirdar SR. Oil-microbe detection tool using nano optical fibers. SPE Western
Regional and Pacific Section AAPG Joint Meeting held in Bakersfield; California, USA;
31 March-2 April; 2008

[53] Yu W, France DM, Routbort JL, Choi SU. Review and comparison of nanofluid thermal
conductivity and heat transfer enhancements. Heat Transfer Engineering. 2008;29(5):
432-460

[54] Ju B, Fan T. Experimental study and mathematical model of nanoparticle transport in
porous media. Powder Technology. 2009;192(2):195-202

[55] Hendraningrat L, Li S, Torsæter O. A glass micromodel experimental study of hydro-
philic nanoparticles retention for EOR project. SPE-159161-MS; 2012

[56] Nassar NN, Hassan A, Pereira-Almao P. Effect of surface acidity and basicity of alu-
minas on asphaltene adsorption and oxidation. Journal of Colloid and Interface Science.
2011;360(1):233

[57] Nassar NN, Hassan A, Pereira-Almao P. Effect of the particle size on asphaltene adsorp-
tion and catalytic oxidation onto alumina particles. Energy & Fuels. 2011;25(9):3961

[58] Li S, Hendraningrat L, Torsæter O. Improved oil recovery by hydrophilic silica
nanoparticles suspension: 2-phase low experimental studies. IPTC 16707-MS presented
at Beijing International Petroleum Technology Conference; China; 26–28 March; 2013

[59] Li S, Kaasa AT, Hendraningrat L, Torsæter O. Effect of silica nanoparticles adsorption on
the wettability index of Berea sandstone. In Paper SCA2013–059 presented at the inter-
national symposium of the society of core analysts held in Napa Valley; California, USA;
2013. pp. 16–19

[60] Wang XQ, Mujumdar AS. A review on nanofluids-part I: Theoretical and numerical
investigations. Brazilian Journal of Chemical Engineering. 2008;25(4):613-630

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

181



[32] Wasan DT, Nikolov AD. Spreading of nanofluids on solids. Nature. 2003;423(6936):156

[33] Wasan DT, Nikolov A, Kondiparty K. The wetting and spreading of nanofluids on
solids: Role of the structural disjoining pressure. Current Opinion in Colloid and Inter-
face Science. 2011;16(4):344-349

[34] Chengara AN, Nikolov A, Wasan DT, Trokhymchuck A, Henderson D. Spreading of
nanofluids driven by the structural disjoining pressure gradient. Journal of Colloid and
Interface Science. 2004;280(1):192-201

[35] Mc.Elfresh P, Holcomb D, Ector D. Application of nanofluid technology to improve
recovery in oil and gas wells. Paper SPE 154827-MS Presented at SPE International
Oilfield Technology Conference; Noordwijk; 12–14 June; 2012

[36] Al-Anssari S, Barifcani A, Wang S, Maxim L, Iglauer S. Wettability alteration of oil-wet
carbonate by silica nanofluid. Journal of Colloid and Interface Science. 2016;461:435-442

[37] Al-Anssari S, Wang S, Barifcani A, Lebedev M, Iglauer S. Effect of temperature and SiO2

nanoparticle size on wettability alteration of oil-wet calcite. Fuel. 2017;206:34-42

[38] Hamouda AA, Karoussi O. Effect of temperature, wettability, and relative permeability
on oil recovery from oil-wet chalk. Energies. 2008;1(1):19-34

[39] Binks BP, Lumsdon SO. Influence of particle wettability on the type and stability of
surfactant-free emulsions. Langmuir. 2000;16(23):8622-8631

[40] Binks BP, Rodrigues JA. Inversion of emulsions stabilized solely by ionizable
nanoparticles. Angewandte Chemie. 2005;117(3):445-448

[41] Mandal A, Bera A, Ojha K, Kumar T. Characterization of surfactant stabilized
nanoemulsion and its use in enhanced oil recovery. In SPE International Oilfield Nano-
technology Conference and Exhibition; Noordwijk, The Netherlands; 12–14 June; 2012

[42] Zhang T, Davidson D, Bryant SL, Huh C. Nanoparticle-stabilized emulsions for appli-
cations in enhanced oil recovery. In SPE improved oil recovery symposium; Tulsa,
Oklahoma, USA; 24–28 April; 2010

[43] Shokrlu YH, Babadagli T. Transportation and interaction of nano and micro size metal
particles injected to improve thermal recovery of heavy-oil. In SPE Annual Technical
Conference and Exhibition; Denver, Colorado, USA; 30 October-2 November; 2011

[44] Pereira-Almao P. In situ upgrading of bitumen and heavy oils via nanocatalysis. The
Canadian Journal of Chemical Engineering. 2012;90(2):320-329

[45] Hashemi R, Nassar NN, Pereira-Almao P. Transport behavior of multimetallic
ultradispersed nanoparticles in an oil-sands-packed bed column at a high temperature
and pressure. Energy & Fuels. 2012;26(3):1645-1655

[46] Chakrabarty S, Chatterjee K. Synthesis and characterization of nano-dimensional
nickelous oxide (NiO) semiconductor. Journal of Physical Science. 2009;13:245-250

Recent Insights in Petroleum Science and Engineering180

[47] Ponmani S, Nagarajan R, Sangwai J. Applications of nanotechnology for upstream oil
and gas industry. Journal of Nano Research. 2013;24:7-15

[48] Wang X, Cheng Z, Lu Y, Xu L, Xie X. Nanoscale metals in earth gas and mobile forms of
metals in overburden in wide-spaced regional exploration for giant deposits in overbur-
den terrains. Journal of Geochemical Exploration. 1997;58(1):63-72

[49] Song YQ, Marcus C. Hyperpolarized silicon nanoparticles: reinventing oil exploration?.
International Presentation; 2007

[50] Ogolo NA, Olafuyi OA, Onyekonwu MO. Enhanced oil recovery using nanoparticle.
Society of Petroleum Engineers, Oil and Gas Saudi Arabian Section Technical and
Exhibition, SPE 160847; Al-Khobar, Saudi Arabia; 8–11 April; 2012

[51] Kanj MY, Rashid M, Giannelis E. Industry first field trial of reservoir nanoagents. In SPE
Middle East Oil and Gas Show and Conference. Society of Petroleum Engineers;
Manama, Bahrain; 25–28 September; 2011

[52] Jahagirdar SR. Oil-microbe detection tool using nano optical fibers. SPE Western
Regional and Pacific Section AAPG Joint Meeting held in Bakersfield; California, USA;
31 March-2 April; 2008

[53] Yu W, France DM, Routbort JL, Choi SU. Review and comparison of nanofluid thermal
conductivity and heat transfer enhancements. Heat Transfer Engineering. 2008;29(5):
432-460

[54] Ju B, Fan T. Experimental study and mathematical model of nanoparticle transport in
porous media. Powder Technology. 2009;192(2):195-202

[55] Hendraningrat L, Li S, Torsæter O. A glass micromodel experimental study of hydro-
philic nanoparticles retention for EOR project. SPE-159161-MS; 2012

[56] Nassar NN, Hassan A, Pereira-Almao P. Effect of surface acidity and basicity of alu-
minas on asphaltene adsorption and oxidation. Journal of Colloid and Interface Science.
2011;360(1):233

[57] Nassar NN, Hassan A, Pereira-Almao P. Effect of the particle size on asphaltene adsorp-
tion and catalytic oxidation onto alumina particles. Energy & Fuels. 2011;25(9):3961

[58] Li S, Hendraningrat L, Torsæter O. Improved oil recovery by hydrophilic silica
nanoparticles suspension: 2-phase low experimental studies. IPTC 16707-MS presented
at Beijing International Petroleum Technology Conference; China; 26–28 March; 2013

[59] Li S, Kaasa AT, Hendraningrat L, Torsæter O. Effect of silica nanoparticles adsorption on
the wettability index of Berea sandstone. In Paper SCA2013–059 presented at the inter-
national symposium of the society of core analysts held in Napa Valley; California, USA;
2013. pp. 16–19

[60] Wang XQ, Mujumdar AS. A review on nanofluids-part I: Theoretical and numerical
investigations. Brazilian Journal of Chemical Engineering. 2008;25(4):613-630

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

181



[61] Yang Y, Lan J, Li X. Study on bulk aluminum matrix nano-composite fabricated by
ultrasonic dispersion of nano-sized SiC particles in molten aluminum alloy. Materials
Science and Engineering A. 2004;380(1):378-383

[62] Yu J, An C, Mo D, Liu N, Lee R. Study of Adsorption and transportation behavior of
Nanoparticles in Three Different Porous Media. SPE-153337; 2012

[63] Shen D, Zhang P, Kan AT, Fu G, Alsaiari HA, and Tomson MB. Control placement of
scale inhibitors in the formation with stable Ca-DTPMP nanoparticle suspension and its
transport in porous medium. In SPE International Oilfield Scale Conference. Society of
Petroleum Engineers; Aberdeen, UK; 28–29 May; 2008

[64] Zhang P, Shen D, Fan C, Kan A, Tomson M. Surfactant-assisted synthesis of metal-
phosphonate inhibitor nanoparticles and transport in porous media. SPE Journal.
2010;15(03):610-617

[65] Mullins OC, Sheu EY. Structure and Dynamics of Asphaltenes. New York: Springer; 1998

[66] Sjoblom J, Aske N, Auflem IH, Brandal O, Havre TE, Saether O, Westvik A, Johnsen EE,
Kallevik H. Our current understanding of water-in-crude oil emulsions. Recent charac-
terization techniques and high -pressure performance. Advances in Colloid and Inter-
face Science. 2003;100:399-473

[67] Syunyaev RZ, Balabin RM, Akhatov IS, Safieva JO. Adsorption of petroleum asph-
altenes onto reservoir rock sands studied by near-infrared (NIR) spectroscopy. Energy
and Fuels. 2009;23(3):1230-1236

[68] Franco CA, Lozano MM, Acevedo S, Nassar NN, Cortés FB. Effects of resin I on
asphaltene adsorption onto nanoparticles: A novel method for obtaining asphaltenes/
resin isotherms. Energy & Fuels. 2015;30:264-272

[69] Taborda EA, Franco CA, Lopera SH, Alvarado V, Cortés FB. Effect of nanoparticles/
nanofluids on the rheology of heavy crude oil and its mobility on porous media at
reservoir conditions. Fuel. 2016;184:222-232

[70] Montoya T, Coral D, Franco CA, Nassar NN, Cortés FB. A novel solid–liquid equilib-
rium model for describing the adsorption of associating asphaltene molecules onto solid
surfaces based on the “chemical theory”. Energy & Fuels. 2014;28:4963-4975

[71] Yudin IK, Anisimov MA. Dynamic light scattering monitoring of asphaltene aggregation
in crude oils and hydrocarbon solutions. Asphaltenes, Heavy Oils, and Petroleomics.
2007:439-468

[72] Mullins OC, Betancourt SS, Cribbs ME, Dubost FX, Creek JL, Andrews AB,
Venkataramanan L. The colloidal structure of crude oil and the structure of oil reser-
voirs. Energy & Fuels. 2007;21(5):2785-2794

[73] Franco CA, Nassar NN, Ruiz MA, Pereira-Almao P, Cortes FB. Nanoparticles for inhi-
bition of asphaltenes damage: Adsorption study and displacement test on porous
media. Energy & Fuels. 2013;27(6):2899

Recent Insights in Petroleum Science and Engineering182

[74] Wang K, Wang C, Sun L, Yi F. Experimental research on decompression and
augmented injection effect by using active SiO2 nano-powder in middle and low per-
meability cores. In Power and Energy Engineering Conference (APPEEC); Asia-Pacific;
2010. pp. 1–4

[75] Guzmán JD, Pineda D, Franco CA, Botero ÓF, Lopera SH, Cortés FB. Effect of nanopar-
ticle inclusion in fracturing fluids applied to tight gas-condensate reservoirs: Reduction
of methanol loading and the associated formation damage. Journal of Natural Gas
Science and Engineering. 2017;40:347-355

[76] Ju B, Fan T. Experimental study and mathematical model of nanoparticle transport in
porous media. Powder Technology. 2009;192(2):195-202

[77] Cao N, Mohammed MA, Babadagli T. Wettability Alteration of Heavy-Oil/Bitumen
Containing Carbonates Using Solvents, high pH Solutions and Nano/Ionic Liquids. In
Offshore Technology Conference; Rio de Janeiro, Brazil; 27–29 October; 2015

[78] Alomair OA, Matar KM, Alsaeed YH. Experimental study of enhanced-heavy-oil recov-
ery in Berea sandstone cores by use of nanofluids applications. SPE Reservoir Evalua-
tion & Engineering. 2015;18(03):387-399

[79] Hendraningrat L, Torsaeter O. Unlocking the potential of metal oxides nanoparticles to
enhance the oil recovery. In Offshore Technology Conference-Asia. Offshore Technology
Conference; Kuala Lumpur, Malaysia; 25–28 March; 2014

[80] Suleimanov BA, Ismailov FS, Veliyev EF. Nanofluid for enhanced oil recovery. Journal of
Petroleum Science and Engineering. 2011;78(2):431-437

[81] Muherei MA, Junin R. Equilibrium adsorption isotherms of anionic, nonionic surfac-
tants and their mixtures to shale and sandstone. Modern Applied Science. 2009;3(2):158

[82] Ahmadi MA, Shadizadeh SR. Induced effect of adding nano silica on adsorption of a
natural surfactant onto sandstone rock: Experimental and theoretical study. Journal of
Petroleum Science and Engineering. 2013;112:239-247

[83] Zargartalebi M, Kharrat R, Barati N. Enhancement of surfactant flooding performance
by the use of silica nanoparticles. Fuel. 2015;143:21-27

[84] Binshan J, Shugao D, Zhian L, Tiangao Z, Xiantao S, Xiaofeng Q. A study of wettability
and permeability change caused by adsorption of nanometer structured polysilicon on
the surface of porous media. SPE Asia Pacific Oil and Gas Conference and Exhibition;
Melbourne, Australia, October 8–10; 2002

[85] Shafie A, Yahya N, Kashif M, Zaid HM, Soleimani H, Alnarabiji MS. The band struc-
tures of single-walled carbon nanotubes and ZnO nanoparticles used for oil recovery in
water flooding system. Journal of Nano Research. 2014;26:101-110

[86] Zhang H, Nikolov A, Wasan D. Enhanced oil recovery (EOR) using nanoparticle disper-
sions: Underlying mechanism and imbibition experiments. Energy and Fuels. 2014;28(5):
3002-3009

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

183



[61] Yang Y, Lan J, Li X. Study on bulk aluminum matrix nano-composite fabricated by
ultrasonic dispersion of nano-sized SiC particles in molten aluminum alloy. Materials
Science and Engineering A. 2004;380(1):378-383

[62] Yu J, An C, Mo D, Liu N, Lee R. Study of Adsorption and transportation behavior of
Nanoparticles in Three Different Porous Media. SPE-153337; 2012

[63] Shen D, Zhang P, Kan AT, Fu G, Alsaiari HA, and Tomson MB. Control placement of
scale inhibitors in the formation with stable Ca-DTPMP nanoparticle suspension and its
transport in porous medium. In SPE International Oilfield Scale Conference. Society of
Petroleum Engineers; Aberdeen, UK; 28–29 May; 2008

[64] Zhang P, Shen D, Fan C, Kan A, Tomson M. Surfactant-assisted synthesis of metal-
phosphonate inhibitor nanoparticles and transport in porous media. SPE Journal.
2010;15(03):610-617

[65] Mullins OC, Sheu EY. Structure and Dynamics of Asphaltenes. New York: Springer; 1998

[66] Sjoblom J, Aske N, Auflem IH, Brandal O, Havre TE, Saether O, Westvik A, Johnsen EE,
Kallevik H. Our current understanding of water-in-crude oil emulsions. Recent charac-
terization techniques and high -pressure performance. Advances in Colloid and Inter-
face Science. 2003;100:399-473

[67] Syunyaev RZ, Balabin RM, Akhatov IS, Safieva JO. Adsorption of petroleum asph-
altenes onto reservoir rock sands studied by near-infrared (NIR) spectroscopy. Energy
and Fuels. 2009;23(3):1230-1236

[68] Franco CA, Lozano MM, Acevedo S, Nassar NN, Cortés FB. Effects of resin I on
asphaltene adsorption onto nanoparticles: A novel method for obtaining asphaltenes/
resin isotherms. Energy & Fuels. 2015;30:264-272

[69] Taborda EA, Franco CA, Lopera SH, Alvarado V, Cortés FB. Effect of nanoparticles/
nanofluids on the rheology of heavy crude oil and its mobility on porous media at
reservoir conditions. Fuel. 2016;184:222-232

[70] Montoya T, Coral D, Franco CA, Nassar NN, Cortés FB. A novel solid–liquid equilib-
rium model for describing the adsorption of associating asphaltene molecules onto solid
surfaces based on the “chemical theory”. Energy & Fuels. 2014;28:4963-4975

[71] Yudin IK, Anisimov MA. Dynamic light scattering monitoring of asphaltene aggregation
in crude oils and hydrocarbon solutions. Asphaltenes, Heavy Oils, and Petroleomics.
2007:439-468

[72] Mullins OC, Betancourt SS, Cribbs ME, Dubost FX, Creek JL, Andrews AB,
Venkataramanan L. The colloidal structure of crude oil and the structure of oil reser-
voirs. Energy & Fuels. 2007;21(5):2785-2794

[73] Franco CA, Nassar NN, Ruiz MA, Pereira-Almao P, Cortes FB. Nanoparticles for inhi-
bition of asphaltenes damage: Adsorption study and displacement test on porous
media. Energy & Fuels. 2013;27(6):2899

Recent Insights in Petroleum Science and Engineering182

[74] Wang K, Wang C, Sun L, Yi F. Experimental research on decompression and
augmented injection effect by using active SiO2 nano-powder in middle and low per-
meability cores. In Power and Energy Engineering Conference (APPEEC); Asia-Pacific;
2010. pp. 1–4

[75] Guzmán JD, Pineda D, Franco CA, Botero ÓF, Lopera SH, Cortés FB. Effect of nanopar-
ticle inclusion in fracturing fluids applied to tight gas-condensate reservoirs: Reduction
of methanol loading and the associated formation damage. Journal of Natural Gas
Science and Engineering. 2017;40:347-355

[76] Ju B, Fan T. Experimental study and mathematical model of nanoparticle transport in
porous media. Powder Technology. 2009;192(2):195-202

[77] Cao N, Mohammed MA, Babadagli T. Wettability Alteration of Heavy-Oil/Bitumen
Containing Carbonates Using Solvents, high pH Solutions and Nano/Ionic Liquids. In
Offshore Technology Conference; Rio de Janeiro, Brazil; 27–29 October; 2015

[78] Alomair OA, Matar KM, Alsaeed YH. Experimental study of enhanced-heavy-oil recov-
ery in Berea sandstone cores by use of nanofluids applications. SPE Reservoir Evalua-
tion & Engineering. 2015;18(03):387-399

[79] Hendraningrat L, Torsaeter O. Unlocking the potential of metal oxides nanoparticles to
enhance the oil recovery. In Offshore Technology Conference-Asia. Offshore Technology
Conference; Kuala Lumpur, Malaysia; 25–28 March; 2014

[80] Suleimanov BA, Ismailov FS, Veliyev EF. Nanofluid for enhanced oil recovery. Journal of
Petroleum Science and Engineering. 2011;78(2):431-437

[81] Muherei MA, Junin R. Equilibrium adsorption isotherms of anionic, nonionic surfac-
tants and their mixtures to shale and sandstone. Modern Applied Science. 2009;3(2):158

[82] Ahmadi MA, Shadizadeh SR. Induced effect of adding nano silica on adsorption of a
natural surfactant onto sandstone rock: Experimental and theoretical study. Journal of
Petroleum Science and Engineering. 2013;112:239-247

[83] Zargartalebi M, Kharrat R, Barati N. Enhancement of surfactant flooding performance
by the use of silica nanoparticles. Fuel. 2015;143:21-27

[84] Binshan J, Shugao D, Zhian L, Tiangao Z, Xiantao S, Xiaofeng Q. A study of wettability
and permeability change caused by adsorption of nanometer structured polysilicon on
the surface of porous media. SPE Asia Pacific Oil and Gas Conference and Exhibition;
Melbourne, Australia, October 8–10; 2002

[85] Shafie A, Yahya N, Kashif M, Zaid HM, Soleimani H, Alnarabiji MS. The band struc-
tures of single-walled carbon nanotubes and ZnO nanoparticles used for oil recovery in
water flooding system. Journal of Nano Research. 2014;26:101-110

[86] Zhang H, Nikolov A, Wasan D. Enhanced oil recovery (EOR) using nanoparticle disper-
sions: Underlying mechanism and imbibition experiments. Energy and Fuels. 2014;28(5):
3002-3009

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

183



[87] Youssif MI, El-Maghraby RM, Saleh SM, Elgibaly A. Silica nanofluid flooding for
enhanced oil recovery in sandstone rocks. Egyptian Journal of Petroleum. 2017 in press

[88] Winkler K, Paszewski M, Kalwarczyk T, Kalwarczyk E, Wojciechowski T, Gorecka E,
Pociecha D, Holyst R, Fialkowski M. Ionic strength-controlled deposition of charged nano-
particles ona solid substrate. The Journal of Physical ChemistryC. 2011;115(39):19096-19103

[89] Nikolov A, Kondiparty K, Wasan D. Nanoparticle self-structuring in a nanofluid film
spreading on a solid surface. Langmuir. 2010;26(11):7665-7670

[90] Ershadi M, Alaei M, Rashidi A, Ramazani A, Khosravani S. Carbonate and sandstone
reservoirs wettability improvement without using surfactants for chemical enhanced oil
recovery (C-EOR). Fuel. 2015;153:408-415

[91] Zargari S, Ostvar S, Niazi A, Ayatollahi S. Atomic force microscopy and wettability study
of the alteration of mica and sandstone by a biosurfactant-producing bacterium bacillus
thermodenitrificans. Journal of Advanced Microscopy Research. 2010;5(2):143-148

[92] Marrese M, Guarino V, Ambrosio L. Atomic force microscopy: A powerful tool to address
scaffold design in tissue engineering. Journal of Functional Biomaterials. 2017;8(1):7

[93] Buckley JS, Lord DL. Wettability and morphology of mica surfaces after exposure to
crude oil. Journal of Petroleum Science and Engineering. 2003;39(3):261-273

[94] Jarrahian K, Seiedi O, Sheykhan M, Sefti MV, Ayatollahi S. Wettability alteration of
carbonate rocks by surfactants: A mechanistic study. Colloids and Surfaces A: Physico-
chemical and Engineering Aspects. 2012;410:1-10

[95] Zhang P, Austad T. Wettability and oil recovery from carbonates: Effects of temperature
and potential determining ions. Colloids and Surfaces A: Physicochemical and Engi-
neering Aspects. 2006;279(1):179-187

[96] Thielbeer F, Donaldson K, Bradley M. Zeta potential mediated reaction monitoring on
nano and microparticles. Bioconjugate Chemistry. 2011;22(2):144-150

[97] Wang N, Hsu C, Zhu L, Tseng S, Hsu JP. Influence of metal oxide nanoparticles concen-
tration on their zeta potential. Journal of Colloid and Interface Science. 2013;407:22-28

[98] Manan MA, Farad S, Piroozian A, Esmail MJA. Effects of nanoparticle types on carbon
dioxide foam flooding in enhanced oil recovery. Petroleum Science and Technology.
2015;33(12):1286-1294

[99] Anton N, Benoit JP, Saulnier P. Design and production of nanoparticles formulated from
nano-emulsion templates- a review. Journal of Controlled Release. 2008;128(3):185-199

[100] Tadros T, Izquierdo P, Esquena J, Solans C. Formation and stability of nano-emulsions.
Advances in Colloid and Interface Science. 2004;108:303-318

[101] Napper DH. Polymeric Stabilization of Colloidal Dispersions. Vol. 3. London: Academic
Press; 1983

Recent Insights in Petroleum Science and Engineering184

[102] Tadros TF. The Effect of Polymers on Dispersion Properties. Academic Press; 1982

[103] Derjaguin BV, Landau L. Theory of the stability of strongly charged lyophobic sols and
of the adhesion of strongly charged particles in solutions of electrolytes. Acta
Physicochimica URSS. 1941;14(6):633-662

[104] Overbeek JTG, Verwey EJW. Theory of the Stability of Lyophobic Colloids: The Interac-
tion of sol Particles Having an Electric Double Layer. Amsterdam: Elsevier; 1948

[105] Ahmadi M, Habibi A, Pourafshary P, Ayatollahi S. Zeta-potential investigation and
experimental study of nanoparticles deposited on rock surface to reduce fines migration.
SPE Journal. 2013;18(03):534-544

[106] Vatanparast H, Javadi A, Bahramian A. Silica nanoparticles cationic surfactants interac-
tion in water-oil system. Colloids and Surfaces A: Physicochemical and Engineering
Aspects. 2017;521:221-230

[107] Al-Anssari S, Wang S, Barifcani A, Iglauer S. Oil-water interfacial tensions of silica
nanoparticle-surfactant formulations. Tenside, Surfactants, Detergents. 2017;54(4):334-341

[108] Hosseini SN, Shuker MT, Hosseini Z, Tomocene TJ, Shabib-Asl A, Sabet M. The role of
salinity and brine ions in interfacial tension reduction while using surfactant for
enhanced oil recovery. Research Journal of Applied Sciences, Engineering and Technol-
ogy. 2015;9(9):722-726

[109] Lan Q, Yang F, Zhang S, Liu S, Xu J, Sun D. Synergistic effect of silica nanoparticle and
cetyltrimethyl ammonium bromide on the stabilization of o/w emulsions. Colloids and
Surfaces A: Physicochemical and Engineering Aspects. 2007;302(1):126-135

[110] Sharma T, Sangwai JS. Silica nanofluids in polyacrylamide with and without surfactant:
Viscosity, surface tension, and interfacial tension with liquid paraffin. Journal of Petro-
leum Science and Engineering. 2017;152:575-585

[111] Vashisth C, Whitby CP, Fornasiero D, Ralston J. Interfacial displacement of nanoparticles
by surfactant molecules in emulsions. Journal of Colloid and Interface Science. 2010;
349(2010):537-543

[112] Molina HJL. Transport of Catalytic Particles Immersed in FluidMedia through Cylindrical
Geometries under Heavy Oil Upgrading Conditions. Calgary: University of Calgary; 2009

[113] Saidur R, Leong KY, Mohammad HA. A review on applications and challenges of
nanofluids. Renewable and Sustainable Energy Reviews. 2011;15(3):1646-1668

[114] Eastman JA, Choi SUS, Li S, Yu W, Thompson LJ. Anomalously increased effective ther-
mal conductivities of ethylene glycol-based nanofluids containing copper nanoparticles.
Applied Physics Letters. 2001;78(6):718-720

[115] Liu MS, Lin MCC, Tsai CY, Wang CC. Enhancement of thermal conductivity with cu for
nanofluids using chemical reduction method. International Journal of Heat and Mass
Transfer. 2006;49(17):3028-3033

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

185



[87] Youssif MI, El-Maghraby RM, Saleh SM, Elgibaly A. Silica nanofluid flooding for
enhanced oil recovery in sandstone rocks. Egyptian Journal of Petroleum. 2017 in press

[88] Winkler K, Paszewski M, Kalwarczyk T, Kalwarczyk E, Wojciechowski T, Gorecka E,
Pociecha D, Holyst R, Fialkowski M. Ionic strength-controlled deposition of charged nano-
particles ona solid substrate. The Journal of Physical ChemistryC. 2011;115(39):19096-19103

[89] Nikolov A, Kondiparty K, Wasan D. Nanoparticle self-structuring in a nanofluid film
spreading on a solid surface. Langmuir. 2010;26(11):7665-7670

[90] Ershadi M, Alaei M, Rashidi A, Ramazani A, Khosravani S. Carbonate and sandstone
reservoirs wettability improvement without using surfactants for chemical enhanced oil
recovery (C-EOR). Fuel. 2015;153:408-415

[91] Zargari S, Ostvar S, Niazi A, Ayatollahi S. Atomic force microscopy and wettability study
of the alteration of mica and sandstone by a biosurfactant-producing bacterium bacillus
thermodenitrificans. Journal of Advanced Microscopy Research. 2010;5(2):143-148

[92] Marrese M, Guarino V, Ambrosio L. Atomic force microscopy: A powerful tool to address
scaffold design in tissue engineering. Journal of Functional Biomaterials. 2017;8(1):7

[93] Buckley JS, Lord DL. Wettability and morphology of mica surfaces after exposure to
crude oil. Journal of Petroleum Science and Engineering. 2003;39(3):261-273

[94] Jarrahian K, Seiedi O, Sheykhan M, Sefti MV, Ayatollahi S. Wettability alteration of
carbonate rocks by surfactants: A mechanistic study. Colloids and Surfaces A: Physico-
chemical and Engineering Aspects. 2012;410:1-10

[95] Zhang P, Austad T. Wettability and oil recovery from carbonates: Effects of temperature
and potential determining ions. Colloids and Surfaces A: Physicochemical and Engi-
neering Aspects. 2006;279(1):179-187

[96] Thielbeer F, Donaldson K, Bradley M. Zeta potential mediated reaction monitoring on
nano and microparticles. Bioconjugate Chemistry. 2011;22(2):144-150

[97] Wang N, Hsu C, Zhu L, Tseng S, Hsu JP. Influence of metal oxide nanoparticles concen-
tration on their zeta potential. Journal of Colloid and Interface Science. 2013;407:22-28

[98] Manan MA, Farad S, Piroozian A, Esmail MJA. Effects of nanoparticle types on carbon
dioxide foam flooding in enhanced oil recovery. Petroleum Science and Technology.
2015;33(12):1286-1294

[99] Anton N, Benoit JP, Saulnier P. Design and production of nanoparticles formulated from
nano-emulsion templates- a review. Journal of Controlled Release. 2008;128(3):185-199

[100] Tadros T, Izquierdo P, Esquena J, Solans C. Formation and stability of nano-emulsions.
Advances in Colloid and Interface Science. 2004;108:303-318

[101] Napper DH. Polymeric Stabilization of Colloidal Dispersions. Vol. 3. London: Academic
Press; 1983

Recent Insights in Petroleum Science and Engineering184

[102] Tadros TF. The Effect of Polymers on Dispersion Properties. Academic Press; 1982

[103] Derjaguin BV, Landau L. Theory of the stability of strongly charged lyophobic sols and
of the adhesion of strongly charged particles in solutions of electrolytes. Acta
Physicochimica URSS. 1941;14(6):633-662

[104] Overbeek JTG, Verwey EJW. Theory of the Stability of Lyophobic Colloids: The Interac-
tion of sol Particles Having an Electric Double Layer. Amsterdam: Elsevier; 1948

[105] Ahmadi M, Habibi A, Pourafshary P, Ayatollahi S. Zeta-potential investigation and
experimental study of nanoparticles deposited on rock surface to reduce fines migration.
SPE Journal. 2013;18(03):534-544

[106] Vatanparast H, Javadi A, Bahramian A. Silica nanoparticles cationic surfactants interac-
tion in water-oil system. Colloids and Surfaces A: Physicochemical and Engineering
Aspects. 2017;521:221-230

[107] Al-Anssari S, Wang S, Barifcani A, Iglauer S. Oil-water interfacial tensions of silica
nanoparticle-surfactant formulations. Tenside, Surfactants, Detergents. 2017;54(4):334-341

[108] Hosseini SN, Shuker MT, Hosseini Z, Tomocene TJ, Shabib-Asl A, Sabet M. The role of
salinity and brine ions in interfacial tension reduction while using surfactant for
enhanced oil recovery. Research Journal of Applied Sciences, Engineering and Technol-
ogy. 2015;9(9):722-726

[109] Lan Q, Yang F, Zhang S, Liu S, Xu J, Sun D. Synergistic effect of silica nanoparticle and
cetyltrimethyl ammonium bromide on the stabilization of o/w emulsions. Colloids and
Surfaces A: Physicochemical and Engineering Aspects. 2007;302(1):126-135

[110] Sharma T, Sangwai JS. Silica nanofluids in polyacrylamide with and without surfactant:
Viscosity, surface tension, and interfacial tension with liquid paraffin. Journal of Petro-
leum Science and Engineering. 2017;152:575-585

[111] Vashisth C, Whitby CP, Fornasiero D, Ralston J. Interfacial displacement of nanoparticles
by surfactant molecules in emulsions. Journal of Colloid and Interface Science. 2010;
349(2010):537-543

[112] Molina HJL. Transport of Catalytic Particles Immersed in FluidMedia through Cylindrical
Geometries under Heavy Oil Upgrading Conditions. Calgary: University of Calgary; 2009

[113] Saidur R, Leong KY, Mohammad HA. A review on applications and challenges of
nanofluids. Renewable and Sustainable Energy Reviews. 2011;15(3):1646-1668

[114] Eastman JA, Choi SUS, Li S, Yu W, Thompson LJ. Anomalously increased effective ther-
mal conductivities of ethylene glycol-based nanofluids containing copper nanoparticles.
Applied Physics Letters. 2001;78(6):718-720

[115] Liu MS, Lin MCC, Tsai CY, Wang CC. Enhancement of thermal conductivity with cu for
nanofluids using chemical reduction method. International Journal of Heat and Mass
Transfer. 2006;49(17):3028-3033

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

185



[116] Nehmer WL. Viscoelastic gravel-pack carrier fluid. In SPE Formation Damage Control
Symposium. Society of Petroleum Engineers; 1988

[117] Brown JE, King LR, Nelson EB, Ali SA. Use of a viscoelastic carrier fluid in frac-pack
applications. In SPE Formation Damage Control Symposium. Society of Petroleum
Engineers; 1996, January

[118] Samuel M, Card RJ, Nelson EB, Brown JE, Vinod PS, Temple HL, Qu Q, Fu DK.
Polymer-free fluid for hydraulic fracturing. In SPE Annual Technical Conference and
Exhibition. Society of Petroleum Engineers; 1997

[119] Huang T, Crews JB. Nanotechnology applications in viscoelastic surfactant stimulation
fluids. SPE Production & Operations. 2008;23(04):512-517

[120] Huang T, Crews JB, Willingham JR. Using nanoparticle technology to control fine migra-
tion. In SPE Annual Technical Conference and Exhibition. Society of Petroleum Engineers;
2008

[121] Huang TT, Clark DE. Enhancing oil recovery with specialized nanoparticles by control-
ling formation-fines migration at their sources in waterflooding reservoirs. Society of
Petroleum Engineering Journal. 2015;20(4):743-746

[122] Maghzi A, Mohebbi A, Kharrat R, Ghazanfari MH. An experimental investigation of
silica nanoparticles effect on the rheological behavior of polyacrylamide solution to
enhance heavy oil recovery. Petroleum Science and Technology. 2013;31(5):500-508

[123] Iglauer S, Paluszny A, Pentland CH, Blunt MJ. Residual CO2 imaged with X-ray micro-
tomography. Geophysical Research Letters. 2011;38(21)

[124] Blunt MJ, Bijeljic B, Dong H, Gharbi O, Iglauer S, Mostaghimi P, Pentland C. Pore-scale
imaging and modelling. Advances in Water Resources. 2013;51:197-216

[125] Iglauer S, Salamah A, Sarmadivaleh M, Liu K, Phan C. Contamination of silica surfaces:
Impact on water-CO2-quartz and glass contact angle measurements. International Jour-
nal of Greenhouse Gas Control. 2014;22:325-328

[126] Iglauer S, Al-Yaseri AZ, Rezaee R, Lebedev M. CO2 wettability of caprocks: Implications
for structural storage capacity and containment security. Geophysical Research Letters.
2015;42(21):9279-9284

[127] Iglauer S, Pentland CH, Busch A. CO2 wettability of seal and reservoir rocks and
the implications for carbon geo-sequestration. Water Resources Research. 2015;51(1):
729-774

[128] Rahman T, Lebedev M, Barifcani A, Iglauer S. Residual trapping of supercritical CO2 in
oil-wet sandstone. Journal of Colloid and Interface Science. 2016;469:63-68

[129] Al-Anssari S, Arif M, Wang S, Barifcani A, Lebedev M, Iglauer S. CO2 geo-storage
capacity enhancement via nanofluid priming. International Journal of Greenhouse Gas
Control. 2017;63:20-25

Recent Insights in Petroleum Science and Engineering186

[130] Iglauer S, Mathew MS, Bresme F. Molecular dynamics computations of brineCO2 inter-
facial tensions and brine-CO2-quartz contact angles and their effects on structural and
residual trapping mechanisms in carbon geo-sequestration. Journal of Colloid and Inter-
face Science. 2012;386(1):405-414

[131] Al-Yaseri AZ, Lebedev M, Barifcani A, Iglauer S. Receding and advancing (CO2 + brine +
quartz) contact angles as a function of pressure, temperature, surface roughness, salt type
and salinity. Journal of Chemical Thermodynamics. 2016;93:416-423

[132] Arif M, Barifcani A, Iglauer S. Solid/CO2 and solid/water interfacial tensions as a function
of pressure temperature, salinity and mineral type: Implications for CO2- wettability and
CO2 geo-storage. International Journal of Greenhouse Gas Control. 2016;53:263-273

[133] Iglauer S. CO2-water-rock wettability: Variability, influencing factors, and implications
for co2 geostorage. Accounts of Chemical Research. 2017;50(5):1134-1142

[134] Aminzadeh B, Chung DH, Bryant SL, Huh C, DiCarlo DA. CO2 leakage prevention by
introducing engineered nanoparticles to the in-situ brine. Energy Procedia. 2013;37:
5290-5297

[135] AttarHamed F, Zoveidavianpoor M, Jalilavi M. The incorporation of silica nanoparticle
and alpha olefin sulphonate in aqueous CO2 foam: Investigation of foaming behavior
and synergistic effect. Petroleum Science and Technology. 2014;32(21):2549-2558

[136] Singh R, Mohanty KK. Synergistic stabilization of foams by a mixture of nanoparticles
and surfactants. Society of Petroleum Engineers; 2014

[137] Nguyen P, Fadaei H, Sinton D. Nanoparticle stabilized CO2 in water foam for mobility
control in enhanced oil recovery via microfluidic method. SPE Heavy Oil Conference-
Canada; Calgary, Alberta, Canada, 10–12 June; 2014

[138] Jikich SJ. CO2EOR: Nanotechnology for mobility control studied. Journal of Petroleum
Technology. 2012;64(7):28-31

[139] Worthen AJ, Bagaris HG, Chen Y, Bryant SL, Huh C, Johnston KP. Nanoparticle-
stabilized carbon dioxide in water foams for enhanced oil recovery. SPE Improved Oil
Recovery Symposium; Tulsa, Oklahoma, USA, 16–18 April; 2012

[140] Worthen AJ, Bagaria HG, Chen Y, Bryant SL, Huh C, Johnston KP. Nanoparticle-
stabilized carbon dioxide-in-water foams with fine texture. Journal of Colloid and Inter-
face Science. 2013;391:142-151

[141] Emrani AS, Nasr-El-Din HA. Stabilizing CO2 foam by use of nanoparticles. Society of
Petroleum Engineers Journal of Engineering Chemistry. 2017;28(2):988-994

[142] Salehi M, Johnson SJ, Liang JT. Mechanistic study of wettability alteration using surfactants
with applications in naturally fractured reservoirs. Langmuir. 2008;24(24):14099-14107

[143] Farhadi H, Riahi S, Ayatollahi S, Ahmadi H. Experimental study of nanoparticle-
surfactant-stabilized CO2 foam: Stability and mobility control. Chemical Engineering
Research and Design. 2016;111:449-460

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

187



[116] Nehmer WL. Viscoelastic gravel-pack carrier fluid. In SPE Formation Damage Control
Symposium. Society of Petroleum Engineers; 1988

[117] Brown JE, King LR, Nelson EB, Ali SA. Use of a viscoelastic carrier fluid in frac-pack
applications. In SPE Formation Damage Control Symposium. Society of Petroleum
Engineers; 1996, January

[118] Samuel M, Card RJ, Nelson EB, Brown JE, Vinod PS, Temple HL, Qu Q, Fu DK.
Polymer-free fluid for hydraulic fracturing. In SPE Annual Technical Conference and
Exhibition. Society of Petroleum Engineers; 1997

[119] Huang T, Crews JB. Nanotechnology applications in viscoelastic surfactant stimulation
fluids. SPE Production & Operations. 2008;23(04):512-517

[120] Huang T, Crews JB, Willingham JR. Using nanoparticle technology to control fine migra-
tion. In SPE Annual Technical Conference and Exhibition. Society of Petroleum Engineers;
2008

[121] Huang TT, Clark DE. Enhancing oil recovery with specialized nanoparticles by control-
ling formation-fines migration at their sources in waterflooding reservoirs. Society of
Petroleum Engineering Journal. 2015;20(4):743-746

[122] Maghzi A, Mohebbi A, Kharrat R, Ghazanfari MH. An experimental investigation of
silica nanoparticles effect on the rheological behavior of polyacrylamide solution to
enhance heavy oil recovery. Petroleum Science and Technology. 2013;31(5):500-508

[123] Iglauer S, Paluszny A, Pentland CH, Blunt MJ. Residual CO2 imaged with X-ray micro-
tomography. Geophysical Research Letters. 2011;38(21)

[124] Blunt MJ, Bijeljic B, Dong H, Gharbi O, Iglauer S, Mostaghimi P, Pentland C. Pore-scale
imaging and modelling. Advances in Water Resources. 2013;51:197-216

[125] Iglauer S, Salamah A, Sarmadivaleh M, Liu K, Phan C. Contamination of silica surfaces:
Impact on water-CO2-quartz and glass contact angle measurements. International Jour-
nal of Greenhouse Gas Control. 2014;22:325-328

[126] Iglauer S, Al-Yaseri AZ, Rezaee R, Lebedev M. CO2 wettability of caprocks: Implications
for structural storage capacity and containment security. Geophysical Research Letters.
2015;42(21):9279-9284

[127] Iglauer S, Pentland CH, Busch A. CO2 wettability of seal and reservoir rocks and
the implications for carbon geo-sequestration. Water Resources Research. 2015;51(1):
729-774

[128] Rahman T, Lebedev M, Barifcani A, Iglauer S. Residual trapping of supercritical CO2 in
oil-wet sandstone. Journal of Colloid and Interface Science. 2016;469:63-68

[129] Al-Anssari S, Arif M, Wang S, Barifcani A, Lebedev M, Iglauer S. CO2 geo-storage
capacity enhancement via nanofluid priming. International Journal of Greenhouse Gas
Control. 2017;63:20-25

Recent Insights in Petroleum Science and Engineering186

[130] Iglauer S, Mathew MS, Bresme F. Molecular dynamics computations of brineCO2 inter-
facial tensions and brine-CO2-quartz contact angles and their effects on structural and
residual trapping mechanisms in carbon geo-sequestration. Journal of Colloid and Inter-
face Science. 2012;386(1):405-414

[131] Al-Yaseri AZ, Lebedev M, Barifcani A, Iglauer S. Receding and advancing (CO2 + brine +
quartz) contact angles as a function of pressure, temperature, surface roughness, salt type
and salinity. Journal of Chemical Thermodynamics. 2016;93:416-423

[132] Arif M, Barifcani A, Iglauer S. Solid/CO2 and solid/water interfacial tensions as a function
of pressure temperature, salinity and mineral type: Implications for CO2- wettability and
CO2 geo-storage. International Journal of Greenhouse Gas Control. 2016;53:263-273

[133] Iglauer S. CO2-water-rock wettability: Variability, influencing factors, and implications
for co2 geostorage. Accounts of Chemical Research. 2017;50(5):1134-1142

[134] Aminzadeh B, Chung DH, Bryant SL, Huh C, DiCarlo DA. CO2 leakage prevention by
introducing engineered nanoparticles to the in-situ brine. Energy Procedia. 2013;37:
5290-5297

[135] AttarHamed F, Zoveidavianpoor M, Jalilavi M. The incorporation of silica nanoparticle
and alpha olefin sulphonate in aqueous CO2 foam: Investigation of foaming behavior
and synergistic effect. Petroleum Science and Technology. 2014;32(21):2549-2558

[136] Singh R, Mohanty KK. Synergistic stabilization of foams by a mixture of nanoparticles
and surfactants. Society of Petroleum Engineers; 2014

[137] Nguyen P, Fadaei H, Sinton D. Nanoparticle stabilized CO2 in water foam for mobility
control in enhanced oil recovery via microfluidic method. SPE Heavy Oil Conference-
Canada; Calgary, Alberta, Canada, 10–12 June; 2014

[138] Jikich SJ. CO2EOR: Nanotechnology for mobility control studied. Journal of Petroleum
Technology. 2012;64(7):28-31

[139] Worthen AJ, Bagaris HG, Chen Y, Bryant SL, Huh C, Johnston KP. Nanoparticle-
stabilized carbon dioxide in water foams for enhanced oil recovery. SPE Improved Oil
Recovery Symposium; Tulsa, Oklahoma, USA, 16–18 April; 2012

[140] Worthen AJ, Bagaria HG, Chen Y, Bryant SL, Huh C, Johnston KP. Nanoparticle-
stabilized carbon dioxide-in-water foams with fine texture. Journal of Colloid and Inter-
face Science. 2013;391:142-151

[141] Emrani AS, Nasr-El-Din HA. Stabilizing CO2 foam by use of nanoparticles. Society of
Petroleum Engineers Journal of Engineering Chemistry. 2017;28(2):988-994

[142] Salehi M, Johnson SJ, Liang JT. Mechanistic study of wettability alteration using surfactants
with applications in naturally fractured reservoirs. Langmuir. 2008;24(24):14099-14107

[143] Farhadi H, Riahi S, Ayatollahi S, Ahmadi H. Experimental study of nanoparticle-
surfactant-stabilized CO2 foam: Stability and mobility control. Chemical Engineering
Research and Design. 2016;111:449-460

A Realistic Look at Nanostructured Material as an Innovative Approach for Enhanced Oil Recovery Process…
http://dx.doi.org/10.5772/intechopen.72672

187



[144] Betancur S, Carmona JC, Nassar NN, Franco CA, Cortés FB. Role of particle size and
surface acidity of silica gel nanoparticles in inhibition of formation damage by asphaltene
in oil reservoirs. Industrial & Engineering Chemistry Research. 2016;55(21):6122-6132

[145] Mohammadi M, Akbari M, Fakhroueian Z, Bahramian A, Azin R, Arya S. Inhibition
of asphaltene precipitation by TiO2, SiO2, and ZrO2 nanofluids. Energy & Fuels.
2011;25(7):3150-3156

[146] Dai C, Wang X, Li Y, Lv W, Zou C, Gao M, Zhao M. Spontaneous imbibition investiga-
tion of self-dispersing silica nanofluids for enhanced oil recovery in low-permeability
cores. Energy & Fuels. 2017;31(3):2663-2668

[147] Vatanparast H, Samiee A, Bahramian A, Javadi A. Surface behavior of hydrophilic silica
nanoparticle-SDS surfactant solutions: I. Effect of nanoparticle concentration on
foamability and foam stability. Colloids and Surfaces A: Physicochemical and Engineer-
ing Aspects. 2017;513:430-441

[148] Al-Anssari S, Nwidee LN, Ali M, Sangwai JS, Wang S, Barifcani A, Iglauer S. Retention
of silica nanoparticles in limestone porous media. Asia Pacific Oil and Gas Conference
and Exhibition held in Bali, Indonesia; 17–19 October; 2017

[149] Skauge T, Spildo K, Skauge A. Nano-sized particles for EOR. In SPE Improved Oil
Recovery Symposium. Society of Petroleum Engineers; Tulsa, Oklahoma, USA; 24–28
April; 2010

Recent Insights in Petroleum Science and Engineering188

Chapter 9

Lessons Learned from Our Recent Research in Chemical
Enhanced Oil Recovery (C-EOR) Methods

Bing Wei, Peng Wei, Shuai Zhao and Wanfen Pu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71816

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.71816

Lessons Learned from Our Recent Research in Chemical 
Enhanced Oil Recovery (C-EOR) Methods

Bing Wei, Peng Wei, Shuai Zhao and Wanfen Pu

Additional information is available at the end of the chapter

Abstract

As a result of the ever-increasing global energy demand coupled with the rapid decline of 
the oil production, the games of enhanced oil recovery (EOR) are played in many oilfields 
worldwide especially in China. It was reported that EOR jobs produced 45.1 × 104 m3/d 
of oil production rate in 2014 all over the world, proving the significance of these jobs. 
Due to the complex geology, chemical enhanced oil recovery (C-EOR) methods are con-
sidered the predominant technology in China and takes nearly 86% of the total EOR 
projects currently. This fact motivates us to develop novel and more advanced C-EOR 
methods for different geological types of Chinese reservoirs such as high temperature 
and pressure, ultralow permeability, heavy oil reservoirs, etc. Through 20 years’ efforts, 
many advantageous C-EOR methods have been successfully developed in our group 
and tested in oilfields such as stabilized foam injection, nanofluid flooding, functional 
polymer flooding, etc. Herein, this chapter summarized the latest experimental results 
of three representative C-EOR methods. More attentions were given to the relationship 
between bulk properties and flow behaviors in porous media. The lessons learned from 
our research in C-EOR were also discussed in this chapter.

Keywords: enhanced oil recovery, chemical flooding, innovative EOR, nanofluid, 
polymer microsphere, enhanced foam

1. Nanofluid flooding

To date, hydrolyzed polyacrylamide (HPAM) is still the most widely used polymer due to its avail-
ability in large quantities with customizable properties (molecular weight, hydrolysis degree, etc.) 
and low manufacturing cost. However, acrylamide-based polymers are susceptible to chemical, 
mechanical, thermal, and microbial degradations [1]. In addition, the acrylamide monomers place 
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detriment to the environment due to its toxicity [2, 3]. Nanofluids, which are obtained through 
dispersing nanoparticles in the base fluids, are attracting research attentions. The nanofluids usu-
ally exhibit high thermal conductivities, which are significant to the development of energy, and 
have been widely used in drug delivery solar cells, lipase immobilization, soil remediation, lubri-
cation, and hydraulic fracturing of gas and oil. In addition, nanofluids have been introduced to 
the enhanced oil recovery (EOR) area due to their unique thermal properties and large surface 
area [4–8]. Many works have been done to study the EOR performance of nanofluids composed 
of different nanoparticles. Hendraningrat et al. evaluated the displacement efficiency of the nano-
fluid. They claimed that the nanofluid increased the oil recovery by 7–14.3% and the optimum 
concentration was 0.05 wt% for water-wet core [9, 10]. The stability of nanofluids was considered 
as an important factor, which is closely associated with the success of nanofluid flooding [11]. 
Roustaei et al. demonstrated that the modified silica nanoparticles were able to enhance light oil 
recovery by reducing interfacial tension and altering wettability [12]. The potential of hydropho-
bic and lipophilic nanoparticles in EOR was also verified [13–15].

Cellulose is one of the most abundant biopolymers on earth and widely contained in wood, cot-
ton, hemp, and other renewable origins [16–19]. When cellulose is in nanosize, many distinctive 
properties are therefore created, for example, high strength, chemical accessibility, large surface 
area, etc., which accordingly cause the increasing attentions in the research community [20, 21].

1.1. Surface grafting

In the interest of further improving the properties of the nanocellulose (NC) toward EOR 
use, two functional NC samples were successfully prepared in our group via surface grafting. 
The chemical structures and micromorphologies of the three samples are shown in Figure 1. 
Figure 2 shows the TG/DTG curves of the nanocellulose. It was noted that after surface graft-
ing, the thermal stability of resultant NC (NC-KY and NC-KYSS) was slightly higher than the 
origin caused by the grafted AMPS and alkyl chains [16, 17, 22, 23].

1.2. Rheological properties of the nanofluids

The shear rate and mass-dependent behavior of nanofluid viscosity are shown in Figure 3. All 
the three nanofluids are pseudoplastic fluids, i.e., shear-thinning fluids. The viscosity of the 
nanofluid gradually increased with the concentration, which was consistent with the tendency of 
other relevant polymers as HPAM. After grafting, the viscosity of the nanocellulose was detracted 
especially NC-KYSS resulted from enlarged molecular space induced by the loaded groups. 
Nevertheless, a significant thickening power was observed for NC-KYSS at an industrial level as 
indicated in Figure 3. It has been well understood that viscosity of the system is the predominant 
component in any chemical-based EOR process. Compared with other particle-based nanofluids, 
the nanocellulose nanofluids are advantageous with noticeable thickening property [17].

1.3. Dispersity of nanocellulose in electrolyte

The colloidal stability of nanofluid is one of the major considerations for EOR. The pres-
ence of cations (Na+, Ca2+, and Mg2+) usually leads the nanocellulose to aggregate and 
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Figure 1. Chemical structure and SEM images of the nanocellulose.

Figure 2. TG/DTG curves of the nanocellulose.
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flocculate, subsequently impacting the fluidity in porous media. Figure 4 presents the 
images of the nanocellulose fluids in NaCl electrolyte with storage time. It was observed 
that the ungrafted nanocellulose (NC) fluid remained homogeneous for 30 days in deion-
ized water; however, when the cation was present, nanocellulose aggregation and floccu-
lation occurred as a result of the compressed electric double layer. The grafting of AMPS 
did not effectively hinder the aggregation. This fact indicated that the sole electrostatic 
repulsion was not sufficient to combat high salinity. In contrast, simultaneous grafting of 
AMPS and alkyl chains noticeably enhanced the dispersity of the nanocellulose in elec-
trolyte caused by extra steric hindrance [17].

Figure 3. Rheological properties of the nanocellulose fluids.

NC NC-KY

(NaCl: 0, 0.1, 0.3 and 0.7% from left to right)

NC-KYSS

(NaCl: 1, 1.5 and 2% from left to right)

Figure 4. Images of the nanocellulose nanofluids in electrolyte.
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1.4. Microscale displacement behaviors

To study the flow behaviors in porous media and EOR efficiency of the tested nanofluids, a 
five-spot visual micromodel was designed and assembled in our lab. In addition to visual 
observation, the propagations of the displacing phase and displaced phase were captured 
and further analyzed using a coded MatLab program. Due to the dispersity issue, NC-KYSS 
fluid was first tested in the oil displacement experiment. In the homogenous sand pack 
model, the waterflooding oil recovery was nearly 46% of original oil in place (OOIP) at 4 PV of 
brine. Then, a 0.4 PV of NC-KYSS fluid slug was injected into the model to simulate EOR fol-
lowed by a post waterflooding. It was shown that this nanofluid was able to further improve 
the oil recovery after waterflooding. In our work, approximately 6% OOIP was produced, 
and the water cut was reduced simultaneously, verifying the potential of this nanofluid in 
EOR. Figure 5 shows the micromodel images captured during the displacement tests. From 
these images, the reduction of the oil saturation of the sand pack model can be visually 
observed. Through pixel reading, the oil recovery efficiencies of the waterflooding, nano-
fluid flooding, and post waterflooding were quantitatively determined as shown in Figure 6.  

Figure 5. MatLab-released images of the microdisplacement test.
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The results proved that the macroscopic sweep and microscopic displacement efficien-
cies of the nanofluid flooding were increased by 9.2 and 1.3%, respectively, on the basis of  
waterflooding [22].

2. Stabilized foam flooding

The EOR efficiency of a foam injection is largely governed by foam stability. However, due to 
the complex reservoir conditions (pressure, temperature, geological properties, crude, etc.), the 
generated bubbles in porous media easily rupture particularly when they are in direct contact 
with hydrocarbons, which are considered as antifoaming agents and detrimental to foam sta-
bility [24, 25]. Substantial efforts have been made toward foam stability enhancement from both 
theoretical and experimental levels [26]. The methods that utilize chemical agents to prevent 
film drainage have been successfully proposed. The widely used agents can be categorized into 
two groups, i.e., polymer and nanoparticle. Sydansk observed that adding polymer to the aque-
ous phase resulted in the improvement of the foam viscosity and stability. Shen et al. compared 
the stability of HPAM- and xanthan gum-enhanced foam system during migrating in porous 
media [26]. An associative polymer was also employed to stabilize foam lamella through the 
molecular interactions with surfactants [27]. Using starch particle to improve the physical prop-
erties of foam was suggested by Zhang et al. The results indicated that the film drainage was 
considerably mitigated owing to starch participation [28]. As for nanoparticle, silica is the most 
widely used nanoparticle according to reports [29, 30]. Farhadi et al. examined the stability and 
mobility control of a silica-stabilized CO2 foam system. It was proved that this system produced 
uniform and small foams with high apparent viscosity compared to the surfactant-only system 

Figure 6. Oil recoveries in the stages of waterflooding and nanofluid flooding.
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[31]. Hydrophobic silica was also adopted to stabilize a conventional foam system, and the 
resultant foam system was more rough than that of PEG-coated nanosilica-stabilized foam [32]. 
In addition to silica, the possibility of aluminum, fly ash, and CaCO3 as foam stabilizers was 
also assessed [33–35]. Based on the previous works, three possible mechanisms for foam film 
stabilization were elucidated by Horozov, including monolayer of bridging particles, bilayer of 
close-packed particles, and network of particle aggregates [36].

2.1. Xanthan gum-stabilized foam

2.1.1. Alteration of foam morphology

As shown in Figure 7, CHSB foam displays small and uniform bubble sizes, whereas polymer-
enhanced foam presents the large and coarse sizes in the initial state. Afterward, a significant dif-
ference is also observed after 10 min, i.e., the bubbles of CHSB foam change into a form of large 
and polyhedral shape. By contrast, the change behavior of polymer-enhanced foam is very small. 
Due to the large viscous force, the polymer-surfactant mixtures can create thick and stable liquid 
films delaying coalescence, which thus promotes the stability of polymer-enhanced foam [37, 38].

2.1.2. Foam microstructure in oil-bearing

In this section, the effect of crude oil on foam properties was shown in Figure 8. As 
observed from Figure 8(a), two systems maintained the favorable foam properties in 
the presence of 15% oil; nevertheless, the foam stability gradually decreased as the oil 
content continued to increase. In contrast, the foam volume of the xanthan-enhanced 

Figure 7. Microstructures of CHSB foam (a) and xanthan-enhanced foam (b) changes over time.
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foam increased even when 20% of oil was present, indicating the stabilizing effect of 
polymer in oil-bearing environment. As shown in Figure 8(b), the half-life ratio was 
close to 8 in the absence of oil. When the oil was added to the foam system, this ratio 
nearly remained unchanged within 10% of oil content and then gradually increased to 
about 10 with the increase of oil content to 20%.

To further evaluate the effect of crude oil on foam, the microstructures of oil foam were 
visually observed using LM. As shown in Figure 9(a), the oil droplets tended to self-assem-
ble at the plateau borders of CHSB foam with liquid drainage, and the deposited oil droplets 
merged into the larger drops at a fast rate before finally forming an oil band at the plateau 
border. From Figure 9(b), the oil droplets of the xanthan-enhanced foam had a smaller size 

Figure 8. Foam properties as a function of oil content, (a) variations of foam volume and half-time, (b) the half-life ratio 
(η) of xanthan-enhanced foam to CHSB foam.

Figure 9. Microphotographs of oil drops as a function of time and CHSB foam (a) and xanthan-enhanced foam (b).
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and were uniformly dispersed in the matrix of foam films (i.e., oil in water emulsions). 
Furthermore, the accumulated oil droplets distributed in foam films instead of plateau bor-
ders. As a result, the crude oil can be emulsified into small and stable particles in the foam 
films.

2.1.3. Foam injection in the heterogeneous model

As shown in Figure 10, the oil recovery of high-permeable core is 30–42% after water-
flooding, but with the increase of permeability ratio, the oil recovery of low-permeable 
core decreased, which indicated that the swept volume of the low permeability core was 
quite low. The remarkable variations of division ratio and oil recovery were observed in 
heterogeneous cores as a result of the injection of the xanthan-enhanced foam. Since foam 
gradually established the high flow resistance in the high-permeable core, the subsequent 
flow was diverted to the low-permeable core displacing the residual oil. Moreover, foam 
has been proven to perform excellent in the area of low oil saturation and large spatial 
scale. Therefore, the large amount of crude oil was produced from both the high-perme-
able core and the low-permeable core, which thus led to the facts that the enhanced oil 
recovery increased as the heterogeneity gets stronger especially in the low-permeable core. 

Figure 10. Changes of oil recovery (OR) and division ratio (DR) in the high and low permeability of heterogeneous cores. 
The different permeability ratios are 1.5 (a), 3 (b), 6 (c), and 12 (d), and xanthan-enhanced foam is injected.
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Consequently, the significant flow diversion and oil increase were achieved by conducting 
polymer-enhanced foam flooding in the heterogeneous formation. The larger permeability 
ratio can promote the advantage of foam to carry out mobility reduction and oil recovery 
enhancement.

2.2. Nanocellulose-stabilized foam

2.2.1. Foam decay in the absence and presence of crude oil

Figure 11 shows the foam decay profiles of the four systems in the absence and presence of 
oil. In the bulk tests, the criterion of half decay time, which was defined as the time that the 
first half foam volume lasts, was frequently used to quantify the stability of the prepared 
foam. Normally, long half decay time represents high foam stability and vice versa. The incor-
poration of the nanocellulose fluids notably extended the foam life from generation to com-
pletely vanish. The enhancement was more significant when oil was present, as revealed by 
the profiles shown in the right. These profiles also demonstrated that oil was detrimental to 
foam stability. After nanofluid stabilization, the half decay time or stability of the foam was 
considerably promoted. The hypothesized mechanisms of foam lamella stabilization are as 
follows. Due to the synergism of the nanocellulose molecules, the close-packed foam lamella 
is further strengthened, which consequently renders the generated bubbles less probability to 
rupture. Moreover, the substantial OH- groups on the nanocellulose surface are also capable 
of impeding liquid drainage owing to the hydrogen bonding interactions between water, 
nanocellulose, and surfactant molecules in the film lamella. The close-packed foam lamella 
leads the foam volume to shrink due to the increased liquid viscosity and density, whereas 
the molecular interactions at the foam lamella can stabilize the foam film and accordingly 
extend the foam life [22].

Figure 11. Foam decay profiles of four systems (APG: foaming agent).
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2.2.2. Morphology of the stabilized foam

The participation of NC-KYSS made the resultant bubbles smaller than the surfactant-only 
foam, which subsequently led to thicker foam lamella due to the stabilizing effect as shown 
in Figure 12. This effect enables the prepared foam to retard inter-bubble gas diffusion. When 
hydrocarbons were present, the improvement of the foam lamella thickness was more signifi-
cant. The microscopic observations were highly in agreement with the results obtained in the 
bulk cylinder tests. The coarsening rate of the foam bubbles was accelerated when hydrocar-
bons were involved and consequently resulted in large bubbles. Although the hydrocarbons 
have exerted a detriment to foam morphology, considerably thick foam lamella was con-
structed due to the collaboration of NC-KYSS. The reasons behind to interpret this fact have 
been discussed above [22].

2.2.3. Microdisplacement behaviors

Using the same digital method as established in Section 1.4, the flow patterns of oil and 
foam in porous media were captured as shown in Figure 13. The residual oil saturation (Sor) 
represented by the black pixel indicated the limited oil recovery of waterflooding stage. As 
foam injection proceeded, an “oil bank” was constructed in the front of foam as a result of 
the mobilized residual oil. However, due to the defoaming/antifoaming effect, the conven-
tional foam quickly channeled/fingered through the established oil bank leaving oil-bearing 
area untouched. In contrast, the injection of the KYSS-stabilized foam created a tough and 
“piston-like” displacing front owing to the prominent oil tolerance and accordingly pro-
moted the macroscopic sweep efficiency and microscopic displacement efficiency as shown 
in Figure 14 [22].

Figure 12. Microscopy images of the foam (a and b: APG foam at 40 and 100×; c and d NC-KYSS-stabilized foam at 40 
and 100×).
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Figure 14. Oil recovery efficiencies of the foam flooding.

Figure 13. MatLab-released images of the foam flooding.
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3. Microsphere injection

After extensive waterflooding, most of the oilfields worldwide have entered the middle and 
high water cut stage; crude oil production decreases significantly. Meanwhile, the exploration 
of new oil and gas resources is becoming more and more difficult. In order to maintain the 
oil production of the aged oilfield, to find an economical and effective enhanced oil recovery 
(EOR) technique has become the focus of researchers.

In the last decade, a new dispersion gel called polymer microspheres (PMs) was 
employed for high temperature and salinity reservoirs to achieve conformance con-
trol. The PMs that match well with pore-throat size can be synthesized via the polym-
erization of polymer monomer, crosslinking agent, initiator, and active agent. The 
associated physical properties and dynamic displacement behaviors of PMs synthe-
sized by inverse emulsion polymerization in our laboratory would be discussed briefly in 
next sections aiming at rendering quite a few evidences guiding its application in actual 
reservoirs.

3.1. Physical properties of PMs

As shown in Figure 15, the PMs were micron-grade particles with milky white and high sphe-
ricity. The initial particle size distribution of PMs synthesized by inverse emulsion polym-
erization in our laboratory was in the range of 2.364 (d10) to 26.212 μm (d90), and its median 
diameter (d50) was 9.996 μm (see Figure 16) [39].

Figure 15. Dispersion state of PM system at different times: (a) initial state, (b) 10 minutes, (c) 20 minutes, and (d) 
30 minutes.
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Figure 15(a)–(d) shows the morphology of PMs swelling for 15 days in injection water at 
25, 50, 75, and 104°C, respectively. The PMs kept high sphericity and could well disperse in 
water with no precipitation and agglomeration within the temperature ranging from 25 to 
104°C. The results show that the PMs could withstand temperature of 104°C and salinity of 
25,000 mg/L. This renders PMs’ potential in high temperature and salinity reservoirs.

The hydration swelling property of PMs is represented by the expansion ratio, which can be 
calculated by Eq. (1):

  ER =  ( D  2   −  D  1  )  /  D  1    (1)

where ER represents expansion ratio and D1 and D2 are median diameter of PMs before and 
after expansion, respectively, μm.

The changing curves of the expansion ratio of PMs under different salinity conditions at 25°C 
are shown in Figure 17. At the same salinity, the expansion ratio of PMs increased with time; 
the expansion rate in the initial stage was fast, then gradually slowed down, and leveled up 
after swelling for 7 days. At the same hydration time, the expansion ratio of PMs decreased 
with the salinity. In particular, the swelling ratio of PMs in the deionized water was much 
larger than that in the brine.

Figure 18 displays the apparent viscosity of 0.5 wt% PM system in the deionized water, NaCl 
solution with salinity of 10,000 and 20,000 mg/L, reservoir injection water, respectively, after 
swelling 10 days at 25°C. In the range of low shear rate, the apparent viscosity of PM system 

Figure 16. Initial particle size distribution of PMs in the injection water.
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Figure 17. Influence of salinity on the expansion ratio of PMs.

Figure 18. Apparent viscosity of PM system versus the shear rate (25°C).
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swelling 10 days at 25°C. In the range of low shear rate, the apparent viscosity of PM system 

Figure 16. Initial particle size distribution of PMs in the injection water.
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Figure 17. Influence of salinity on the expansion ratio of PMs.

Figure 18. Apparent viscosity of PM system versus the shear rate (25°C).
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decreased significantly with the shear rate. At the high shear rate, the apparent viscosity of 
PM system increased or decreased slightly with the shear rate, which is close to the viscosity 
of water. So the original water injection pipeline could be directly used to inject the PM sys-
tem. The dynamic elasticity of four types of PMs (without solvent) mentioned in this section 
versus frequency is shown in Figure 19. For the same PMs, when the oscillation frequency 
was increased from 0.1 to 100 Hz, the elastic modulus of PMs gradually increased. At the same 
frequency, the elastic modulus of PMs increased with the salinity, which is related with the 
charge of PMs [39].

3.2. Dynamic displacement behaviors of PMs

The fluid distribution of the visual model, in which diagonal upper and lower area repre-
sents low and high-permeable zone, respectively, is shown in Figure 20. During PMF, the 
PM system mainly flowed into the high-permeable zone. In the SWF stage (Figure 20(d)), the 
low-permeable zone was significantly activated evidencing these PMs can achieve effective 
plugging for high-permeable region as well as allow the subsequent fluid to flow into the low-
permeable zone rich in remaining oil [40].

3.3. Matching relationship between microsphere diameter and pore-throat size

As shown in Figure 21, the migration type with β >1.99 (the ratio of median diameter of PMs and 
average pore-throat diameter of core) is defined as “complete plugging,” in which the pressure 
drop increased noticeably with the injection of PM system. “High-efficiency plugging” arises 

Figure 19. Elastic modulus of PMs versus the frequency (25°C).
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when β is in the range of 1.02 and 1.99. In this case, the differential pressure first increased with 
the injection of PMs until a peak pressure was achieved. This demonstrated the plugging of the 
pore throats. Afterward, the pressure curve tended to fluctuate with the injection continued, 
indicating that the PMs might break up and thus pass through the pore throats and then deeply 
migrate forward into the core until the next block-breakthrough cycle occurred. The differential 
pressure gradually decreased before finally leveling off during SWF. The resistance coefficient 
and blocking rate were more than 21.9 and 80.9%, respectively. In the case of 0.59 < β < 1.02, the 
migration was regarded as “low-efficiency plugging,” in which the differential pressure varied 
similarly with “high-efficiency plugging” with exception of the causing lower pressure. The rel-
evant resistance coefficient and blocking rate were 8.3–21.9 and 20–80.9%, respectively. “Smooth 
pass” occurred when β is smaller than 0.59. The blocking rate was less than 20% including the 
reduction of cross-sectional area caused by the adsorption of PMs on the pore surfaces. Hence, 
the majority of the PMs passed the pore throats successfully without any plugging effect [39].

Figure 21. Resistance coefficient and blocking rate versus matching coefficient.

(a) (d) (b) (c)  

Figure 20. Fluid distribution of the visual model (a) initial oil saturation, (b) WF, (c) PMF, and (d) SWF.
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Abstract

Due to the increase of the activities in the oil industries, higher interest has been given to 
enhance the recover the trapped oil and produce more oil from the matured reservoirs. 
Worldwide, enhanced oil recovery (EOR) is implemented in most reservoirs to recover 
additional amounts of oil that are not recovered during secondary recovery by water 
flood or gas injection. Recently, a numerous techniques such as thermal, miscible, immis-
cible and chemical has proposed to enhanced oil recovery and to increase the producible 
oil from oil reservoirs. The suitability and the success of a specific EOR process are highly 
sensitive to reservoir and fluid characteristics, recovery efficiency, availability of injected 
fluids, and costs. One of the common techniques which have been proposed recently is 
low salinity water flooding where the sea water with a controlled salinity and salt content 
is used to alter the rock wettability or enhance the fine migration and resulted in higher 
oil production. This study aims to investigate the possibility of using low salinity water 
flooding in naturally fractured reservoirs. The wettability changes are taking into account 
in terms of oil/water relative, saturation and capillary pressure as these parameters play 
a key role during the simulation of brine injection. The results show that the oil recov-
ery significantly increases specially for water wet reservoirs as the reason behind is the 
decreasing water production after the breakthrough of the low saline brines.

Keywords: enhance oil recovery, low salinity water injection, naturally fractured 
reservoir

1. Introduction

Enhanced oil recovery (EOR) is a technique that used to recover trapped oil left in reser-
voirs after primary and secondary recovery methods. Although, EOR is a challenging process 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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flood or gas injection. Recently, a numerous techniques such as thermal, miscible, immis-
cible and chemical has proposed to enhanced oil recovery and to increase the producible 
oil from oil reservoirs. The suitability and the success of a specific EOR process are highly 
sensitive to reservoir and fluid characteristics, recovery efficiency, availability of injected 
fluids, and costs. One of the common techniques which have been proposed recently is 
low salinity water flooding where the sea water with a controlled salinity and salt content 
is used to alter the rock wettability or enhance the fine migration and resulted in higher 
oil production. This study aims to investigate the possibility of using low salinity water 
flooding in naturally fractured reservoirs. The wettability changes are taking into account 
in terms of oil/water relative, saturation and capillary pressure as these parameters play 
a key role during the simulation of brine injection. The results show that the oil recov-
ery significantly increases specially for water wet reservoirs as the reason behind is the 
decreasing water production after the breakthrough of the low saline brines.

Keywords: enhance oil recovery, low salinity water injection, naturally fractured 
reservoir

1. Introduction

Enhanced oil recovery (EOR) is a technique that used to recover trapped oil left in reser-
voirs after primary and secondary recovery methods. Although, EOR is a challenging process 
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where a variety of parameters play an important role such as harsh environments; EOR pro-
cesses are applied worldwide in most reservoirs to retrieve additional amounts of oil which it 
cannot be recovered during secondary recovery by waterflood or gas injection.

Due to the expected increase in energy consumption worldwide which is assumed to exceed 
50% by the end of 2030, different path of renewable resources has been proposed to meet 
this growth and energy demand. Primary and secondary oil recovery which is considered as 
predominate energy resource produce only 15–30% of the oil original in place (OOIP) [1] and 
the percentage of the recovered oil is mainly depend on the compressibility of the fluids and 
reservoir initial pressure. More than 50% of the reserved oil subsequent to the OOIP will be 
trapped which in some cases is amenable to tertiary or enhance-oil-recovery process [2]. The 
difficulty of oil recovery was due to the chemical equilibrium between the crude oil, formation 
water and the rock structure and characteristic. The distribution of the oil and water within 
the porous rock is depend on the contact between the rock surface and the two fluids or in the 
other hand is depend on the rock wetting properties.

EOR stages encompass a variety of processes, including miscible flooding processes, chemical 
flooding process, thermal flooding processes, and microbial flooding processes. Water flood-
ing is one of the EOR mechanisms where injected water with certain specification was used to 
maintain reservoir pressure and improve reservoir sweep efficiency. In order to improve the 
oil recovery and increasing production efficiency, water flooded was recently used in most 
of the reservoirs where it was initially used to support the reservoir pressure and maintain it 
above the oil bubble pressure and take the advantage of the viscous forces into displacement of 
the oil by the water. Injection of water with different composition within the initial formation, 
water can disturb the established reservoir chemical equilibrium and results in improved oil 
recovery. To evaluate the usage of smart water as EOR fluid a well chemical understanding 
of the most important parameters dictating the wetting properties of oil reservoir is highly 
needed. Low salinity water injection (LSWI) is one of the emerging improved oil recovery 
techniques for boosting the oil recovery from waterfloods [3]. The LSWI technique received 
increasing attention in the oil industry and has the potential of being cost effective compared 
to other EOR techniques because of its simplicity, higher oil recovery performance, and envi-
ronmental friendly when compared with conventional high salinity water flooding and other 
EOR approaches. The main concerns with using LSWI are water sourcing and water disposal. 
The successful EOR approach using LSWI has been related to several factors linked to the com-
position of injected brine such as fine clay minerals migration, interfacial tension reduction, 
wettability alteration, controlling pH, and emulsion formation. The effect of low salinity water 
flooding has been shown at laboratory-scale and to a limited extent at field-scale using both 
sandstone and carbonate rocks. The modification of the injected brine composition was proved 
that it could improve the oil recovery factor of conventional water flooding up to 38% [4].

Several studies have been heighted that the salinity of the connate water is the main factor 
controlling the higher oil recovery where the salinity of the injected water must be much 
lower than the salinity of the connate water. Investigator found that an improved in oil recov-
ery by using low salinity water injection only happen when clay sandstone minerals is existed 
along with the crude oil. The interpretation for this phenomenon was linked to permeabil-
ity reduction caused by the fine migration leading to increasing in more pressure drop and 
higher oil production, since most observations reviled that pressure drop was strictly tied 
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to incremental recovery [5]. Which is not the case with the carbonates rock since carbonate 
rock reservoir where it may contain clays minerals, but these minerals as regularly is trapped 
within the rock matrix and not considerably exaggerated by the injected fluid.

Furthermore, the interaction between the negatively polar crude oil and positively charged car-
bonates is much higher than the sandstone rocks [6] therefore, the wettability alteration mecha-
nism in the case of carbonate rock is more complicated compare with the silica and clay due to 
the various contributions including fine migration, pH [7], and salinity effect [8, 9]. Change in 
wettability in carbonate rock from oil wet to water wet or mix wet can lead to an incremental 
improve in oil recovery. Høgnesen et al. [10] concluded that any modification in the composi-
tion of the injected water can altered the rock wettability. Additionally, the effect of sulfate ions 
within the injected water in wettability iteration have been investigated by Høgnesen et al. [10] 
where their results show that increasing the concentration of sulfate ion at high temperature 
modify the wettability in carbonates, and result in higher oil recovery. Moreover, Webb et al. [11] 
conducted a study that compared oil recovery from a North Sea carbonate core samples using 
sulfate-free brine, with seawater contains sulfate. Their results displayed that the seawater con-
tains sulfate ions has ability to modify the wettability of the carbonate system to water wet state.

Generally, few studies regarding the effect of wettability alteration for carbonate rocks have 
been established so far and this was mainly due to incomplete understanding of complex chem-
ical interactions between rock, oil and brine. Experimental and modeling studies are still pro-
gressing to gain more insight into the mechanism underlying the effect of LSWI on oil recovery. 
Therefore, this work presents a numerical simulation study to evaluate production potential of 
naturally fractured reservoirs under low salinity water flooding. The simulation model based 
on hybrid approach of using permeability tensor and discrete fracture approaches. The govern-
ing equations use for the simulation are expanded using finite element technique.

2. Background

Low salinity water flooding is one of the incremental oil recovery techniques which inject low 
salinity water to alter the wettability or assist at fine migration from the reservoir to increase 
the oil production and reduce the residual oil saturation. The mobility and migration of the 
reservoir fines mainly depends on the salinity of the water flood where injection of the low 
salinity water enhances the fines migration. Migrate particles can clog pore throats and act 
as fluid flow hindrance and results in reduction of the permeability in the clogged throats. 
Where in the oil and gas recovery practices these phenomena is intentionally avoided as it 
damages the permeability and hence reduction in permeability translates into reduction in 
productivity from reservoir wells. Meanwhile, by inducing damage to the permeability of the 
reservoir in water swept zones; less permeable water zone to a high permeability oil zone will 
be occuring. The process of decreasing the fluid mobility in one zone is known as mobility 
control process. As result of low salinity water flooding; fine mobilization and its accumula-
tion on pore throats can be identified by an increase in the pressure drop.

Studies have confirmed a pronounced effect of LSWI on oil recovery in both secondary and 
tertiary modes of injection. The importance of LWSI enhanced because it can be integrated 
with other EOR method such as chemical or miscible gas flooding. Bernard [12] the relative 
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effectiveness of fresh and salt waters in flooding oil from cores containing clays investigated 
the effect of Dang et al. [13] evaluated the merits of combining CO2 with LSW injection (CO2-
LSWAG) on the EOR through modeling, optimization and uncertainty assessment. They 
found that CO2-LSWAG.

Different mechanisms have been suggested regarding the effect of LSWI on sandstone rocks 
including fines migration, pH, multi-ion exchange (MIE), salting-in, and wettability alteration 
[14]. The wettability alteration process underlies the low salinity effect as the decrease in salin-
ity increases the size of the double layer between the clay and the oil interface, which leads to 
organic material release [15].

Furthermore, the behavior of low salinity waterflooding can be summarized as follows [5]: 
(1) more oil can be produced if the brine salinity of the injected water is lower than the initial 
brine salinity in the core (2) reducing the initial brine salinity of the injected water during the 
stage enhance the pressure drop, (3) pressure drops reduced due to reducing of the core per-
meability due to presence of fine migration [16], (4) existence of connate water is beneficial to 
enhance the effect of low salinity water [17].

In addition, the effect of the salinity of the cannot water on the oil recovery have been pre-
sented Sharma et al. [18] where they concluded that oil recovery increased significantly with 
the salinity of the connate brine. In addition, the performance of waterfloods is strongly 
affected by the composition of the crude oil and its ability to wet the rock surfaces, the salinity 
of the connate brine in the reservoir, and the height above the oil/water contact. This contribu-
tion was also supported by McGuire et al. [4].

Although the mechanism for the effect of law salinity water flooding is benign different from 
each other the main concept is to improved oil recovery.

In this study, we simulate low salinity water flooding under geomechnical effects. The simu-
lation based on finite element technique, hybrid approach of permeability tensor and dis-
crete fracture. The low salinity effect is taken under wettability changes during the simulation 
process.

3. Reservoir model development

This study presents a novel three dimensional poroelastic numerical model for simulation 
multiphase fluid flow in naturally fractured basement reservoirs. A hybrid approach is used 
in the simulation of fluid flow. In this approach small fractures are considered as part of 
matrix and flow is simulated by using single continuum approach. While flow through long 
fractures is simulated using a discrete fracture approach. The reservoir is divided into a num-
ber of grid blocks. Grid based full permeability tensors for short to medium fractures are 
calculated using Darcy’s diffusivity equation. Cubic law is to simulate flow through long 
fractures that cuts through different grid blocks.
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4. Methodology

4.1. Grid based full permeability tensors

A fractured porous medium composed of matrix with nonzero permeability and fractures 
with high permeability based on the fracture aperture [19]. In this medium, the fluid flows 
through matrix and fractures with transfer between these two structures. In which, each point 
in the matrix can be assigned a bulk permeability km, while each point in the fractures can be 
assigned keff.

In order to calculate the effective permeability tensors which represents an average perme-
ability for the two structures, 3D cube is used to represent the matrix and fractures porous 
media (Figure 1) [17].

The fractured porous media is bounded in an impermeable cover with boundary conditions 
for pressures (P1 and P2).

The boundary conditions are: p(x = 0) = p1, p(x = L) = p2, J. n = 0 and v = 0 on s1

The seepage velocity calculated based on the flow rate integration over fracture surfaces and 
matrix porous media and by using total volume of the block.

  v = −   
 k  m  

 ___ μ   ∇p  (1)

Where μ the fluid viscosity and Δp is the pressure change. The continuity equation for local 
seepage velocity in the matrix read as:

  ∇.v = 0  (2)

Figure 1. 3D cube used for permeability tensor calculations.
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The hydraulic properties of fracture can be can be characterized by fracture transmissivity 
(aperture) and main flow rate is set parallel and normal to fracture plane. The flow rate J in 
fractures is usually defined by unit width of fracture and can be expressed by:

  J = −   
 k  eff   ___ μ    ∇  s  p  (3)

In case of the flow is parallel to fracture plane, the seepage velocity normal to the fracture 
induces a pressure drop expressed by:

  v = −   1 __ μ   ∇p  (4)

The effective fracture permeability of fracture can be describes by its aperture b as (in case the 
fractures are empty):

   k  eff   = −    b   3  __ 12    (5)

The mass conservation equation for the flow in a fracture is:

   ∇  s  .J = −  (    → v  + −     → v )  . n  (6)

Where n the unit vector is normal to fracture plane,     v ¯¯     +   is the seepage velocity in the matrix on 
the side of n and     v ¯¯         is the seepage velocity on the opposite side.

This transport equation is implemented with the above-mentioned boundary conditions to 
calculate the permeability tensors.

Therefore, the total seepage velocity over the block is obtained by integrating the flow rates 
over fracture surfaces and matrix porous media. Then the results divided by the total block 
volume to calculate the block effective permeability tensor.

   v  x   =   1 __ γ    {   ∫ γm   −     v  x   dv +  ∫ sf   −     J  x   ds }    =   
−  k  eff   ____ μ     

∂ p
 ___ ∂ x    (7)

Where, sf is the surface for all fractures and γ is the matrix volume.

4.2. Simulation of low salinity water flooding

Darcy’s law and continuity equations are governed two phase fluid flow system through 
fractures and matrix porous media [18].

The Darcy’s law is expressed as:

  ϕ  s  π    u   𝜋𝜋s  =   
 k  ij    k  r𝜋𝜋   ____  μ  π     [−  p  π   +  p  π    g  i  ] π = w, nw  (8)

Continuity equation for wetting phase incorporating the effective overburden, maximum, 
and minimum stresses can be expressed as follow:
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   − ∇   T  [  
 k  ij    k  rw  

 _____  μ  w    β  w     ∇ ( p  w   +  ρ  w   gh) ]  + ϕ   ∂ __ ∂ t   [  
 ρ  w    s  w  

 ____  β  w    ]  +  ρ  w     
 s  w  

 ___  β  w     [ (1 −   D ____ 3  K  m    )    ∂ ε __ ∂ t   +   Dc ____ 3  K  m     +  (  1 − ϕ ____  K  m     −   D _____   (3  K  m  )    2   )    
∂ p

 ___ ∂ t  ]  

              +  ρ  w    Q  w   = 0                                                                                                                             (9)

Continuity equation for non-wetting phase can be written as follow:

   − ∇   T  [  
 k  ij    k  ro   ____  μ  o    β  o  

   ∇ ( p  o   +  ρ  o   gh) ]  + φ   ∂ __ ∂ t   [  
 ρ  o    s  o   ____  β  o  

  ]  +  ρ  o     
 s  o   __  β  o  

   [ (1 −   D ____ 3  K  m    )    ∂ ε __ ∂ t   +   Dc ____ 3  K  m     +  (  
1 − φ

 ____  K  m     −   D _____   (3  K  m  )    2   )    
∂ p

 ___ ∂ t  ]  

                +  ρ  o    Q  o   = 0                                                                                                                           (10)

Where, ϕ is the porosity of the media, sπ is the saturation for each phase, uπs is the relative 
velocity vector between fluid phase and solid phase, kij is the permeability tensor, krπ is the 
relative permeability for each fluid phase π, μπ, ρπ and ,pπ are dynamic viscosity, density of 
fluid, and fluid pressure for each phase respectively, gi is the gravity acceleration vector, βπ is 
the fluid formation volume factor, Km is the bulk modulus of solid grain, D is the elastic stiff-
ness matrix, and Qπ represents external sources or sinks.

The effect of low salinity has been taken on wettability changes which affect the relative per-
meability curve. Therefore, the salt concentration at each grid block has been calculated using 
Eq. (10) and the calculated saturations from Eqs. (9) and (10).

    
∂ C  S  w  

 _____ ∂ t   +  Q  t     
∂ C  f  w   ( S  w  , C) 

 _________ ∂ x   = 0  (11)

Rearranging Eq. (11):

    ∂ __ ∂ t   ( S  w   C)  +  Q  t     
∂ ___ ∂ x   (C)  = 0  (12)

Where C is concentration of a relevant solute in water, Sw is water saturation, fw is water frac-
tional flow, and Qt is total flow rate.

The changes of oil and water relative permeability and capillary pressure are calculated using 
Eqs. (11)–(13).

   k  rw   =  F  1    k  rw  L   +  (1 −  F  1  )   k  rw  H    (13)

   k  ro   =  F  1    k  ro  L   +  (1 −  F  1  )   k  ro  H   (14)

   P  cow   =  F  2    P  cow  L   +  (1 −  F  2  )   P  cow  H    (15)

Where F1 and F2 are functions of the salt concentration, krw is the water relative permeability 
and kro is the oil relative permeability, Pcow is oil–water capillary pressure. The subscripts H 
and L are standing for high salinity and low salinity respectively.
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Where n the unit vector is normal to fracture plane,     v ¯¯     +   is the seepage velocity in the matrix on 
the side of n and     v ¯¯         is the seepage velocity on the opposite side.

This transport equation is implemented with the above-mentioned boundary conditions to 
calculate the permeability tensors.

Therefore, the total seepage velocity over the block is obtained by integrating the flow rates 
over fracture surfaces and matrix porous media. Then the results divided by the total block 
volume to calculate the block effective permeability tensor.

   v  x   =   1 __ γ    {   ∫ γm   −     v  x   dv +  ∫ sf   −     J  x   ds }    =   
−  k  eff   ____ μ     

∂ p
 ___ ∂ x    (7)

Where, sf is the surface for all fractures and γ is the matrix volume.

4.2. Simulation of low salinity water flooding

Darcy’s law and continuity equations are governed two phase fluid flow system through 
fractures and matrix porous media [18].

The Darcy’s law is expressed as:

  ϕ  s  π    u   𝜋𝜋s  =   
 k  ij    k  r𝜋𝜋   ____  μ  π     [−  p  π   +  p  π    g  i  ] π = w, nw  (8)

Continuity equation for wetting phase incorporating the effective overburden, maximum, 
and minimum stresses can be expressed as follow:
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   − ∇   T  [  
 k  ij    k  rw  

 _____  μ  w    β  w     ∇ ( p  w   +  ρ  w   gh) ]  + ϕ   ∂ __ ∂ t   [  
 ρ  w    s  w  

 ____  β  w    ]  +  ρ  w     
 s  w  

 ___  β  w     [ (1 −   D ____ 3  K  m    )    ∂ ε __ ∂ t   +   Dc ____ 3  K  m     +  (  1 − ϕ ____  K  m     −   D _____   (3  K  m  )    2   )    
∂ p

 ___ ∂ t  ]  

              +  ρ  w    Q  w   = 0                                                                                                                             (9)

Continuity equation for non-wetting phase can be written as follow:

   − ∇   T  [  
 k  ij    k  ro   ____  μ  o    β  o  

   ∇ ( p  o   +  ρ  o   gh) ]  + φ   ∂ __ ∂ t   [  
 ρ  o    s  o   ____  β  o  

  ]  +  ρ  o     
 s  o   __  β  o  

   [ (1 −   D ____ 3  K  m    )    ∂ ε __ ∂ t   +   Dc ____ 3  K  m     +  (  
1 − φ

 ____  K  m     −   D _____   (3  K  m  )    2   )    
∂ p

 ___ ∂ t  ]  

                +  ρ  o    Q  o   = 0                                                                                                                           (10)

Where, ϕ is the porosity of the media, sπ is the saturation for each phase, uπs is the relative 
velocity vector between fluid phase and solid phase, kij is the permeability tensor, krπ is the 
relative permeability for each fluid phase π, μπ, ρπ and ,pπ are dynamic viscosity, density of 
fluid, and fluid pressure for each phase respectively, gi is the gravity acceleration vector, βπ is 
the fluid formation volume factor, Km is the bulk modulus of solid grain, D is the elastic stiff-
ness matrix, and Qπ represents external sources or sinks.

The effect of low salinity has been taken on wettability changes which affect the relative per-
meability curve. Therefore, the salt concentration at each grid block has been calculated using 
Eq. (10) and the calculated saturations from Eqs. (9) and (10).

    
∂ C  S  w  

 _____ ∂ t   +  Q  t     
∂ C  f  w   ( S  w  , C) 

 _________ ∂ x   = 0  (11)

Rearranging Eq. (11):

    ∂ __ ∂ t   ( S  w   C)  +  Q  t     
∂ ___ ∂ x   (C)  = 0  (12)

Where C is concentration of a relevant solute in water, Sw is water saturation, fw is water frac-
tional flow, and Qt is total flow rate.

The changes of oil and water relative permeability and capillary pressure are calculated using 
Eqs. (11)–(13).

   k  rw   =  F  1    k  rw  L   +  (1 −  F  1  )   k  rw  H    (13)

   k  ro   =  F  1    k  ro  L   +  (1 −  F  1  )   k  ro  H   (14)

   P  cow   =  F  2    P  cow  L   +  (1 −  F  2  )   P  cow  H    (15)

Where F1 and F2 are functions of the salt concentration, krw is the water relative permeability 
and kro is the oil relative permeability, Pcow is oil–water capillary pressure. The subscripts H 
and L are standing for high salinity and low salinity respectively.
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The end point saturations are calculated by using the following equations:

   S  wco   =  F  1    S  wco  L   +  (1 −  F  1  )   S  wco  H    (16)

   S  wcr   =  F  1    S  wcr  L   +  (1 −  F  1  )   S  wcr  H    (17)

   S  wmax   =  F  1    S  wmax  L   +  (1 −  F  1  )   S  wmax  H    (18)

   S  owcr   =  F  1    S  owcr  L   +  (1 −  F  1  )   S  owcr  H    (19)

Where F1 and F2 are functions of the salt concentration, Swco is the connate water saturation, Swcr 
is the critical water saturation, Swmax is the maximum water saturation and Sowcr is the critical 
oil saturation in water. The subscripts H and L are standing for high salinity and low salinity 
curves, respectively.

5. Validation of the model using 3D reservoir with a single fracture

In this case, a simple 3D reservoir with one fracture is used for validating the numerical 
model. The reservoir is built by using a commercial black oil reservoir simulator (CMG 
IMEX). The model dimensions are (10 m × 10 m × 5 m). The reservoir model includes 15 
horizontal layers. Of these 15 horizontal layers, the 8th layer from the top is embedded as a 
fracture layer with different rock properties. The mesh is refined around the fracture layer 

Figure 2. Reservoir fracture model used in CMG to validate the developed two phase fluid flow numerical model.
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as shown in Figure 2. The matrix and fracture permeability are set at 0.01 md and 2 Darcy 
respectively. Linear relative permeability curve, one injector and one producer are used for 
the simulation of fluid flow.

Figure 3a and b show the water saturation profile obtained from CMG and two phase finite 
element numerical model, respectively. As can be seen from the figures, at the beginning of 
the injection, water moves fast inside the fracture due to its high permeability compared to the 
matrix permeability. With the pass of time (approximately a day), the water saturation starts 
to increase gradually inside the matrix elements. These figures show that the finite element 
numerical model is able to predict the same water saturation profile as that of CMG black oil 
reservoir simulator but with greater accuracy.

6. Fracture characterization

In this study, object based simulation technique is used to generate subsurface discrete frac-
ture maps [20]. In this model, fractures are treated as objects and placed in the domain sto-
chastically. The number of generated fractures is controlled by fracture intensity (0.1 m−1) and 
fractal dimension parameters. The fractures are treated as objects with varying in radius, dip 
and azimuth angles.

6.1. Fracture intensity

The fracture intensity is an important parameter to give an indication about the probability 
of fractures occurrence in a discrete fracture model [21]. The fracture intensity is defined as 
the number of fractures per unit bulk volume. To calculate the fracture intensity, the reservoir 
is divided into a number of grid blocks and fractures that cut each block are defined. Then, 

Figure 3. Water saturation profile after one day of water injection (a) CMG 3D model with one fracture introduced at 
eighth layer. (b) 3D model with one fracture introduced at the middle of the reservoir model used with the developed 
multiphase numerical model.
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the number of these fractures is divided by the bulk volume of the corresponding grid block. 
Fracture intensity map is extracted from geological interpretations of reservoirs. Fracture 
intensity is expressed as:

  Fracture Intensity =   
 ∑ i=1  N    Area

 ________ Volume    (20)

Where, N is the total number of fractures that intersect the corresponding grid block.

6.2. Fracture dip and azimuth

Each fracture in a discrete fracture model is defined by its properties which include fracture 
azimuth angle, dip angle, center point (x, y and z) and radius. Fracture azimuth is defined 
by the angle formed between the fractures plan and the geographic north. These angles are 
inferred from core and Fullbore Formation Micro imager (FMI) data. Fracture dip is the angle 
between the fracture plane and horizontal plane (see Figure 4) and inferred from the geo-
logical interpretations (e.g. dip of the geological formation). In object based simulation, the 
fractures azimuth angles are characterized by the Gaussian distribution while dip angles are 
assumed to be followed by normal distribution.

7. Results and discussion

The case study has been taken from a fractured reservoir located in United Arab Emirates. 
The studied reservoir (4500 m x 4500 m x 300 m) contains more than 14,000 long to short 
fractures. The reservoir has been divided into grid blocks (100 m × 100 m × 50 m) and frac-
tured intersected with each block are determined. The fractures with length (l < 40 m) have 

N

W E 
N 

W E 

S 

Azimuth angle ( )

Dip angle ( )

Figure 4. Description of the plane in which the fracture lies. The ellipse represents a fracture with (α is the fracture 
azimuth angle and β is the dip angle).
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been accounted for effective permeability tensors and long fractures (l > 40 m) are discretized 
explicitly in the reservoir domain for fluid flow simulation (Figures 5 and 6).

The area of the reservoir is 20 km2 and the average porosity is 5% and OOIP is 1000 MM bar-
rel. The reservoir PVT is collected from PVT report and the initial oil formation volume factor 
that has been used during the simulation runs was 1.25 rb/STB. The relative permeability 
curve and capillary pressure used are presented in Figure 7.

Figure 5. 2D view of fracture network for the studied reservoir.

Figure 6. 3D view of fracture network for the studied reservoir.
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Parameter Value

Oil viscosity (cp) 3

Initial Oil formation volume factor rb/stb 1.05

Oil density (lb/ft3) 52

Table 1. Oil physical properties used in simulation model.
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Figure 7. Relative permeability and capillary pressure curves used in simulation of fluid flow.
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Figure 8. Oil production rate for wells in the studied fractured reservoir.
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Low salinity water flooding is applied on the studied reservoir to maintain the reservoir pres-
sure and for testing wells production profile under water injection scenario. The fractured 
reservoir thickness is divided into three zones. The first zone is from 800 to 1100 m is the main 
production zone. The second zone is from 1100 to 1200 m is a separation between the injection 
and production zones and the third zone is from 1200 to 1400 m is the injection zone.
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Four injectors were selected in the studied reservoir and are distributed as five spots to dis-
place oil around 12 producers. All the injection wells are vertical and the amount of water 
injected in each well was 4500 bbls/d. water is injected into the bottom region while the oil was 
produced from the basement top section.

Inj3 3
Inj1j111111111111111111111111j

Inj 2 
Inj 4 nj j jjjjj 4444444444444444444444444jjjjjjj

j

Inj3 jj3333333333333333333333333333333333333j3333333333333333333333333333333333 Inj 1

Inj 4
Inj2

Figure 11. Water saturation profile after five months and 5 years of water injection respectively.
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The reservoir model was a two phase model, containing only oil and water for simplifications. 
The initial connate water salinity was set to 750 kg/m3 total dissolved salts (TDS) approxi-
mately the same salinity as regular seawater, and Brine salt content is 0.25 fraction (Ca2+, Mg2+, 
Na+, and   SO  

4
  2−   concentration was observed.).

Table 1 shows oil physical properties.

Figure 8 shows wells water production rate. Well #W_8 has the highest water production rate 
because of the location of this well is bounded by the four injectors. Well #W_5 has the lowest 
water production rate because of the location of this well is far from the inaction area. Figure 9 
is showing the water cut at the producers, while Figure 10 is showing the water production 
rate for all producers. As shown from Figure 7, well #W_8 has highest oil production rate 
owing to the sweep efficiency in the area surrounded by well #W_8 is very high. Figure 11 
shows the water saturation profile after 5 months and 5 years of water injection respectively.

Figure 12 shows the comparison between the cumulative oil production under conventional 
and low salinity water flooding for the same fractured reservoir. The presented results at 
Figure 12 show that low salinity water flooding process increases he recovery factor after 
13 years of water injection by 1.4% which proves that this type of fractures reservoir requires 
a comprehensive study on how to increase the recovery factor by understanding the mecha-
nisms behind the production process.

8. Conclusion

In this study, we made a comprehensive review on low salinity water flooding and the factors 
controlling the oil recovery. In addition, simulation of low salinity water flooding performed 
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on a fractured reservoir located in Arab region. The simulation was based on a finite element 
technique a hybrid mode of using permeability tensors for low and short fractures and dis-
cretization of long fractures explicitly inside the reservoir domain. In which, the presented 
technique eliminate the use of dual porosity model as this technique does not consider fluid 
distribution within the matrix blocks during the simulation period and only can be applied 
for small number of large scale interconnected fractures. The simulation of low salinity water 
flooding in this study strongly based on wettability change. The results show that the recov-
ery increases significantly by using injected brine volume.
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on a fractured reservoir located in Arab region. The simulation was based on a finite element 
technique a hybrid mode of using permeability tensors for low and short fractures and dis-
cretization of long fractures explicitly inside the reservoir domain. In which, the presented 
technique eliminate the use of dual porosity model as this technique does not consider fluid 
distribution within the matrix blocks during the simulation period and only can be applied 
for small number of large scale interconnected fractures. The simulation of low salinity water 
flooding in this study strongly based on wettability change. The results show that the recov-
ery increases significantly by using injected brine volume.
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Abstract

The current state of research in the field of solvent injection techniques for increase of
heavy oil production efficiency is discussed in the chapter. As a result of a series of
experiments on the physical modeling of oil displacement processes in a porous medium
in large-sized model, features of asphaltene precipitation and the formation of fixed
residual oil upon injection of solvent based on light alkanes are revealed. The oil displace-
ment by n-hexane was studied and the difference in the composition of residual oil in the
zones of dispersion and diffusion has been shown. The influence of the composition of
asphaltenes peculiarities on the dynamics of oil recovery and on the accumulated oil
recovery during the injection of n-hexane, as well as the composition and quantity of
asphaltenes precipitated in the porous medium, has been estimated. The effect of toluene
and nonylphenol additives on the proportion of asphaltenes in the residual oil and
cumulative oil recovery has been evaluated using the Ashalchinskoye field oil as an
example of heavy oil in the physical modeling of injection of n-hexane as the base solvent.

Keywords: heavy oil, composition of asphaltenes, injection of solvent,
reservoir modeling, enhanced oil recovery

1. Introduction

The results of the pilot projects on combined steam and solvent injection for increasing heavy
oil (HO) and bitumen recovery [1] have confirmed the viability of their use. The main volume
of heavy oil recovery by downhole methods is provided by using steam; for example, in
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Canada, these are mainly cyclic steam stimulation (CSS) and steam assisted gravity drainage
(SAGD). The main problems of thermal steam effect are mainly associated with energy costs
and requirement of deep water purification for steam generators. The main criterion in thermal
stem methods is the availability of fuel resources used for a steam generation: in order to
recover 1 ton of heavy oil one is required to burn averagely about 300 kg fuel, and natural gas
is often used as fuel. The combined use of solvents and steam significantly increases energy
efficiency due to the decrease in the amount of heat required in order to decrease the bitumen
viscosity. As a result of this, the operational costs are reduced as well as carbon dioxide
emissions which are important from the ecological point of view. Since 2000, various projects
have been realized in Canada for combined steam and solvent injection [2–8]: Solvent aided
process (SAP), solvent-assisted SAGD (SA SAGD), liquid addition to steam to enhance recov-
ery (LASER), expanding solvent SAGD (ES SAGD), and steam alternating solvent (SAS).
Mostly light alkanes or their mixtures (propane, butane, pentane and hexane) and gas conden-
sate were used as a hydrocarbon solvent, which were injected into paired horizontal, single
horizontal and vertical wells.

Currently, increased attention is paid to providing methods of recovering heavy oil from thin
reservoirs, where the variants of using SAGD are not applicable. For example, in western
Canada (Saskatchewan province), where about 2/3 of all Canadian heavy oil resources are
located (5.4 billion m3 of proven and probable ones), 55% of the deposits are contained in the
reservoirs of less than 5 m thick. In Russia, the Tatneft Company has such reservoirs [9]. In this
connection, several variants of heavy oil recovery are considered using pure solvent: the cyclic
solvent process (CSP) and cyclic solvent injection (CSI) technologies, which are designed for
single wells. It has been experimentally established that the main technical limitations of
common CSI process are the untimely restoration of the oil viscosity due to solvent release
and loss of oil mobility during recovery associated with it. In order to overcome the said
technical drawbacks in the recent years some non-thermal process variants are proposed:
enhanced CSP (ECSP) [10], cyclic production with continuous solvent injection (CP-CSI) [11]
and gas flooding-assisted cyclic solvent injection (GA-CSI) [12]. For example, in the ECSP
method two components are used as a solvent: methane and propane. Methane provides for
enveloping the reservoir by the effect and propane reduces the oil viscosity. Analysis of the
obtained results indicates limitations of the propane use for maintaining the required oil
viscosity which implies a necessity of using hydrocarbons and oil fractions with higher boiling
points. In this connection in the pilot CSP project, the propane–butane mixture is used as a
solvent and other solvents are further assessed.

The Nsolv process involves the injection of a pure, heated solvent vapor into a bitumen
reservoir. Its main advantage is a possibility of realization in the reservoirs of small thickness.
Moreover, the capital investments have been reduced by more than 40% compared to the
SAGD technology, mainly due to the absence of necessity of using steam generators and water
treatment plants. It is also stated [13] that the oil viscosity, coking ability and metal contents are
decreased in the Nsolv process due to partial upgrading of oil in reservoir. The technology
enhanced solvent extraction incorporated electromagnetic heating (ESEIEH) it comprises sol-
vent injection with preliminary electromagnetic heating of the reservoir using low-frequency
radio waves is carried out. The emitters in the wellbores generate electromagnetic waves and
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after the heating the solvent is introduced. At use of the pure solvent, the development of
productive deposits of small thickness is possible. No water is required in this case, and capital
investments, operational costs and total energy costs are significantly reduced (up to 85%). The
experience shows that the dissolving mixtures injected into the deposits should be mostly
gaseous in order to fill the free pore volume formed as a result of development using primary
methods. Moreover, the dissolving mixtures should have good oil solubility and should be
readily available and relatively not expensive.

At use of light alkane hydrocarbons as solvents one must take into the account the data about
asphaltenes precipitated in the oil-saturated reservoir and should develop methods of inhibiting
the precipitation [14]. The possible methods of preventing asphaltene precipitation are the
addition of aromatic compounds or use of asphaltene stabilizers (inhibitors). In various periods
many investigators have analyzed the in vitro effect of the various chemical compounds on
precipitation of asphaltenes in oils and model asphaltene systems [15–20]. For example, in the
paper [21] the effect of three groups of additives on asphaltene precipitation was studied:
aromatic compounds, heteroatom compounds (O, S, N) and hydrogen donor solvents (tetraline,
decaline). It was established that all additives except nitrogen-containing compounds have a
trend to inhibit asphaltene precipitation. In the toluene-naphthalene-phenanthrene themolecular
weight increases additive efficiency. The isomers of toluene and xylene dissolve asphaltenes,
xylene being more effective than toluene. Nonylphenol is more effective than toluene and xylene
isomers due to its alkyl chain and polar hydroxyl group. The paper [22] demonstrates that
asphaltenes do not precipitate when the ratio of alkanes to aromatic compounds is below 7 and
if this value exceeds 8 there is a possibility of asphaltene precipitation.

Depending on chemical and structural characteristics of asphaltene precipitation inhibitors
and oil characteristics (resin, asphaltenes and aromatics contents) their efficiency may be
different [23]. It is suggested to use both natural inhibitors such as oil resins and deasphalted
oils [24], and synthetic amphiphiles based on alkyl phenols, alkyl benzene and alkyl sulfonic
acids [21, 25, 26] as asphaltene inhibitors.

Apart from the contents of the solvent and collector properties, these processes should take
into the account various factors such as a ratio of resins and asphaltenes in the oil [27–29],
contents of the asphaltenes themselves [30], the presence of water, clay, etc. [31–35].

In order to understand the asphaltene precipitation processes in the reservoir upon injection of
light alkane-based solvents, it is necessary to carry out physical modeling using specifically
selected methodological approaches [36–38].

In this chapter, we used a special stand for physical modeling of the heavy oil displacement
process from the reservoir. An experimental evaluation of light alkanes solvents injection
options in a reservoir model for heavy oil extraction has been carried out. We compared
amount and composition of displaced and residual oil and investigated the distribution of
precipitated asphaltenes in the sandstone after oil displacement. Additives to prevent
asphaltene precipitation in a porous medium were selected and their minimum required
amount in the composition of the displacement solvent was determined. Using the increased
size model of reservoir allows to obtain more accurate data on the dynamics of oil production
during the experiment.
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2. Materials and methods

2.1. Physical modeling of heavy oil displacement from the porous medium using the large
oil reservoir model

To model oil displacement processes, we used Ashalchinskoye field HOs. Density, viscosity
and composition are presented in Table 1. Asphaltenes were precipitated from petroleum by
20-fold volume excess of n-hexane. After 24 h, the obtained precipitate was filtered and
washed with boiling n-hexane in Soxhlet apparatus up to decolorization of flowing solvent
to remove as much maltenes as possible. Solvent from maltenes solution was removed up to
a constant weight using rotary evaporator. Maltenes were separated into Saturates, Aro-
matics and Resins through the adsorption method on silica using n-hexane for Saturates,
Aromatics and isopropanol:benzene (1:1 v/v) for Resins according to the known procedure
(ASTM, 1993) [39].

The physical modeling of the oil displacement processes by hydrocarbon solvents was carried
out using a laboratory model which was a transparent cell made out of an acrylic glass with
the inner chamber dimensions of 450 � 450 � 20 mm [40, 41].

A mixture of heavy oil (Table 1) and sand (fraction 0.250–0.315 mm) was prepared prior to
each experiment. The displacement process was carried out at 20�C by injecting the solvent
into the cell via the upper opening at the constant excess pressure of 1563.1 Pa (0.0154 atm)
provided by stable liquid level in the metering vessel. n-Hexane as a model basic solvent (one
of the main component of distillate fractions, use of which is possible in oil refineries) and also
additives of toluene and nonylphenol (product of PJSC “Nizhnekamskneftekhim”) were used.
The samples of the displaced HO mixed with solvent were sampled via the bottom opening.
The test samples (HO and solvent mixtures) were sampled starting from ≈5.5 hours after the
solvent was injected into the reservoir model; further, the fluid sampling was carried out with
1-hour intervals. Duration of each experiment was 16 hours. For all of the solvents the accu-
mulated oil recovery, oil percentage in the recovered HO + solvent mixture, amount of residual
oil in the reservoir model after displacement and asphaltenes contents in it were assessed.
After each of the experiments, the residual oil was removed from the model and separated into
nine identical sectors (Figure 3). In order to remove the residual oil the sand from each of the
sectors was separately washed by benzene several times with subsequent solvent evaporation
till constant weight. The asphaltenes were precipitated from the oil by the 20-fold excess
volume of n-hexane according to the aforesaid technique.

Density, g/cm3, 20�С Viscosity, mm2 /s, 20�С Composition, wt%

Asphaltenes Saturates + Aromatics Resins Light fractions <200�C

0.9540 3083 6.3 61.1 3.8 1.8

Table 1. Density, viscosity and composition of Ashalchinskoye field HOs.
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2.2. Preparation of model oils with various asphaltene contents and physical modeling of
their displacement by solvents from a porous medium

Asphaltenes (A0) of the Ashalchinskoye field HOs obtained at the separation of deasphalted
oil were fractioned into two fractions, A1 and A2, by selected toluene/hexane mixture at a ratio
of 35/65% v/v [30, 42]. After this, the “common” asphaltenes A0, and asphaltenes of the A1 and
A2 fractions were mixed with deasphalted oil in the same ratio they were present in the natural
oil. Therefore, three artificial model oils were obtained differing only in contents and structure
of asphaltenes (Table 2).

The comparative analysis of chemical contents and structure of A0, A1 and A2 isolated from
the HO was carried out using various investigation methods.

Investigation of the molecular weights of the asphaltenes was carried out using the UltraFlex
III mass spectrometer (Bruker, Germany) with time-of-flight (TOF) detector using the Matrix-
activated laser desorption and ionization (MALDI) method, using 1,8,9-trihydroxyanthracene
as a matrix.

IT spectra of the asphaltenes were recorded in the 4000–400 cm�1 range using the Tensor-27
Fourier IT spectrometer (Bruker, Germany) with the optical resolution of 4 cm�1. The
asphaltenes were first ground in a mortar with KBr powder, and a pellet was made from the
obtained mixture using a hand press. The obtained values of the intensities allowed for
calculating the aromaticity spectral coefficients (Arom = D1600/D720 + 1380 – reflects the percent-
age of C=C bonds in aromatic fragments relative to the C-H bonds in the aliphatic structures),
aliphaticity (Al = D1450/D1600 – reflects the percentage of C-H bonds in aliphatic fragments
relative to the aromatic C=C bonds); condensation (Cond = D1600/D740 + 860 – reflects the
percentage of C-H bonds in the aromatic structures); oxidation (Ox = D1700/D1600 reflects the
personage of carbonyl groups R-C=O at the presence of OH group) [43].

Thermal stability and possible phase transitions of the starting asphaltenes A0 and also of the
isolated A1 and A2 fractions were assessed using combined thermogravimetry (TG) and
differential scanning calorimetry (DSC) methods using the STA 449 CJupiter thermal analyzer
(Netzsch, Germany) in the argon atmosphere with total flow of 50 ml/min in the temperature
range of 30–800�C. The heating rate was 10�C/min. The weight of the sample was 6–7 mg.

Measurements of the stable free radical (SFR) and vanadyl complexes (VC) contents were
carried out using the SE/X-2544 EPR spectrometer (RadioPan, Poland) under the same condi-
tions at room temperature. At determination of SFR and VC contents in the studied samples

Sample Сomposition Viscosity, mm2/s, 50�С

Model oil А0 Deasphalted oil + asphaltenes A0 966.8

Model oil А1 Deasphalted oil + asphaltenes A1 1054.7

Model oil А2 Deasphalted oil + asphaltenes A2 647.6

Table 2. Composition and properties of model oils.
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solvent was injected into the reservoir model; further, the fluid sampling was carried out with
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sectors was separately washed by benzene several times with subsequent solvent evaporation
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percentage of C-H bonds in the aromatic structures); oxidation (Ox = D1700/D1600 reflects the
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Thermal stability and possible phase transitions of the starting asphaltenes A0 and also of the
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(Netzsch, Germany) in the argon atmosphere with total flow of 50 ml/min in the temperature
range of 30–800�C. The heating rate was 10�C/min. The weight of the sample was 6–7 mg.

Measurements of the stable free radical (SFR) and vanadyl complexes (VC) contents were
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ampoules with 3 mm inner diameter out of molybdenum glass that did not produce a visible
signal in the EPR spectrum were used. The ampoules were densely filled with asphaltenes 13–
14 mm in height. The intensity of the stable free radical line was determined using the
amplitude of the single line in the EPR spectrum center (g = 2.003). In order to calculate the
intensity of the vanadyl complexes lines the amplitude of the +1/2 line that is near the SFR line
in the weaker magnetic field area was determined. The intensity of the SFR and VC signals of
the studied samples was discounted to the sample weights.

Vanadium and nickel concentrations in oils and asphaltenes were measured by means of direct
flame atomic absorption spectrometry using AAS-1 N spectrophotometer (Carl Zeiss Jena,
Germany), with approved standard samples of metal concentration in oil products used as
blank solutions.

The experimental displacements of the model oils A0, A1 and A2 in the porous medium by
n-hexane were carried out using a 3 � 100 cm glass column wherein the oil + sand mixture
(fraction 0.25–0.35 mm, oil saturation 10%). Further, the 3 pore volumes of hexane at 20�Cwere
passed by injecting the solvent through the upper opening of the tube at the constant excess
pressure of 1563.1 Pa (0.0154 atm) provided by stable liquid level in the metering vessel, and
5 cm3 samples were sampled. After 3 pore volumes of hexane were passed, additional dis-
placement of the residual oil from the model was carried out by hexane until full disappearance
of coloration of the solvent passing through the column (Extract 1). The asphaltene concen-
trates precipitated in the porous volume were extracted by washing (extraction) from the
column by tetrachloromethane (Extract 2). Then the solvent was evaporated from Extract 2,
the remainder was dried in vacuo until constant weight and was dissolved in small amount of
toluene for further isolation of asphaltenes by 20-fold excess n-hexane. The general scheme of
experiments on the displacement of model oils is outlined in Figure 1.

3. Results and discussion

3.1. Physical modeling of the process of HO displacement from the reservoir by n-hexane

At modeling the HO recovery processes from the reservoir using solvents, the experiment
results were represented in the form of diagrams of plots of Cumulative oil recovery and oil
percentage in the recovered HO + solvent mixture vs. time. The experiments were carried out
under the 10% oil saturation of the sand (Figure 2).

Figure 1. The general scheme of experiments on the displacement of model oils.
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The results of experiments indicate the following supposed mechanism of the oil recovery by
solvent based on n-hexane. At the first step, increased oil yield was noted from the model with
a maximum rate which stabilizes over some time. The stabilization of the oil yield from the
model occurs at the transition of the displacement mode from the dispersion (affected by
gravity force) to diffusion (in a peripheral area). Regarding the content of asphaltenes in the
residual oil, for all 9 samples from various model sectors higher values are indicated compared
to the starting bitumen (Figure 3, Table 1).

Figure 2. Cumulative oil recovery and oil content in the recovered HO + solvent mixture at carrying out the displacement
experiments by hexane.

Figure 3. Scheme of an experimental setup of modeling the physical and chemical effect of solvents on the oil-saturated
reservoir and the asphaltene amount (wt%) in the residual oil by cell sectors.
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It was found that the highest asphaltene concentration in the residual oil is detected in upper
sectors where the starting step of the oil displacement occurs and where the oil contacts the
pure solvent (Figure 3). Hexane alters the solubility of asphaltenes in oil because light satu-
rated hydrocarbons affect the interaction of asphaltenes and resins destabilizing the
asphaltenes [28, 29]. Introduction of aromatic compounds in the system may positively affect
the stability of asphaltenes in the system [20, 23–26] because the asphaltenes have a
polyaromatic structure.

3.2. Investigation of the effect of fractional asphaltene contents in the HO on the recovery
process by n-hexane

In order to identify the features of supermolecular structure formation in the porous medium
depending on the fraction contents of the asphaltenes, the approach was used that allows
discovering the content and a number of other oil components. The natural object, heavy oil
of the Ashalchinskoye field, was separated into the deasphalted oil (maltenes) and A0
asphaltenes, from which by fractioning the two fractions were isolated, the so-called A1
fraction (“island” type), the part of the asphaltenes characterized by highest condensation,
and the A2 fraction (“archipelago” type), which is regarded to be as less condensed, compris-
ing larger number of heteroatoms and alkyl substituents [42, 44, 45]. Then the obtained
“common” A0 asphaltenes, the A1 and A2 asphaltene fractions were mixed with deasphalted
oil at the same ratio as they are present in the natural oil (Table 2).

In order to enable a possibility of quantitative production of the asphaltene fractions and their
characterization by physical and chemical investigation methods and also in order to obtain a
sufficient amount of model oils and carrying out modeling of the oil displacement from porous
medium by n-hexane, it was necessary for the A0 asphaltenes to be separated into fractions in
the ~ 50:50% ratio. Experimentally in the 25 to 40% range, the ratio of the solvent (toluene) to
precipitant (hexane) was found equal to 35%. As a result of fractioning the A1 and A2
asphaltene fractions were obtained at the ratio of 51:49%. The A1 asphaltene fraction isolated
at various toluene percentage in the precipitant was characterized by a number of physical and
chemical methods: EPR with determination of SFR and VC contents, spectrophotometry with
determination of specific light absorption coefficient (Kla), atomic absorption spectroscopy
with determination of vanadium and nickel contents (Table 3) and also IR spectroscopy
(Table 4) and elemental analysis (Table 5).

In accordance with the obtained results, at increase in toluene percentage from 25 to 40% in the
mixture with hexane the decrease in the A1 fraction yield occurs from 62 to 39.5 wt%, corre-
spondingly (Table 3). Thereby, as the toluene percentage in the hexane mixture increases, the
gradual increase of vanadium, nickel, SFR, VC and specific Kla occurs in contents of the A1
asphaltenes. According to FTIR data (Table 4), the A1 asphaltenes at their precipitation from
the mixture of hexane with toluene are characterized by the increase in the aromaticity and
condensation coefficients, decrease in the aliphaticity and oxidation coefficients. Elemental
contents data demonstrate that as the toluene percentage increases, the carbon content insig-
nificantly increases in the asphaltenes while hydrogen content decreases. As a whole,
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differences between the asphaltenes A1 obtained by using 25 and 40% toluene are quite
significant in all elemental analysis parameters (Table 5).

In order to find out the main structural differences of the A0 asphaltenes and A1 and A2
fractions, the comparative analysis of data of some physical and chemical investigation
methods was carried out (Tables 6–9).

Analysis of EPR, spectrophotometry and atomic absorption spectrometry data allowed for
identifying a number of principal differences in the asphaltene fractions (Table 6). Thus, from
the A1 fraction higher values of all parameters, Kla, vanadium, nickel, SFR and VC contents
were found. The least difference in the values is found in the VC content which does not
exceed 10%. In all other parameters, the observed value difference is 1.6 to 1.9 fold.

Аmount of toluene in the mixture, % vol Arom Cond Al Ox

25 0.43 1.15 2.39 0.18

30 0.46 1.19 2.37 0.17

35 0.47 1.25 2.33 0.17

40 0.50 1.26 2.34 0.15

Table 4. Structural-group composition of A1 according to FTIR data with different toluene content in hexane.

Аmount of toluene in the mixture, % vol C,% H, % N, % S, % C/H

25 72.69 7.24 2.46 5.28 10.04

30 75.44 7.45 2.66 5.16 10.13

35 75.86 7.46 2.92 5.01 10.16

40 77.58 7.61 3.11 5.63 10.19

Table 5. Elemental composition of A1 with different toluene content in hexane.

Аmount of toluene in the
mixture, % vol

Yield А1, wt% V, wt% Ni, wt% VC*, �1018

rel.sp./g
SFR**, �1018

rel.sp./g
SFR/VC Kla

***

25 62.0 0.220 0.0278 33.8 122 3.61 76.26

30 52.1 0.225 0.0278 34.4 126 3.66 77.20

35 51.0 0.235 0.0285 35.0 124 3.54 78.91

40 39.5 0.240 0.0291 35.1 132 3.76 79.30

*VC=Vanadyl complexes.
**SFR = Stable free radicals.
***Kla = light absorption coefficient.

Table 3. Fraction yield, contents of metals, paramagnetic centers, VC, Kla value for A1 asphaltenes isolated at various
toluene content in hexane.
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It was found that the highest asphaltene concentration in the residual oil is detected in upper
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fraction (“island” type), the part of the asphaltenes characterized by highest condensation,
and the A2 fraction (“archipelago” type), which is regarded to be as less condensed, compris-
ing larger number of heteroatoms and alkyl substituents [42, 44, 45]. Then the obtained
“common” A0 asphaltenes, the A1 and A2 asphaltene fractions were mixed with deasphalted
oil at the same ratio as they are present in the natural oil (Table 2).

In order to enable a possibility of quantitative production of the asphaltene fractions and their
characterization by physical and chemical investigation methods and also in order to obtain a
sufficient amount of model oils and carrying out modeling of the oil displacement from porous
medium by n-hexane, it was necessary for the A0 asphaltenes to be separated into fractions in
the ~ 50:50% ratio. Experimentally in the 25 to 40% range, the ratio of the solvent (toluene) to
precipitant (hexane) was found equal to 35%. As a result of fractioning the A1 and A2
asphaltene fractions were obtained at the ratio of 51:49%. The A1 asphaltene fraction isolated
at various toluene percentage in the precipitant was characterized by a number of physical and
chemical methods: EPR with determination of SFR and VC contents, spectrophotometry with
determination of specific light absorption coefficient (Kla), atomic absorption spectroscopy
with determination of vanadium and nickel contents (Table 3) and also IR spectroscopy
(Table 4) and elemental analysis (Table 5).

In accordance with the obtained results, at increase in toluene percentage from 25 to 40% in the
mixture with hexane the decrease in the A1 fraction yield occurs from 62 to 39.5 wt%, corre-
spondingly (Table 3). Thereby, as the toluene percentage in the hexane mixture increases, the
gradual increase of vanadium, nickel, SFR, VC and specific Kla occurs in contents of the A1
asphaltenes. According to FTIR data (Table 4), the A1 asphaltenes at their precipitation from
the mixture of hexane with toluene are characterized by the increase in the aromaticity and
condensation coefficients, decrease in the aliphaticity and oxidation coefficients. Elemental
contents data demonstrate that as the toluene percentage increases, the carbon content insig-
nificantly increases in the asphaltenes while hydrogen content decreases. As a whole,
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differences between the asphaltenes A1 obtained by using 25 and 40% toluene are quite
significant in all elemental analysis parameters (Table 5).

In order to find out the main structural differences of the A0 asphaltenes and A1 and A2
fractions, the comparative analysis of data of some physical and chemical investigation
methods was carried out (Tables 6–9).

Analysis of EPR, spectrophotometry and atomic absorption spectrometry data allowed for
identifying a number of principal differences in the asphaltene fractions (Table 6). Thus, from
the A1 fraction higher values of all parameters, Kla, vanadium, nickel, SFR and VC contents
were found. The least difference in the values is found in the VC content which does not
exceed 10%. In all other parameters, the observed value difference is 1.6 to 1.9 fold.
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Table 3. Fraction yield, contents of metals, paramagnetic centers, VC, Kla value for A1 asphaltenes isolated at various
toluene content in hexane.
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At comparison of the molecular weight of the asphaltenes the value of the average molecular
weight is used that, according to the MALDI mass spectra, is equal to 1600 and 1200 amu for
the asphaltenes of the A1 and A2 fractions, correspondingly, and for the A0 asphaltenes the
value of 1400 amu is found.

Thermal stability and possible phase transitions for A0 asphaltenes and isolated A1 and A2
fractions were assessed by the combined thermogravimetry (TG) and differential scanning
calorimetry (DSC) methods (Table 7). The threshold temperature of the intimation of intensive
thermal destruction of A1 and A2 fraction asphaltenes in significant degree are determined by
their structural features: ratio of naphthene-aromatic and fused aromatic structures. For the A1
fraction, the higher condensation degree is characteristics than for the A2 fraction and contents
of the alkyl substituents in the A2 asphaltene fraction molecules is higher than in the A1
asphaltene fraction molecules (Table 8). This factor mostly determines thermal stability of the
asphaltenes. Intensive weight loss begins in the A1 asphaltene fraction at 436�C and in the A2
fraction at 360�C. The temperature of half weight loss for the A1 and A2 asphaltene fraction is
501.6 and 470.2�C, correspondingly, and for the A0 asphaltene fraction it has an intermediate
value of 493.0�C. Also, the characteristic feature of the A1 asphaltene fraction compared to A2
is a higher yield of residue (coke) after heating to 800�C.

Most of the parameters allow for identifying the asphaltene fractions reflecting specifics of
their structural features. Thus, from the A2 asphaltene fraction higher values of aliphaticity

Sample V, wt% Ni, wt% VC, �1018 rel.sp./g SFR, �1018 rel.sp./g SFR/VC Kla

А0 0.185 0.0232 33.8 100 2.96 60.28

А1 0.235 0.0285 35.0 124 3.54 78.91

А2 0.120 0.0161 30.8 69 2.24 49.79

Table 6. Results of determining the contents of metals, SFR, VC and also Kla for the asphaltenes.

Sample Loss of mass in the temperature range (�С),% The temperature
of half weight
loss,�С

Yield of
residue,
%

30–100 100–200 200–300 300–400 400–500 500–600 600–700 700–800

А0 0.36 1.12 1.94 5.99 41.98 4.92 4.96 4.99 493.0 33.74

А1 1.15 3.86 0.98 4.74 39.03 4.17 1.59 1.02 501.6 43.46

А2 — 2.79 6.25 9.57 40.58 3.62 1.10 0.63 470.2 35.46

Table 7. Results of thermal analysis for the asphaltenes and for their A1 and A2 fractions.

Sample Arom Cond Al Ox

А0 0.46 1.33 2.44 0.23

А1 0.53 1.73 2.32 0.16

А2 0.44 1.24 2.76 0.25

Table 8. Structural-group composition of samples according to FTIR data.
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and oxidation are found. At the same time for the A1 asphaltene fraction higher condensation
and aromaticity can be noted (Tables 8 and 9).

As a result of performed experiments, it was found that at the displacement of the A1 model oil
with n-hexane the number of supermolecular asphaltene-resin structures formed in the porous
medium is more than 2-fold higher compared to the A2 model oil. The asphaltene content in
such asphaltene-resin concentrates differs insignificantly for the A1 and A2 oils, 74.5 and
61.1 wt% correspondingly. Thereby in the case with model A1 oil, the main weight (59%) of
the asphaltenes present in the oil remains in contents of the asphaltene concentrates formed in
the porous medium. For the A2 oil, this parameter is much lower, just 18.9% (Table 10).

The identified features of asphaltene precipitate formation in the porous medium affect
dynamics and the oil recovery rate. Thus, for the A2 model oil maximum oil recovery rate is
observed at displacement with hexane (Figure 4).

As a whole, at the comparison of the A1 and A2 asphaltenes obtained after oil displacement
the analogous picture is observed as for the starting asphaltenes A1 and A2. For the A1
asphaltenes higher contents of vanadium, nickel, vanadyl complexes and also Kla are obser-
ved; however, the SFR content in the A2 asphaltenes is significantly higher (Table 11). In most
cases, the values of the analyzed parameters remarkably differ at the comparison of the
starting asphaltene fractions and those formed after oil displacement. Therefore, contents and

Sample Asphaltenes in
Extract-2, wt %

Asphaltenes percentage in the Extract-2 vs. potential
content in the starting oil, wt%

Model oil А0 70.9 45.7

Model oil А1 74.5 59.0

Model oil А2 61.1 18.9

Table 10. Results of displacement of model oils with n-hexane from the porous medium (asphaltenes percentage in the
extract 2 vs. potential content in the starting oil, wt%).

Sample V, wt% Ni, wt% VC, �1018 rel.sp./g SFR, �1018 rel.sp./g Kla

А0 0.185/0.160 0.0232/0.020 33.8/22.5 100/116 60.28/56.04

А1 0.235/0.175 0.0285/0.025 35.0/31.4 124/116 78.91/70.87

А2 0.120/0.165 0.0161/0.021 30.8/30.9 69.0/163 49.79/60.38

Table 11. Contents of metals, paramagnetic centers, VC, Kla values for the asphaltenes isolated from the starting model
oils and sediments formed after the oil displacement process with hexane (model oil/extract 2).

Sample C,% H, % N, % S, % C/H

A0 78.42 8.13 2.08 4.43 9.65

A1 75.41 7.75 2.91 3.45 9.79

A2 72.48 7.64 1.79 6.05 9.49

Table 9. Elemental analysis data for the asphaltenes and for their A1 and A2 fractions.
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and oxidation are found. At the same time for the A1 asphaltene fraction higher condensation
and aromaticity can be noted (Tables 8 and 9).

As a result of performed experiments, it was found that at the displacement of the A1 model oil
with n-hexane the number of supermolecular asphaltene-resin structures formed in the porous
medium is more than 2-fold higher compared to the A2 model oil. The asphaltene content in
such asphaltene-resin concentrates differs insignificantly for the A1 and A2 oils, 74.5 and
61.1 wt% correspondingly. Thereby in the case with model A1 oil, the main weight (59%) of
the asphaltenes present in the oil remains in contents of the asphaltene concentrates formed in
the porous medium. For the A2 oil, this parameter is much lower, just 18.9% (Table 10).

The identified features of asphaltene precipitate formation in the porous medium affect
dynamics and the oil recovery rate. Thus, for the A2 model oil maximum oil recovery rate is
observed at displacement with hexane (Figure 4).

As a whole, at the comparison of the A1 and A2 asphaltenes obtained after oil displacement
the analogous picture is observed as for the starting asphaltenes A1 and A2. For the A1
asphaltenes higher contents of vanadium, nickel, vanadyl complexes and also Kla are obser-
ved; however, the SFR content in the A2 asphaltenes is significantly higher (Table 11). In most
cases, the values of the analyzed parameters remarkably differ at the comparison of the
starting asphaltene fractions and those formed after oil displacement. Therefore, contents and
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extract 2 vs. potential content in the starting oil, wt%).
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properties of the asphaltenes formed during displacement of heavy oil in the porous medium
by n-alkanes differ from the starting asphaltenes. Thereby, from the high molecular weight
asphaltene fraction, A1, this trend has insignificant changes whereas for the A2 fraction
significant increase is observed. This fact allows for supposing that during oil displacement
process in case of the A2 asphaltenes their further fractioning occurs in the porous medium, as
a result of which higher molecular weight asphaltene concentrates are formed compared to the
starting asphaltenes.

3.3. Physical modeling of the HO displacement process with n-hexane with additives
inhibiting precipitation of asphaltenes on a large oil reservoir model

The primary function of asphaltene stabilizers in the oils is played by resins forming solvate
shells that prevent asphaltene precipitation. When the solvate shells are dissolved by saturated
hydrocarbons, the asphaltenes precipitate. Therefore, in order to stabilize the oil + solvent
mixtures one can use the additives of oil resins, synthetic alkyl phenols or aromatic com-
pounds which are asphaltene solvents.

In order to increase the colloidal stability of the asphaltene components of the Ashalchinskoye
HO field during its displacement with n-hexane, an experimental selection of chemical addi-
tives was carried out (sand fractions 0.250–0.35 mm, oil saturation 10%, temperature 20�C).

Originally, toluene and nonylphenol were used as an additive for the main solvent to decrease
the amount of asphaltene residue. Moreover, the preliminary injection of free toluene was
tested with subsequent injection of n-hexane. In this case, the toluene to n-hexane ratio was 5
and 95% correspondingly. As a result of experiments, the cumulative oil recovery was assessed
(in percents to the oil contained in the model cell) over time (Figure 5).

Figure 4. Cumulative oil recovery at the displacement of model oils with n-hexane from the porous medium.
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Use of toluene and nonylphenol mixed with n-hexane at displacement significantly affects
alteration of total oil recovery and oil content in the extracted products. The cumulative oil
recovery at HO displacement only with n-hexane is 69.8% whereas the addition of 5 and 10%
toluene to n-hexane increases the accumulated oil recovery to 86.6 and 89.0% correspondingly.
Use of nonylphenol gives the values of cumulative oil recovery comparable with those with
toluene use of 85.4 and 88.0% for 2 and 3% nonylphenol in n-hexane, correspondingly. The
highest oil recovery (93.2%) from the reservoir model is achieved when toluene is injected prior
to n-hexane at 5:95 toluene–hexane ratio.

After each experiment, the residual oil was extracted from the model separately in each of the
nine sectors by benzene extraction. An amount of asphaltenes in the residual oil samples was
measured (Figure 6).

At use of n-hexane for the oil displacement, in the residual oil on average 50 to 60 wt%
asphaltenes is contained. The asphaltene content is significantly lower in the lower part of the
model cell, which is on average about 12 to 16 wt%. The results show that use of the compo-
sitions based on n-hexane with toluene and nonylphenol allows for significantly decreasing
the asphaltene contents in the residual oil compared to the using of n-hexane only. For the
10 wt% toluene or 3 wt% nonylphenol in the mixture with n-hexane the asphaltene contents in
the residual oil in the lower part of the model cell is on average less than 10 wt% what
insignificantly exceeds their contents in the starting oil. Use of such method as pre-injection of
toluene prior to injecting the base solvent allows for achieving even higher inhibition of
asphaltenes in the residual oil. In this case, the amount of toluene used is only 5% of the total
solvent amounts, which finally allows for significantly decreasing its consumption and, as a
consequence, improves the project economy.

Figure 5. Cumulative oil recovery at carrying out the experiments on HO displacement with various solvents.
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asphaltenes in the residual oil. In this case, the amount of toluene used is only 5% of the total
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The increased asphaltene contents observed in all of the performed experiments at transition
from the upper part of the model to the lower ones can be explained by the fact that at the
beginning of each experiment upon the oil contact with solvent asphaltene precipitation occurs
and then the solvent is enriched by deasphalted oil that facilitates decrease in the precipitate
amount in the residual oil.

If one refers to the distribution of the asphaltene contents in horizontal, at the use of pure n-
hexane, in the side parts of the model, where the slow diffusion process occurs, an elevated
content of asphaltenes is observed compared to the central part of the model where the contact
of the oil with n-hexane occurs faster. Upon addition of nonylphenol and toluene to n-hexane
aligning of asphaltene contents in the residual oil in the neighboring model segments is
observed and achievement of better encompassing of the model porous medium by a solvent.

Natural inhibitors acting as solvating agents are also effective; they, in contrast to the aromatic
solvents are compliant with ecological safety regulations. These are oil resins and deasphalted
oil [23, 46, 47].

Earlier in our paper [48] we have carried out a comparative analysis of various methods for
assessing the efficiency of asphaltene precipitation stabilizers for Ashalchinskoye field HOs.
According to the results of performed studies, it was established that the deasphalted oil of
Ashalchinskoye field HOs is quite an effective stabilizer of asphaltene precipitation, which is
not inferior to the aromatic hydrocarbons. The oil resins as asphaltene precipitation inhibitors
differ insignificantly in efficiency from expensive synthetic products. It was established that
the percentage of benzene resins of not above 6.5% per hexane volume allows for fully

Figure 6. Changes in the amount of asphaltenes in residual oil for different solvent used. (a) n-hexane, (b) 5% toluene
+95% n-hexane, (c) 10% toluene +90% n-hexane, (d) 5%toluene, after – 95% n-hexane, (e) 2% nonylphenol +98% n-hexane,
(f) 3% nonylphenol +97% n-hexane.
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providing asphaltene stabilization during heavy oil displacement process. Also, it was found
that alcohol-benzene resins at normal conditions are not the effective asphaltene precipitation
inhibitors.

4. Conclusions

In modeling, the oil displacement process by injecting n-hexane, the influence of the molecular
weight and condensation of asphaltenes on parameters of their deposition in a porous medium is
shown. It was revealed that features of structural and group composition of heavy oil asphaltenes
affect the dynamics and completeness of oil extraction. Under the same conditions, the process of
displacement of model oil with low molecular weight asphaltenes makes it possible to achieve
almost 5% more accumulated oil recovery than that for high molecular weight asphaltenes.

In a separate series of experiments, it was shown that the composition and properties of
asphaltenes formed during the displacement of heavy oil in a porous medium by n-alkanes
differ from that of the initial condition of asphaltenes. Herewith for the fraction of high-
molecular-weight asphaltenes A1 this trend is weak, while for fraction A2 it is pronounced
significantly. This fact suggests that in the process of oil displacement the less condensed
asphaltenes A2 undergo additional fractionation in a porous medium, resulting in higher
molecular weight asphaltene concentrates in comparison with the initial asphaltenes.

As a result of several experiments for the physical modeling of heavy oil displacement in
porous medium in a large-sized model, the opportunities of using various composite solvents
based on n-hexane with toluene and nonylphenol additives were assessed.

By taking the example of the Ashalchinskoye field heavy oil, we have shown that accumulated
oil recovery by n-hexane only appears at the level of 69.8%, whereas adding the toluene in 5–10
or 2–3% nonylphenol amount rises the recovery to 85–89%. The largest oil recovery (93.2%)
from the reservoir model is achieved when toluene is injected prior to n-hexane (5% of toluene
relative to the volume of n-hexane).
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Abstract

Naphthenic acids (NAs) are complex mixture of predominately alkyl-substituted cyclo-
aliphatic carboxylic acids and small amount of acyclic acids present in crude oil, heavy 
oil and in oil sands bitumen. They are toxic components in refinery wastewater and in oil 
sand extraction water and lead to corrosion problems within the oil refineries. Therefore, 
the amount of NAs needs to suppress in petroleum oils and wastewater came from 
petroleum industry. This paper reviews the supercritical fluids (SCFs)- and ionic liquids 
(ILs)-based acidity reduction process from heavy oils by reviewing open literature. The 
potential benefits of SCFs- and ILs-based acidity reduction process of heavy oils are also 
explored. The reviewed articles reveal that total acid number (TAN) removal increase 
with increasing reaction time and temperature by the action of SCF. Supercritical metha-
nol (SC-MeOH) has higher potentiality for removing acidity of NAs than supercritical 
water (SCW) without deposition of coke. TAN removal from NAs using SCF follows first 
order kinetics on TAN removal. ILs can reduce acidity of heavy oil either forming zwit-
terionic species or building cage structure around NAs through specific chemical bonds. 
Thus, non-catalytic SCF- and ILs-based TAN reduction process can open a new window 
to reduce acidity of heavy oils.

Keywords: supercritical fluid, naphthenic acid, total acid number, ionic liquid

1. Introduction

Heavy oil is a type of unconventional oil deposit (global estimated reserve of heavy oil and 
bitumen is 6.2 trillion barrels) all over the world. Such type of oil reservoirs are vastly unde-
veloped due to the difficulties of production, transportation and refining efficiently and 
inexpensively. Heavy oils contain significant quantity of metals, sulfur and nitrogen hetero-
atom-containing compounds and naphthenic acids (NAs) as contaminants. NAs are a mixture 
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of saturated aliphatic and alicyclic carboxylic acids. They are accountable for acidity of crude 
oils or heavy oils. NA content of heavy oil can be figured out in terms of total acid number 
(TAN), mg of KOH per g of oil. Crudes containing high TAN, specifically TAN ≥ 2, have lower 
demand [1, 2]. Moreover, their existence in crude oil creates multiple problems: they are cor-
rosive [3–6] in nature, lessen quality of product and make environmental disposal problems 
[7–9]. Therefore, their removal from heavy oils is considered as a pressing issue for petroleum 
industries.

A number of deacidification processes have been disclosed in open literature to deacidify 
acidic petroleum oil, such as non-catalytic non-destructive methods, non-catalytic destructive 
methods and catalytic destructive methods.

High TAN containing crudes are usually mixed off with low TAN containing crudes to 
eliminate excessive corrosion in refinery equipment. This process is obviously expensive and 
non-selective [7]. In a different way, polymeric compounds including adequate basicity may 
be used to entrap or neutralize NAs. This process, however, involves the use of costly neu-
tralizing agents, which are difficult to recover from deacidified products. Another method, 
extractive separation, usually requires a multistage wash using various solvent to single NA 
compounds or their derivatives such as water-oil emulsion and salt [10–12]. But valuable 
hydrocarbon compounds are removed to do so making the process costly.

The metal oxide (such as magnesium oxide and aluminum oxide) solid solutions show high 
adsorption capacity and can readily remove at least 95% of the NAs present in a liquid hydro-
carbon feedstock at temperatures of 30–80°C [12, 13]. Recent adsorption technology is only 
attainable for low temperature distillate fractions. The prior process requires a highly alka-
line environment, a strong base such as alkali metal hydroxides (for example, caustic soda). 
Unfortunately, the caustic does not simply provide an alkaline environment but in time is 
neutralized by acidic components of the hydrocarbon stream. Therefore, this process requires 
its continuous replacement and replenishment. It is alarming that disposal of spent caustic 
solutions is itself an environmental problem [13].

Corrosion inhibitors such as organic poly sulfide or phosphites or phosphoric acid have been 
introduced to passivate metal surfaces by building a defensive layer on them. But, this pro-
cess requires maintaining adequate thickness of the protective layer that enforces the costs of 
multiple inhibitor injections.

Esterification is a well-known process for removing NA compounds from petroleum oils. In 
this process, NAs reacts with alcohol in the presence or absence of catalyst to form ester [14]. 
Metal carboxylates [15] and metal oxides [16] are fruitfully applied in esterification at reaction 
temperatures of 250–350°C over enhanced reaction times [12].

Non-catalytic NA destruction methods, such as thermal decomposition [7, 17], have a limited 
success for acidity reduction of crude oil. High temperature, in excess of 400°C, is mostly 
required which can offer thermal cracking of the crude resulting coke formation [2]. In this 
regard, catalytic decarboxylation process [18] has come out as an alternative and economic 
process of NAs decomposition.
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The success of zeolites [12] and metal oxides [19] for deacidification of crude oil is high. But 
the process still requires moderately high operating temperatures (300–400°C). Moreover, 
many of these applications require hydrogen [7] to increase deacidification rate. But, hydro-
gen is not usually available at a production site. Hydrotreating in the presence of alumina 
supported metal oxides such as cobalt, molybdenum or nickel oxides has been successfully 
used in this regard [20, 21]. Metal oxides saturated with copper [22] and nickels [23] in the 
liquid phase at moderate temperatures (greater than 200°C) have also been utilized for the 
decarboxylation of fatty acids. Catalytic process, however, would be less feasible in crude oil 
systems due to catalyst poisoning by aromatics compounds, nitrogen containing species, met-
als and sulfur containing species of crude oil.

Supported palladium and platinum catalysts are active to destruct NAs via decarboxylation 
[24] and decarbonylation [25] in the liquid or gas phase. It is seen that transition metals 
supported catalysts can efficiently decarboxylate a series of fatty acids at temperatures of 
80–100°C even without hydrogen [26]. In addition, the same titania-based metal catalysts can 
resist sulfur significantly for fine chemical synthesis [27]. Though their activity and chemi-
cal stability is high, platinum group metal-based catalysts are cost-effective process for large 
scale operation.

A common industrial method of NAs removal from the kerosene/diesel fractions is a dilute 
caustic wash of them using alkali/alkaline earth metals. In this process, NAs is separated from 
oil fraction as calcium or sodium naphthenates, which is dissolved in water soluble fraction. 
Then, it is possible to recover the water insoluble NAs by acidifying calcium or sodium naph-
thenates with a mineral acid [12]. This process is an uneconomical one; as it is considered 
inexpensive, incomplete removal of all NAs due to its poor solubility coupled with the forma-
tion of emulsion [12]. Treating of petroleum products for removing of NAs via a dilute caustic 
wash is a common industrial method. As an alternative of this process, the researchers are 
using organic bases such as glycolic solutions [28], monoethanolamine or 2-(Dibutylamino)
ethanol [29] or imidazole derivatives [30] as alcoholic solutions. However, excess amount of 
organic base is required to reach good extraction process. This large excess of base resulted 
in carryover of amine into the petroleum phase and can create problem in the downstream 
catalyst units used for upgrading the oil [31].

Recently, specific ionic liquids (ILs) have been used in different applications including acid-
ity removal from petroleum industry. For example, sulfur-containing acids are successfully 
extracted from crude oil using ILs containing a cation with a connected amino group [32]. 
In addition, amino acid ionic liquids (AAILs) can neutralize NAs by the reaction where one 
amino group of the amino acid-anion can react with one carboxylic acid group to form zwit-
terionic species. In this regard, lysine-derived AAILs indicated higher extraction capability 
compared to other AAILs because AAILs derived from lysine contain two amino groups [12]. 
Mandal et al. [2, 33] have disclosed a new supercritical fluid-based deacidification process at 
high temperatures and pressures.

This review paper examines the open literatures of petroleum oil deacidification process 
using environmental benign solvent, supercritical fluids and ionic liquids.
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2. Naphthenic acid

NAs are complex mixtures of alkyl-substituted acyclic and cycloaliphatic carboxylic acids 
found in hydrocarbon deposits (petroleum, oil sands bitumen and crude oils) [34–36]. They 
are originally come from aerobic microbial degradation of petroleum hydrocarbon [34]. They 
are described by the general chemical formula CnH2n+zO2, where n indicates the number of 
carbon and z is either zero or a negative, even integer that secludes lack of hydrogen resulting 
from ring formation. The numbers of ring present in the compounds are obtained by divid-
ing the absolute value of z by 2. The rings of NAS can be fused or bridged. Figure 1 depicts 
examples of typical structures of NAs, which have a different number of rings [36].

NAs are non-volatile, chemically stable and perform as surfactants. The polarity and non-
volatility of NAs increase with increasing molecular weight delivering specific compounds 
with different physical, chemical, and toxicological properties [34, 36–39]. NAs act as typical 
carboxylic acids having acid strength analogous with the higher fatty acids. NAs are little 
weaker acid than low molecular weight carboxylic acids like acetic acid [36, 40–42].

Commercial NAs, produced via extraction of petroleum distillates, have industrial applica-
tions as shown in Table 1. Sodium salt of NAs is soluble in water.

Steel alloys that can resist corrosion by sulfur-containing compounds can be suitable for cor-
rosion by NAs [43, 44]. The process of NAs corrosion is obscure till now though it can chelate 
with the metal ion by the carboxylate forming hydrogen gas [45]. The amount of NA passing 

Figure 1. General structure of naphthenic acid.
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through the system together with operating temperature of 220–400°C favor corrosion [43, 46]. 
NAs decompose at temperatures above 400°C creating a protective film over the alloy [43, 46]. 
Corrosivity increases with increasing total acid number (TAN) of crude oil. Yet, the spread of 
corrosion by NAs rely not only on TAN but also on the availability of the carboxylic acid group 
and the type of compounds [43, 44, 46].

Very few reports have been disclosed discussing NAs in refinery wastewater due to their ana-
lytical difficulties although discharged wastewater from petroleum refineries. Low molecu-
lar weight NAs (typically <500 Daltons) are readily dissolved as their carboxylates in water 
at neutral and alkaline pH [34]. Bitumen extraction from the Athabasca oil sands deposit in 
northeastern Alberta, Canada releases NAs into tailings pond water [44]. Holowenko et al. 
[47] discovered that tailings pond water contain 20–120 mg NAs per liter, which is sufficient 
to create environmental pollution. Dorn [48] concluded that NAs concentrations greater than 
2.5–5 mg per liter in refinery effluent would be toxic to fish. Rogers et al. [49] supposed that 
the liver was the primary target of NAs toxicity. The low molecular weight NAs are more 
capable to biodegradation than the high molecular weight NAs [35, 44]. Scott et al. [35] dis-
closed that the commercial NAs are more readily biodegradable compounds than the NAs 
present in the oil sand tailings water.

3. History of SCF and IL

3.1. History of SCF

Baron Charles Cagniard de la Tour in 1822 revealed supercritical phenomena [50] while 
carrying out experiments in a sealed cannon barrel filled with various fluids at various 
temperatures. G. Gore in 1861 showed that camphor and naphthalene dissolved in liq-
uid carbon dioxide, whereas many carboxylic acids did not dissolved in liquid carbon 
dioxide. The term, critical point, was eventually coined by Thomas Andrew in 1869 [50] 

NA metal salt Industrial applications

Na salt Emulsifying agent for agricultural insecticides
Additive for cutting oils emulsion breaker in oil industry

Ca naphthenate Additive for lubricating oil

Fe and Mn naphthenates Fuel additives for improved combustion and reduced corrosion

Pb and Ba salts Catalyst for oil-based paints

Cu and Zn naphthenate Wood preservatives

Co naphthenate Curing agent in rubbers and resins
Adhesion promoter of steel cord to rubber

Mn, Pb, Co, and Ca soap Oxidative catalysts

Table 1. Industrial usage of NAs [36].
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as the end of the vapor pressure curve in a phase diagram. The supercritical fluid (SCF) 
phenomena were first described by Hannay and Hogarth (1879) [50], who reported on the 
solubility of cobalt chloride in supercritical ethanol. Villard in 1896 [50] on his review of 
SCF solubility phenomena described the ability of methane, ethylene, carbon dioxide and 
nitrous oxide to dissolve a number of liquids and solid hydrocarbons such as carbon disul-
fide, camphor, stearic acid and paraffin wax. A few years later, E. H. Buchner (1906) [50] 
reviewed the literature and also made significant additions to the experimental database 
of high pressure SCF-solute mixtures. He became the first in a long line of researches to 
measure the solubility of a model compound, naphthalene, in supercritical carbon dioxide 
(sc-CO2). Chemists continued to experiment with SCF for almost a century, although they 
remained something of a curiosity until the 1970s, when rising energy costs led chemists 
to consider SCF as a cheaper alternative to liquid extraction and distillation. Industrial 
use of SCFs as solvent began in 1950s. Nowadays the uses of supercritical fluid extraction 
(SFE) are largely apparent in the decaffeination of green coffee, food, nutraceuticals, per-
fumes and cosmetics, pharmaceuticals, textile, electronics, aerogels, ceramic and innova-
tive materials, oil industry, laundry dry cleaning, analytical processes, like, supercritical 
fluid chromatography, nanoparticle and microparticle formation, generation of co-crystals 
in pharmaceutical processes, biodiesel production and several other new and upcoming 
applications [51].

Supercritical water (SCW) is water at a temperature and pressure above its critical points 
(374°C and 22.1 MPa). It is known as an environmentally benign solvent for a comprehen-
sive variety of chemical reactions; it takes part in a reaction not only as a solvent but also 
as a reactant [52, 53]; thus, SCW is a logical choice to obstruct the precipitation of AS at the 
elevated cracking temperature beyond 400°C [54]. In addition, aromatic bonds—ethers and 
esters—and aliphatic bonds are freely broken in SCW [52, 55, 56]. Thermal reactions of heavy 
oil have been studied in SCW, showing that two major reactions occur under supercritical 
conditions: oxidation and hydrolysis [57–59]. These reactions allow tar to be decomposed 
successfully into useful chemical compounds in SCW [60, 61]. Hu et al. [62] treated oil shale 
using SCW showing a higher conversion and a larger oil recovery than toluene extraction 
process. SCW also delivered easier decomposition of the polar components in oil shale lik-
ened with supercritical toluene [63]. Park and Son [64] studied extraction of Athabasca oil 
sand bitumen in a microreactor using SCW, achieving a maximum 24% conversion at a tem-
perature of 380°C, pressure of 30 MPa and a reaction time of 90 min. These results show that 
SCW can be used as an effective green solvent for the extraction and decomposition of heavy 
hydrocarbons.

Methanol’s critical property data are Tc = 239.63°C, ρc = 277.49 kg/m3 and Pc = 8.08 MPa [65], 
becoming supercritical with disappearing phase boundaries between liquid and gas at these 
conditions. Yadav and Chandra [66] discovered that the hydrogen bonding between metha-
nol molecules decreases significantly with moving to the supercritical state from the ambi-
ent one. Supercritical methanol (SC-MeOH) can degrade polyethylene terephthalate (PET), 
which can be used for recycling waste plastics [67, 68]. SC-MeOH can also be used to produce 
biodiesel [69–70]. SC-MeOH can convert cellulose into methylated cellotriose, methylated 
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 cellobiose, methyl α- and β-D-glucosides, levoglucosan and 5-hydroxymethylfurfural [71]. 
Wang et al. [72] have studied the kinetics of esterification reaction between low-concentration 
NAs and methanol with or without using catalyst at temperatures of 180–280°C in an auto-
clave reactor. Acidity reduction of NAs using SC-MeOH without the addition of catalyst has 
been disclosed in open literature by Mandal et al. [33]. They have proved that approximately 
100% TAN was reduced at a temperature of 350°C, a methanol partial pressure (MPP) of 
10 MPa and a reaction time of 60 min. In addition, TAN reduction kinetics were followed 
first-order kinetics with Arrhenius parameters of activation energy 5.78 kcal/mol and a pre-
exponential factor 1.56 s−1.

The SCF processes are the currently most interesting environmental benign process [73]. The 
sc-CO2 and the SCW have proved to be very efficient as a green extracting agent [74] and 
they are efficiently replacing harmful organic solvents nowadays. In addition, recent scien-
tific reports have utilized sc-CO2 for the synthesis of graphene-related materials. Moreover, 
continuous hydrothermal systems offer the ability to carry out synthesis in a high-throughput 
mode, enabling the discovery of new materials [75]. Furthermore, SCW can remove heavy 
metals from metalloporphyrin compounds effectively and efficiently in an environmentally 
friendly way [76]. Thus, the sc-CO2 and the SCW have attracted tremendous interest among 
academia and industry in this modern era as a green process.

3.2. Ionic liquid (IL) and its history

An ionic liquid (IL) is ionic, slat-like materials. The ions in ILs are poorly coordinated result-
ing low melting point (below 100°C, or even at room temperature). An IL contains charged 
cation, a bulk organic structure with low symmetry and anion held together by Coulombic 
interactions. It is hard to break these bonds and make ILs evaporate. The extensively used 
cations are based on ammonium, sulfonium, phosphonium, imidazolium, pyridinium, pico-
linium, pyrrolidium, etc. with different substitutes. The anions of ILs may be halogen (first-
generation ILs), organic ([CH3COO]−, [CF3CO2]−, [PhCOO]−, etc.) or inorganic ([BF4]−, [PF6]−, 
[AlCl4]−, etc.). The properties of ILs depend on mutual fit of cation and anion, size, geometry 
and charge distribution. Usually, the cation has an impact on the hydrophobicity or hydrogen 
bonding ability and the anion controls the water miscibility [77, 78]. The structures of some 
commonly used ionic liquid systems are tabulated in Figure 2 [78, 79].

The field of ionic liquid (IL) is not new, but their application as solvents in chemical processes 
for synthesis and catalysis has recently become important. This interesting field began in 1914 
after preparation of ethylammonium nitrate ([C2H5NH3][NO3]) with the melting point (mp) of 
12°C by Paul Walden [78–80]. This compound is recognized as the first IL by many research-
ers [80] but due to its high reactivity has not really found a use. After two decades of silence, 
IL appears in an US patent no. 1943176 in 1934. The writer of this patent claimed that the 
cellulose has dissolved in halide salts of nitrogen-containing bases, such as 1-benzylpyridin-
ium chloride, 1-ethylpyridinium chloride, etc. at the temperature above 100°C. After another 
declined phase in the history of IL, it re-emerged in the period just after World War II in 1948 
as an another US patent [79]. It was basically appeared in the open literature in 1951 [79] as the 
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 cellobiose, methyl α- and β-D-glucosides, levoglucosan and 5-hydroxymethylfurfural [71]. 
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12°C by Paul Walden [78–80]. This compound is recognized as the first IL by many research-
ers [80] but due to its high reactivity has not really found a use. After two decades of silence, 
IL appears in an US patent no. 1943176 in 1934. The writer of this patent claimed that the 
cellulose has dissolved in halide salts of nitrogen-containing bases, such as 1-benzylpyridin-
ium chloride, 1-ethylpyridinium chloride, etc. at the temperature above 100°C. After another 
declined phase in the history of IL, it re-emerged in the period just after World War II in 1948 
as an another US patent [79]. It was basically appeared in the open literature in 1951 [79] as the 
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application of mixture of aluminum (III) chloride and 1-ethylpyridinium bromide to the elec-
trodeposition of aluminum. But they have failed to investigate the IL at that time due to the 
complicated mixture of bromide and chloride salts. Later the physical and chemical properties 
of this IL were studied by Osteryoung group in 1975, aided by Bernard Gilbert [79]. The IL was 
created international attention in 1970s as aluminum chloride-based molten salts were utilized 
in 1940s for preparation of nuclear warheads batteries. Wilkes in 1970 attempted to develop 
better batteries for nuclear warheads and space probes that needed molten salts to operate 
[78]. The chemists of that period searched new salts that can remain liquid at lower tempera-
tures as the molten salts were sufficiently hot to damage the neighboring materials. Wilkes 
and his co-workers carried on improving their ILs for using as battery electrolytes and in the 
long run they identified one low melting point IL [78]. Wilkes and Hussey discovered the 
[C2mim]Cl-AlCl3 IL system, liquid at room temperature, which was the first genuine example 
of IL system [79]. ILs became one of the most promising chemicals as solvents in the late 1990s.

ILs are versatile compounds due to their interesting properties. The properties of ILs are 
variable and can be in theory adjusted for any application, i.e., they are not all non-corrosive, 
but they can be designed to be non-corrosive. In general, they are characterized to have low 
vapor pressure, thermal and chemical stability and non-flammability. The research areas on 
ILs are growing very rapidly and it has numerous potential applications, such as, microwave-
assisted organic synthesis, catalysis, biocatalysis, separation, extraction,  electrochemistry, 
nanomaterials synthesis, polymerization reactions and corrosion inhibitors [81]. ILs can also 

Figure 2. Some commonly used IL systems.
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offer surprising efforts to reassess and optimize existing technologies and processes related 
to the petroleum industry. A large number of research studies on the assessment and utiliza-
tion of ILs in pollutant removal including sulfur-, nitrogen- and flour-containing compounds; 
aromatics; naphthenic acids and asphaltene of refinery feeds are disclosed in open literature.

4. TAN removal using SCF

4.1. Effect of temperature on TAN reduction using SCF

The initial TAN of NA, used raw materials for potential experiments by Mandal et al. [2, 33], was 
241.55 (mg of KOH/g of NA). TAN reduction takes place at high temperatures and pressures 
in the presence of SCW. But, SC-MeOH can reduce TAN at lower temperature and pressure 
than SCW. Temperature has a considerable effect on TAN reduction using SCF. For exploring 
temperature effect on TAN reduction using SCW, Mandal et al. [2] carried out a lot of experi-
ments at temperatures of 400–490°C and water partial pressure (WPP) of 25–45 MPa. In addi-
tion, SC-MeOH effect on TAN reduction was explored at temperatures of 300–350°C and MPP 
of 10 MPa [33].

Figure 3 illustrates the high TAN removal which increased with increasing reaction time and 
temperature. Type of SCF was also an important factor on TAN reduction process. Mandal 
et al. [2] in 2012 disclosed that approximately 89% TAN is reduced at reaction temperature 
of 490°C and reaction time of 60 min in treatment without water depositing approximately 
4.05% solid which was nothing but lean hydrogen content high molecular weight hydro-
carbons. Solid formation is the indication of loss of valuable compounds and thus potential 

Figure 3. Variation of TAN as a function of reaction times, temperatures and water or methanol partial pressures 
(symbols: ○, 400°C, WPP of 45 MPa; ∆, 450°C, WPP of 45 MPa; □, 490°C, WPP of 45 MPa; +, 490°C, no water; −, 490°C, no 
water (solid); ●, 300°C, MPP of 10 MPa; ▲, 325°C, MPP of 10 MPa; ■, 350°C, MPP of 10 MPa).
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Figure 3 illustrates the high TAN removal which increased with increasing reaction time and 
temperature. Type of SCF was also an important factor on TAN reduction process. Mandal 
et al. [2] in 2012 disclosed that approximately 89% TAN is reduced at reaction temperature 
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4.05% solid which was nothing but lean hydrogen content high molecular weight hydro-
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 revenue. Thus, it is desirable to reduce solid deposition from the economical point of view. 
SCW have the capability to reduce solid formation. Mandal et al. [2] do not observe solid 
deposition during their experiments using SCW at temperatures of 400–450°C. Solid depo-
sition is detected at a temperature of 490°C, but depends on WPP and reaction time. The 
amount of solid deposition falls to 1.79 and 0.10% at WPPs of 30 and 45 MPa, respectively, 
indicating the drastic reduction of solid deposition at a WPP of 45 MPa. At extreme operating 
conditions (at temperature of 490°C, reaction time of 60 min and WPP of 45 MPa) of SCW 
treatment, the TAN reduction is reduced to approximately 73% which is less than the value 
(89%) obtained during pyrolysis without water.

4.2. Reaction kinetic study and mechanism

In 2012, Mandal et al. [2] conducted pioneering study on TAN removal using SCW. Their 
study revealed that TAN removed from NAs using SCW followed first-order kinetics. Mandal 
et al. [33] on another study showed that TAN removal from NAs using SC-MeOH also fol-
lowed first-order kinetics. Wang et al. showed that the esterification reaction between NAs 
and subcritical methanol follows second-order kinetics with or without SnO catalyst in their 
study. The feedstock used by Wang et al. was the second vacuum fraction processed by a 
Chinese corporation having TAN content 3.69 (mg of KOH/g of feed stock), which was a 
mixture of NAs and higher hydrocarbons. The feedstock used by Mandal et al. [2, 33] was 
basically a blend of carboxylic acids having a TAN content 241.55 (mg of KOH/g of NA). 
The variation of properties of feed stock and reaction operating conditions were responsible 
for the variation of reaction order. Figure 4 shows the Arrhenius type dependency of NAs 
removal rates on temperature. Based on such type of plot, Mandal et al. [2, 33] discovered the 

Figure 4. Arrhenius plot for reaction between NAs and SCF (symbols: ○, SCW; ∆, SC-MeOH).
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activation energy and pre-exponential factor. Thus, the temperature-dependent rate constant 
can be expressed by the following Arrhenius equations:

   k  T   (T)  = 1.43 ×  10   5  e     −66.24 _____ RT    , for SCW  (1)

   k  T   (T)  = 1.56 e     −5.78 _____ RT    , for SC-MeOH  (2)

The respective activation energies of the reaction of NAs with SCW and SC-MeOH are 
66.24 and 5.78 kcal per mol. The activation energy of NAs for reacting with SCW is 
91.27% higher than the activation energy of NAs for reacting with SC-MeOH at lower 
pressure. This indicates that 91.27% higher energy is required for the reaction of NAs 
with SCW.

According to the study of Mandal et al. [2, 33], SCW and SC-MeOH reduce acidity of NAs 
in different reactions and pathways (Figure 5). SCW acts as a hydrogen donor [82] and it 
can remove metal from metalloporphyrin where hydrogenation reaction is involved. NAs 
react with SCW to form stable compounds [2] and gaseous product (CO2, CO, petroleum gas) 
where hydrogenation reaction is happening to occur. Based on the analysis using GC/MS and 
MALDI TOF/MS, Mandal et al. in 2012 [2] showed that hydrocarbons are formed through 
decarboxylation of NA followed by long-chain scission and formation of high molecular 
weight hydrocarbons. It is also observed that SCW can produce low molecular weight hydro-
carbons suppressing char formation and production of high molecular weight hydrocarbons 
from alkylbenzene and NAs [2, 82]. NA is not hindered the quality of petroleum oil except 
corrosion problem.

On the other hand, SC-MeOH without a distinct catalyst can reduce acidity promptly by 
forming ester (like nonanoic acid, methyl ester; decanoic acid, methyl ester and so on), satu-
rated alkylbenzene (like heptylbenzene) and alkane (like decosane). SC-MeOH as an excel-
lent solvent can dissolve feedstock so that reactant molecules are in mutual close proximity 
to react readily. At the first step of reaction, SC-MeOH reacts with NAs to form ester and 
water. The thermal stability of ester depends on its carbon skeleton [33, 83]. Mandal et al. in 
2013 [33] observed that concentration of saturated alkylbenzene and alkane is increasing with 
increasing reaction time. In the second step of reaction, the thermal effect of SC-MeOH can 

Figure 5. Reaction mechanism of NAs with SCF.
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 decompose unstable ester to form saturated alkylbenzene and alkane and produce new ester. 
In the third step of reaction, produced esters can react with SC-MeOH to form new ester and 
water.

5. TAN reduction using IL

Literature study revealed that NAs are successfully removed from crude fractions by aque-
ous base washing [84, 85]. But serious emulsion problems are experienced during operation.

Shi et al. [86] has proposed a fancy method to isolate NAs from highly acidic crude oils by form-
ing ILs. In this method, the researchers prepared BrØnsted ILs by acid-base reaction between 
basic imidazole and NAs to form naphthenates ILs according to the following reaction:

  (3)

The acid removal rate has been affected by the 2-methylimidazole content, reagent/oil 
ratio, reaction time and reaction temperature. All of them had a positive effect on the acid 
removal rate except the reagent/oil ratio which had a negative effect on the oil yield rate. 
The same approach was employed by Baden Aniline and Sida Factory (BASF), the largest 
Ludwigshafen, Germany based chemical company in the world to develop the first success-
ful large-scale industrial application of ILs in 2003 [81] through the process biphasic acid 
scavenging ILs (BASIL). In this process, they are using N-alkylimidazole derivative to scav-
enge acid that is formed in the alkoxyphenylphosphines production process as a by-product 
forming ILs. The reaction results in the formation of the IL N-alkylimidazolium chloride hav-
ing a melting point of 75°C. The IL separates as a clear liquid phase from the pure product 
and is reused.

Crude oil can be deacidified with a basic IL [87]. The basic IL is a liquid salt having the 
general formula [C+][A−], where C+ is a cation having a basic moiety, preferably represented 
by a formula [Cat+-(Z-Bas)n], and/or A− is an anion having a basic moiety, preferably repre-
sented by [An−-(Z-Bas)]. Here, Cat+ is a positively charged moiety, An− is an anionic moiety, 
Bas is a basic moiety, Z is a covalent bond joining Cat+/An− and Bas or is a divalent linking 
group and n is an integer from 1 to 3. The Cat+ moiety comprises a heterocyclic ring struc-
ture selected from imidazolium, pyridinium, pyrazolium and so on. The An− moiety com-
prises a CO2

− or SO3
− group. Base comprises at least one basic nitrogen, phosphorus, sulfur 

or oxygen atom and preferably selected from –N(R1)(R2), −P(R1)(R2), −S(R3), −O(R3), where 
R1 and R2 are independently selected from hydrogen, linear or branched alkyl, cycloalkyl, 
aryl and substituted ring and R3 is selected from linear or branched alkyl, cycloalkyl, aryl 
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and substituted aryl. Z comprises divalent organic radical and preferably selected from a 
divalent alkylene radical, alkyleneoxyalkylene radical, polyoxyethylene radical and alkyl-
enearylene or alkylenearylenealkylene radical.

Sun and Shi in 2012 [88] revealed that the ILs of imidazole anion having strong alkalinity had 
excellent performance on deacidification. They discovered that the lower the agent/oil mass 
ratio, the higher the NAs conversion and high temperature could decrease the reagent/oil ratio 
to achieve maximum deacidification rate with each IL. When [AMIm]Im is used, the perfor-
mance of deacidification succeeded the order [OMIm]Im > [HMIm]Im > [BMIm]Im > [EMIm]
Im. Duan et al. in 2013 [89] have studied on pyridinium, imidazolium and imidazolide-based 
ILs at different alkalinity. They showed that the stronger alkalinity of ILs was, the higher 
deacidification would be and the deacidification succeeded the order [AMIm]Im > [AMIm]
Br > [APy]Br. In addition, when the length of alkyl chain increased, each kind of ILs would 
have more excellent performance on deacidification.

Sun et al. [88, 89] explained NAs removal mechanism using ILs with the help of techniques 
proposed by Holbrey et al. [90]. Holbrey et al. [90] revealed that IL molecules themselves could 
form cage structure through specific chemical bonds. In this cage, the target molecules would 
be captured through the formation of liquid clathrate due to the π-π interaction between ILs 
and target molecules. This phenomenon would be helpful to explain the following facts: (1) 
the larger the π interaction between ILs and NAs, the stronger the IL alkalinity which means 
of great electron density, the better the effect of deacidification would be. (2) For the same 
anion containing ILs, the longer alkyl chain of ILs, the higher the deacidification activity as 
well as alkalinity, the more inclusive for NAs by increasing the space of the cage. Thus, NAs 
conversion increased with the larger of alkyl chain of the ILs. (3) Unregenerated ILs indi-
cated good performance on deacidification in the following iterative reactions because each 
ILs molecules could adapt more than one NA molecules. The NAs could not be withdrawn 
completely from low NA containing oil as the surrounding alkane molecules made NA mol-
ecule difficult to penetrate into the clathrate structure of ILs. When fresh acidic oil added into 
this system, the surrounding alkane structure was broken and ILs showed good performance 
again. (4) The NA  molecules could easily escape from the cage structure at high tempera-
ture due to unfavorable adsorption process at this condition. So, the reuse of IL would be 
decreased at such temperature condition.

Andersen et al. [12] have studied a number of tetraalkylammonium and tetraalkylphos-
phonium amino acid-based ILs to remove NAs from crude oil. A model oil having TAN 
4.00 mg KOH goil

−1 has been charged in a glass vessel and heated the same at a temperature 
of 25°C for 1 h. An exact amount of ILs has then been mixed with the oil for reaction for 
20 min. The percentage of NA removal obtained from the experiments is summarized in 
Table 2.

Table 2 revealed that all AAILs have showed excellent and swift acid removal after 20 min 
except [NTf2]−-based ILs. The low extraction efficiency of [NTf2]−-based ILs implies its weak 
interaction between the IL and the NA. There is a little effect of the cation type on acid removal 
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prises a CO2

− or SO3
− group. Base comprises at least one basic nitrogen, phosphorus, sulfur 

or oxygen atom and preferably selected from –N(R1)(R2), −P(R1)(R2), −S(R3), −O(R3), where 
R1 and R2 are independently selected from hydrogen, linear or branched alkyl, cycloalkyl, 
aryl and substituted ring and R3 is selected from linear or branched alkyl, cycloalkyl, aryl 
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and substituted aryl. Z comprises divalent organic radical and preferably selected from a 
divalent alkylene radical, alkyleneoxyalkylene radical, polyoxyethylene radical and alkyl-
enearylene or alkylenearylenealkylene radical.

Sun and Shi in 2012 [88] revealed that the ILs of imidazole anion having strong alkalinity had 
excellent performance on deacidification. They discovered that the lower the agent/oil mass 
ratio, the higher the NAs conversion and high temperature could decrease the reagent/oil ratio 
to achieve maximum deacidification rate with each IL. When [AMIm]Im is used, the perfor-
mance of deacidification succeeded the order [OMIm]Im > [HMIm]Im > [BMIm]Im > [EMIm]
Im. Duan et al. in 2013 [89] have studied on pyridinium, imidazolium and imidazolide-based 
ILs at different alkalinity. They showed that the stronger alkalinity of ILs was, the higher 
deacidification would be and the deacidification succeeded the order [AMIm]Im > [AMIm]
Br > [APy]Br. In addition, when the length of alkyl chain increased, each kind of ILs would 
have more excellent performance on deacidification.

Sun et al. [88, 89] explained NAs removal mechanism using ILs with the help of techniques 
proposed by Holbrey et al. [90]. Holbrey et al. [90] revealed that IL molecules themselves could 
form cage structure through specific chemical bonds. In this cage, the target molecules would 
be captured through the formation of liquid clathrate due to the π-π interaction between ILs 
and target molecules. This phenomenon would be helpful to explain the following facts: (1) 
the larger the π interaction between ILs and NAs, the stronger the IL alkalinity which means 
of great electron density, the better the effect of deacidification would be. (2) For the same 
anion containing ILs, the longer alkyl chain of ILs, the higher the deacidification activity as 
well as alkalinity, the more inclusive for NAs by increasing the space of the cage. Thus, NAs 
conversion increased with the larger of alkyl chain of the ILs. (3) Unregenerated ILs indi-
cated good performance on deacidification in the following iterative reactions because each 
ILs molecules could adapt more than one NA molecules. The NAs could not be withdrawn 
completely from low NA containing oil as the surrounding alkane molecules made NA mol-
ecule difficult to penetrate into the clathrate structure of ILs. When fresh acidic oil added into 
this system, the surrounding alkane structure was broken and ILs showed good performance 
again. (4) The NA  molecules could easily escape from the cage structure at high tempera-
ture due to unfavorable adsorption process at this condition. So, the reuse of IL would be 
decreased at such temperature condition.

Andersen et al. [12] have studied a number of tetraalkylammonium and tetraalkylphos-
phonium amino acid-based ILs to remove NAs from crude oil. A model oil having TAN 
4.00 mg KOH goil

−1 has been charged in a glass vessel and heated the same at a temperature 
of 25°C for 1 h. An exact amount of ILs has then been mixed with the oil for reaction for 
20 min. The percentage of NA removal obtained from the experiments is summarized in 
Table 2.

Table 2 revealed that all AAILs have showed excellent and swift acid removal after 20 min 
except [NTf2]−-based ILs. The low extraction efficiency of [NTf2]−-based ILs implies its weak 
interaction between the IL and the NA. There is a little effect of the cation type on acid removal 
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although [P4444]+ have the pioneering extraction efficiency due to their lower viscosity than the 
other. It is noticeable that [N4441] [Val] have the lowest acid removal capability than [P4444][Val] 
due to the highest melting point of [N4441] [Val] compared to [P4444][Val]. [Lys]−-based ILs have 
two amine groups per molecule of IL that can extend its acid removal capability. The other 
functional groups present on the anion such as hydroxyl group (−OH) in [Ser]− and [Thr]− and 
thiol (−SH) group in [Cys]−-based ILs have a little impact on the corresponding extraction 
efficiency.

The following two reactions are the possible reactions for removing NA using AAIL:

   [Cation]  [ H  2   − C (R)  − COO]  +  R   ′  − COOH ⇋  [Cation]  [OOC − C (R)  − N  H  3  ]  [OOC −  R   ′ ]    (4)

   [Cation]  [ H  2   − C (R)  − COO]  +  R   ′  − COOH ⇋  [Cation]  [OOC −  R   ′ ]  + N  H  2   − C (R)  − COOH  (5)

In the first reaction, the amino acid anion constructs IL-NA complex known as zwitterionic 
species by protonating the amino group and forming the carboxylate anion. In the second 
reaction, the protonation of amino acid anion and ion exchange with NA form the naph-
thenate salt releasing the amino acid. Andersen et al. [12] have confirmed based on infrared 
spectroscopy that the reaction mechanism involves a stoichiometric reaction between one 
amino group and one carboxylic acid group forming a zwitterionic species. Lysine anion con-
tains two amino groups. Therefore, lysine-derived AAILs showed higher extraction capability 
compared to other AAILs.

IL anion NA Removal (%)

Tributylmethylammonium [N4441]+ Tetrabutylphosphonium [P4444]+

Bis (trifluoromethanesulfonyl)imide 
([NTf2]−)

2 3

Serinate ([Ser]−) 31 32

Threonate ([Thr]−) 35 37

Valinate ([Val]−) 21 31

Cystinate ([Cys]−) 26 27

Prolinate ([Pro]−) 36 38

Lysinate ([Lys]−) 46 41

Taurinate ([Tau]−) 37 32

Table 2. Percentage of NA removal using a range of AAILs at a temperature of 25°C [12].
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Based on current studies, SCF process is more effective than IL-based process for reducing 
TAN of NAs. SC-MeOH without the addition of catalyst can reduce approximately 100% 
TAN at a temperature of 350°C, a methanol partial pressure (MPP) of 10 MPa and a reac-
tion time of 60 min [33]. On the other hand, the IL, tributylmethylammonium lysinate, can 
reduce approximately 46% NA at a temperature of 25°C [12]. A lot of ILs are available in 
open market or possibility of production in laboratory that can be used to reduce TAN of 
NAs at room temperatures at high extent. The benefit of using ILs is needed room or low 
temperature to reduce TAN of NAs. In addition, it is possible to separate ILs after treat-
ment reducing cost of process. Therefore, IL-based processes are attracting the researchers 
nowadays.

6. Conclusion

A number of TAN reduction methods have been developed for reducing the TAN content of 
crude oil to maintain TAN content of crude oil below the integer value 2. The SCF process 
and the IL-based process, known as environmental benign processes, are new processes 
in this area. SCF without the addition of catalyst can reduce TAN of NAs and substantial 
amounts of NAs are converted into non-acidic products. The reaction kinetics is consistent 
with first-order dependency on TAN removal. Like SCF, ILs can also reduce acidity of heavy 
oils either by forming zwitterionic species or creating cage structure around NAs through 
specific chemical bonds. In comparison, SCF process is more efficient than IL-based pro-
cess for reducing TAN of NAs. Therefore, IL-based processes are attracting the researcher’s 
attention due to their availability in laboratory or in open market and separability tendency 
after using.
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The formation of scale/solids deposits inside the pipelines is a frequent problem in the 
petrochemical industry. These scales can be organic as the asphaltenes and inorganic as 
the accumulations of salts, which apart from blocking the inside of the pipes can also 
cause a change in the integrity of the steel. Therefore, it is necessary to avoid the con-
ditions where deposition occurs, together with chemical and mechanical methods of 
 remediation to mitigate the deposition. In this work we intend to use conductive poly-
mers in order to inhibit the deposition of asphaltenes on carbon steel surfaces, by using 
polypyrrole (PPy) as material capable of conducting electrical current. The electrodepo-
sition of PPy on carbon steel were performed by cyclic voltammetry (CV) and chrono-
amperometry (CA). The results showed that under certain experimental conditions it is 
possible to make a PPy film with adequate characteristics. Important factors were the 
grip and electrochemical stability of the formed film on steel, which depends on the elec-
trosynthesis technique and in some cases favoured by a pre-treatment with a 10% HNO3 
solution applied to the steel prior to electropolymerization. The PPy films deposited with 
pre-treatment completely covered the steel surface and showed better stability, adher-
ence and generated a hydrophobic material.
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1. Introduction

The formation of solid deposits is a frequent problem in the hydrocarbons transport due to 
asphaltenes precipitation where the crude oils flow. The asphaltenes are the fraction of higher 
molecular weight and polarity of the crude oil and they are responsible for these solid depos-
its, which usually give rise to several problems in the transport and processing of crude oil, 
mainly by the obstruction of the pipelines [1–6].

Common oilfield scales are crystalline deposits, resulting from the precipitation of min-
eral compound such as carbonates and sulfates present in the injected water, as method for 
enhanced oil recovery. These scale deposits may appear as a thick layer adhered to the inner 
walls of the pipes, they are often several centimeters thick with particles sizes up to 1 cm or 
more. One of the primary problems of scale formation in pipes is the reduction in flow rate by 
increasing the inner surface roughness of the pipe and reducing the flow ability area. This pro-
duces an increase in the pressure drop and consequently production decreases. By increasing 
the growth of deposited minerals, it becomes impossible to access deeper pipe sections, and 
finally the scale deposits end up blocking the flow of production. On the other hand, organic 
scales formation results from asphaltenes and waxes deposition. Usually, the localized corro-
sion can be developed beneath or around these deposits present in the steel surfaces, due to 
the presence of bacteria or sulfurous gas, which reduces the integrity of the metal.

The petroleum in its natural state is a mixture of organic compounds of varied structures and 
different molecular weights. In general, it is possible to group the oil constituents into four 
well-defined organic components: saturated, aromatic, resin, and asphaltenes [7], known as 
SARA. The study of the heavy oil fraction (asphaltenes) has increased in recent years due to 
the problems that they represent in the production and conversion processes. In general, the 
structure of asphaltenes is considered to consist of a condensed aromatic nucleus with side 
alkyl chains and heteroatoms incorporated into many of the cyclic structures. The condensed 
aromatic system may contain from 4 to 20 benzene rings [8]. Nowadays, there is a consider-
able debate about the structure of asphaltenes, particularly in the size of aromatic groups 
and how they are linked to other groups in the structure. The type and amount of deposits 
of heavy organic compounds varies depending on the hydrocarbons present, and the relative 
amount of each organic family involved. In general, asphaltenes deposition can be explained 
in detail on the basis of four effects or mechanisms: (1) effect of polydispersity, (2) colloidal 
steric effect, (3) aggregation effect, and (4) electrokinetic effect.

On the other hand, during crude oil transportation through pipes, there may be sludge depos-
its along the line and these are also called sediments. The deposits at the bottom of the stor-
age tanks or crude transport lines are water, salts, sand, and heavy hydrocarbons, and their 
average concentration is about 25% water, 5% inorganic compounds, and 70% vol. of hydro-
carbons [9]. In general, asphaltenes deposits cause problems in five points: extraction, trans-
portation, processing, economic benefit of crude oil, and environmental pollution. There are 
several methods to prevent and/or remove asphaltenes deposits: mechanical methods [10], 
chemical cleaning, pressure [11, 12], temperature and flow rate manipulations [13], additives, 
and chemical inhibitors [14, 15]. The conductive polymers applications are highly diverse and 
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several studies have pointed out the different variables that affect the properties and perfor-
mance of polypyrrole (PPy) electrodeposition on the steel surface such as the conductivity, 
stability, roughness, adhesion, film thickness, and so on [16–21].

When an electroactive conducting polymer coats a metal surface, it can act as a membrane-like 
selective permeable layer, allowing the diffusion of certain ions and rejects others, depending 
on their chemical affinity, electronic structure, and inter- and intra-molecular arrangement. 
In this context, some works have been reported on the inhibition of corrosion and stability of 
conductive polymer films on steel substrates [22–24].

1.1. Conductive polymers

Conductive polymers are those synthetic polymers that are capable of conducting electrical 
current. These polymers may owe their conductivity to intrinsic properties of the material or 
modifications. Conductive polymers have a wide range of applications due to their physico-
chemical characteristics; many of these properties include electrical conductivity, electroactiv-
ity, electrochromism, environmental stability, chemical stability, among others [25, 26]. The 
scientific and technological development has given rise to two types of electronic conductive 
materials with polymer matrix: the intrinsically conductive polymers and the extrinsically 
conductive polymers [27].

Several reviews in the literature focus on the corrosion protection by conductive polymers 
such as polyaniline (PANi), polypyrrole (PPy) and polythiophene (PTh). Although a number 
of possible protection mechanisms are proposed, the possible passivation of the metal by 
polymers such as polypyrrole or polyaniline is frequently indicated. In this work, we propose 
the use of PPy films to inhibit asphaltenes depositions. It is shown that the efficacy of conduct-
ing polymers for corrosion protection depends on the application modus and the experimen-
tal conditions, that is, depending on the suitable conditions, a conductive polymer may have 
excellent protection capacity or may lead to negative response of the coating. An important 
part of the deposition of PPy lies in the surface treatment of the electrode surface.

Intrinsically conductive polymers are organic polymer in which the electrical conductivity 
originates from the extended electrons conjugation along the polymer chain. The most com-
mon conductive polymers (polyacetylene, polyparaphenylene, polypyrrole, polythiophene, 
and polyaniline) have carbon atoms in the backbone with sp2 hybridization. This hybridiza-
tion creates covalent σ bonds between the carbons of the main chain and those of the branched 
chains. The sp2 hybridization leaves an unbonded orbital p (usually pz); these orbitals overlap 
and form a bond, with a distribution of C = C double bonds alternating with single carbon-
carbon bonds along the chain.

Extrinsically conductive polymers are those that owe their conductivity to the inclusion of 
conductive materials such as metals, graphite, or charge transfer complexes in the polymer 
matrix, generally thermoplastic. In this case, above the percolation concentration, the conduc-
tive paths along the material give it electronic conductivity, while the polymer matrix allows 
the material to be processed in industrial operations to achieve different types of products 
and finishes [28]. The conductive polymers are formed from suitable monomers, and can be 
obtained either by chemical synthesis or by electrochemical methods (Table 1).
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1. Introduction

The formation of solid deposits is a frequent problem in the hydrocarbons transport due to 
asphaltenes precipitation where the crude oils flow. The asphaltenes are the fraction of higher 
molecular weight and polarity of the crude oil and they are responsible for these solid depos-
its, which usually give rise to several problems in the transport and processing of crude oil, 
mainly by the obstruction of the pipelines [1–6].

Common oilfield scales are crystalline deposits, resulting from the precipitation of min-
eral compound such as carbonates and sulfates present in the injected water, as method for 
enhanced oil recovery. These scale deposits may appear as a thick layer adhered to the inner 
walls of the pipes, they are often several centimeters thick with particles sizes up to 1 cm or 
more. One of the primary problems of scale formation in pipes is the reduction in flow rate by 
increasing the inner surface roughness of the pipe and reducing the flow ability area. This pro-
duces an increase in the pressure drop and consequently production decreases. By increasing 
the growth of deposited minerals, it becomes impossible to access deeper pipe sections, and 
finally the scale deposits end up blocking the flow of production. On the other hand, organic 
scales formation results from asphaltenes and waxes deposition. Usually, the localized corro-
sion can be developed beneath or around these deposits present in the steel surfaces, due to 
the presence of bacteria or sulfurous gas, which reduces the integrity of the metal.

The petroleum in its natural state is a mixture of organic compounds of varied structures and 
different molecular weights. In general, it is possible to group the oil constituents into four 
well-defined organic components: saturated, aromatic, resin, and asphaltenes [7], known as 
SARA. The study of the heavy oil fraction (asphaltenes) has increased in recent years due to 
the problems that they represent in the production and conversion processes. In general, the 
structure of asphaltenes is considered to consist of a condensed aromatic nucleus with side 
alkyl chains and heteroatoms incorporated into many of the cyclic structures. The condensed 
aromatic system may contain from 4 to 20 benzene rings [8]. Nowadays, there is a consider-
able debate about the structure of asphaltenes, particularly in the size of aromatic groups 
and how they are linked to other groups in the structure. The type and amount of deposits 
of heavy organic compounds varies depending on the hydrocarbons present, and the relative 
amount of each organic family involved. In general, asphaltenes deposition can be explained 
in detail on the basis of four effects or mechanisms: (1) effect of polydispersity, (2) colloidal 
steric effect, (3) aggregation effect, and (4) electrokinetic effect.

On the other hand, during crude oil transportation through pipes, there may be sludge depos-
its along the line and these are also called sediments. The deposits at the bottom of the stor-
age tanks or crude transport lines are water, salts, sand, and heavy hydrocarbons, and their 
average concentration is about 25% water, 5% inorganic compounds, and 70% vol. of hydro-
carbons [9]. In general, asphaltenes deposits cause problems in five points: extraction, trans-
portation, processing, economic benefit of crude oil, and environmental pollution. There are 
several methods to prevent and/or remove asphaltenes deposits: mechanical methods [10], 
chemical cleaning, pressure [11, 12], temperature and flow rate manipulations [13], additives, 
and chemical inhibitors [14, 15]. The conductive polymers applications are highly diverse and 
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several studies have pointed out the different variables that affect the properties and perfor-
mance of polypyrrole (PPy) electrodeposition on the steel surface such as the conductivity, 
stability, roughness, adhesion, film thickness, and so on [16–21].

When an electroactive conducting polymer coats a metal surface, it can act as a membrane-like 
selective permeable layer, allowing the diffusion of certain ions and rejects others, depending 
on their chemical affinity, electronic structure, and inter- and intra-molecular arrangement. 
In this context, some works have been reported on the inhibition of corrosion and stability of 
conductive polymer films on steel substrates [22–24].

1.1. Conductive polymers

Conductive polymers are those synthetic polymers that are capable of conducting electrical 
current. These polymers may owe their conductivity to intrinsic properties of the material or 
modifications. Conductive polymers have a wide range of applications due to their physico-
chemical characteristics; many of these properties include electrical conductivity, electroactiv-
ity, electrochromism, environmental stability, chemical stability, among others [25, 26]. The 
scientific and technological development has given rise to two types of electronic conductive 
materials with polymer matrix: the intrinsically conductive polymers and the extrinsically 
conductive polymers [27].

Several reviews in the literature focus on the corrosion protection by conductive polymers 
such as polyaniline (PANi), polypyrrole (PPy) and polythiophene (PTh). Although a number 
of possible protection mechanisms are proposed, the possible passivation of the metal by 
polymers such as polypyrrole or polyaniline is frequently indicated. In this work, we propose 
the use of PPy films to inhibit asphaltenes depositions. It is shown that the efficacy of conduct-
ing polymers for corrosion protection depends on the application modus and the experimen-
tal conditions, that is, depending on the suitable conditions, a conductive polymer may have 
excellent protection capacity or may lead to negative response of the coating. An important 
part of the deposition of PPy lies in the surface treatment of the electrode surface.

Intrinsically conductive polymers are organic polymer in which the electrical conductivity 
originates from the extended electrons conjugation along the polymer chain. The most com-
mon conductive polymers (polyacetylene, polyparaphenylene, polypyrrole, polythiophene, 
and polyaniline) have carbon atoms in the backbone with sp2 hybridization. This hybridiza-
tion creates covalent σ bonds between the carbons of the main chain and those of the branched 
chains. The sp2 hybridization leaves an unbonded orbital p (usually pz); these orbitals overlap 
and form a bond, with a distribution of C = C double bonds alternating with single carbon-
carbon bonds along the chain.

Extrinsically conductive polymers are those that owe their conductivity to the inclusion of 
conductive materials such as metals, graphite, or charge transfer complexes in the polymer 
matrix, generally thermoplastic. In this case, above the percolation concentration, the conduc-
tive paths along the material give it electronic conductivity, while the polymer matrix allows 
the material to be processed in industrial operations to achieve different types of products 
and finishes [28]. The conductive polymers are formed from suitable monomers, and can be 
obtained either by chemical synthesis or by electrochemical methods (Table 1).
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1.2. Electrochemical synthesis of conductive polymers

The electrochemical synthesis of any conductive polymer has its particularities; however, 
there are a number of common factors in its synthesis that have been exposed and that must 
be taken into account at the time of its preparation. In principle, it is assumed that, except for 
the initiation step, the electrochemical polymerization will proceed by a similar mechanism as 
the thermal polymerization for the same monomer in a comparable environment.

Experimentation usually begins with the evaluation of the potential window in the selected 
electrolyte medium, which will allow defining the electrochemical parameters for the subse-
quent electrolysis. In the evaluation stage as in the synthesis itself, strict control of electrochem-
ical variables (electrode potential, electrode nature, current density, solution conductivity, 
electric field, etc.) and aspects such as medium, presence or not of protonating agents, oxygen, 
inert atmosphere, and so on [35] are observed.

From a scientific point of view, the flow of an anodic current through an electrochemical 
system, formed by a monomer, a solvent, and an electrolyte, can initiate reactions such as the 
formation of an oxide layer on the electrode, oxidation of monomer on the metal, oxidation 
of the solvent, and oxidation of the electrolyte. But in this process, the polymerization devel-
ops an electrode coating the chemical nature of the electrode changes after a few seconds of 
polymerization from a metal electrode to a polymer electrode. So, the above reactions will 

Conducting polymers General comments Refs

Polypyrrole (PPy) PPy is chemically and thermally 
stable. The conductivity of PPy 
strongly depends on the preparation 
technique.

[19, 20]

Polyaniline (PANi) PANi is easy to synthesize and used 
as corrosion inhibitor and relatively 
inexpensive.

[29, 30]

Polythiophenes (PTh) PTh poses high charge-carrier 
mobility due to their relative 
structural order, is soluble and 
demonstrates solvatochromism and 
thermochromism effect.

[31, 32]

Polyacetylene Despite its discovery started 
the development of conductive 
polymers, to date, polyacetylene has 
no commercial applications.

[33]

Polyphenylenes Thermally stable up to 500–600°C 
but is quite insoluble in most 
solvent, with potential applications 
as light-emitting diode due to their 
electroluminescence properties.

[34]

Table 1. Typical conducting polymers and their common applications.
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occur at different potentials on the new electrode, and a new metal-polymer interface appears 
in addition to that of the growth-dissolution polymer and then new reactions will occur, oxi-
dation of the polymer and degradation thereof [27].

1.3. Applications of conducting polymers electrochemically synthesized

Conductive polymers have been widely used in the fields of electrochemistry, electroanaly-
sis, electrocatalysis, batteries and capacitors, and so on [36]. In these applications, the elec-
trochemical activity and the conductivity are two important properties of the conducting 
polymers, because they play fundamental roles. In addition, small ions and molecules are 
able to diffuse into matrices of conducting polymers, providing other advantages over con-
ventional electrode materials. This intrinsic property allows electrochemical reactions to take 
place along the matrices of the conducting polymers and thus increase the active sites for the 
electrochemical processes by using a 3D electrode. However, in order to efficiently utilize all 
active sites and improve mass transport during the electrode process, the film thickness of 
the conductive polymer should be reduced to facilitate diffusion of the ion in the polymeric 
matrix. Considering these factors, conductive polymer nanomaterials show different char-
acteristics that can provide advantages over other materials. In addition, nanostructures can 
produce conductive polymers with new surface properties and new functions [36]. Different 
applications of conducting polymers prepared nanomaterials by electrochemical techniques 
as been reported: sensors [37–39], electrochemical capacitors [40], fuel cell electrodes [41], bat-
teries [42, 43], electrochromic devices [44], and electrochemical actuators [45–47].

1.4. Inhibitors of asphaltenes deposition by using conducting polymer coatings

Polypyrrole (PPy) and polythiophene (PTh) are conductive polymers, which have been used 
as corrosion protection and have the characteristic that they can coat the steel [48, 49]. This 
process can be carried out by electropolymerization in aqueous phase; in addition, PPy exhib-
its good mechanical properties, thermal stability, and high conductivity [49]. The performance 
of corrosion protection by bi-layered PPy coatings was investigated by Kowalski et al.; they 
used an inner PPy layer doped with molybdophosphate ions to protect steels from corrosion. 
The polymer layer maintained the passive state of the steel in an acid solution and a neutral 
NaCl solution for several days [22].

Warren et al. [16] reported that anion dopants containing sulfonates, such as dodecylbenzene-
sulfonic acid (DBSA), can be used to form PPy films with high conductivities, good stabil-
ity, mechanical properties, and apparent order. However, when there is a chemical-physical 
mismatch at the metal-polymer interface, the adhesion between the PPy layer and the metal 
substrate is generally poor [50].

Beck and Michaelis [51] described anodic electrodeposition of black PPy films on steel elec-
trodes from aqueous electrolytes containing the monomers and oxalic acid, with strong 
adherence and low surface roughness. Su and Iroh [52] investigated the electrodeposition 
mechanism of PPy coatings on steel substrates from aqueous oxalate solutions. Their results 
revealed the formation of a passive layer on the steel substrate before reaching the electropo-
lymerization potential of pyrrole.
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1.2. Electrochemical synthesis of conductive polymers

The electrochemical synthesis of any conductive polymer has its particularities; however, 
there are a number of common factors in its synthesis that have been exposed and that must 
be taken into account at the time of its preparation. In principle, it is assumed that, except for 
the initiation step, the electrochemical polymerization will proceed by a similar mechanism as 
the thermal polymerization for the same monomer in a comparable environment.

Experimentation usually begins with the evaluation of the potential window in the selected 
electrolyte medium, which will allow defining the electrochemical parameters for the subse-
quent electrolysis. In the evaluation stage as in the synthesis itself, strict control of electrochem-
ical variables (electrode potential, electrode nature, current density, solution conductivity, 
electric field, etc.) and aspects such as medium, presence or not of protonating agents, oxygen, 
inert atmosphere, and so on [35] are observed.

From a scientific point of view, the flow of an anodic current through an electrochemical 
system, formed by a monomer, a solvent, and an electrolyte, can initiate reactions such as the 
formation of an oxide layer on the electrode, oxidation of monomer on the metal, oxidation 
of the solvent, and oxidation of the electrolyte. But in this process, the polymerization devel-
ops an electrode coating the chemical nature of the electrode changes after a few seconds of 
polymerization from a metal electrode to a polymer electrode. So, the above reactions will 

Conducting polymers General comments Refs

Polypyrrole (PPy) PPy is chemically and thermally 
stable. The conductivity of PPy 
strongly depends on the preparation 
technique.

[19, 20]

Polyaniline (PANi) PANi is easy to synthesize and used 
as corrosion inhibitor and relatively 
inexpensive.

[29, 30]

Polythiophenes (PTh) PTh poses high charge-carrier 
mobility due to their relative 
structural order, is soluble and 
demonstrates solvatochromism and 
thermochromism effect.

[31, 32]

Polyacetylene Despite its discovery started 
the development of conductive 
polymers, to date, polyacetylene has 
no commercial applications.

[33]

Polyphenylenes Thermally stable up to 500–600°C 
but is quite insoluble in most 
solvent, with potential applications 
as light-emitting diode due to their 
electroluminescence properties.

[34]

Table 1. Typical conducting polymers and their common applications.
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occur at different potentials on the new electrode, and a new metal-polymer interface appears 
in addition to that of the growth-dissolution polymer and then new reactions will occur, oxi-
dation of the polymer and degradation thereof [27].

1.3. Applications of conducting polymers electrochemically synthesized

Conductive polymers have been widely used in the fields of electrochemistry, electroanaly-
sis, electrocatalysis, batteries and capacitors, and so on [36]. In these applications, the elec-
trochemical activity and the conductivity are two important properties of the conducting 
polymers, because they play fundamental roles. In addition, small ions and molecules are 
able to diffuse into matrices of conducting polymers, providing other advantages over con-
ventional electrode materials. This intrinsic property allows electrochemical reactions to take 
place along the matrices of the conducting polymers and thus increase the active sites for the 
electrochemical processes by using a 3D electrode. However, in order to efficiently utilize all 
active sites and improve mass transport during the electrode process, the film thickness of 
the conductive polymer should be reduced to facilitate diffusion of the ion in the polymeric 
matrix. Considering these factors, conductive polymer nanomaterials show different char-
acteristics that can provide advantages over other materials. In addition, nanostructures can 
produce conductive polymers with new surface properties and new functions [36]. Different 
applications of conducting polymers prepared nanomaterials by electrochemical techniques 
as been reported: sensors [37–39], electrochemical capacitors [40], fuel cell electrodes [41], bat-
teries [42, 43], electrochromic devices [44], and electrochemical actuators [45–47].

1.4. Inhibitors of asphaltenes deposition by using conducting polymer coatings

Polypyrrole (PPy) and polythiophene (PTh) are conductive polymers, which have been used 
as corrosion protection and have the characteristic that they can coat the steel [48, 49]. This 
process can be carried out by electropolymerization in aqueous phase; in addition, PPy exhib-
its good mechanical properties, thermal stability, and high conductivity [49]. The performance 
of corrosion protection by bi-layered PPy coatings was investigated by Kowalski et al.; they 
used an inner PPy layer doped with molybdophosphate ions to protect steels from corrosion. 
The polymer layer maintained the passive state of the steel in an acid solution and a neutral 
NaCl solution for several days [22].

Warren et al. [16] reported that anion dopants containing sulfonates, such as dodecylbenzene-
sulfonic acid (DBSA), can be used to form PPy films with high conductivities, good stabil-
ity, mechanical properties, and apparent order. However, when there is a chemical-physical 
mismatch at the metal-polymer interface, the adhesion between the PPy layer and the metal 
substrate is generally poor [50].

Beck and Michaelis [51] described anodic electrodeposition of black PPy films on steel elec-
trodes from aqueous electrolytes containing the monomers and oxalic acid, with strong 
adherence and low surface roughness. Su and Iroh [52] investigated the electrodeposition 
mechanism of PPy coatings on steel substrates from aqueous oxalate solutions. Their results 
revealed the formation of a passive layer on the steel substrate before reaching the electropo-
lymerization potential of pyrrole.
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Tüken et al. [53] prepared multilayer coating of polypyrrole/polyphenol on mild steel by 
cyclic voltammetry (CV). The corrosion performance of this multilayer coating was inves-
tigated by electrochemical impedance in sulfate solution. Another study carried out by the 
same authors consisted of the coating of copper with a mixture of polymers (PPy/PTh) [31]. 
They observed that the electrochemical synthesis of stable and homogeneous PTh films could 
not be achieved on copper electrode by direct oxidation of thiophene in acetonitrile-LiClO4, 
due to insufficient surface passivation, and the copper dissolution in monomer oxidation 
potential region.

On the other hand, Pekmez et al. [32] informed that the electrochemical synthesis of an anti-
corrosive polybithiophene (PBTh) on stainless steel is feasible, and the obtained PBTh coat-
ings strongly adhered to the working substrate.

Rocha et al. [14] carried out a study on the inhibition of asphaltenes precipitation in Brazilian 
crude oils using amphiphiles substances such as low molecular mass ethoxylated nonylphe-
nols, vegetable oils (coconut essential oil, sweet almond, andiroba, and sandalwood oil), and 
organic acids (linoleic, caprylic, and palmytic). These compounds showed great efficiency in 
the asphaltenes precipitation inhibition, through a mechanism of asphaltenes stabilization as 
a function of its surfactant capacity.

Castellano et al. [15] performed a theoretical investigation of σ-π and π-π interactions on 
benzene, pyridine, and thiophene dimers; they observed the influence of these interactions 
with asphaltene stability on crude oil and concluded that chemical interactions between spe-
cies with opposite polarities lead to an intermolecular association in the asphaltenes, which 
are responsible for the phenomenon of aggregation. This study was aimed to understand why 
these compounds tend to aggregate and then flocculate in oil operation processes.

The applications of the conducting polymers are highly diverse and rely on the final properties 
from the synthesis conditions [23, 24]. Therefore, conducting electrochemical studies to under-
stand the effect of the synthesis variables that affect electrodeposition of conductive polymers 
is necessary, in order to attain the required conditions in each specific application, as it is the 
case for application in corrosion protection [54]. When the electroactive conducting polymer is 
coated to the electrode surface, it may work as a selective permeable layer, which allows certain 
ions and molecules to pass, according to the degree of cross-linking of the films and supported 
molecules on the monomer. So the study of the surface properties of polymeric materials is jus-
tified, and the way in which the species present in the system can cause the material to deterio-
rate. In this context and considering the studies reported in the literature, the inhibitors of the 
asphaltenes deposit using PPy and PTh electrodeposited in carbon steel, is a novel application 
of this type of materials, in the literature there are few reports in this line of research.

1.5. Interfacial interaction (contact angle)

The deposition of a coating on a solid generates new interfaces between dissimilar materi-
als and involves considerations of wettability, spreading, interface evolution, and adhesion. 
The interaction at solid-liquid interface is determined by a balance between the adhesive and 
cohesive forces. Adhesive forces between a liquid and a solid cause a liquid drop to spread on 

Recent Insights in Petroleum Science and Engineering278

the surface. The cohesive forces within the liquid cause the drop to maintain a stable position 
and avoid contact with the surface. This solid-liquid interaction at the interphase is called wet-
tability. The wettability of electrochemically deposited conductive polymer films depends to a 
large extent on several parameters, such as deposition conditions (applied voltage, transferred 
charge, etc.), dopant, and working electrode roughness [55]. Mecerreyes et al. [56] carried out 
a study where they obtained a hydrophobic PPy film (water contact angle of >90°) using a per-
fluorinated dopant anion, and a hydrophilic film using a ClO4

− doping anion. Controlling the 
wettability of a solid surface is important in many applications, for example, in self-cleaning 
surfaces, liquid lenses, smart fabrics, and in biomedicine [57–59].

It has been reported that the roughness of hydrophobic solid increases its hydrophobicity 
due to two different ways: roughness increases the surface area of the solid, which geometri-
cally enhances hydrophobicity and due to the air that can remain under the drop [60, 61]. It 
is important to note that a roughness at two or more length scales has been implicated as the 
cause of imitating the “lotus effect,” which is the characteristic of a lotus leaf to promote water 
repellency and self-cleaning [62]. One method to surface wettability control is by oxidizing 
or reducing the polymer film by modifying thereby the surface morphology. Several research 
groups have produced films of superhydrophobic conductive polymers, creating micro- and 
nanostructured surfaces by tempering methods [63–66]. However, these methods have a dis-
advantage due to the complexity of manufacturing processes [67].

For both improved oil recovery and crude oil transport, it is necessary to develop chemical 
additives that modify the wetting behavior of reservoir rock (also known as a core), in order to 
facilitate the crude oil extraction, or to prevent it from wetting the pipe’s inner wall and allow 
crude oil to easily flow through pipelines [68]. The oilfield scale formations are associated to 
interface activity of polar components of the crude oil. Asphaltenes are the most polar fraction 
of the crude and contain large amounts of active species [69] and because of this, asphaltenes 
are reported as the major fractions responsible for altering surface wettability through the 
interaction of polar functional groups with polar sites of solid surface [70, 71]. A study by 
Kaminsky and Radke [72] indicates that low solubility asphaltenes can diffuse through water 
films to arrive at rock surfaces without significant wettability alteration; the rupture of the 
water film followed by direct deposition of crude oil onto rock allows explaining the wettabil-
ity reservoir rock.

2. Experimental

2.1. Reagents and chemicals

The electrolytes used were 0.1 M aqueous solutions of KNO3and KCl (both from J. T. Baker, 
reagent grade). Also a 0.1 M1 of pyrrole (Py, Sigma Aldrich) solution was prepared with pre-
vious purification in a bed column packed with silica and activated carbon. All the solutions 
were prepared with deoxygenated water (Millipore, 18.2 MΩ) for 15 min with an atmosphere 
of pure nitrogen (Praxair, 99.99%) before each experiment. The film stability was evaluated in 
a KCl electrolyte according to a procedure reported [73].
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Tüken et al. [53] prepared multilayer coating of polypyrrole/polyphenol on mild steel by 
cyclic voltammetry (CV). The corrosion performance of this multilayer coating was inves-
tigated by electrochemical impedance in sulfate solution. Another study carried out by the 
same authors consisted of the coating of copper with a mixture of polymers (PPy/PTh) [31]. 
They observed that the electrochemical synthesis of stable and homogeneous PTh films could 
not be achieved on copper electrode by direct oxidation of thiophene in acetonitrile-LiClO4, 
due to insufficient surface passivation, and the copper dissolution in monomer oxidation 
potential region.

On the other hand, Pekmez et al. [32] informed that the electrochemical synthesis of an anti-
corrosive polybithiophene (PBTh) on stainless steel is feasible, and the obtained PBTh coat-
ings strongly adhered to the working substrate.

Rocha et al. [14] carried out a study on the inhibition of asphaltenes precipitation in Brazilian 
crude oils using amphiphiles substances such as low molecular mass ethoxylated nonylphe-
nols, vegetable oils (coconut essential oil, sweet almond, andiroba, and sandalwood oil), and 
organic acids (linoleic, caprylic, and palmytic). These compounds showed great efficiency in 
the asphaltenes precipitation inhibition, through a mechanism of asphaltenes stabilization as 
a function of its surfactant capacity.

Castellano et al. [15] performed a theoretical investigation of σ-π and π-π interactions on 
benzene, pyridine, and thiophene dimers; they observed the influence of these interactions 
with asphaltene stability on crude oil and concluded that chemical interactions between spe-
cies with opposite polarities lead to an intermolecular association in the asphaltenes, which 
are responsible for the phenomenon of aggregation. This study was aimed to understand why 
these compounds tend to aggregate and then flocculate in oil operation processes.

The applications of the conducting polymers are highly diverse and rely on the final properties 
from the synthesis conditions [23, 24]. Therefore, conducting electrochemical studies to under-
stand the effect of the synthesis variables that affect electrodeposition of conductive polymers 
is necessary, in order to attain the required conditions in each specific application, as it is the 
case for application in corrosion protection [54]. When the electroactive conducting polymer is 
coated to the electrode surface, it may work as a selective permeable layer, which allows certain 
ions and molecules to pass, according to the degree of cross-linking of the films and supported 
molecules on the monomer. So the study of the surface properties of polymeric materials is jus-
tified, and the way in which the species present in the system can cause the material to deterio-
rate. In this context and considering the studies reported in the literature, the inhibitors of the 
asphaltenes deposit using PPy and PTh electrodeposited in carbon steel, is a novel application 
of this type of materials, in the literature there are few reports in this line of research.

1.5. Interfacial interaction (contact angle)

The deposition of a coating on a solid generates new interfaces between dissimilar materi-
als and involves considerations of wettability, spreading, interface evolution, and adhesion. 
The interaction at solid-liquid interface is determined by a balance between the adhesive and 
cohesive forces. Adhesive forces between a liquid and a solid cause a liquid drop to spread on 
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the surface. The cohesive forces within the liquid cause the drop to maintain a stable position 
and avoid contact with the surface. This solid-liquid interaction at the interphase is called wet-
tability. The wettability of electrochemically deposited conductive polymer films depends to a 
large extent on several parameters, such as deposition conditions (applied voltage, transferred 
charge, etc.), dopant, and working electrode roughness [55]. Mecerreyes et al. [56] carried out 
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interface activity of polar components of the crude oil. Asphaltenes are the most polar fraction 
of the crude and contain large amounts of active species [69] and because of this, asphaltenes 
are reported as the major fractions responsible for altering surface wettability through the 
interaction of polar functional groups with polar sites of solid surface [70, 71]. A study by 
Kaminsky and Radke [72] indicates that low solubility asphaltenes can diffuse through water 
films to arrive at rock surfaces without significant wettability alteration; the rupture of the 
water film followed by direct deposition of crude oil onto rock allows explaining the wettabil-
ity reservoir rock.

2. Experimental

2.1. Reagents and chemicals

The electrolytes used were 0.1 M aqueous solutions of KNO3and KCl (both from J. T. Baker, 
reagent grade). Also a 0.1 M1 of pyrrole (Py, Sigma Aldrich) solution was prepared with pre-
vious purification in a bed column packed with silica and activated carbon. All the solutions 
were prepared with deoxygenated water (Millipore, 18.2 MΩ) for 15 min with an atmosphere 
of pure nitrogen (Praxair, 99.99%) before each experiment. The film stability was evaluated in 
a KCl electrolyte according to a procedure reported [73].
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The crude oil used in this work originates from the Gulf of Mexico and presents the following 
features: 15°API, 25% weight of asphaltenes, density 0.9647 g cm−3, and a kinematic viscosity 
of 1.697 mPa s.

2.2. Materials

A conventional three-electrode cell was used for the electrodeposition of PPy over carbon 
steel (CS-1018) as the working electrode, graphite electrode as counter-electrode, and aqueous 
saturated calomel electrode, SCE (Tacussel), as reference electrode. Initially, the CS-1018 elec-
trode was polished with different grain sandpaper to achieve a defined surface and subjected 
to ultrasonic baths (Branson 2510) for 5 min to remove contaminants from the surface. To 
improve the adhesion of the polymer to the steel surface, it was necessary to carry out a pre-
treatment of the electrode with a mordant layer to increase the roughness. For this purpose, 
some authors [23, 24] immerse the metal electrode in acidic solutions of HCl or HNO3. In this 
work, the electrode was treated with acid solutions of 10% HNO3 with an immersion time of 
2 min. The treated surfaces were designated as treated in HNO3(T) and only polished surfaces 
without acidic treatment were designated as untreated in HNO3(NT).

2.3. Equipment

The polypyrrole electrosynthesis was performed by cyclic voltammetry and chronoamperom-
etry (CA) techniques by using a Gamry Reference-600 potentiostat, in a three-electrode cell at 
room temperature (20±3°C). The electrodeposition by cyclic voltammetry was carried out at 
a scan rate of 100 mVs−1, in a potential window of −0.8 to 1.0 V/SCE for 40 cycles of polymer-
ization. The conditions for the chronoamperometry were at constant potential of 1.0 V/SCE, 
for 300 s. For the characterization of the polymeric films, a scanning electron microscope, 
SEM (Jeol, JSM-6390LV) coupled with energy dispersive spectroscopy (EDS) analysis (Oxford 
Instruments, INCAx-sight), an atomic force microscope, AFM (Veeco, Innova Scanning Probe 
Microscope), and an equipment to measure contact angle (Chem Instruments, CAM-plus) 
were used. The contact angle measurements of polymer surfaces were conducted with deion-
ized water and crude oil, analyzing two areas on the sample and considering three measure-
ments in each zone taken every 2 min for 10 min.

3. Results and discussion

3.1. CS‐1018 electrode characterization

The SEM and AFM micrographs of the CS-1018 substrates are shown in Figure 1, where 
the lines attributed to the mechanical polishing are observed. The images show that the 
treated substrates, CS-1018 T, present a rougher surface due to chemical attack with HNO3. 
The observed roughness measurements were of Rq = 0.0509 μm and Rq = 0.739 μm, for the 
untreated and treated surfaces, respectively. This difference in the roughness value will be 
important for the adhesion effect of the polymer material to be synthesized on it.
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3.2. PPy film electrodeposition

In this work, the results obtained by two electrochemical techniques are presented: CV and 
CA. The electrodeposits were made in four different electrolytes, in order to find the best 
characteristics of the film. Figure 2a shows an example with the cyclic voltammograms of the 
polymerization of polypyrrole in electrolyte of KNO3. The voltammograms show the char-
acteristic signals [74–76]. Figure 2b shows the signal of PPy deposited with applied constant 
potential method [77].

3.3. PPy morphology on CS‐1018

Figure 3 shows the deposited PPy films on the CS-1018 with and without treatment in the four 
different electrolytes, electrodeposited by CA technique. When KI and KF electrolytes were 
used, deposit films were not obtained, but when K2SO4 and KNO3 were used as electrolytes, 
the formation of PPy films was obtained.

Figure 4a shows the SEM image of PPy deposited on CS-1018 NT, in which a homogeneous 
film is observed that completely covers the surface of the steel. However, it is possible to 
observe lines in said film due to the polishing process of the steel, indicating that the depos-
ited film is thin. By contrast, in the PPy film deposited on AC-1018 T, non-uniform circular 

Figure 1. SEM and AFM micrographs of CS-1018: (a) untreated (NT) and (b) treated (T) in 10% HNO3.
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agglomerates with needle-shaped scales are observed, as can be seen in Figure 4b. This sug-
gests that acid treatment to the steel affected the morphology of the deposited polymer. This 
observed morphologies show a characteristic topography of conductive polymers [78].

3.4. Contact angle characterization of the PPy surface

In order to analyze the surface of deposited PPy films, contact angle measurements were per-
formed with and without water and crude oil on selected samples, and steel substrates with 
and without acid treatment. The measurements were performed in two areas of the sample 

Figure 3. PPy films electrodeposited on CS-1018 substrates with and without treatment in four electrolyte media by CA 
technique.

Figure 2. Electrochemical formation of PPy on CS-1018 with (a) CV and (b) CA.
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Figure 4. SEM and AFM micrographs of the PPy deposited by the chronoamperometry technique on untreated (NT) 
and treated (T) CS-1018 substrates: (a) in K2SO4 electrolyte untreated substrate, (b) K2SO4 electrolyte treated substrate, (c) 
KNO3 at 0.1 mol L-1 concentration on untreated and (d) treated substrates with 10% HNO3.
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Figure 4. SEM and AFM micrographs of the PPy deposited by the chronoamperometry technique on untreated (NT) 
and treated (T) CS-1018 substrates: (a) in K2SO4 electrolyte untreated substrate, (b) K2SO4 electrolyte treated substrate, (c) 
KNO3 at 0.1 mol L-1 concentration on untreated and (d) treated substrates with 10% HNO3.
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and in each zone, three measurements were taken every 2 min. The contact angle values were 
obtained from the averages of the measurements. Figure 5 shows the experimental setup, 
wherein a drop of water makes contact with the substrate CS-1018 NT and how its image is 
projected to measure the contact angle.

Table 2 shows the values of the contact angle measurements with water and crude oil of the 
treated and untreated electrodes, and the respective formed polypyrrole films. It is noted that 
the contact angle of the CS-1018 NT surface is about 70° with water and crude oil. In other 
words, the untreated metal surface has the same affinity for both liquids. When the steel 
surface is subjected to acid treatment, CS-1018 T, the contact angle with water increases to 
110°. This result indicates that nitric acid treatment induces a slightly hydrophobic behav-
ior. On the other hand, the contact angle also increases slightly with crude oil and remains 
at a value close to 90°, that is, at the boundary between the oleophilic/oleophobic balances. 
Contact angle results show that the acid treatment to the metal surface provides hydrophobic 
properties to the surface; this measurement is in line with AFM results, showing greater sur-
face roughness for electrodes exposed to acid medium. These results are consistent with those 
reported in the literature [52, 60, 74, 79].

According to this result, the polypyrrole films deposited on CS-1018 T presented rougher 
surfaces than those synthesized on CS-1018 NT. In both cases, after the synthesis and coating 
with PPy of the electrodes, the contact angle with water exhibited an increase as the surface 
roughness increases. PPy deposition on CS-1018 NT has a slightly hydrophilic behavior con-
trary to the case when the polymer is synthesized on a treated surface.

The contact angle values with crude follow the same trend as the water. This contact angle 
value is lower in the untreated surface, with apparently less roughness. However, these contact 

Figure 5. Experimental setup for contact angle measurement.
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angle values in the presence of the polymer coating are close to 90°, the threshold value for 
determining the oleophilic nature of the electrode surface.

Contact angle measurements show that the surface CS-1018 T PPy-KNO3 forms a contact 
angle greater than the surface of CS-1018 NT PPy-KNO3. That is, that the greater the porosity 
of the metal surface, a higher roughness of the polymer deposited is obtained, and conse-
quently the polypyrrole-oil interaction decreases.

The roughness plays an important role for the hydrophobicity of the polymer deposit. According 
to the literature [80], hydrophobicity increases as the roughness of the material grows. Figure 6 
shows the average values of contact angle with oil as a function of roughness of the deposited 

Sample Contact angle/(°)

Water Oil

CS-1018 NT 70 70

CS-1018 T 110 85

PPy-KNO3 on CS-1018 NT by CV 80 83

PPy-KNO3 on CS-1018 T by CV 125 90

PPy-K2SO4 on CS-1018 NT by CA 70 70

PPy-K2SO4 on CS-1018 T by CA 90 80

Table 2. Contact angle values with water and oil of the electrodeposited polymers.

Figure 6. Relation between oil contact angle with the roughness of the polymer films.
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polymer films. The materials with greater roughness presented greater contact angle than those 
with low roughness. It is observed that the contact angle of the PPy-KNO3 with acid treatment 
by CV increased around 20° with respect to CS-1018 NT. Therefore, this result shows that such 
polymer under certain conditions is efficient to reduce contact of asphaltenes with CS-1018.

4. Conclusions

Acid pretreatment modifies the roughness of the CS-1018 substrate generating an oxide layer 
that influences both the morphology and the stability of electrodeposited PPy films, creating 
surfaces with different arrangements, which depends on the electropolymerization technique 
employed. The roughness difference is directly related to the stability of the polymer film 
formed and its surface properties (wettability). CV electrodeposition is the most appropriate 
method for this type of application. The PPy materials deposited with KNO3 by CV, with 
and without treatment in an acid medium, presented a greater homogeneity and roughness. 
The roughness is directly proportional to the hydrophobicity of the PPy film, which was evi-
denced with an increase in contact angle values (lower affinity to crude oil). The inhibition 
of the asphaltene deposition is evidenced by obtaining contact angles of more than 90°. The 
results indicate that this methodology is cost-effective, versatile, and scalable for the synthesis 
of electrodes for applications to inhibit asphaltenes deposition.
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Abstract

Dibenzothiophene (DBT) is a typical recalcitrant thiophenic sulfur component of fuels, 
and its desulphurization has been a model reaction in the treatment of these compounds. 
Based on this information, the potential of Pseudomonas fluorescens (UCP 1514) on the 
desulfurization of dibenzothiphene was studied, in order to use it for reducing the sul-
fur content of diesel oil in compliance with environmental regulations. The result of 
biodegradation by the bacteria was determined by undertaking high-performance liq-
uid chromatography of the metabolites produced. These can also be identified by gas 
chromatography with a mass spectrometry detector, and doing so revealed a sulfur-free 
product, biphenyl, as the final product of the degradation process. The results showed a 
decrease of 73% in dibenzothiophene content, which means that P. fluorescens removes 
sulfur from dibenzothiophene with a good selectivity to form biphenyl. These promising 
results indicate that P. fluorescens has an interesting potential to degrade sulfur-contain-
ing compounds in diesel oil and thereby could help in removing sulfur content from 
diesel oil. The process of microbial desulfurization described herein can be used particu-
larly after carrying out hydrodesulfurization. Consequently, the sulfur content could be 
reduced even further. Applying P. fluorescens UCP 1514 in dibenzothiophene could help 
to understand the nature of the biodegradation process and to achieve the regulatory 
standards for sulfur level in fossil fuels.
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1. Introduction

Direct combustion of fossil fuels leads to sulfur oxide emissions that contribute to acid rain 
and air pollution. Dibenzothiophene (DBT) and its derivatives are the main organic sulfur 
compounds found in petroleum. These compounds are present due to the pathway by which 
petroleum is formed [1].

Various types of heterocycles containing oxygen, nitrogen, and sulfur are found in the envi-
ronment, originating from anthropogenic or natural sources. Dibenzofurans, dibenzodioxins, 
and dibenzothiophene are among the most important environmental pollutants and are well 
covered in the literature [2].

As these heterocyclic compounds are relatively stable, the traditional processes, such as acid 
alkali treatment, are inefficient at removing them from petroleum.

Hydrogenation has been widely used for petroleum desulfurization. Because of the rigorous 
operating conditions (high pressure and temperature in the presence of a catalyst) and the 
consumption of hydrogen, this technique can be expensive both in the capital investment 
needed and in its operating costs [3].

Several microorganisms are used to remove sulfur compounds which are recalcitrant to HDS, 
such as dibenzothiophene (DBT) and its alkylated derivatives [4]. Degradation aided by 
microbes is a viable bioremediation technology for organic pollutants. There is a wide range 
of microorganisms which could be involved in the breaking of chemical bonds. So, bioreme-
diation uses the metabolic versatility of microorganisms to degrade hazardous pollutants [5].

Biodesulfurization (BDS) is one of the most promising technologies that is used together with 
the traditional hydrodesulfurization (HDS) to reduce the sulfur content in fossil fuels [6]. The 
limited efficiency of the HDS method leads to residues which may contain thiophenic com-
pounds. Most of the sulfur remaining in a fuel after a HDS process is in the form of thiophenic 
compounds, of which dibenzothiophene (DBT) is a typical recalcitrant. Therefore desulfur-
izing DBT has been used as a model reaction when treating fossil fuels [7].

Research on biodesulfurization using DBT has resulted in two different biochemical path-
ways, named Kodama [8] after their author and 4S [9]. The Kodama pathway is considered 
unsuitable for treating fuel because water-soluble sulfur compounds are produced, which are 
thus unavailable for burning and so reduce the caloric value of the fuel.

On using the 4S pathway, DBT is transformed into 2-hydroxybiphenyl (2-HBP) and sulfite. 
In this pathway, the carbon skeleton of DBT is released intact under the formation of 2-HBP; 
therefore, its calorific value is not lost [10].

We report experiments of bioremediation of DBT by Pseudomonas fluorescens. This microor-
ganism was found to degrade DBT via the sulfur-selective pathway and hence was applied 
so as to desulfurize diesel oil. The bacteria succeeded in appreciably decreasing the sulfur in 
DBT, thus indicating their potential for use as biocatalysts in desulfurizing fossil fuels.
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2. Materials and methods

2.1. Microorganism and culture conditions

The experiments were carried out using a pure culture of bacterium P. fluorescens (UCP 1514) 
belonging to the Nucleus for Research in Environmental Sciences (NPCIAMB), of the Catholic 
University of Pernambuco. The bacterial culture was maintained in solid medium nutrient 
agar consisting of meat extract (5.0 g); peptone (10.0 g); NaCl (5.0 g); agar (15.0 g/l of dis-
tilled water), to which was added by syringe; and 2 mM DBT dissolved in dimethylfomamide 
(DMF), at 4°C as a stock of bacterial inoculum.

2.2. Fermentation conditions

The culture was grown in Luria-Bertani (LB) medium containing tryptone (10.0 g), yeast 
extract (5.0 g), NaCl (10.0 g), and glucose (5.0 g/l) as supplement, as per Konishi et al. [11]. 
The following DBT concentration and solvent was used as stock solution: 1 M in dimethylfo-
mamide (DMF) [12]. The solution was sterilized in a Millipore® filter.

The Erlenmeyer flasks were autoclaved at 120°C for 30 min. Batch kinetic experiments were 
carried out in 250 mL Erlenmeyer flasks by adding 2 mM DBT solution to 100 mL LB liquid 
culture medium.

Another culture was prepared as inoculum just before batch experiment, and while the bacte-
ria were in the exponential phase, a volume of 5 mL consisting of 108 cells/mL was transferred 
to 100 mL of liquid medium. All experiments were made in triplicate followed by control 
trials without inoculum, performed in a rotary shaker operating at 150 rpm at a constant tem-
perature of 37°C for 144 h. Aliquots were obtained every 24 h.

Bacterial growth was monitored through biomass and pH using a pH meter (Orion 310). The 
specific growth rate (μesp) and generation time (TG) were determined according to [13]. For the 
specific growth rate, Eq. (1) was used:

   

 μ  esp   =  ( ln  x   −  ln   x  0  
   /  T −  T  0  ) 

   

Where,

  

X = Final biomass

   
 X  0   = Initial biomass

   T = Final time   

 T  0   = Initial time

   

The generation time was determined by:

     

  T  G   =  ln  2   /    μ  esp   

    (1)

After cultivation, the samples were centrifuged at 5000 × g for 15 min at 5°C to separate the 
biomass and metabolic liquid. After separation the biomass was lyophilized to determine the 
dry weight of biomass per unit volume.
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2.3. HPLC and GC-MS analysis

In order to determine the intermediates of the pathway of DBT biodesulfurization by micro-
organisms, the bacterial culture was grown at 37°C in a rotary shaker at 150 rpm for different 
periods and was then centrifuged at 5000 × g for 15 min at 5°C to separate the biomass and 
metabolic liquid.

The supernatant was extracted with an equal volume of ethyl acetate. The organic layer was 
removed, and the aqueous layer was acidified with 5 N HCl to pH 2.0 and again extracted 
with an equal volume of ethyl acetate.

The two extracts were pooled, evaporated to dryness under vacuum in a rotavapor system 
and resuspended in 1 mL of ethyl acetate. DBT was quantified by HPLC analysis, for which 
the organism was grown in LB containing 2 mM DBT for different time periods, mixed with 
an equal volume of ethyl acetate and analyzed by using an HPLC Varian UV-VIS detector, 
model 320. Separation was carried out with a C18 RP column (4.6 × 250 mm), solvent lib-
eration system, model 210 Varian Star®, with the following separation conditions: mobile 
phase acetonitrile 75% and phosphate buffer 10 mM (pH 6.0). The eluate was detected at 
232 nm [14].

Gas chromatography (GC) analysis was performed in a Varian Star 3600CX with a DB-1 (100% 
dimethylpolysiloxane) fused capillary column (30 m × 0.25 mm); column temperatures were 
programmed from 50°C for 5 min, raised to 10°C/min, and then increased to 250°C for 5 min, 
with a total time of 30 min for integrating purposes.

Injector and detector temperatures were 250°C. 3.0 μL of a solution of about 2 mM DBT in 
ethyl acetate was injected. DBT analysis was carried out using a Varian Star CX 3600 equipped 
with Varian Saturn 2000. The carrier gas was helium 5.0 WHITE MARTINS, MS split diben-
zothiophene WAX. Mass spectra were taken at 70 eV. Scanning speed was 1.5 scans/s from 
m/z 40 to 500.

The samples containing DBT were also analyzed by GC-MS; identification was made by the 
computerized matching of the mass spectra obtained with those stored in the MAINLIB 
library of the GC-MS data system and by the Spectral Database for Organic Compounds SDBS 
library.

3. Results

3.1. Effects of DBT on the growth of P. fluorescens

P. fluorescens UCP 1514 grew in the control as well as in DBT medium (Figure 1). The begin-
ning of the exponential phase was observed between 24 and 72 h of cultivation. The growth 
rate of the control was 0.65 h−1, and in experiments with DBT, it was 0.2 h−1, with a generation 
time of 0.027 and 0.006 h in the control and in the DBT culture, respectively (Table 1).
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The pH did not decrease during cultivation. With the control, growth was observed until 72 h 
of cultivation with 0.23 g dry cell/L. After this period, the decline phase of  microorganisms 
began, with 0.17 g dry cell/L at 144 h. However, in experiments with DBT, the opposite 
occurred; after adaptation time, the population of the microorganism continued to increase, 
presenting 0.35 g dry cell/L at 144 h as well as maintaining it, probably due to using hydrocar-
bon and its metabolites as the main energy source [15].

3.2. The use of DBT by P. fluorescens

To study the ability of the bacteria to use DBT in liquid cultures, the amount of DBT in the cul-
tures was measured by HPLC as a function of time. DBT utilization and its decrease over time 
by P. fluorescens are shown in Figure 2. Biodegradation started after 48 h of culture, presenting 
a decrease on the initial DBT concentration from 2 to 1.98 mM and at the end of fermentation 
fell to 0.54 mM, having metabolized about 73% of DBT.

Desulfurizing DBT by P. fluorescens and determining pathway intermediates

In order to determine the pathway intermediates of DBT degradation by P. fluorescens, GC-MS 
of ethyl acetate extracts of cultures grown over different periods were performed and revealed 
several peaks (Figures 3–5). Besides the solvent peaks, three peaks were further analyzed by 
their mass spectra to deduce the structures.
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Figure 1. Growth and pH of Pseudomonas fluorescens cultured in Luria-Bertani medium with 2 mM dibenzothiophene 
(DBT) as sole sulfur source. (●) pH with DBT, (▪) pH control, (●) biomass with DBT, and (▪) biomass control.

Experiments μesp TG

Control 0.65 h−1 0.027 h

Medium with 2 mM DBT 0.32 h−1 0.006 h

Table 1. Values of μesp and TG during kinetics growth of P. fluorescens.
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Figure 1. Growth and pH of Pseudomonas fluorescens cultured in Luria-Bertani medium with 2 mM dibenzothiophene 
(DBT) as sole sulfur source. (●) pH with DBT, (▪) pH control, (●) biomass with DBT, and (▪) biomass control.
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As shown in Figures 3–5, three compounds were detected as metabolites of DBT (16.7 min, 
m/z = 184); one metabolite was identified as benzoic acid (11.9 min, m/z = 105), the second as 
methanecarbothiolic acid (0.66 min, m/z = 42), and the third as biphenyl (12.3 min, m/z = 154). 
Based on the structures of the metabolites (Figure 6) and the DBT-desulfurizing pathway 
[16], we suggest that DBT (1) degradation by P. fluorescens should begin by identifying 
 dibenzothiophene sulfone with degradation to benzoic acid and changes from methanecarbo-
thiolic acid to 2-mercaptobenzoic acid (2).
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Figure 2. Time course of dibenzothiophene (DBT) utilization by Pseudomonas fluorescens (UCP 1514A) cultured in Luria-
Bertani medium with 2 mM DBT as sole sulfur source.

Figure 3. Representative mass spectra of dibenzothiophene in Pseudomonas fluorescens. (A) Benzoic acid, (A.1) benzoic 
acid (Spectral Database for Organic Compounds SDBS library).
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According to [17], metabolite (3) had a molecular ion at m/z 216 and fragment ions at m/z 200 
and 184 produced by two sequential losses of O (M+ −16 and −32) and thus was identified as 
dibenzothiophene sulfone (Table 2, Figure 6).

The detection of dibenzothiophene sulfone demonstrates the presence of the step of sulfur 
oxidation. According to [11], metabolite (4) was assumed to be dibenzo[c] [1,2]oxatiin S-oxide 
(m/z = 166). The abundance of fragment ions at (m/z = 182) may be due to loss of S = O from 
the molecular ion. Metabolite (5) was deemed to be dibenzo[c] [1,2]oxatiin S,S-dioxide. DBT 
was transformed to DBT sulfone [18], and a ring cleavage product 4-methoxybenzoic acid (6) 
was detected.

This fragmentation could be explained by the loss of oxygen after a loss of carbonyl. According 
to [1] metabolite (7) was assumed to be 2-HBP (m/z = 170); metabolite (8) was assigned as 
2-methoxybiphenyl (2-MBP) (m/z = 184), and the last metabolite was designated as biphenyl 
(m/z = 154) (9), corresponding to loss of hydrogen and phenol group formation.

Figure 4. Representative mass spectra of dibenzothiophene in Pseudomonas fluorescens. (B) Methanecarbothiolic acid, 
(B.1) methanecarbothiolic acid (Spectral Database for Organic Compounds SDBS library).

Figure 5. Representative mass spectra of dibenzothiophene in Pseudomonas fluorescens. (C) Biphenyl, (C.1) biphenyl 
(Spectral Database for Organic Compounds SDBS library).
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Figure 2. Time course of dibenzothiophene (DBT) utilization by Pseudomonas fluorescens (UCP 1514A) cultured in Luria-
Bertani medium with 2 mM DBT as sole sulfur source.

Figure 3. Representative mass spectra of dibenzothiophene in Pseudomonas fluorescens. (A) Benzoic acid, (A.1) benzoic 
acid (Spectral Database for Organic Compounds SDBS library).
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and 184 produced by two sequential losses of O (M+ −16 and −32) and thus was identified as 
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(m/z = 166). The abundance of fragment ions at (m/z = 182) may be due to loss of S = O from 
the molecular ion. Metabolite (5) was deemed to be dibenzo[c] [1,2]oxatiin S,S-dioxide. DBT 
was transformed to DBT sulfone [18], and a ring cleavage product 4-methoxybenzoic acid (6) 
was detected.

This fragmentation could be explained by the loss of oxygen after a loss of carbonyl. According 
to [1] metabolite (7) was assumed to be 2-HBP (m/z = 170); metabolite (8) was assigned as 
2-methoxybiphenyl (2-MBP) (m/z = 184), and the last metabolite was designated as biphenyl 
(m/z = 154) (9), corresponding to loss of hydrogen and phenol group formation.

Figure 4. Representative mass spectra of dibenzothiophene in Pseudomonas fluorescens. (B) Methanecarbothiolic acid, 
(B.1) methanecarbothiolic acid (Spectral Database for Organic Compounds SDBS library).

Figure 5. Representative mass spectra of dibenzothiophene in Pseudomonas fluorescens. (C) Biphenyl, (C.1) biphenyl 
(Spectral Database for Organic Compounds SDBS library).
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ID Fragment ion m/z (relative abundance, %) Compound Molecular 
ion m/z

1 185 (14.6), 184 (100), 139 (10.8), 92 (7.8) Dibenzothiophene 184

2 165 (36), 136 (100), 108 (35) 2-Mercaptobenzoic acid (Me) 168

3 216 (14), 200 (17), 184 (100) Dibenzothiophene sulfone 216

4 118 (100), 90 (47), 63 (33), 39 (20), 48 (19), 166 (9), 77 (5), 110 (4), 
138 (3)

Dibenzo[c][1,2]oxatiin S-oxide 166

5 89 (100), 118 (99), 182 (73), 63 (65), 43 (38), 134 (25), 51 (22), 
71 (18), 97 (7), 109 (5), 150 (4)

Dibenzo[c][1,2]oxatiin 
S,S-dioxide

182

6 152 (74.6), 135 (100), 107 (14.5), 92 (10), 77 (20.5) 4-Methoxybenzoic acid 152

7 171 (12.8), 170 (100), 141 (23.8), 169 (46.5), 115 (16.7) 2-Hydroxybiphenyl 170

8 186 (1.2), 185 (14.2), 184 (100), 169 (42.8), 141 (25.7), 139 (8.6) 2-Methoxybiphenyl 184

9 154 (100), 152 (18), 151 (5.1), 76.2 (10.3) Biphenyl 154

Table 2. Mass spectral characteristics of proposed degradation products.

Figure 6. Proposed catabolic pathways of dibenzothiophene by Pseudomonas fluorescens (UCP 1514A). (1) Dibenzothiophene, (2) 
2-mercaptobenzoic acid (Me), (3) dibenzothiophene 5,5′-dioxide, (4) dibenzo[e][1,2]oxathiin S-oxide, (5) dibenzo[c][1,2]oxathiin 
S,S-dioxide, (6) 4-methoxybenzoic acid, (7) 2-hydroxybiphenyl, (8) biphenyl, and (9) 2-methoxybiphenyl. The structures in 
brackets were the metabolites detected; the other structures are proposed intermediates or metabolites, but not detected.
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4. Discussion

P. fluorescens UCP 1514 remained viable in the presence of DBT, probably due to this element 
being considered essential for the formation of amino acids such as cysteine, and methionine, 
some vitamins, and other compounds that are important for the survival of microorganisms [19].

The development of BDS has been prompted by increasingly stringent regulations regard-
ing limiting the sulfur content in transportation fuels. BDS is based on 4S pathway. When 
the pathway is used, DBT is not degraded, but it is transformed into 2-HBP which parti-
tions in the oil phase, resulting in no loss of caloric value of the fuel [10]. DBT-containing 
hydrocarbon was desulfurized by growing cells of Pseudomonas sp. [20], as well as by grow-
ing and resting cells of Gordonia sp. at 30°C [21]. Martinez et al. [22] studied the biodesul-
furization of dibenzothiophene by resting cells of Pseudomonas putida CECT5279, where 
complete conversion into HBP was reached in 90 min, using a gas flow of 2 vvm, thus 
showing that the 4S route is highly sensitive to oxygen availability working under oxygen-
limiting conditions.

Several authors stated that the initial degradations of anthracene and other compounds do 
not depend on lignolytic activity and suggested that cytochrome P-450 monooxygenase could 
be responsible for this initial step [23].

The catabolic pathway of DBT was proposed, based on the metabolites tentatively identified 
by their mass spectra (Figure 6). The analysis of DBT metabolites suggested that P. fluorescens 
UCP 1514 can decompose DBT by multiple pathways. Ref. [24] reported dibenzothiophene 
5-5′-dioxide, which is involved in the sulfur-specific process of biodesulfurization named as 
4S pathway [7]. In this study, DBT degradation by P. fluorescens started from dibenzothio-
phene sulfone which was probably further metabolized to 2-mercaptobenzoic acid, accord-
ing to [24]. Ref. [25] detected several DBT metabolites including benzo[b]thiophene-2,3-diol, 
2-mercaptobenzoic acid, and 2,2′-dithiosalicylic acid from P. fluorescens 17 and 26 cultures.

The dibenzothiophene was transformed to DBT sulfone and from this compound to 
dibenzo[c][1,2]oxathiin S-oxide and dibenzo[c][1,2]oxathiin S,S-dioxide or metabolized to 
4-methoxybenzoic acid, a ring cleavage product [26]. The conversion of DBT S,S-dioxide 
into dibenzo[c][1,2]oxathiin S-oxide could be explained by the oxidative cleavage of one 
of the two C-S bonds in DBT S,S-dioxide and circularization of the cleavage product under 
acidic conditions. However, it is likely that DBT sulfone is also an intermediate compound 
in the bacterial DBT degradation pathway. No peak corresponding to DBT sulfone was 
detected in our analysis. Benzo[c][1,2]oxathiin S-oxide was also found as the metabolite 
from benzothiophene in Gordonia sp. 213E strain [27]. This can be formed from (Z)-2-(2′-
hydroxyphenyl)ethene1-sulfinate, the thiophene ring-open form, under acidic extraction 
conditions [11]. As shown in Figure 6, two possible metabolites, not including any sulfur in 
their molecular structures, were presented at the end of the biodegradation pathway of DBT.

Based on the deduced structures such as 2-MBP and biphenyl, it is interesting to note that 
P. fluorescens (UCP 1514) can produce two extra sulfur-free metabolites. In addition, accord-
ing to the molecular structure of the two metabolites, it is presumed that they might be 
further produced from 2-HBP or from the intermediate metabolite HPBS in parallel with 2-HBP.
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Table 2. Mass spectral characteristics of proposed degradation products.

Figure 6. Proposed catabolic pathways of dibenzothiophene by Pseudomonas fluorescens (UCP 1514A). (1) Dibenzothiophene, (2) 
2-mercaptobenzoic acid (Me), (3) dibenzothiophene 5,5′-dioxide, (4) dibenzo[e][1,2]oxathiin S-oxide, (5) dibenzo[c][1,2]oxathiin 
S,S-dioxide, (6) 4-methoxybenzoic acid, (7) 2-hydroxybiphenyl, (8) biphenyl, and (9) 2-methoxybiphenyl. The structures in 
brackets were the metabolites detected; the other structures are proposed intermediates or metabolites, but not detected.
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4. Discussion

P. fluorescens UCP 1514 remained viable in the presence of DBT, probably due to this element 
being considered essential for the formation of amino acids such as cysteine, and methionine, 
some vitamins, and other compounds that are important for the survival of microorganisms [19].

The development of BDS has been prompted by increasingly stringent regulations regard-
ing limiting the sulfur content in transportation fuels. BDS is based on 4S pathway. When 
the pathway is used, DBT is not degraded, but it is transformed into 2-HBP which parti-
tions in the oil phase, resulting in no loss of caloric value of the fuel [10]. DBT-containing 
hydrocarbon was desulfurized by growing cells of Pseudomonas sp. [20], as well as by grow-
ing and resting cells of Gordonia sp. at 30°C [21]. Martinez et al. [22] studied the biodesul-
furization of dibenzothiophene by resting cells of Pseudomonas putida CECT5279, where 
complete conversion into HBP was reached in 90 min, using a gas flow of 2 vvm, thus 
showing that the 4S route is highly sensitive to oxygen availability working under oxygen-
limiting conditions.

Several authors stated that the initial degradations of anthracene and other compounds do 
not depend on lignolytic activity and suggested that cytochrome P-450 monooxygenase could 
be responsible for this initial step [23].

The catabolic pathway of DBT was proposed, based on the metabolites tentatively identified 
by their mass spectra (Figure 6). The analysis of DBT metabolites suggested that P. fluorescens 
UCP 1514 can decompose DBT by multiple pathways. Ref. [24] reported dibenzothiophene 
5-5′-dioxide, which is involved in the sulfur-specific process of biodesulfurization named as 
4S pathway [7]. In this study, DBT degradation by P. fluorescens started from dibenzothio-
phene sulfone which was probably further metabolized to 2-mercaptobenzoic acid, accord-
ing to [24]. Ref. [25] detected several DBT metabolites including benzo[b]thiophene-2,3-diol, 
2-mercaptobenzoic acid, and 2,2′-dithiosalicylic acid from P. fluorescens 17 and 26 cultures.

The dibenzothiophene was transformed to DBT sulfone and from this compound to 
dibenzo[c][1,2]oxathiin S-oxide and dibenzo[c][1,2]oxathiin S,S-dioxide or metabolized to 
4-methoxybenzoic acid, a ring cleavage product [26]. The conversion of DBT S,S-dioxide 
into dibenzo[c][1,2]oxathiin S-oxide could be explained by the oxidative cleavage of one 
of the two C-S bonds in DBT S,S-dioxide and circularization of the cleavage product under 
acidic conditions. However, it is likely that DBT sulfone is also an intermediate compound 
in the bacterial DBT degradation pathway. No peak corresponding to DBT sulfone was 
detected in our analysis. Benzo[c][1,2]oxathiin S-oxide was also found as the metabolite 
from benzothiophene in Gordonia sp. 213E strain [27]. This can be formed from (Z)-2-(2′-
hydroxyphenyl)ethene1-sulfinate, the thiophene ring-open form, under acidic extraction 
conditions [11]. As shown in Figure 6, two possible metabolites, not including any sulfur in 
their molecular structures, were presented at the end of the biodegradation pathway of DBT.

Based on the deduced structures such as 2-MBP and biphenyl, it is interesting to note that 
P. fluorescens (UCP 1514) can produce two extra sulfur-free metabolites. In addition, accord-
ing to the molecular structure of the two metabolites, it is presumed that they might be 
further produced from 2-HBP or from the intermediate metabolite HPBS in parallel with 2-HBP.
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It was also supposed that 2-MBP was formed by the methylation of the hydroxyl group of 
2-HBP [28]. These results suggest that producing 2-MBP and biphenyl has the advantage of 
partially eliminating the enzyme inhibitory effect of 2-HBP, thereby prolonging desulfurizing 
activities. Therefore, further studies investigating the enzymatic and genetic properties of 
UCP 1514 are being carried out to explore the possibilities of inducing this strain to form more 
2-MBP and biphenyl. As reported, 2-HBP was toxic to bacterial cells, and once the concentra-
tion of 2-HBP was above 0.2 mM, the biodesulfurization of DBT was inhibited [29].

The inhibitory effects of 2-HBP, the end product of the desulfurization of dibenzothio-
phene (DBT) by the 4S pathway, were noted early in the study of biodesulfurization [30–32]. 
However, product inhibition has not been fully appreciated as the main impediment to devel-
oping improved biocatalysts, and effective means of overcoming the inhibition caused by 
2-HBP are just beginning to be developed [33]. Only about half of the DBT consumed can be 
accounted for as 2-HBP in some biodesulfurization studies, implying that 2-HBP accumu-
lates intracellularly [34–37]. This results in some increase in the activity of the 4S pathway. 
Moreover, the high enzymatic activities reported for the compartmentalization of the reaction 
steps of the 4S pathway illustrate that the inhibition by 2-HBP of desulfurization enzymes 
and the metabolism of cells strongly influence the desulfurization activity of biocatalysts [33]. 
Because 2-HPB strongly inhibits the 4S pathway, there is advantage in selecting any culture 
that alleviates/overcomes this inhibition. Among the numerous biodesulfurization cultures 
isolated, there are several that possess an extended 4S pathway such that 2-HPB is not the end 
product of DBT desulfurization, and instead 2-methoxybiphenyl (2-MBP) [38–40], biphenyl 
[41], or 2,2-dihydroxybiphenyl [42] are produced. The toxicity of 2-MBP is reported to be only 
slightly less than 2-HBP [43], but this study examined the inhibition of DBT biodesulfuriza-
tion by externally added 2-MBP or 2-HBP and did not address the intracellular accumulation 
of 2-HBP [44].

In biodesulfurization, DBT is converted to 2-HBP, which increases the possibility of environ-
mental pollution [45]. In contrast, the production of 2-MBP and biphenyl may partially elimi-
nate the inhibitory effect of products and pollution from diesel oil combustion. In this study, 
intermediate metabolites such as DBTO, DBTO2, and HPBS were not detected by GC-MS 
analysis, which could be explained by the lability of desulfurized DBT metabolites [16] or the 
existence of an additional degradation pathway for DBT [46].

The capabilities of the isolated bacteria to survive and desulfurize a wide range of S com-
pounds present in crude oil are desirable traits for the development of a robust BDS biocata-
lyst to upgrade crude oils and refinery streams [47]. Therefore, UCP 1514 desulfurizes DBT 
using a sulfur-specific degradation pathway, with selective cleavage of the C-S bonds, and is 
considered to be novel and different from other pathways.

Further work is required to find out the actual mechanism of DBT metabolism. There are some 
technologies that oil refineries use to remove sulfur, such as oxidative desulfurization (ODS), 
photocatalytic desulfurization, and HDS. HDS involves catalytic treatment of fuel at high tem-
peratures (>300°C) and pressures (>100 atm) to remove the bulk of inorganic sulfur. Simple 
organic sulfur can be removed by HDS, but this process is inadequate for producing low-sulfur 
fuels as it is unable to remove the complex polycyclic sulfur compounds present in petroleum 
and coal.
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Oxidative desulphurization (ODS) enables ultra-low-sulfur content to be attained in diesel fuels 
by oxidizing refractory sulfur compounds that are difficult to remove with hydrodesulphurization 
when the sulfur content to be attained needs to be below 10 mg/kg [48]. On using ODS, sulfur-
containing hydrocarbons can be only oxidized to sulfoxides and sulfones using H2O2 as oxidants 
in acetonitrile as solvents [49].

Desulfurization can be performed efficiently by irradiation combined with a chemical cata-
lyst. But the consumption of chemicals seemed to be excessive, which would result in a higher 
cost, according to [3].

Until now, conventional refining processes have been performed at much higher temper-
atures. Therefore thermophilic biodesulfurization is desirable without cooling the stock to 
30°C [50]. Moreover, thermophilic biodesulfurization also reduces the viscosity of crude oil, 
which makes the process more practicable [51].

5. Conclusion

P. fluorescens UCP 1514 desulfurizes DBT through a sulfur-specific degradation pathway, 
with selective cleavage of the C-S bonds, and is considered to be novel and different from 
other pathways. Further work is required to find out the actual mechanism of DBT metabo-
lism. The results indicate that P. fluorescens could have a good potential to be used in bio-
catalytic desulfurization of fossil fuels. Further work aimed at developing the strain is 
underway.
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It was also supposed that 2-MBP was formed by the methylation of the hydroxyl group of 
2-HBP [28]. These results suggest that producing 2-MBP and biphenyl has the advantage of 
partially eliminating the enzyme inhibitory effect of 2-HBP, thereby prolonging desulfurizing 
activities. Therefore, further studies investigating the enzymatic and genetic properties of 
UCP 1514 are being carried out to explore the possibilities of inducing this strain to form more 
2-MBP and biphenyl. As reported, 2-HBP was toxic to bacterial cells, and once the concentra-
tion of 2-HBP was above 0.2 mM, the biodesulfurization of DBT was inhibited [29].

The inhibitory effects of 2-HBP, the end product of the desulfurization of dibenzothio-
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However, product inhibition has not been fully appreciated as the main impediment to devel-
oping improved biocatalysts, and effective means of overcoming the inhibition caused by 
2-HBP are just beginning to be developed [33]. Only about half of the DBT consumed can be 
accounted for as 2-HBP in some biodesulfurization studies, implying that 2-HBP accumu-
lates intracellularly [34–37]. This results in some increase in the activity of the 4S pathway. 
Moreover, the high enzymatic activities reported for the compartmentalization of the reaction 
steps of the 4S pathway illustrate that the inhibition by 2-HBP of desulfurization enzymes 
and the metabolism of cells strongly influence the desulfurization activity of biocatalysts [33]. 
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isolated, there are several that possess an extended 4S pathway such that 2-HPB is not the end 
product of DBT desulfurization, and instead 2-methoxybiphenyl (2-MBP) [38–40], biphenyl 
[41], or 2,2-dihydroxybiphenyl [42] are produced. The toxicity of 2-MBP is reported to be only 
slightly less than 2-HBP [43], but this study examined the inhibition of DBT biodesulfuriza-
tion by externally added 2-MBP or 2-HBP and did not address the intracellular accumulation 
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mental pollution [45]. In contrast, the production of 2-MBP and biphenyl may partially elimi-
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photocatalytic desulfurization, and HDS. HDS involves catalytic treatment of fuel at high tem-
peratures (>300°C) and pressures (>100 atm) to remove the bulk of inorganic sulfur. Simple 
organic sulfur can be removed by HDS, but this process is inadequate for producing low-sulfur 
fuels as it is unable to remove the complex polycyclic sulfur compounds present in petroleum 
and coal.
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cost, according to [3].
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atures. Therefore thermophilic biodesulfurization is desirable without cooling the stock to 
30°C [50]. Moreover, thermophilic biodesulfurization also reduces the viscosity of crude oil, 
which makes the process more practicable [51].
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P. fluorescens UCP 1514 desulfurizes DBT through a sulfur-specific degradation pathway, 
with selective cleavage of the C-S bonds, and is considered to be novel and different from 
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lism. The results indicate that P. fluorescens could have a good potential to be used in bio-
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1. Introduction

Environmental pollution, acid rain, and health problems are caused when sulfur dioxide is 
emitted into the atmosphere as the result of the combustion of petroleum fractions. To solve 
these problems, regulations are increasingly stringent in order to minimize the levels of sulfur 
emitted into the atmosphere. Hydrodesulfurization (HDS) is a conventional technology used 
to remove sulfur from fossil fuels. This is achieved by using metal catalysts and hydrogen 
gas, but despite the extremely high pressures and temperatures, the process does not elimi-
nate heterocyclic organosulfur compounds, especially those such as dibenzothiophene (DBT) 
[1–3]. Hydrodesulfurization is a very effective technique for removing thiols, sulfides, and 
disulfides, but it is not suitable for removing thiophene compounds. Therefore, petrochemical 
industries have sought techniques that enable the sulfur to be removed from these heterocy-
clic compounds [4].

An alternative is biodesulfurization (BDS), a more efficient and low-cost process, which 
uses microorganisms to desulfurise these compounds, by promoting selective metabolism 
of the sulfur (attacking C-S) without degrading the carbon skeleton (CC), thus keeping the 
energy source of the molecule intact. Dibenzothiophene is considered a model compound 
for studying the biological desulfurization of fossil fuels and persistent compounds such as 
S-heterocycles in the environment [4, 5].

Several microorganisms have been studied with a view to using them to remove sulfur bio-
chemically from DBT. Prokaryotic organisms that desulfurise organosulfur compounds with-
out metabolizing the carbon skeleton are uncommon and are usually used in ways that seek 
to oxidize sulfur selectively [5–12].

Eukaryotic organisms, such as Cunninghamella elegans, grow on DBT by forming DBT-5-oxide 
and DBT-5-dioxide, but biphenyl is not formed [13]. Trichosporon sp. uses phenol and diben-
zothiophene as the only source of carbon and sulfur, respectively, and studies on it have 
shown that it has the capacity to transform biphenyl and dibenzothiophene, and therefore 
could be used to remove these toxic compounds [14].

Trametes trogii UAMH 8156, Trametes hirsuta UAMH 8165, Phanerochaete chrysosporium ATCC 
24725, Trametes versicolor IFO 30340 (formerly, Coriolus sp.), and Tyromyces palustris IFO 30339 
all oxidized DBS to dibenzyl sulfoxide prior to oxidation to dibenzyl sulfone [15].

The fungus Paecylomyces sp. specifically removes sulfur by oxidizing DBT and produces 
2,2′-dihidroxibifenil [16, 17]. Biological oxidation of sulfur is primarily catalyzed by two 
enzymatic systems, P450 monooxygenases and flavin-containing mono oxygenases (FMO). 
However, in most organisms, the enzymes responsible for oxygenating sulfur (S-oxygenation) 
have not been clearly identified. C. elegans catalyzes the S-oxygenation of DBT; consequently, 
oxygenases were identified as being responsible for the S-oxygenation of DBT in C. elegans [18].

Dibenzothiophene is a heterocycle compound that is regarded as the most potent environ-
mental pollutant. Microbial degradation of this pollutant is attractive, and the bioprocesses 
for DBT biodegradation are environment friendly. This study focuses on investigating the 
biotechnological potential of C. elegans UCP 0596 to degrade DBT and the products formed.

Recent Insights in Petroleum Science and Engineering310

2. Materials and methods

2.1. Preserving the microorganism

A microorganism was isolated from mangrove sediment of the Rio Formoso, Pernambuco, 
Brazil. The fungus was identified as C. elegans (UCP-596), deposited in the Culture Collection 
of the Catholic University of Pernambuco, and registered in the World Federation for Culture 
Collection-WFCC. The fungus was maintained on potato dextrose agar (PDA) medium at 5°C 
and transferred to a new medium every 4 months.

2.2. Chemicals

The DBT was purchased from Aldrich, cat: D3, 220-2 and a stock solution prepared in 
NN-dimethylformamide at a concentration of 1 M (w/v). The solution was sterilized in 
a Millipore® filter, as described by Araújo et al. [22]. All other chemicals were of analytical 
grade. All organic solvents were of HPLC grade (E Merck).

2.3. Inoculum and culture conditions

Inoculum from these actively growing cultures was used. C. elegans was grown in Potato 
Dextrose Agar medium (PDA) at 28°C during 6 days, until sporulation, and after this period, 
spore suspension was prepared containing 107 sporangioles/mL. For the assay to biodegrade 
dibenzothiophene in C. elegans, 500 mL Erlenmeyer flasks containing 200 mL of Sabouraud 
liquid medium (control) were used. The medium was treated with dibenzothiophene in con-
centrations of 0.50, 1.0, and 2 mM and inoculated with 5% of sporangiole suspension, after 
which the mixture was incubated in an orbital shaker at 150 rpm, at 28°C, and aliquots were 
collected every 24 h until 96 h of growth. Thereafter, a metabolic liquid was obtained by cen-
trifugation at 5000 g for 15 min at 5°C to separate the biomass.

2.4. Extraction of the metabolite produced

The metabolic liquid was extracted by chromatography, using the method described by 
Labana et al. [19]. To determine the intermediate compounds in the metabolic pathway used 
by C. elegans to degrade DBT, the supernatants were extracted with an equal volume of ethyl 
acetate (60 :60 mL). The organic layer was removed, and the aqueous layer was acidified 
to pH 2.0 with 5 N HCl solution, and extracted with an equal volume of ethyl acetate. The 
extracts were dried using a rotor, evaporated in a vacuum, and re-suspended with 2 mL of 
ethyl acetate and analyzed by gas chromatography-mass spectrometry (GC-MS).

2.5. Analysis using gas chromatography-mass spectrometry (GC-MS)

The analysis was conducted by using a Varian Star 3600 CX Gas Chromatograph, coupled 
to a Varian Saturation 2000 Mass Spectrometer, with a CP-WAX 58 FFAP-CB column, 50 m, 
0.32 mm ID, DF = 0.2 mm. The carrier gas used was White Martins helium 5.0, Pressure 8 
PSI. The programmed temperature was 50°C for 5 min, which was increased by 10°C min−1, 
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until the temperature reached 250°C for 5 min, with a total time of 30 min. The temperature 
of the injector and detector was 250°C. Approximately 3.0 μL of each solution extracted with 
ethyl acetate was injected into the chromatograph. Spectrometry was performed at 70 eV. The 
scan speed was 1.5 scans s−1 at 40–500 m/z. The samples containing DBT were also ana-
lyzed using the GC/MS. DBT was identified by comparing the mass spectro obtained in the 
MAINLIB library of the GC/MS system and the Spectral Database for Organic Compounds 
SDBS library.

2.6. Determining the removal of DBT

The level of removal of DBT from a solution of 1–10 mM DBT was determined by using a UV 
Sensor to visualize a curve with at a wavelength of 250 nm running through the metabolic 
liquid for different concentrations of DBT (0.5, 1.0, and 2.0 mM) at a constant temperature of 
28°C and shaken at 150 rpm for 144 h. Measurements were made every 24 h [20].

3. Results and discussion

3.1. Biodegradation of DBT by C. elegans

The remarkable ability of fungi to survive in different niches is a consequence of the evolu-
tion of enzyme systems, which have coexisted for billions of years with an enormous vari-
ety of natural substances of different origins. This diversity of substrates, which have the 
potential for microbial growth in hydrophobic sources, induced the production of enzymes 
that are suitable for transforming organic molecules with very different structures. Enzyme 
“arsenals” have even been able to act on synthetic chemical substances that are derived from 
human activities. When there are hydrophobic sources, there is no doubting that the response 
of the metabolism of certain microorganisms gives some additional advantages to microbial 
cells. This includes exploiting new ecological niches as energy sources [14]. Among fungi, 
C. elegans has been reported as having the ability to oxidize and degrade several Polycyclic 
Aromatic Hydrocarbons (PAHs) such as anthracene, acenaphthene, benzo(a)anthracene, 
benzo(a)pyrene, phenanthrene, fluoranthene, and naphthalene, as well as nitrated hydrocar-
bons, which are considered to be mutagenic and carcinogenic agents [15].

In this study, a strain of C. elegans (UCP 0596) grown on Sabouraud culture medium supple-
mented with 0.50 mM DBT was able to degrade about 70% of DBT in 24 h of growth. In the 
end, about 97% of DBT of the growing cell of C. elegans was removed after 96 h of cultivation, 
and the residual DBT was determined as being 0.015 mM (Figure 1). The results showed that 
a DBT degradation of 0.50 and 1.0 mM occurred due to the function of the concentrations and 
the elapsed time. On the other hand, in C. elegans grown on Sabouraud medium containing 
only 1.0 mM DBT as source, the concentration decreased to 44% in the 24 h of growth. At the 
end of cultivation, the content of DBT was reduced to 0.019 mM, which corresponds to bio-
degradation of 98.1%. The life of the DBT 2 mM by C. elegans records a decrease in the amount 
of DBT, 100% of which has been removed at 24 h, for the concentrations studied (Figure 1).
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However, the environmental problems with DBT degradation have received much more 
attention from researchers worldwide. Organic compounds containing sulfur are a small but 
important fraction of some fuels and due to it being difficult to biodegrade them, they are 
considered to be recalcitrant compounds. The presence of sulfur is undesirable because it con-
tributes to the corrosion of equipment in the refinery, and also to the emission of sulfur oxides 
(SOx) into the atmosphere by the combustion of oil, thus causing environmental problems, 
such as air pollution and being a potential cause of acid rain [17].

The metabolites produced by biodegradation of C. elegans were identified as dibenzothio-
phene 5-oxide, dibenzothiophene 5,5-dioxide in the first 48 h of growth and 2-hydroxybiphe-
nyl within 72 h of growth. These results suggest the fungus used the “4S” metabolic pathway. 
The results are in agreement with studies by Schlenk et al. [13].

However, although these studies detected several products because DBT was biodegraded, 
desulfurization with the formation of 2-hydroxybiphenyl was not observed. In our results, 
dibenzothiophene dioxide 5-5, a compound found in the “4S” pathway, was found.

This pathway is one strategy for reducing these emissions, namely to remove sulfur from min-
eral carbon, petroleum and its derivatives before combustion. Currently, physical and chemi-
cal processes deemed to be hydrodesulfurization (HDS) ones are being used in refineries to 
remove inorganic sulfur (Table 1). These treatments incur very high costs since they involve 
using chemical catalysts under extreme conditions (200–425°C) and high pressures of from 150 
to 205 psi [1]. Inorganic sulfur and organic sulfur can be removed by HDS, but this process is 
unsuitable for producing fuels with low sulfur content since this process is unable to remove 
sulfur compounds from complex polycyclical hydrocarbons, containing sulfur, which are 
present in petroleum and coal. Thus, tiophenic compounds represent a large amount of sulfur 
after treatment of HDS in fuels. Another strategy to reduce the sulfur content is to expose these 
subtracts to microorganisms that can specifically break the carbon-sulfur chain, thus releasing 
sulfur to a water-soluble portion, in an inorganic form. This process of microbial desulfuriza-
tion or biodesulfurization (BDS) is an effective and low-cost technique [1, 2, 21].

Figure 1. Degradation of dibenzothiophene by Cunninghamella elegans (UCP 596) over time in liquid Sabouraud culture 
medium, containing 0.50, 1.0, and 2.0 mM of DBT, at 28°C, for 96 h, at 150 rpm.
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sulfur to a water-soluble portion, in an inorganic form. This process of microbial desulfuriza-
tion or biodesulfurization (BDS) is an effective and low-cost technique [1, 2, 21].

Figure 1. Degradation of dibenzothiophene by Cunninghamella elegans (UCP 596) over time in liquid Sabouraud culture 
medium, containing 0.50, 1.0, and 2.0 mM of DBT, at 28°C, for 96 h, at 150 rpm.
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Hydrodesulfurization (HDS) Most commonly used method in the petroleum industry to reduce the sulfur 
content of crude oil. In most cases, HDS is performed by co-feeding oil and H2 to 
a fixed-bed reactor packed with an appropriate HDS catalyst.

Extractive desulfurization It is a liquid-liquid extraction process and the two liquid phases must be 
immiscible. It depends on the solubility of the organosulfur compounds in 
certain solvents.

Ionic liquid extraction It is an interesting alternative to provide ultra clean diesel oils.

Adsorptive desulfurization It depends on the ability of a solid sorbent to selectively adsorb organosulfur 
compounds from the oil.

Oxidative desulfurization (ODS) It involves a chemical reaction between an oxidant and sulfur that facilitates 
desulfurization. ODS is a field of considerable interest at present.

Autoxidation Refers to oxidation by atmospheric oxygen, i.e., oxygen in air.

Chemical oxidation The use of a peroxide species avoids the initiation period associated with the 
slow in situ formation of hydroperoxides by autoxidation. The sulfur-containing 
compounds can directly be oxidized by the hydroperoxide to yield a sulfoxide 
and then a sulfone.

Catalytic oxidation Reduce the energy barrier of oxidation by facilitating the oxidation reaction 
itself on the catalytically active surface; some materials serve as oxygen carriers 
and are more active oxidation agents than oxygen; some catalysts facilitate the 
decomposition of hydroperoxides, thereby accelerating the propagation step in 
the oxidation reaction.

Ultrasound oxidation Provides energy for the oxidation process by ultrasound, but it does not affect 
the oxidation chemistry.

Photochemical oxidation It has a high efficiency and requires mild reaction conditions. The method 
involves two steps: first, sulfur compounds are transferred from the oil 
into a polar solvent and then the transfer is followed by photooxidation or 
photodecomposition under UV irradiation.

Biodesulfurization (BDS) Biodesulfurization takes place at low temperatures and pressure in the presence 
of microorganisms that are capable of metabolizing sulfur compounds. It is 
possible to desulfurize crude oil directly by selecting appropriate microbial 
species

Aerobic biodesulfurization Aerobic BDS was proposed as an alternative to hydrodesulfurization of crude 
oil.

Anaerobic biodesulfurization The main advantage of anaerobic desulfurization processes over aerobic 
desulfurization is that oxidation of hydrocarbons to undesired compounds, such 
as colored and gumforming products, is negligible.

Alkylation-based desulfurization It has been tested with thiophenic sulfur compounds at small scale, and it is 
commercially applied for light oil at large scale as the olefinic alkylation of 
thiophenic sulfur (OATS) process developed by British Petroleum.

Chlorinolysis-based 
desulfurization

Chlorinolysis involves the scission of C–S and S–S bonds through the action of 
chlorine.

Supercritical water-based 
desulfurization

The effect of supercritical water (SCW) on desulfurization of oil is marginal. The 
purpose of using SCW (critical point of water: 374°C and 22.1 MPa) as reaction 
medium is to break C–S bonds.

Source: Javadli and Klerk [42].

Table 1. Technologies used for sulfur reduction in oil and gas industry.
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3.2. Pathways for biodegradation of DBT by C. elegans

On the basis of these findings, the highest DBT biodegradation was observed in Figure 2 
which shows that the fungus C. elegans used the angular deoxygenating pathway. The fungus 
used DBT as a carbon source, removes the sulfur, and formed sulfite and sulfate, and at the 
end of biodegradation benzoic acid was produced. In this study, the DBT was catabolized 
by C. elegans for dibenzothiophene 5-oxide and dibenzothiophene 5,5-dioxide compounds in 
the first 48 h of growth, culminating in the formation of benzoic acid, within 72 h of growth.

The use of gas chromatography coupled to mass spectrometry identified the possible prod-
ucts obtained from metabolizing DBT by C. elegans. The catabolic pathway of DBT was pro-
posed based on the metabolites shown in Table 2 and the mass spectrograms in Figure 3. 
Analysis of the metabolites showed that C. elegans (UCP 596) can degrade DBT using two 
metabolic pathways.

Figure 3 confirmed the four compounds found were: dibenzothiophene 5-oxide (38.7 min, 
m/z = 200.2); dibenzothiophene 5,5-dioxide (29.1 min. m/z = 216.1) 2-hydroxybiphenyl 
(22.4 min., m/z = 170.2), and benzoic acid (22.3 min., m/z = 105.1), which were detected in the 
degradation of DBT (26.7 min, m/z = 184), by C. elegans (UCP 596).

The literature describes three well-known pathways in the process of degrading DBT by 
microorganisms: Kodama; angular dioxygenation; and the sulfoxide, sulfone, sulfonate, sul-
fate pathway deemed the “4S” [6, 9, 18–20, 23]. Figure 4 shows the proposed routes of micro-
bial degradation.

Dahlberg et al. [24] reported that DBT 5,5-dioxide is involved in the process of biodesul-
furization by the 4S pathway. Degradation pathways of DBT by bacteria have been widely 
studied as in: Brevibacterium [7], Arthrobacter [24, 25], Mycobacterium [26–29]. Pseudomonas 
delafieldii and P. putida mineralized DBT completely, by using it as a source of carbon, sulfur, 
and energy, and formed as final compounds: benzoic acid, sulfite, and water by the path-
way known as angular dioxygenation [30–32]. Under aerobic conditions, 3-hydroxy-2-formyl 
benzothiophene was formed by degrading the DBT with the bacterium Pseudomonas sp. [4], 
1,2-dihydroxy-1,2-dihydrodibenzothiophene and dibenzothiophene 5-oxide were generated 
by Beijeninckia sp. [33]. Under anaerobic conditions, the biphenyl compound was formed by 
Desulfovibrio desulfuricans M6 [34]. Corynebacterium sp. SY1 [35] and Rhodococcus rhodochrous 
IGTS8 were only able to remove sulfur from DBT by converting the DBT into the compound 
2-hydroxybiphenyl (2-HBP) [10, 36, 37]. These samples have the ability to remove organic 
sulfur selectively without degrading the carbon atoms [17]. The biological oxidation of sulfur 
is primarily catalyzed by two enzyme systems, namely P450 monooxygenases and flavin-
containing monooxygenase (FMO). However, in most organisms, the enzymes responsible 
for oxygenating sulfur (S-oxygenation) have not been clearly identified [5].

A similar behavior was also observed with C. elegans (UCP 596), which was able to degrade 
DBT at the three concentrations studied (0.50 mM and 1 mM) after 24 and 48 h of growth. 
This showed the metabolites dibenzothiophene 5-oxide, 5,5-dibenzothiophene dioxide, 
and at the end of the experimental period of 96 h of growth, the compound 2-hydroxybi-
phenyl was detected. These results suggest the fungus uses the “4S” metabolic pathway  
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Figure 2. Suggestion for metabolic pathway used by Cunninghamella elegans (UCP 596) to remove the sulfur from the 
DBT inserted into the liquid Sabouraud culture medium, at 28°C, while being shaken at 150 rpm.
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sulfoxide-sulfone-sulfonate-sulfate. As the specific pathway for removing sulfur atoms 
present in the DBT due to a progressive oxidative attack in the thiophene groups, this path-
way involves a multi-enzyme system with three different activities The first enzyme is a 
monooxygenase of the DBT, which oxidizes DBT to 5,5-dioxide of DBT. The second enzyme 
is also a monooxygenase that converts 5,5-dioxide of DBT to 2-hydroxybiphenyl-2-sul-
finate. Finally, a lyase that catalyzes the breaking of the C-S link, transforms the 2-hydroxy-
biphenyl-2-sulfinate into two end products, namely 2-hydroxybiphenyl (HBP) and sulfate. 
The microorganisms that use this pathway to metabolize DBT manage to remove the poten-
tially toxic atom of the thiophenic compound, in the form of a sulfate compound, with only 
a slight loss of energy value occurring [16, 17, 20, 26]. Thus, the strains that use the “4S” 
pathway will be able to constitute a fundamental biological tool in the treatment, on a large 
scale, of fossil fuels, if biocatalysts in an industrial environment can be obtained [2, 36, 37].

In addition, benzoic acid was detected after 48 h of cell growth. This is a compound present in 
the Van Afferden or angular dioxygenation pathway that uses the DBT as a carbon source and 
removes the sulfur in the form of sulfite ion, the final product of which is benzoic acid. The 
metabolic pathway known as Van Afferden has no great interest in terms of biodesulfuriza-
tion processes of fossil fuels, since the complete mineralization of the carbonaceous structure 
occurs, which will necessarily involve reducing the potential chemical energy of the fuels. 
However, microorganisms that use this metabolic pathway are potentially useful in formulat-
ing a mixed microbial inoculum for bioremediation processes of polyaromatic hydrocarbons 
containing sulfur released into the environment [7, 38, 39].

The results show that C. elegans (UCP 596) was able to degrade about 70% of DBT in 24 h of 
growth in Sabouraud culture medium treated with 0.50 mM of DBT, and that after 96 h of 
culture, the reduction was 97% of DBT from the initial content. On the other hand, the sample 
of C. elegans grown on Sabouraud treated with 1.0 mM of DBT, showed a reduction of 98.1%, 
after 96 h of growth, thus reducing the initial concentration to 0.019 mM of DBT.

Molecular ion 
(m/z)

Probable compounds 
formed

Fragments of ions—m/z (relative to intensity %)

184 Dibenzothiophene 185 (13.37), 184 (100), 139.3 (12.14), 45.1 (10.43)

200.2 Dibenzothiophene 5-oxide 201.2 (19.05), 200.2 (100), 172.5 (43.06), 171.5 (73.15), 139.3 (12.42), 
86.3 (5.95), 50.2 (14.25)

216.1 Dibenzothiophene 
5,5-dioxide

216.1 (100), 187.2 (21.34), 144.3 (16.12), 104.3 (7.98), 50.2 (13.12)

170.2 2-Hydroxybiphenyl 227.3 (5.58), 170.2 (100), 140.2 (16.10), 114.2 (53.73), 85.2 (17.38), 41.2 
(13.38)

105.1 Benzoic acid 118.0 (22.67), 105.1 (100), 58.2 (15.49), 45.1 (60.30)

Table 2. Characterization of the mass spectrum of the products from degrading DBT by Cunninghamella elegans 
(UCP 0596).
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According to Schlenk et al. [13], the filamentous fungus C. elegans ATCC-36112, metabolized 
approximately 98% of dibenzothiophene at a concentration of 1.8 mg/mL for dibenzothio-
phene 5-oxide (86% of total metabolites) and dibenzothiophene 5-dioxide (14% of total metab-
olites), after incubation for 24 h. The fungus Pleurotus ostreatus grown in culture medium 
containing DBT metabolized about 84% of organosulfur in 21 days of growth. The results 
were analyzed by HPLC, and the main compounds formed were dibenzothiophene 5-oxide 
and dibenzothiophene 5,5-dioxide. The lignolitic mechanism of the fungus P. ostreatus may be 

Figure 3. Mass spectrogram of dibenzothiophene 5-oxide (A), dibenzothiophene 5,5-dioxide (B), 2-hydroxybiphenyl 
(C), and benzoic acid (D). Metabolites formed on degrading dibenzothiophene by Cunninghamella elegans after 48 h of 
growth.
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involved in the metabolism of DBT [15, 40]. Arthrobacter sp. used the angular deoxygenating 
pathway for metabolizing 5,5-dioxide of DBT, a compound used as a source of carbon [41].

The data presented indicate the potential of C. elegans UCP 0596 using DBT as the sole source 
of sulfur and the greater efficiency of the fungus pathway at removing sulfur during the 
catabolism and that the products formed are of great importance. That activity pattern, which 
is shown by C. elegans UCP 0596 forming different biomolecules, gives information on their 
cellular characteristics, which undoubtedly express the potential abilities of the organism.

4. Conclusion

C. elegans UCP-596 has the ability to metabolize dibenzothiophene by an oxidation process 
which formed dibenzothiophene 5-oxide, dibenzothiophene 5,5-dioxide, and 2-hydroxybi-
phenyl metabolites. The greater efficiency of the fungus at removing sulfur suggests the use 
of the “4S” metabolic pathway. It can be considered for the upstream removal of sulfur.

The activity pattern of DBT degradation by C. elegans gives potential to benzoic acid produc-
tion as the end of cellular catabolism. The fungus strain is able to desulfurize DBT in the use of 
angular dioxygenation pathway, as a second metabolic pathway. Its selective sulfur removal 
makes it proper for the industrial use of C. elegans UCP-596 strain.

Figure 4. Pathways proposed for biodegrading dibenzothiophene by Cunninghamella elegans: (I) dibenzothiophene, (II) 
1,2-dihydroxi-1,2-dihydrodibenzothiophene, (III) 3-hydroxy-2-formyl benzothiophene, (IV) biphenyl, (V) benzoic acid, 
(VI) 2-hydroxybiphenyl and (VII) dibenzothiophene 5-oxide.
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Abstract

Petroleum pollution has become a serious environmental problem, which can cause 
harmful damage to the environment and human health. This pollutant is introduced into 
the environment from both natural and anthropogenic sources. Various physicochemical 
and biological treatments were developed for the cleanup of contaminated environments. 
However, bioremediation is based on the metabolic capabilities of microorganisms, and 
it is considered as the most basic and reliable way to eliminate contaminants, particularly 
petroleum and its recalcitrant compounds. It is more effective alternative comparing to 
classical remediation techniques. A high diversity of potential hydrocarbon degrader’s 
microorganisms was reported, and bacteria constitute the most abundant group, which 
has been well studied for hydrocarbon degradation. Several bioremediation approaches 
through bioaugmentation or/and biostimulation have been successfully applied. The 
interest on the optimizing of different parameters to achieve successful bioremediation 
technologies has been increased. In this chapter, we summarize the diversity and the 
hydrocarbon degradation potential of microorganism involved in the remediation of 
contaminated environments. We also present an overview of the efficient bioremediation 
strategies used for the decontamination of polluted marine environments.

Keywords: bioremediation, hydrocarbonoclastic, hydrocarbon degradation, toxicity, 
biosurfactant

1. Introduction

Oil is a primary and necessary energy source, which is widely used in different fields, including 
industry, transport and daily human activities [1]. However, the widespread distribution and 
the overexploitation of hydrocarbons become a serious problem causing harmful impacts on the 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Abstract

Petroleum pollution has become a serious environmental problem, which can cause 
harmful damage to the environment and human health. This pollutant is introduced into 
the environment from both natural and anthropogenic sources. Various physicochemical 
and biological treatments were developed for the cleanup of contaminated environments. 
However, bioremediation is based on the metabolic capabilities of microorganisms, and 
it is considered as the most basic and reliable way to eliminate contaminants, particularly 
petroleum and its recalcitrant compounds. It is more effective alternative comparing to 
classical remediation techniques. A high diversity of potential hydrocarbon degrader’s 
microorganisms was reported, and bacteria constitute the most abundant group, which 
has been well studied for hydrocarbon degradation. Several bioremediation approaches 
through bioaugmentation or/and biostimulation have been successfully applied. The 
interest on the optimizing of different parameters to achieve successful bioremediation 
technologies has been increased. In this chapter, we summarize the diversity and the 
hydrocarbon degradation potential of microorganism involved in the remediation of 
contaminated environments. We also present an overview of the efficient bioremediation 
strategies used for the decontamination of polluted marine environments.

Keywords: bioremediation, hydrocarbonoclastic, hydrocarbon degradation, toxicity, 
biosurfactant

1. Introduction

Oil is a primary and necessary energy source, which is widely used in different fields, including 
industry, transport and daily human activities [1]. However, the widespread distribution and 
the overexploitation of hydrocarbons become a serious problem causing harmful impacts on the 
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environment and health due to their toxicity and their carcinogenic and mutagenic properties 
[2]. Hydrocarbon pollution may occur through several sources that may be natural or anthropo-
genic. We can distinguish numerous anthropogenic sources such as oil extraction and treatment 
field, transportation fuels accidents, leakage from underground storage tanks, petrochemical 
industry activities and release from oil refinery sites [3–5]. To reduce this contamination, differ-
ent chemical, physical and biological treatment methods are considered. The choice of remedia-
tion methods depends on several parameters such as the type of pollutant and its characteristics 
(the physicochemical nature of the pollutant and its toxicity), the properties of contaminated 
site (the pollution source, the nature of the site) and the type of the pollution (old or recent). The 
treatment of a polluted site is carried out only after evaluating the type of pollutant, the envi-
ronmental and human-associated risks and the treatment feasibility and predicted efficiency.

Depending on its location, we distinguish in situ and ex situ contaminated site remedia-
tion methods [6–9]. However, bioremediation is considered as one of the best environment-
friendly way to remove hydrocarbons presenting several advantages compared to other 
methods [9–11]. In fact it is a natural, efficient and economic method. Moreover, it converts 
hydrocarbon onto less toxic compound through metabolic and enzymatic reactions [10, 12]. 
The biodegradation is mainly carried out by bacteria, yeast and fungi. Bacteria represent 
the major class of microorganisms involved in the degradation of hydrocarbons [2, 13]. 
There are two approaches for bioremediation: bioaugmentation and biostimulation [14–16]. 
Bioaugmentation consists in the addition of highly efficient oil-degrading bacteria to improve 
and enhance the degradation. While biostimulation consists in the modification of the envi-
ronment conditions in order to stimulate indigenous bacteria activity.

The aim of this chapter is to provide an overview on the diversity of hydrocarbonoclastic 
bacteria and their hydrocarbon degradation potential as well as an update on the different 
bioremediation strategies adopted for the treatment of polluted marine environments par-
ticularly the Mediterranean basin. The mechanism by which hydrocarbonoclastic bacteria 
degrade hydrocarbons will also be discussed.

2. Hydrocarbon pollution in the Mediterranean Sea

The Mediterranean Sea is highly exposed to hydrocarbon pollution due to its geographical 
situation taking into account the location of most oil-producing and oil-consuming countries, 
placed, respectively, on the Southern and Northern sides of the basin [17]. It is an enclosed 
basin and is a very strategic maritime route that hosts about 20% of the global oil tanker traf-
fic, and its coasts host about 80 petroleum harbors. Every year approximately 150,000 tons of 
hydrocarbons are transported in the Mediterranean Sea [18, 19].

The Mediterranean Sea is highly exposed to several sources of hydrocarbon pollution par-
ticularly linked to maritime traffic as well as extraction and refinery activities can affect 
human health and disturb ecological balance. Moreover, this pollution seriously threatens 
the marine life [20]. A very high microbial diversity was detected and estimated at 17,000 
different species in the Mediterranean Sea constituting a habitat and a reservoir for novel 
microorganisms [20].
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The Regional Marine Pollution Emergency Response Centre for the Mediterranean Sea 
(REMPEC) was established in 1989. It aims the protection of areas and biological diversity in 
the Mediterranean Sea against pollution by oil and other harmful substances. According to the 
REMPEC database on alerts and accidents in the Mediterranean Sea, a high number of marine 
accidents that caused pollution of the Mediterranean Sea by oil were recorded since 1977. It is 
estimated at 659 accidents (Figure 1) that have led to the spillage of approximately 310,000 tons 
of oil since 1977 and at least 120,000 tons of hazardous and noxious substances since 1988 [21].

3. Different classes of hydrocarbons

Crude oil is an extremely complex mixture of tens of thousands of hydrocarbons (aliphat-
ics and aromatics) and nonhydrocarbons (containing sulfur, nitrogen, oxygen and various 
trace metals). The composition of oil varies depending on their origin. Moreover, in the same 
source, we can also observe a time-dependent variation. For that reason, it is difficult to give 
a detailed composition of oil [22].

In general, the different compounds of crude oil can be classified into three groups as described 
in Figure 2.

3.1. Aliphatic hydrocarbons

Aliphatic hydrocarbons are composed of hydrogen and carbon, which can be linear, branched 
or cyclic. Aliphatic compounds can be saturated or unsaturated. There are several types of ali-
phatic hydrocarbons, including alkanes, alkenes and alkynes. Alkanes are the most abundant 
constituents in crude oil and are the first component to be degraded.

Figure 1. Accidents in the Mediterranean Sea, data from the REMPEC database from 1977 (http://www.rempec.org).
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3.2. Aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are a group of approximately 10,000 compounds 
that are atmospheric, water and soil pollutants containing one or more aromatic rings [23]. 
Among monoaromatic compounds, benzene, toluene and xylene were well reported and 
studied. Polycyclic aromatic hydrocarbons (PAHs), such as naphthalene, anthracene and 
phenanthrene, are also well documented. Due to their complex structure, PAHs are highly 
resistant to degradation and remain persistent in the ecosystem [24].

3.3. Heterocyclic compounds

Heterocyclic compounds are organic compounds containing at least one heterocyclic ring. 
They consist of compounds in which common heteroatoms are incorporated (oxygen, nitro-
gen and sulfur) into an organic ring structure in place of a carbon atom. They include polar 
compounds such as nitrogen (quinolines), sulfur (dibenzothiophenes) and oxygen (xanthene) 
atoms. Heterocyclic compounds are the most recalcitrant for degradation.

4. Risk hazards associated to hydrocarbon contamination

4.1. Impact on human health

Several human hazards are associated to the hydrocarbon dissemination. In fact, acute hydro-
carbon exposure was reported to induce several pathologies including encephalopathy, 
arrhythmia, acidosis and dermatitis [25].

Figure 2. Different classes of hydrocarbon.
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The most dangerous consequences of acute hydrocarbon ingestion likely arise from aspi-
ration and result in pneumonitis [26]. Moreover, PAHs are well described for their toxic, 
mutagenic and/or carcinogenic properties [27–29]. Sixteen PAHs were identified by the US 
Environmental Protection Agency and the European Union as priority pollutant, and seven 
PAHs are regarded as carcinogens [30].

The American Association of Poison Control Centers Toxic Exposure Surveillance System 
studied 318,939 exposures to benzene, toluene/xylene, halogenated hydrocarbons, kerosene 
and lamp oil [31]. They demonstrated that hydrocarbons absorbed systemically and charac-
terized by a low viscosity-induced higher hazard factors [31].

4.2. Hydrocarbon toxicity toward microorganisms

Considering the fact that hydrocarbon bioremediation is an important route for their envi-
ronmental decontamination, these pollutants should not exert a toxic effect on the microbial 
community. However, several hydrocarbons and especially cyclic ones are known to be toxic 
to microbial cells. This toxicity is directly correlated to their partition coefficient between octa-
nol and water (logP). The lipophilic compound accumulates into the lipid bilayers enhancing 
their availability to the cells. Due to hydrocarbon accumulation, the membrane loses its integ-
rity and its permeability to protons and ions [32]. Due to those disturbances, dissipation of 
the proton motive force and impairment of intracellular pH homeostasis occur [32]. In order 
to overcome this toxicity and be able to degrade hydrocarbons, microbial strains should use 
a tolerance strategy toward those compounds. Sikkema and coworkers reported some adap-
tation mechanisms [32]. Microorganisms are thus able to increase structuring of the bilayer 
by changing the fatty acid conformation from cis to trans or by saturation of the fatty acid 
acyl chains. Another adaptation mechanism consists of the enhancement of the cross-linking 
degree between constituents of the cell wall and modifications of the cell wall hydrophobicity.

5. Hydrocarbon bioremediation: bioaugmentation, biostimulation 
and landfarming

Due to their high environmental and health-associated hazards, several physical and chemi-
cal hydrocarbon treatment methods have been investigated such as incineration, chlorination, 
UV oxidation and solvent extraction [24]. However, most of these approaches are associated 
to several drawbacks in terms of ecological impact and of removal efficiency.

In the meanwhile, the biological approach revealed to be of great interest for hydrocarbon 
removal. Several approaches were reported. We mainly distinguish (a) phytoremediation 
strategy that uses plants for decontamination purposes and (b) bioremediation that involves 
the use of microbial population for the cleanup of contaminated sites.

Bioremediation is considered as a tool for the decontamination of hydrocarbon polluted 
sites and as an extremely effective approach associated to eco-friendly features and rela-
tively low cost. It is also considered as a safe approach. It is based on the catabolic activities 
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of microorganisms and their ability to use pollutant as carbon and energy source by trans-
forming it into less or non-toxic compounds.

Different bioremediation strategies are adopted depending on several factors such as site 
characteristics, type and concentration of pollutants [33]. Bioremediation can either be carried 
out ex situ or in situ. Ex situ methods involve the physical removal of the contaminated land 
for treatment process. However, in situ techniques involve treatment of the contaminated 
material in place [34].

The bioremediation efficiency depends mainly on the microbial structure, the sites to be 
decontaminated and the environmental conditions. These factors influence the degradation 
rate and the microbial activity. Moreover, bioremediation efficiency can be enhanced by three 
complementary approaches: bioaugmentation, biostimulation and landfarming [35].

5.1. Bioaugmentation

Bioaugmentation consists in the addition of selected microbial species, harboring specific 
catabolic abilities, into a contaminated environment. However, this technique involves the 
application of allochthonous or autochthonous microorganisms. The autochthonous bioaug-
mentation (ABA) consists on the exclusive introduction of indigenous microorganisms to the 
sites to be decontaminated [35, 36]. As described in Figure 3, the bioaugmentation treatment 
is detailed, where A is related to the cultivation of bacteria and/or consortium with high bio-
degradative capability in laboratory; B showed the addition on natural polluted environment; 
Cs explain the attack of bacteria and/or microbial consortium selected of pollutant (crude oil 
and/or hydrocarbons) and D showed the development of biodegradative process. The ABA 
approach consists on the addition of autochthonous microbial isolates or consortia that are 
adapted to the contaminated environments [37]. Different studies confirmed the efficiency of 
autochthonous microorganisms in the decontamination of hydrocarbon-polluted sites based 
on the fact that environmental conditions are suitable for their growth and metabolism [36, 38]. 
They significantly contribute to the biochemical activities in soil. Allochthonous microorgan-
isms are defined as non-indigenous and originated from other site. When they are added into 
contaminated sites, they cannot easily integrate and adapt to the activities of the indigenous 
microbial community. Fodelianakis et al. [38] confirmed that bioaugmentation with allochtho-
nous hydrocarbon-degrading bacterial consortia did not enhance the remediation process of 
hydrocarbon-contaminated sediments. Thus, the application of autochthonous microorgan-
ism is more effective [35]. Generally, Bioaugmentation is performed by using mixed consortia 
([39]). Mrozik and Piotrowsk [40] showed the successful bioaugmentation of contaminated 
sites with a mixture of PAHs (naphthalene, phenanthrene, anthracene, pyrene, dibenzo[a]
anthracene, benzo[a]pyrene) using a reconstructed microbial consortium. The addition of 
Absidia cylindrospora enhance the degradation of polycyclic aromatic hydrocarbons (more than 
90% of fluorine was removed) more than of fluorine (a within 288 h) [41].

For a successful bioaugmentation treatment, environmental conditions, selected and indig-
enous microorganisms should be well controlled and characterized.
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5.2. Biostimulation

Biostimulation consists in the addition of different substance to polluted environments to 
stimulate the natural biodegradation by indigenous degrading microorganisms. The bio-
degradation of hydrocarbons in marine environment is limited by low oxygen and nutri-
ment availability, more specifically nitrogen and phosphorous [42]. The low bioavailability 
of pollutants is also considered as a limiting factor [42]. The biostimulation increases the 
growth of indigenous hydrocarbon degraders by the addition of growth-limiting nutrients. 
Moreover, the addition of specific substrate promotes and stimulates the degradation of 
the pollutant [43] (Figure 4). Adams et al. [44] showed the effectiveness of Biostimulation 
treatment with the addition of organic nutrients in contaminated soil containing more than 
38,000 mg/kg TPH, and the result showed 100% removal of 2–3 ringed PAHs within the first 
3 months.

5.3. Landfarming

Landfarming is a bioremediation approach, also known as land treatment or land applica-
tion. This biotreatment process involves the spreading of excavated contaminated soils or 
sediments in a thin layer on a suitably prepared surface. In addition, the stimulation of the 
microbial activity in the soil is performed through the aeration and/or the addition of min-
erals and nutrients. Thus, the incorporated contaminated soil is periodically turned over 
or tilled to aerate the mixture. Various hydrocarbon contaminated soils were successfully 

Figure 3. Schematic description of bioremediation (bioaugmentation) process. 1: Seawater; 2: marine sediment; 3: crude oil.
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treated by landfarming [45]. Landfarming presents various advantages comparing to other 
treatment technologies. It has low cost, energy consumption and simple to implement. It has 
been successfully practiced for the remediation of hydrocarbon-contaminated soils [46]. The 
effectiveness of bioaugmentation in the bioremediation of oil-contaminated sediments, from 
the Mediterranean Sea, treated ex situ by landfarming was reported [38].

6. Factors affecting the bioremediation treatment

Various physical and chemical factors affect the rate of hydrocarbon degradation. Among 
many, we can cite the nature and amount of hydrocarbons, the type of polluted matrix (soil, 
sediment, water and effluents), the environmental conditions and the microbial community 
activity.

The environmental factors include the availability of nutrients, the temperature, the water 
content or humidity, oxygen, the bioavailability of the pollutant and the pH [47–49].

6.1. Nutrient availability

Inorganic sources such as nitrogen, phosphorus, potassium, hydrogen or oxygen are essen-
tial for microbial metabolism and affect the growth and the activity of microorganisms [48], 
whereas micronutrients, including zinc, manganese, iron, nickel, cobalt, molybdenum, cop-
per and chlorine, are required but at a very low quantity. The ratios of carbon/nitrogen or 
carbon/phosphorus are considered as a determining factor of biodegradation rates and are 
high in hydrocarbon-contaminated sites which limit and affect the degradation rate [50]. 

Figure 4. Schematic description of bioremediation (biostimulation) process. 1: Seawater; 2: marine sediment; 3: crude oil.
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Considerable effort has been devoted to the development of nutrient delivery systems that 
overcome the washout problems characteristic of open sea and intertidal environments; the 
use of slow release fertilizers and/or oleophilic nutrients can provide a continuous source of 
nutrients to polluted environment areas. Slow release fertilizers consist typically of inorganic 
nutrients in solid form coated with a hydrophobic compound like paraffin or vegetable oil. 
Successful alternative that overcomes the problem of quick dilution and wash out of water-
soluble nutrients containing nitrogen and phosphorus is oleophilic biostimulants. The appli-
cation of N and P sources in oleophilic form is considered to be the most effective nutrient 
application method, since oleophilic additives remain dissolved in the oil phase and thus are 
available at the oil-water or oil-sediment interface where they enhance bacterial growth and 
metabolism [43, 51].

6.2. Temperature

Temperature has a considerable effect on the ability of microorganisms to degrade hydro-
carbons. At high temperatures, solubility, bioavailability, hydrocarbons distribution and dif-
fusion rate increase, which promote the microbial biodegradation ability and enhance the 
biodegradation rate. On the other hand, very high temperature decreases oxygen solubility 
and limits the aerobic microbial biodegradation [52, 53].

Beside, Boopathy [34] confirmed that the degradation of pollutant in mesophilic temperatures 
is better and more efficient than the degradation at very low or high temperatures. However, 
it was reported that microorganisms are able to metabolize PAHs at extreme temperatures: 
for example, a high degradation rate of PAHs occurred in seawater at low temperatures (low 
as 0°C) and at 50°C [54]. Bargiela et al. [55] confirmed the correlation between the relative per-
centage of genes encoding enzymes participating in the biodegradation and temperature in 
oil-polluted sites along the coastlines of the Mediterranean Sea. The authors proved that low 
temperature increases bacterial richness with decreasing catabolic diversity. The relative per-
centage of gene sequences encoding enzymes for biodegradation ranged from 0.56 to 1.30% in 
low temperature (<3°C), whereas this number increased with site temperature 5.6-fold higher 
in the moderately warmer sites (from 13 to 26.5°C) [55].

6.3. Oxygen limitations

The initial steps in the catabolism of aliphatic, cyclic and aromatic hydrocarbons by bacteria 
and fungi involve the oxidation of the substrate by oxygenases for which molecular oxygen 
is required. Although anaerobic biodegradation has been shown to occur in different ecosys-
tems including marine environments, its ecological significance has been generally considered 
to be minor and the biodegradation rate is rather low [24]. Conditions of oxygen limitation 
normally exist in aquatic sediments and soils. Oxygen depletion can occur in the presence of 
easily utilizable substrates that increase microbial oxygen consumption. In several instances, 
the concentration of dissolved oxygen can be close to zero leading to practically zero aerobic 
biodegradation rates. Although oxygen can be successfully delivered (in various forms) to 
hydrocarbon-contaminated soils and groundwater, enhancing biodegradation rates, this is 
not the case in marine environments as it is very difficult to implement such technologies 
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treated by landfarming [45]. Landfarming presents various advantages comparing to other 
treatment technologies. It has low cost, energy consumption and simple to implement. It has 
been successfully practiced for the remediation of hydrocarbon-contaminated soils [46]. The 
effectiveness of bioaugmentation in the bioremediation of oil-contaminated sediments, from 
the Mediterranean Sea, treated ex situ by landfarming was reported [38].

6. Factors affecting the bioremediation treatment

Various physical and chemical factors affect the rate of hydrocarbon degradation. Among 
many, we can cite the nature and amount of hydrocarbons, the type of polluted matrix (soil, 
sediment, water and effluents), the environmental conditions and the microbial community 
activity.

The environmental factors include the availability of nutrients, the temperature, the water 
content or humidity, oxygen, the bioavailability of the pollutant and the pH [47–49].

6.1. Nutrient availability

Inorganic sources such as nitrogen, phosphorus, potassium, hydrogen or oxygen are essen-
tial for microbial metabolism and affect the growth and the activity of microorganisms [48], 
whereas micronutrients, including zinc, manganese, iron, nickel, cobalt, molybdenum, cop-
per and chlorine, are required but at a very low quantity. The ratios of carbon/nitrogen or 
carbon/phosphorus are considered as a determining factor of biodegradation rates and are 
high in hydrocarbon-contaminated sites which limit and affect the degradation rate [50]. 

Figure 4. Schematic description of bioremediation (biostimulation) process. 1: Seawater; 2: marine sediment; 3: crude oil.
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Considerable effort has been devoted to the development of nutrient delivery systems that 
overcome the washout problems characteristic of open sea and intertidal environments; the 
use of slow release fertilizers and/or oleophilic nutrients can provide a continuous source of 
nutrients to polluted environment areas. Slow release fertilizers consist typically of inorganic 
nutrients in solid form coated with a hydrophobic compound like paraffin or vegetable oil. 
Successful alternative that overcomes the problem of quick dilution and wash out of water-
soluble nutrients containing nitrogen and phosphorus is oleophilic biostimulants. The appli-
cation of N and P sources in oleophilic form is considered to be the most effective nutrient 
application method, since oleophilic additives remain dissolved in the oil phase and thus are 
available at the oil-water or oil-sediment interface where they enhance bacterial growth and 
metabolism [43, 51].
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Temperature has a considerable effect on the ability of microorganisms to degrade hydro-
carbons. At high temperatures, solubility, bioavailability, hydrocarbons distribution and dif-
fusion rate increase, which promote the microbial biodegradation ability and enhance the 
biodegradation rate. On the other hand, very high temperature decreases oxygen solubility 
and limits the aerobic microbial biodegradation [52, 53].

Beside, Boopathy [34] confirmed that the degradation of pollutant in mesophilic temperatures 
is better and more efficient than the degradation at very low or high temperatures. However, 
it was reported that microorganisms are able to metabolize PAHs at extreme temperatures: 
for example, a high degradation rate of PAHs occurred in seawater at low temperatures (low 
as 0°C) and at 50°C [54]. Bargiela et al. [55] confirmed the correlation between the relative per-
centage of genes encoding enzymes participating in the biodegradation and temperature in 
oil-polluted sites along the coastlines of the Mediterranean Sea. The authors proved that low 
temperature increases bacterial richness with decreasing catabolic diversity. The relative per-
centage of gene sequences encoding enzymes for biodegradation ranged from 0.56 to 1.30% in 
low temperature (<3°C), whereas this number increased with site temperature 5.6-fold higher 
in the moderately warmer sites (from 13 to 26.5°C) [55].

6.3. Oxygen limitations

The initial steps in the catabolism of aliphatic, cyclic and aromatic hydrocarbons by bacteria 
and fungi involve the oxidation of the substrate by oxygenases for which molecular oxygen 
is required. Although anaerobic biodegradation has been shown to occur in different ecosys-
tems including marine environments, its ecological significance has been generally considered 
to be minor and the biodegradation rate is rather low [24]. Conditions of oxygen limitation 
normally exist in aquatic sediments and soils. Oxygen depletion can occur in the presence of 
easily utilizable substrates that increase microbial oxygen consumption. In several instances, 
the concentration of dissolved oxygen can be close to zero leading to practically zero aerobic 
biodegradation rates. Although oxygen can be successfully delivered (in various forms) to 
hydrocarbon-contaminated soils and groundwater, enhancing biodegradation rates, this is 
not the case in marine environments as it is very difficult to implement such technologies 
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in the field. Tilling is essentially the only option in aerating the top layers of contaminated 
sediments during low tide [34, 48]. Thus, oxygen represents a very significant and potentially 
factor which limit the rate of hydrocarbon degradation.

6.4. pH

pH varies less in aquatic environments and most bacteria and fungi capable of degrading 
hydrocarbon require a neutral pH [52, 53]. In general, microbial activity is influenced by 
extremely low or high pH [53]. According to Bamforth and Singleton [48], 40% of phenan-
threne degradation was observed for Burkholderia cocovenenans at pH 5.5. However, the deg-
radation at neutral pH in the same conditions was 80%. Additionally, Leahy and Colwell [53] 
reported that microbial degradation of naphthalene decreased at pH 5.0 compared to the 
highest rate of degradation observed at pH 7. Moreover, other reports described the efficiency 
of some microorganisms, such as Pseudomonas, to degrade hydrocarbon at alkaline pH [48]. 
A degradation of PAH in acidic contaminated environment (pH 2) by indigenous microor-
ganisms was reported [54]. The adequate pH depends on microorganisms to be used for the 
bioremediation.

6.5. Bioavailability of hydrocarbon

The bioavailability is defined as the rate of substrate mass transfer into the microbial cells. It 
is considered as one of the most determinant parameters regarding hydrocarbon degradation 
rate. PAHs are characterized by a low bioavailability due to their low aqueous solubility. That 
is the reason why they are reported to be resistant to the degradation process and persistent 
in the environment [24]. Unsuccessful remediation of PAH-contaminated sites was reported 
due to the low bioavailability of PAHs [24]. It has been reported that bioavailability of hydro-
carbon decreases with time [24]. Although the photo-oxidation increased the biodegradation 
of petroleum hydrocarbon by increasing its bioavailability which promote microbial activi-
ties [56]. Hydrocarbon and particularly PAHs become more bioavailable when they are dis-
solved or evaporated [27]. The bioavailability of pollutant in contaminated environment may 
be increased by the application of surfactants.

7. Distribution of hydrocarbon-degrading microorganisms

Oil spill in the marine environment can be highly toxic to the marine microbial communities. 
However, a part of these communities resist to this type of pollution and are able to metabo-
lize the pollutant.

Several studies have revealed a huge diversity of microorganisms (bacteria, fungi, archaea 
and algae), which were isolated from contaminated environments and were able to degrade 
hydrocarbons. Recent research reported that 79 bacterial, 9 cyanobacterial, 103 fungal and 14 
algal are able to use hydrocarbons as a sole source of carbon and energy [39]. Moreover, in the 
marine environment, at least 25 bacterial genera of hydrocarbon degrader were found [57].
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Bacteria are the most important and abundant group known for hydrocarbon degradation.

However, there is a class of bacteria that uses exclusively hydrocarbons as substrates and has 
been characterized as obligate hydrocarbonoclastic bacteria (OHCB) [39, 58, 59]. This group 
is present at low or undetectable levels in marine environment before a contamination with 
hydrocarbon. Hydrocarbon-degrading microorganisms are widely distributed and ubiqui-
tous in marine environment especially after a contamination with hydrocarbons. Their num-
ber and activity increase and can represent 100% of the total microbial community. However, 
they can be found in non-contaminated environment but in very small proportion which can 
represent 0.1% of the total microbial community [53, 60, 61].

Based on microbial isolation and cultivation from hydrocarbon-contaminated environment, 
several microorganisms were isolated and characterized. However, this method can detect 
only 1–2% of the most dominant microbial species and only a small fraction of those com-
munities are able to be cultivated [62]. In addition, different molecular approaches were used 
to study the composition and the structure of the bacterial community in different environ-
ment such as denaturing gradient gel electrophoresis (DGGE), terminal restriction fragment 
length polymorphism (T-RFLP), automated ribosomal intergenic spacer analysis (ARISA) and 
16SrRNA gene clone libraries [62–64].

With recent advances in genomics and sequencing technologies, more techniques based on 
high throughput sequencing of DNA (next generation sequencing technologies) are improved 
in metagenomic studies (Figure 5).

Figure 5. Schematic diagram explaining the different microbial hydrocarbon degradation strategy for bioremediation.
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reported that microbial degradation of naphthalene decreased at pH 5.0 compared to the 
highest rate of degradation observed at pH 7. Moreover, other reports described the efficiency 
of some microorganisms, such as Pseudomonas, to degrade hydrocarbon at alkaline pH [48]. 
A degradation of PAH in acidic contaminated environment (pH 2) by indigenous microor-
ganisms was reported [54]. The adequate pH depends on microorganisms to be used for the 
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is considered as one of the most determinant parameters regarding hydrocarbon degradation 
rate. PAHs are characterized by a low bioavailability due to their low aqueous solubility. That 
is the reason why they are reported to be resistant to the degradation process and persistent 
in the environment [24]. Unsuccessful remediation of PAH-contaminated sites was reported 
due to the low bioavailability of PAHs [24]. It has been reported that bioavailability of hydro-
carbon decreases with time [24]. Although the photo-oxidation increased the biodegradation 
of petroleum hydrocarbon by increasing its bioavailability which promote microbial activi-
ties [56]. Hydrocarbon and particularly PAHs become more bioavailable when they are dis-
solved or evaporated [27]. The bioavailability of pollutant in contaminated environment may 
be increased by the application of surfactants.

7. Distribution of hydrocarbon-degrading microorganisms

Oil spill in the marine environment can be highly toxic to the marine microbial communities. 
However, a part of these communities resist to this type of pollution and are able to metabo-
lize the pollutant.

Several studies have revealed a huge diversity of microorganisms (bacteria, fungi, archaea 
and algae), which were isolated from contaminated environments and were able to degrade 
hydrocarbons. Recent research reported that 79 bacterial, 9 cyanobacterial, 103 fungal and 14 
algal are able to use hydrocarbons as a sole source of carbon and energy [39]. Moreover, in the 
marine environment, at least 25 bacterial genera of hydrocarbon degrader were found [57].
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Bacteria are the most important and abundant group known for hydrocarbon degradation.

However, there is a class of bacteria that uses exclusively hydrocarbons as substrates and has 
been characterized as obligate hydrocarbonoclastic bacteria (OHCB) [39, 58, 59]. This group 
is present at low or undetectable levels in marine environment before a contamination with 
hydrocarbon. Hydrocarbon-degrading microorganisms are widely distributed and ubiqui-
tous in marine environment especially after a contamination with hydrocarbons. Their num-
ber and activity increase and can represent 100% of the total microbial community. However, 
they can be found in non-contaminated environment but in very small proportion which can 
represent 0.1% of the total microbial community [53, 60, 61].

Based on microbial isolation and cultivation from hydrocarbon-contaminated environment, 
several microorganisms were isolated and characterized. However, this method can detect 
only 1–2% of the most dominant microbial species and only a small fraction of those com-
munities are able to be cultivated [62]. In addition, different molecular approaches were used 
to study the composition and the structure of the bacterial community in different environ-
ment such as denaturing gradient gel electrophoresis (DGGE), terminal restriction fragment 
length polymorphism (T-RFLP), automated ribosomal intergenic spacer analysis (ARISA) and 
16SrRNA gene clone libraries [62–64].

With recent advances in genomics and sequencing technologies, more techniques based on 
high throughput sequencing of DNA (next generation sequencing technologies) are improved 
in metagenomic studies (Figure 5).

Figure 5. Schematic diagram explaining the different microbial hydrocarbon degradation strategy for bioremediation.
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These hydrocarbonoclastic bacteria are of great importance since they belong to the key 
players in oil removal from contaminated marine sites. Among these OHCB, Alcanivorax, 
Marinobacter, Thallassolituus, Cycloclasticus and Oleispira are the most representative genera 
and they play a key role in the degradation of hydrocarbons [65]. As described in Figure 6, 
bacteria, which are able to degrade saturated and polycyclic aromatic hydrocarbons, were 
presented by red and blue, respectively, whereas the green organism is able to degrade dioxin 
compounds. The organisms shown in black color in Figure 6 are able to degrade both satu-
rated and PAH.

Among obligate hydrocarbonoclastic bacteria, Alcanivorax borkumensis is ubiquitous in hydro-
carbon-polluted marine environment. This strain is able to metabolize linear and branched 
alkanes, but unable to degrade aromatic hydrocarbons [66, 67]. Thallassolituus oleivorans is 
highly specialized to degrade aliphatic hydrocarbons from C7 to C20 carbons [68]. Also, 
Oleiphilus and Oleispira are well known in the degradation of aliphatic hydrocarbons [58]. 
Whereas Cycloclasticus is reported to mineralize various PAHs such as naphthalene, phen-
anthrene, anthracene, pyrene and fluorene [69]. Marinobacter strains are able to degrade 

Figure 6. A phylogenetic tree of the distribution of hydrocarbon-degrading bacteria based on 16S rDNA partial sequences 
for type strains using MEGA 6.06. 16S rRNA sequence accession numbers of the reference type strains are indicated in 
parentheses. Microorganisms* showed obligate hydrocarbonoclastic bacteria.
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hydrocarbon compounds efficiently [70]. Other non-obligate hydrocarbonoclastic bacteria 
have been described for their abilities to degrade different classes of hydrocarbons and were 
isolated from oil-contaminated environment. Among this group, able to degrade PAHs, we 
distinguish Pseudomonas, Marinomonas, Halomonas and Micrococcus. Moreover, Acinetobacter 
and Sphingomonas are well described in the degradation of aliphatic compounds [58].

Several studies reported that the efficiency of biodegradation ranged from: 6 to 82%, 0.13 to 
50% and 0.003 to 100%, respectively, by fungi, soil bacteria and marine bacteria [71].

Among fungi, genera affiliated to Amorphoteca, Neosartorya, Talaromyces, Aspergillus and 
Graphium are able to degrade hydrocarbon. In addition, various studies reported the effi-
ciency of hydrocarbon degradation by yeast belonging to Candida lipolytica, Rhodotorula muci-
laginosa, Geotrichum sp. and Trichosporon mucoides [71].

Since crude oil is a complex mixture of hydrocarbon and individual microorganism is able 
to degrade only a limited number of crude oil components, several studies reported the effi-
ciency of the degradation of crude oil by a whole consortium. It was defined as mixed cultures 
of hydrocarbon-degrading microorganism composed either by known hydrocarbon degrader 
microorganisms or by enrichment of indigenous microbial consortia. Several reports con-
firmed that the application of a consortium, with a broad enzymatic capacities to degrade 
a wide range of hydrocarbons, accelerate bioremediation treatment [33, 39, 44, 72]. A recon-
structed consortium composed by a mixture of bacteria and fungi was able to achieve a high 
degradation of petroleum based on their complimentary metabolic potentials to metabolize 
the different components [72].

8. Mechanism of hydrocarbon degradation

The trend in biodegradation of petroleum hydrocarbons rate is performed in the following 
order: n-alkanes > branched alkanes > low molecular weight aromatics > cyclic alkanes. Resin 
and asphaltenes are the most recalcitrant compounds of the petroleum hydrocarbons [73].

8.1. Alkane-degrading bacteria

Alkanes are saturated hydrocarbons composed exclusively by carbon and hydrogen atoms. 
They can be n-alkanes (linear), cycloalkanes (cyclic) or isoalkanes (branched).

The major fraction of crude oil can be composed by alkanes which constitute more than 50% 
of crude oil depending on the type and source of oil.

Various aerobic and anaerobic microorganisms possess the metabolic capacity to use alkanes 
as sole carbon source and energy. Bacteria, fungi and yeasts were reported to degrade 
alkanes. The degradation of alkane by bacteria has been extensively studied [58]. The biodeg-
radation of saturated hydrocarbons is essentially an aerobic process carried out by bacteria. 
Microorganism-degrading alkanes are widely distributed in the environment. The biodeg-
radation of n-alkanes is better known than other classes of saturated hydrocarbons. Alkane 
hydroxylase is a key enzyme involved in alkane degradation [74].
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hydrocarbon compounds efficiently [70]. Other non-obligate hydrocarbonoclastic bacteria 
have been described for their abilities to degrade different classes of hydrocarbons and were 
isolated from oil-contaminated environment. Among this group, able to degrade PAHs, we 
distinguish Pseudomonas, Marinomonas, Halomonas and Micrococcus. Moreover, Acinetobacter 
and Sphingomonas are well described in the degradation of aliphatic compounds [58].

Several studies reported that the efficiency of biodegradation ranged from: 6 to 82%, 0.13 to 
50% and 0.003 to 100%, respectively, by fungi, soil bacteria and marine bacteria [71].

Among fungi, genera affiliated to Amorphoteca, Neosartorya, Talaromyces, Aspergillus and 
Graphium are able to degrade hydrocarbon. In addition, various studies reported the effi-
ciency of hydrocarbon degradation by yeast belonging to Candida lipolytica, Rhodotorula muci-
laginosa, Geotrichum sp. and Trichosporon mucoides [71].

Since crude oil is a complex mixture of hydrocarbon and individual microorganism is able 
to degrade only a limited number of crude oil components, several studies reported the effi-
ciency of the degradation of crude oil by a whole consortium. It was defined as mixed cultures 
of hydrocarbon-degrading microorganism composed either by known hydrocarbon degrader 
microorganisms or by enrichment of indigenous microbial consortia. Several reports con-
firmed that the application of a consortium, with a broad enzymatic capacities to degrade 
a wide range of hydrocarbons, accelerate bioremediation treatment [33, 39, 44, 72]. A recon-
structed consortium composed by a mixture of bacteria and fungi was able to achieve a high 
degradation of petroleum based on their complimentary metabolic potentials to metabolize 
the different components [72].

8. Mechanism of hydrocarbon degradation

The trend in biodegradation of petroleum hydrocarbons rate is performed in the following 
order: n-alkanes > branched alkanes > low molecular weight aromatics > cyclic alkanes. Resin 
and asphaltenes are the most recalcitrant compounds of the petroleum hydrocarbons [73].

8.1. Alkane-degrading bacteria

Alkanes are saturated hydrocarbons composed exclusively by carbon and hydrogen atoms. 
They can be n-alkanes (linear), cycloalkanes (cyclic) or isoalkanes (branched).

The major fraction of crude oil can be composed by alkanes which constitute more than 50% 
of crude oil depending on the type and source of oil.

Various aerobic and anaerobic microorganisms possess the metabolic capacity to use alkanes 
as sole carbon source and energy. Bacteria, fungi and yeasts were reported to degrade 
alkanes. The degradation of alkane by bacteria has been extensively studied [58]. The biodeg-
radation of saturated hydrocarbons is essentially an aerobic process carried out by bacteria. 
Microorganism-degrading alkanes are widely distributed in the environment. The biodeg-
radation of n-alkanes is better known than other classes of saturated hydrocarbons. Alkane 
hydroxylase is a key enzyme involved in alkane degradation [74].
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Methane monooxygenase is involved in the degradation of short-chain length alkanes (C2–C4) 
[74]. The degradation of medium n-alkanes (C5–C17) was carried out via cytochrome P450 and 
monooxygenases including AlkB [73]. For the degradation of long n-alkanes > C18, multiple 
alkane hydroxylases are reported [74].

Alcanivorax spp., initially undetectable in oil-contaminated sea water, were reported to consti-
tute 90% of the whole bacterial community after nutrient addition in biostimulation treatment 
[39]. The detection of alkB genes, which encode the catalytic activity of alkane hydroxylase 
allowing the degradation of medium to long chain hydrocarbons, was also reported [74]. This 
gene was firstly discovered in Pseudomonas putida GPo1. Afterward, it was found in the major-
ity of alkane-degrading bacteria. With advanced researches, 250 alkB gene homologs were 
reported in hydrocarbonoclastic bacteria [74].

8.2. Polycyclic aromatic hydrocarbons (PAHs)

PAHs represent a class of hazardous environmental pollutants that are accumulated in the 
environment from various origins and mainly from anthropogenic activities. PAHs are pres-
ent in crude oil but in low concentrations. They are highly toxic and recalcitrant [60, 61].

Currently, there are many reports on aerobic catabolism of aromatics compounds and vari-
ous catabolic pathways were investigated. In general, we distinguish two major strategies for 
PAHs degradation in the presence and absence of oxygen [74].

Usually, the degradation of PAHs by bacteria involves mono and dioxygenase since the 
first step is the hydroxylation of the aromatic ring via a dioxygenase which is a complex of 
enzymes composed by reductase, ferredoxin and terminal oxygenase subunits. Besides, sev-
eral bacteria degrade PAHs through cytochrome P450 [24].

PAHs can be completely metabolized to carbon dioxide and water due to the presence of 
oxygen [61, 75].

The anaerobic biodegradation of PAHs is a slow process, and a few numbers of preliminary 
studies have reported the degradation pathways, catabolic genes and enzymes of this degra-
dation. Among PAHs reported for their degradation in anoxic condition, we can cite naphtha-
lene, anthracene, phenanthrene, fluorene, acenaphthene and fluoranthene [74].

9. Biosurfactant

The bioavailability of contaminants is considered as a major limit for the degradation and bio-
remediation of contaminated sites. This limit may be recovered by the use of biosurfactant pro-
duced by bacteria. Biosurfactant reduces the surface tension and facilitates the contact between 
microorganism and pollutants. Numerous studies reported the effect of biosurfactants on bio-
degradation of hydrocarbons and their industrial and commercial potentials [76, 77].

Biosurfactants are of great interest since these compounds are widely used in various fields, 
including industrial applications, agriculture, crude-oil recovery, cosmetics, pharmaceuticals, 
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detergents, food processing and textile, and in various fields of biomedicine. Therefore, these com-
pounds have advantages compared to chemical surfactant because these molecules are nontoxic, 
biodegradable and can be used under extreme conditions of temperature, pH and salinity [78–80].

Studies dealing with the biotechnological use of biosurfactants have significantly increased 
within the last years. Nowadays, with the research advance, the use of biosurfactants is being 
a potential alternative and promising tool for bioremediation.

Acinetobacter, Stenotrophomonas, Pseudomonas, Koccuria and Bacillus, isolated from hydrocar-
bon-contaminated sites in Tunisia, showed significant biosurfactant production and emulsi-
fication activities [2]. Several microorganism genera including Corynebacterium, Rhodococcus, 
Pseudomonas, Bacillus, Achromobacter and Ochrobactrum were identified as efficient biosurfactant 
producers (Table 1) [83]. Therefore, these bacteria may constitute potential candidates for bio-
remediation and can be useful for biotechnological applications. Pseudomonas has been widely 
studied for their ability to produce biosurfactants with a glycolipid structure. Rhamnolipids 
are the better characterized biosurfactants and enhanced oil recovery and bioremediation 
process [84–86]. Bacillus subtilis is known for its ability to produce lipopeptide biosurfactant 
known as surfactin, which is used in commercial application [82, 87]. Additionally, the ability 
of Brevibacillus sp. to produce biosurfactant during phenanthrene degradation and an associa-
tion between biodegradation and production of biosurfactants was shown [88]. Other report 
describes the rhamnolipids produced by Burkholderia plantarii and their application in phar-
maceutical and industries [89]. According to Bordoloi and Konwar [81], a higher solubiliza-
tion of pyrene and fluorine due to the addition of biosurfactant was observed. Rhodococcus 
erythropolis produced Trehalose lipids, biosurfactant which stimulate the solubilization of 
phenanthrene to facilitate the degradation of this hydrocarbon [90].

Types Biosurfactants Microorganisms Application References

Glycolipids Rhamnolipid Pseudomonas aeruginosa, 
Pseudomonas putida, 
Pseudomonas chlororaphis, 
Renibacterium salmoninarum

Bioremediation

Biocontrol agent

Bordoloi and 
Konwar [81] and 
Banat et al. [78]

Trehalolipid Rhodococcus, Mycobacterium, 
Corynebacterium, Gordonia, 
Arthrobacter

Bioremediation

Biocontrol agent

Banat et al. [78]

Sophorolipid Candida bombicola

Candida apicola

Bioremediation

Emulsion

Whang et al. [82]

Lipopeptides Surfactin Bacillus subtilis Biomedical 
application

Banat et al. [78]

Viscosin Pseudomonas fluorescens Banat et al. [78]

Rhodofactin Rhodococcus erythropolis

Fatty acid Fatty acid Corynebacterium lepus

Phospholipids Phospholipid Corynebacterium insidiosum

Table 1. Main types of biological surfactants, producing microorganisms and application.
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Methane monooxygenase is involved in the degradation of short-chain length alkanes (C2–C4) 
[74]. The degradation of medium n-alkanes (C5–C17) was carried out via cytochrome P450 and 
monooxygenases including AlkB [73]. For the degradation of long n-alkanes > C18, multiple 
alkane hydroxylases are reported [74].

Alcanivorax spp., initially undetectable in oil-contaminated sea water, were reported to consti-
tute 90% of the whole bacterial community after nutrient addition in biostimulation treatment 
[39]. The detection of alkB genes, which encode the catalytic activity of alkane hydroxylase 
allowing the degradation of medium to long chain hydrocarbons, was also reported [74]. This 
gene was firstly discovered in Pseudomonas putida GPo1. Afterward, it was found in the major-
ity of alkane-degrading bacteria. With advanced researches, 250 alkB gene homologs were 
reported in hydrocarbonoclastic bacteria [74].

8.2. Polycyclic aromatic hydrocarbons (PAHs)

PAHs represent a class of hazardous environmental pollutants that are accumulated in the 
environment from various origins and mainly from anthropogenic activities. PAHs are pres-
ent in crude oil but in low concentrations. They are highly toxic and recalcitrant [60, 61].

Currently, there are many reports on aerobic catabolism of aromatics compounds and vari-
ous catabolic pathways were investigated. In general, we distinguish two major strategies for 
PAHs degradation in the presence and absence of oxygen [74].

Usually, the degradation of PAHs by bacteria involves mono and dioxygenase since the 
first step is the hydroxylation of the aromatic ring via a dioxygenase which is a complex of 
enzymes composed by reductase, ferredoxin and terminal oxygenase subunits. Besides, sev-
eral bacteria degrade PAHs through cytochrome P450 [24].

PAHs can be completely metabolized to carbon dioxide and water due to the presence of 
oxygen [61, 75].

The anaerobic biodegradation of PAHs is a slow process, and a few numbers of preliminary 
studies have reported the degradation pathways, catabolic genes and enzymes of this degra-
dation. Among PAHs reported for their degradation in anoxic condition, we can cite naphtha-
lene, anthracene, phenanthrene, fluorene, acenaphthene and fluoranthene [74].

9. Biosurfactant

The bioavailability of contaminants is considered as a major limit for the degradation and bio-
remediation of contaminated sites. This limit may be recovered by the use of biosurfactant pro-
duced by bacteria. Biosurfactant reduces the surface tension and facilitates the contact between 
microorganism and pollutants. Numerous studies reported the effect of biosurfactants on bio-
degradation of hydrocarbons and their industrial and commercial potentials [76, 77].

Biosurfactants are of great interest since these compounds are widely used in various fields, 
including industrial applications, agriculture, crude-oil recovery, cosmetics, pharmaceuticals, 
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detergents, food processing and textile, and in various fields of biomedicine. Therefore, these com-
pounds have advantages compared to chemical surfactant because these molecules are nontoxic, 
biodegradable and can be used under extreme conditions of temperature, pH and salinity [78–80].

Studies dealing with the biotechnological use of biosurfactants have significantly increased 
within the last years. Nowadays, with the research advance, the use of biosurfactants is being 
a potential alternative and promising tool for bioremediation.

Acinetobacter, Stenotrophomonas, Pseudomonas, Koccuria and Bacillus, isolated from hydrocar-
bon-contaminated sites in Tunisia, showed significant biosurfactant production and emulsi-
fication activities [2]. Several microorganism genera including Corynebacterium, Rhodococcus, 
Pseudomonas, Bacillus, Achromobacter and Ochrobactrum were identified as efficient biosurfactant 
producers (Table 1) [83]. Therefore, these bacteria may constitute potential candidates for bio-
remediation and can be useful for biotechnological applications. Pseudomonas has been widely 
studied for their ability to produce biosurfactants with a glycolipid structure. Rhamnolipids 
are the better characterized biosurfactants and enhanced oil recovery and bioremediation 
process [84–86]. Bacillus subtilis is known for its ability to produce lipopeptide biosurfactant 
known as surfactin, which is used in commercial application [82, 87]. Additionally, the ability 
of Brevibacillus sp. to produce biosurfactant during phenanthrene degradation and an associa-
tion between biodegradation and production of biosurfactants was shown [88]. Other report 
describes the rhamnolipids produced by Burkholderia plantarii and their application in phar-
maceutical and industries [89]. According to Bordoloi and Konwar [81], a higher solubiliza-
tion of pyrene and fluorine due to the addition of biosurfactant was observed. Rhodococcus 
erythropolis produced Trehalose lipids, biosurfactant which stimulate the solubilization of 
phenanthrene to facilitate the degradation of this hydrocarbon [90].

Types Biosurfactants Microorganisms Application References

Glycolipids Rhamnolipid Pseudomonas aeruginosa, 
Pseudomonas putida, 
Pseudomonas chlororaphis, 
Renibacterium salmoninarum

Bioremediation

Biocontrol agent

Bordoloi and 
Konwar [81] and 
Banat et al. [78]

Trehalolipid Rhodococcus, Mycobacterium, 
Corynebacterium, Gordonia, 
Arthrobacter

Bioremediation

Biocontrol agent

Banat et al. [78]

Sophorolipid Candida bombicola

Candida apicola

Bioremediation

Emulsion

Whang et al. [82]

Lipopeptides Surfactin Bacillus subtilis Biomedical 
application

Banat et al. [78]

Viscosin Pseudomonas fluorescens Banat et al. [78]

Rhodofactin Rhodococcus erythropolis

Fatty acid Fatty acid Corynebacterium lepus

Phospholipids Phospholipid Corynebacterium insidiosum

Table 1. Main types of biological surfactants, producing microorganisms and application.
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10. Case studies of bioremediation strategies used for the 
decontamination of polluted marine environments

Numerous and different studies can be carried out, for example, as application of biore-
mediation processes in the Mediterranean Sea, however, is particularly interesting is the 
example that can be extracted from the work of Cappello et al. [91], Genovese et al. [65] and 
Fodelianakis et al. [38].

In the work of Cappello et al. [91] and Genovese et al. [65], a modular system aimed at opti-
mizing the biodegradation process was implemented and tested for the remediation of hydro-
carbon-contaminated sediments collected in Messina harbor (Italy). The system was designed 
to operate directly in the field but retains the advantages of controlled methods that do not 
impact the surrounding environment. The effects of the addition of air and/or slow-released 
fertilizer, temperature regulation and the addition of oil sorbents on the efficiency of the sys-
tem were evaluated. The abundance of the indigenous microbial communities was monitored 
for 30 days of treatment. Measures of microbial activity, biochemical oxygen demand (BOD), 
screen of functional genes, quantitative of petroleum hydrocarbon degradation and ecotoxi-
cological bioassays using the organism Corophium orientale were carried out.

The proposed system was designed according to the two needs highlighted by Nikolopoulou 
and Kalogerakis: (a) the development of low-cost oxygenation systems for aerobic bioreme-
diation of contaminated anoxic sediments and (b) the development of novel biostimulant 
methods that are nontoxic to the marine environment (Table 2).

The results showed the effect of the air injection in the development of bacterial biomass with 
an increase of bacterial population by the DAPI and MPN counts with air insufflations compar-
ing to the control (untreated sediments). The addition of nutrients and the regulation of tem-
perature enhance the degradation rate to achieve a high degradation in the shortest possible 
time. In the mesocosm system, ~70% of the total oil and linear hydrocarbons were degraded 
with the development of mesophilic bacteria. Besides, the addition of fertilizers promoted 
the degradation of crude oil improving the degradation efficiency within the 30 days of the 
treatment when >90% of n-alkanes (C15–C30) and >60% of (alkyl)naphthalenes were degraded.

However, the authors found that biostimulation treatment through nutrient amendment to 
hydrocarbon-contaminated sediments enhanced the biodegradation activity of the indige-
nous microbial community and especially hydrocarbonoclastic bacteria such as Alcanivorax, 
Marinobacter and Cycloclasticus. In fact, sediment toxicity was evaluated by ecotoxicological 
method using Corophium orientale, an endemic and widespread Mediterranean amphipod, 
used as an indicator species in toxicity of harbor sediments [94]; a decrease of toxicity in 
treated sediments was observed (~30%) comparing to untreated system (95%). Thus, the suc-
cess of the bioremediation treatment was explained by both reduction of the hydrocarbon in 
sediment and shift of toxicity.

As another example for bioremediation strategy to evaluate the effectiveness of bioaug-
mentation with allochthonous bacterial consortia in the bioremediation of oil-contaminated 
 sediments collected from a coast adjacent to an oil refinery (Elefsina bay, Greece) treated ex 
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situ by landfarming. For the bioaugmentation treatment, a bacterial consortia composed by 
hydrocarbonoclastic strains isolated from different oil-contaminated sediments collected 
from North Africa (Morocco, Tunisia, Egypt) and Red Sea (Jordan) were used. Besides, the 

Type of 
bioremediation 
treatment

Microorganisms/nutrients 
added

Type of 
contaminant

Percentage 
removal 
(%)

Duration 
(days)

References

Bioaugmentation Acinetobacter baumannii Crude oil 43 35 Adams et al. [44]

Candida tropicalis Diesel 83 120 Adams et al. [44]

Pseudomonas arthrobacter Diesel 32 32 Adams et al. [44]

Alcanivorax, Marinobacter 
Cycloclasticus and Thalassolituus

TERHC 79 14 Crisafi et al. [92]

Acinetobacter TPH 34 42 Wu et al. [93]

Alcanivorax and Thalassolituus Crude oil 70 20 Hassanshahian et al. 
[16]

Absidia. Cylindrospora Fluorene 90 12 Garon et al. [41]

A bacterial consortia Diesel 72 84 Adams et al. [44]

Biostimulation Nitrogen and phosphorus TPH 60 42 Wu et al. [93]

Inorganic nutrients KH2PO4, 
NH4Cl and NaNO3

Crude oil 80 20 Hassanshahian et al. 
[16]

Mixed of (NH4)2, SO4 and 
K2HPO4

Diesel 45 84 Adams et al. [44]

Slow release fertilizers Crude oil 90% of 
n-alkanes 
(C15–C30) 
and 60% of 
PAHs

30 Nikolopoulou and 
Kalogerakis [43]

Inorganic nutrients (KNO3 and 
K2HPO4)

Crude oil 97% of 
C12–C35 
n-alkanes 
and 45% of 
PAH

45 Nikolopoulou and 
Kalogerakis [43]

Organic nutrients (uric 
acid and lecithin) and 
biosurfactants (rhamnolipids)

n-Alkanes 97 45 Nikolopoulou et al. 
[36]

Bioaugmentation 
and biostimulation

Rhodococcus sp. and chemical 
surfactant and Tween 80

TPH 50 46 Adams et al. [44]

Pseudomonas aeruginosa, 
Bacillus subtilis and fertilizer

TPH 75 70 Adams et al. [44]

Inorganic nutrients 
+ rhamnolipids and 
autochthonous bacterial 
consortia

Crude oil 80 30 Nikolopoulou et al. 
[36]

Table 2. Example of successful bioremediation strategies.
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to operate directly in the field but retains the advantages of controlled methods that do not 
impact the surrounding environment. The effects of the addition of air and/or slow-released 
fertilizer, temperature regulation and the addition of oil sorbents on the efficiency of the sys-
tem were evaluated. The abundance of the indigenous microbial communities was monitored 
for 30 days of treatment. Measures of microbial activity, biochemical oxygen demand (BOD), 
screen of functional genes, quantitative of petroleum hydrocarbon degradation and ecotoxi-
cological bioassays using the organism Corophium orientale were carried out.

The proposed system was designed according to the two needs highlighted by Nikolopoulou 
and Kalogerakis: (a) the development of low-cost oxygenation systems for aerobic bioreme-
diation of contaminated anoxic sediments and (b) the development of novel biostimulant 
methods that are nontoxic to the marine environment (Table 2).

The results showed the effect of the air injection in the development of bacterial biomass with 
an increase of bacterial population by the DAPI and MPN counts with air insufflations compar-
ing to the control (untreated sediments). The addition of nutrients and the regulation of tem-
perature enhance the degradation rate to achieve a high degradation in the shortest possible 
time. In the mesocosm system, ~70% of the total oil and linear hydrocarbons were degraded 
with the development of mesophilic bacteria. Besides, the addition of fertilizers promoted 
the degradation of crude oil improving the degradation efficiency within the 30 days of the 
treatment when >90% of n-alkanes (C15–C30) and >60% of (alkyl)naphthalenes were degraded.

However, the authors found that biostimulation treatment through nutrient amendment to 
hydrocarbon-contaminated sediments enhanced the biodegradation activity of the indige-
nous microbial community and especially hydrocarbonoclastic bacteria such as Alcanivorax, 
Marinobacter and Cycloclasticus. In fact, sediment toxicity was evaluated by ecotoxicological 
method using Corophium orientale, an endemic and widespread Mediterranean amphipod, 
used as an indicator species in toxicity of harbor sediments [94]; a decrease of toxicity in 
treated sediments was observed (~30%) comparing to untreated system (95%). Thus, the suc-
cess of the bioremediation treatment was explained by both reduction of the hydrocarbon in 
sediment and shift of toxicity.

As another example for bioremediation strategy to evaluate the effectiveness of bioaug-
mentation with allochthonous bacterial consortia in the bioremediation of oil-contaminated 
 sediments collected from a coast adjacent to an oil refinery (Elefsina bay, Greece) treated ex 
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situ by landfarming. For the bioaugmentation treatment, a bacterial consortia composed by 
hydrocarbonoclastic strains isolated from different oil-contaminated sediments collected 
from North Africa (Morocco, Tunisia, Egypt) and Red Sea (Jordan) were used. Besides, the 

Type of 
bioremediation 
treatment

Microorganisms/nutrients 
added

Type of 
contaminant

Percentage 
removal 
(%)

Duration 
(days)

References

Bioaugmentation Acinetobacter baumannii Crude oil 43 35 Adams et al. [44]

Candida tropicalis Diesel 83 120 Adams et al. [44]

Pseudomonas arthrobacter Diesel 32 32 Adams et al. [44]

Alcanivorax, Marinobacter 
Cycloclasticus and Thalassolituus

TERHC 79 14 Crisafi et al. [92]

Acinetobacter TPH 34 42 Wu et al. [93]

Alcanivorax and Thalassolituus Crude oil 70 20 Hassanshahian et al. 
[16]

Absidia. Cylindrospora Fluorene 90 12 Garon et al. [41]

A bacterial consortia Diesel 72 84 Adams et al. [44]

Biostimulation Nitrogen and phosphorus TPH 60 42 Wu et al. [93]

Inorganic nutrients KH2PO4, 
NH4Cl and NaNO3

Crude oil 80 20 Hassanshahian et al. 
[16]

Mixed of (NH4)2, SO4 and 
K2HPO4

Diesel 45 84 Adams et al. [44]

Slow release fertilizers Crude oil 90% of 
n-alkanes 
(C15–C30) 
and 60% of 
PAHs

30 Nikolopoulou and 
Kalogerakis [43]

Inorganic nutrients (KNO3 and 
K2HPO4)

Crude oil 97% of 
C12–C35 
n-alkanes 
and 45% of 
PAH

45 Nikolopoulou and 
Kalogerakis [43]

Organic nutrients (uric 
acid and lecithin) and 
biosurfactants (rhamnolipids)

n-Alkanes 97 45 Nikolopoulou et al. 
[36]

Bioaugmentation 
and biostimulation

Rhodococcus sp. and chemical 
surfactant and Tween 80

TPH 50 46 Adams et al. [44]

Pseudomonas aeruginosa, 
Bacillus subtilis and fertilizer

TPH 75 70 Adams et al. [44]

Inorganic nutrients 
+ rhamnolipids and 
autochthonous bacterial 
consortia

Crude oil 80 30 Nikolopoulou et al. 
[36]

Table 2. Example of successful bioremediation strategies.
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biostimulation was performed with the addition of N/P in the form of KNO3/KH2PO4 to 
a final ratio of C:N:P (100:10:1). The experiments were carried out for 56 days. The result 
showed that biodegradation was mostly performed by the autochthonous degraders, while 
bioaugmentation did not enhance the remediation process.

11. Conclusion

Petroleum hydrocarbons are the most common pollutants in marine environment and the 
Mediterranean Sea is particularly endangered by hydrocarbon pollution. This pollution 
generates a great hazard to marine ecosystems. Bioremediation through bioaugmentation 
or biostimulation constitutes a promising strategy for the cleanup of oil contamination. It 
was based on the presence of catabolic genes and enzymes, which allow microorganisms 
to utilize hydrocarbons as carbon and energy source. This chapter presents an overview of 
different efficient strategies used for the decontamination of polluted marine environments. 
There are various factors that affect bioremediation efficiency such as oxygen, pH, tempera-
ture and nutrient availability. Thus, it has been confirmed that the combination of autoch-
thonous bioaugmentation and biostimulation constitutes the best and efficient strategy for 
the decontamination of petroleum-contaminated marine environment. However, further 
researches are still required to answer multiple questions to develop a successful system for 
bioremediation.
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Abstract

One of the most common chemicals involved in the soil contamination or soil pollution 
is petroleum hydrocarbons (PHs). As we know that PH-contaminated soil affects human 
health directly, such as (i) contact with soil, (ii) via inhalation of vaporized contaminants, 
and (iii) infiltration of soil contamination into groundwater aquifers used for human 
consumption. Microbiological processes play an important role in the removal of PHs 
and take advantage of the catabolic versatility of these organisms to degrade such com-
pounds either partially or completely (mineralization). Thus, the present chapter moves 
around the relationship of microorganisms with PHs. Based on this concept, this chapter 
has been designed to address the following relevant issues: How to isolate PH-degrading 
microorganisms by co-enrichment and optimized enrichment methods? How to study 
the microbial community structure by high-throughput sequencing method? What 
are the metabolic versatilities of microorganisms for degrading PHs? How to treat the 
environmental problems through biological means? What are the available ecotoxicity 
studies for the analysis of residual PHs after the microbiological treatment at the PHs-
contaminated sites? Thus, the aim of this chapter is to explain the importance of microor-
ganisms in cleaning the oil-contaminated environments.

Keywords: biodegradation, bioremediation, ecotoxicology, microorganisms, petroleum 
hydrocarbons

1. Introduction

The most common contaminant in the environment is crude oil and its derivatives. Due to 
their wide spread occurrence and severe risks they pose to human health and water bodies 
(surface as well as ground), they require intense remediation practices at the contaminated 
sites. Strictly speaking, contamination is strongly correlated with the degree of industrializa-
tion and intensity of chemical usage. All hydrocarbon compounds derived from petroleum 
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sources are generally described as total petroleum hydrocarbons (TPHs). Fuels such as petrol, 
diesel, kerosene, and lubricating oils/greases all come under the category of TPHs. Soil pol-
lution by petroleum hydrocarbons (PHs) is mainly due to oil drilling, waste disposal (oil and 
fuel dumping), and accidental spilling as may occur during activities. Crude oil and refined 
fuel spills from tanker ship accidents have caused severe damages to ecosystems in many 
parts of the world. The quantity of oil spilled during accidents has ranged from a few million 
gallons to several hundred thousand gallons [1].

Chemically, hydrocarbons seem to be simple organic substances (comprising only carbon 
and hydrogen). However, there are many kinds of compounds with different chemical and 
physical nature. Analysis of the components at the spilled sites gives lots of information about 
their diversity. For instance, at the contaminated sites, TPH compounds that have an aliphatic 
structure (i.e., straight or branched chains of carbon molecules) will behave differently from 
aromatic compounds (ringed chains of carbons). Similarly, TPH compounds that have less 
carbon molecules (short-chain compounds) will also act differently. Solubility, volatility, and 
organic partitioning coefficients are greatly influenced by the number of carbon atoms. For 
example, compounds with less than 16 carbon atoms tend to be more mobile at the spilled 
sites due to their greater solubility, volatility, and lower organic partitioning coefficients. On 
the other hand, lightweight aromatic compounds, for example, benzene is highly toxic chemi-
cal. Generally, heavy weight TPHs have opposing properties, which are readily adsorb into 
the organic fractions of soil. Another important form of PHs is polycyclic aromatic hydro-
carbons (PAHs), which are a class of chemicals that occur naturally in coal, crude oil, and 
gasoline. Basically, PAHs are neutral, nonpolar, heavy weight substances and composed of 
multiple aromatic rings. More importantly, PAHs have higher toxicity and are typically more 
persistent in the environment. They are also produced when coal, oil, gas, wood, garbage, and 
tobacco are burned. PAHs generated from these sources can bind to or form small particles 
in the air. Thus, PAHs making them of greater concern if they are released into the environ-
ment. Another important aspect of PHs is their forms or phases at the spilled site. This greatly 
depends on original composition of the source of spilled TPHs, geological and hydrogeologi-
cal conditions at the spilled sites, and the age since the spillage occurred. More often, upon 
the spillage, the majority of TPHs mass will be partitioned within the soil phase. In certain 
instances, TPHs are able to float on the surface of the water table. In this form, TPHs are 
encountered as a phase-separated liquid and are also called light nonaqueous phase liquid 
(LNAPL), which is principally due to their buoyancy. Other two important forms of TPHs at 
the spilled site are dissolved and vapor forms. A percentage of TPHs will also be dissolved 
into the groundwater or trapped as a vapor within the soil “pore-space” in the unsaturated 
zone. Fate of crude oil at the spilled site is shown in Figure 1.

Human health effects from environmental exposure to PHs are vary, principally depends on 
type and quantity of PHs. For instance, large amounts of naphthalene in air can irritate eyes 
and breathing passages. Moreover, blood and liver abnormalities were observed in workers 
who have been exposed (either skin contact or inhalation of vapors) to large amounts of naph-
thalene [2]. Several PAHs (pure or mixture) are considered to be cancer-causing chemicals. In 
well-established animal model studies, PAHs were linked to skin, lung, bladder, liver, and 
stomach cancers [3]. Adult exposure to PAHs has been linked to cardiovascular disease [4]. 
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Nevertheless, human health effects from environmental exposure to low levels of PAHs are 
unknown. Additionally, environmental impacts of PHs are numerable. There are many reports 
on the contamination of drinking water supplies by oil spillage [5]. Contamination can have 
an economic impact on tourism and marine resource extraction industries. More importantly, 
marine animals and birds exposed to oil spills are severely affected. Because of the health 
implications, less than 1% of oil-soaked birds survive, even after cleaning [6]. Additionally, 
fluctuations in body temperature, hypothermia, blindness, dehydration, impaired digestive 
process, and disorder of lungs and liver were observed in many heavily furred marine mam-
mals exposed to oil spills.

By considering all the above facts, remediation and reclamation of PH-contaminated sites 
are essentially important to protect the health of ecosystem. There are two main remedia-
tion technologies, namely ex situ and in situ methods. Ex situ methods involve excavation of 
affected soils or extraction of contaminated groundwater and subsequent treatment at the 
surface. These methods consist of soil excavation and disposal to landfill and groundwater 
“pump and treat.” In contrast, in in situ methods, the contaminated soils or groundwater are 
treated at the spill sites. These methods include but are not limited to solidification and sta-
bilization, soil vapor extraction, permeable reactive barriers, monitored natural attenuation, 
bioremediation-phytoremediation, chemical oxidation, and steam-enhanced extraction and 
in situ thermal desorption. However, the further sections of this chapter give detailed infor-
mation about microbial remediation of crude oil contaminated soil.

2. Enrichment and isolation of crude oil-degrading microorganisms

An enrichment culture is a medium with specific and known qualities that favors the growth 
of a particular microorganism. Enrichment cultures are used to increase the small number 

Figure 1. Fate of crude oil during land spillage.
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of desired microorganism to the detectable level. Enrichment cultures are often used for soil 
sample. This type of technique is very useful for the detection and isolation of PH-degrading 
microorganisms from PH-contaminated soil. Brief description of enrichment method to be 
used for the isolation of crude oil-degrading bacteria is presented below.

Two 100-mL erlenmeyer flasks containing 25 mL of mineral salt medium (MSM) are prepared 
separately, one is for the isolation of crude oil-degrading bacteria and another is used for the 
isolation of crude oil-degrading fungi. Since bacteria and fungi have been reported as prin-
cipal microorganisms of PH degradation, the information provided in this chapter is related 
to these two organisms only, unless otherwise it is stated. The composition of MSM is as 
follows (g L−1): NaCl, 5.0; KH2PO4, 5.0; (NH4)2SO4, 1.0; K2HPO4⋅3H2O, 1.0; MgSO4⋅7H2O, 0.25; 
NaNO3, 2.0; FeCl2⋅4H2O, 0.02; and CaCl2, 0.02. The pH of the medium in first and second flaks 
is adjusted to 7.2 and 5.5 for bacteria and fungi, respectively. After sterilizing the medium at 
121°C for 30 min [7], 1.0% of crude oil contaminated soil is used as an inoculum to inoculate 
the medium separately. Then the medium is enriched for 7 days at respective temperatures 
(25°C for fungi and 30°C for bacteria) and 180 rpm on the rotary shaker. The culture is enriched 
by four consecutive inoculations of 1.5-mL inoculum to 100-mL Erlenmeyer flasks containing 
25 mL of fresh MSM medium. Following enrichment, parts of the medium are plated onto 
the MSM medium containing 2.0% of agar and 1.0% of crude oil and incubated for 3–7 days 
separately for bacteria and fungi [8]. Finally, different pure colonies obtained from the plates 
are stored in the Luria-Bertani medium (bacteria) or Czapek Dox medium (fungi) with 15% 
of glycerol at −80°C until further use. Schematic representation of enrichment and isolation of 
crude oil-degrading bacteria is shown in Figure 2. However, microorganisms have also been 
enriched and isolated by using methods of various modifications. For instance, oil-degrading 
bacteria were isolated using sterile crude oil as the medium [9].

Figure 2. Enrichment and isolation of crude oil-degrading bacteria.
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3. Microbial ecology of oil fields

Knowing which organisms are present in a particular habitat is critical to research in microbiol-
ogy. Sequencing DNA enables researchers to determine which types of microbes may be pres-
ent at the site of sample collection. Nowadays, DNA-based technologies playing a major role 
in the analysis of microbial communities at the PHs or organic compounds contaminated soils, 
water, and sediments [10]. A study of genetic material recovered directly from environmental 
samples is called “metagenomics.” This field of science may also be referred to as “environ-
mental genomics,” “ecogenomics,” or “community genomics.” In early days, cultivated clonal 
cultures, early environmental gene sequencing cloned specific genes (16S or 18S rRNA genes) 
were used to produce a profile of diversity in a natural sample. A vast majority of microbial bio-
diversity had been missed by cultivation-based methods [11]. It is being frequently reported that 
the environmental samples contain more number of noncultivable microorganisms than culti-
vable one. Thus, recent studies focusing on either “shotgun” or Polymerase chain reaction (PCR) 
directed sequencing to get largely unbiased samples of all genes from all the members of the 
sampled communities [12]. Due to the ability of metagenomics to reveal the previously hidden 
diversity of microbial life and as the price of DNA sequencing continues to fall, metagenomics 
now allows microbial ecology to be investigated at a much greater scale and detail than before.

In the analysis of microbial community structure of PH-contaminated soil or sediment, the 
total chromosomal DNA is to be extracted by using one of several available commercial DNA 
kits. The extracted DNA is stored at −20°C until further use. In order to analyze the bacte-
rial community structure, 16S rRNA genes are PCR amplified from the bulk DNA by using 
PCR reaction mixture. The volume of the PCR mixture is usually 20–50 µL, which contains 
template DNA, universal primers (e.g., 27F/1492R), each of four dNTPs, polymerase enzyme 
buffer, and polymerase enzyme (Taq or pfu polymerases). Likewise, the 16S rRNA region is 
amplified by PCR using the forward primer 27F (5-AGA GTT TGA TCC TGG CTC AG-3) and 
reverse primer 1492R (5-CGG CTA CCT TGT TAC GAC TT-3) [13]. Generally, DNA amplifi-
cation is performed under the specified cycling conditions: 1 cycle of 2 min at 94°C, then 25 
cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C, followed by a final cycle of 10 min at 
72°C. After amplification, PCR products, also called ”amplicons,” are tested by 2% agarose gel 
to confirm the specific length of DNA amplicons. Furthermore, these amplicons are purified 
for sequencing purpose. Nowadays, gel extraction and purifications combo kits are available 
commercially. These kits have ability to perform both a gel extraction and a purification of 
amplicons in a single step. In the case of fungal community structure analysis, ITS (internal 
transcribed spacer) regions of their whole DNA are amplified by using ITS1 and ITS2 primers. 
Finally, purified PCR products are used for sequencing purpose.

There are several high-throughput methods (formerly “next-generation”) available for sequenc-
ing the genome. These methods include massively parallel signature sequencing (MPSS), pol-
ony sequencing, 454-Pyrosequencing, Illumina (Solexa) sequencing, SOLiD sequencing, Ion 
Torrent semiconductor sequencing, DNA nanoball sequencing, Heliscope single-molecule 
sequencing, single-molecule real-time (SMRT) sequencing, and nanopore DNA sequencing. 
Comparison of selective high-throughput sequencing methods [14, 15] is shown in Table 1.
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Finally, purified PCR products are used for sequencing purpose.
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Once sequences are ready, they are analyzed using different bioinformatics tools (Figure 3). 
For instance, QUIIME software package (Quantitative insights into microbial ecology) [16] 
is used to analyze the sequences. More often, Basic Local Alignment Search Tool (BLAST) 
program of the National Centre for Biotechnology Information (NCBI, https://www.ncbi.nlm.
nih.gov/) is used to search and identify the closest species. In-house Perl Scripts are used to 
analyze alpha- and beta-diversities within and among the samples, respectively. In addition to 
these, QUIIME software package (http://qiime.org/) and UPARSE pipeline (http://drive5.com-/
uparse/) are used to analyze the reads and pick operational taxonomic units (OTUs). Then, 
sequences are assigned to OTUs at particular percent similarity. UPARSE is a method for gen-
erating clusters (OTUs) from next-generation sequencing reads of marker genes such as 16S 
rRNA, the fungal ITS region and the COI gene. Finally, representative sequence for each OUT 
is picked, and RDP (Ribosomal database project) classifier [17] is used to assign taxonomic 
data to each representative sequence. RDP provides quality-controlled, aligned, and anno-
tated bacterial and archaeal 16S rRNA gene sequences and fungal 28S rRNA gene sequences 
and a suite of analysis tools to the scientific community. Finally, Simpsons Index of Diversity 
[18, 19] is used to define the community structure. Simpson's Index of Diversity = 1 − D:

  D  =  ∑ n  (  n − 1 )    / N  (  N − 1 )     (1)

where n = total number of organisms of a particular species and N = total number of organ-
isms of all species. More recently, in Ref. [20] researchers have studied and reported about the 
microbial community structure in crude oil-contaminated seawaters by using bioinformatics 
tools such as QUIIME, UPRASE, and RDP.

Method Read length Accuracy Time per run Cost per 1 
million base 
pairs in US$

Advantages Disadvantages

Chain 
termination 
(Sanger)

400–900 bp 99.9% 20 min–3 h 2400 Long 
individual 
reads, useful 
for many 
applications

More 
expensive, 
time-
consuming 
step of PCR

Pyro-
sequencing

700 bp 99.9% 24 h 10 Long read 
size, fast

Runs are 
expensive, 
homopolymer 
errors

Ion 
semiconductor 
(Ion Torrent)

400 bp 98% 2 h 1 Less expensive 
equipment, 
fast

Homopolymer 
errors

Sequencing 
by synthesis 
(Illumina)

HiSeq 2500: 
50–500 bp

99.9% 1–11 d 0.05–0.15 Potential for 
high sequence 
yield

Very 
expensive 
equipment 
requires high 
concentrations 
of DNA

Table 1. Comparison of selective high-throughput sequencing methods.
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4. Microbial degradation of PHs

Biodegradation is the disintegration of materials by bacteria, fungi, or other biological means. 
Substances to be degraded by microorganisms are generally organic materials. Materials in 
organic nature are degraded aerobically with oxygen or anaerobically without oxygen. More 
often, organic materials are the good nutrient sources for microorganisms. Since there is a large 
diversity in the microorganisms, a huge range of compounds are biodegraded, including hydro-
carbons (e.g., oil), polychlorinated biphenyls (PCBs), PAHs, pharmaceutical substances, etc.

In most of the studies, microbial groups such as bacteria, yeast, and fungi have been identi-
fied as principal agents in the degradation of PHs, even though their degradation efficien-
cies are varying. However, bacteria are the most active and primary degraders of spilled oil 
in the environment [21], and some of them are known to grow exclusively on PHs as their 
sole carbon and energy source. In one of our recent investigations, we isolated two bacterial 
strains (Bacillus thuringiensis strain B3, B. cereus strain B6) from Ecuadorian oil fields, they 
grew exclusively in MSM containing 1% diesel as their carbon source [22]. So far, several 
bacterial genera, namely, Acinetobacter, Aeromicrobium, Alcaligenes, Bacillus, Brevibacterium, 
Burkholderia, Corynebacterium, Dietzia, Flavobacterium, Gordonia, Micrococcus, Mycobacterium, 
Pseudomonas, Sphingomonas, etc., isolated from petroleum contaminated soil proved to be the 
potential organisms for PHs’ degradation [23, 24]. Similarly, several fungal genera  isolated 

Figure 3. Schematic representation of microbial community analysis of crude oil-polluted soil by using high throughput 
sequencing methods.
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from PH-contaminated soils, and reported as PH degraders. They include Amorphoteca, 
Aspergillus, Candida, Cochliobolus, Fusarium, Graphium, Neosartorya, Penicillium, Phaenerochaete, 
Pichia, Pseudallescheria, Talaromyces, and Yarrowia [24–27]. Recently, we found two indigenous 
fungal strains in Ecuadorian oil fields, they were belonging to the genus Geomyces, which 
could remove 77–80% of crude oil in medium and soil experiments, respectively [28]. In Ref. 
[29], researchers found 30% removal of crude oil by immobilized bacterial cells. In a more 
recent laboratory-based study, Pseudomonas sp. has removed 74% of PHs from the crude oil 
sludge in 7 days [30].

In the natural environment, biodegradation of crude oil involves a succession of species within 
the consortia of the present microbes. Impact of a microbial consortium on a contaminant is 
always much higher than by an individual organism. A single species can metabolize only a 
limited range of hydrocarbon substrates. Instead, a consortium of many different bacterial and/
or fungal species, with broad enzymatic capacities, can degrade the maximum amount of con-
taminant. So far, several studies focused on the microbial degradation of PHs [8, 22, 31–34]; 
these studies reported that the microorganisms possess specific enzyme systems that enable 
them to degrade and utilize hydrocarbons as their sole carbon and energy sources [35]. Another 
important aspect is the production of biosurfactants by microorganisms during PHs degrada-
tion. Biosurfactants are the extracellular surfactants of the microorganisms, play major role in 
enhancing the bioavailability of contaminant to the microorganisms.

There are many environmental factors come into action during the degradation of PHs by 
microorganisms either in vitro or in vivo. Considering the physical factors, temperature plays 
an important role in biodegradation of hydrocarbons. It acts directly by affecting the chemis-
try of the pollutants, physiology, and diversity of the microbial flora. The highest degradation 
rates can be seen in the range of 30–40°C, 20–30°C, 15–20°C in soil, freshwater, and marine 
environments, respectively [36, 37]. Similar to above findings, members of Geomyces have 
shown optimum sporulation rates at 25°C on the medium containing either diesel or crude oil 
[28]. Another considerable factor that influences the microbial degradation of PHs is nutrients. 
Nitrogen and phosphorous are very important elements; they influence the rate of degrada-
tion greatly. Since PHs mainly contain carbon and hydrogen, microorganisms need addi-
tional elements for their growth on PHs. Additionally, pH, concentration, type and age of the 
contaminants also play major role in influencing the degradation of PHs by microorganisms.

With respect to the aerobic and anaerobic environments, nevertheless, the most rapid and 
complete degradation of the majority of organic pollutants is principally achieved under 
aerobic conditions. The susceptibility of hydrocarbons to microbial degradation can be gener-
ally ranked as follows: linear alkanes > branched alkanes > small aromatics > cyclic alkanes 
[38]. Some compounds, such as the high molecular weight polycyclic aromatic hydrocarbons 
(PAHs), may not be degraded at all [39]. Several microbial enzymes have been identified as 
important agents in the degradation of PHs. For instance, oxygenases [40], monooxygenases 
[41], dioxygenases [42], and hydrolases [43] were among them.

The most widely used technique for the detection of residual PHs during microbial degrada-
tion is gas chromatography-flame ionizing detection (GC-FID). Helium or hydrogen or nitro-
gen is used as inert carrier gas in gas chromatography. Carrier gas carries the gaseous mixture 
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or aqueous liquids with boiling points < 400°C, which are to be analyzed. Analysis takes place 
in a capillary column onto a detector. This allows better resolution of components in com-
plex mixtures. This method determines the content of TPHs in the range C10─C40 (n-alkanes), 
from solids including soils and wastes. GC-FID is used for both quantitative and qualitative 
applications with detection limits of 10 mg TPHs per kg soil. There is another method in 
which GC is coupled with mass spectroscopy called GC-MS. MS is described as a universal 
detector because of its versatility in the measurement of TPHs and PAHs. Another analytical 
method is available for the characterization of PHs, called infrared spectroscopy (IR). In this 
method, a spectrum is produced with stretching and bending vibrations associated with a 
molecule when it absorbs energy in the IR region of the electromagnetic spectrum. The spec-
tra of hydrocarbon derivatives originate mainly from combinations or overtones of the C─H 
stretching modes of saturated CH2 and terminal ─CH3 or aromatic C─H functional groups. 
Thus, IR-based detection is very helpful the elucidation of functional groups of residual and 
parent PHs during microbial degradation. More recently, in Ref. [44], TPHs in a biopile sys-
tem of crude oil-contaminated dessert soil were measured by using “in-house” gravimetric 
and Fourier transform infrared spectroscopy (FTIR) methods.

5. Bioremediation

Removal or neutralization of pollutants from a contaminated site by using organisms is called 
bioremediation. It is one type of waste management technique. Principally, hazardous sub-
stances are broken down to less toxic or nontoxic substances by organisms. Bioremediation 
technologies have different approaches. In one kind of approach, the bioremediation process 
can be either in situ or ex situ. The in situ approach involves treating the contaminated soil 
or water at the site of contamination, whereas the ex situ approach involves the removal of 
contaminated materials to be treated elsewhere. There is another kind of approach in the 
bioremediation process in which bioremediation can be achieved either by biostimulation 
or bioaugmentation. Biostimulation is a widely used approach, which involves stimulating 
naturally occurring microbial communities, either by nutrients or other needs (such as pH, 
moisture, aeration, electron donors, electron acceptors, etc.), to break down a contaminant. In 
bioaugmentation, organisms selected for high degradation efficiencies are used to inoculate 
the contaminated site. Most widely used bioremediation methods are shown in Figure 4.

Figure 4. Types of bioremediation techniques.
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or aqueous liquids with boiling points < 400°C, which are to be analyzed. Analysis takes place 
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or water at the site of contamination, whereas the ex situ approach involves the removal of 
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or bioaugmentation. Biostimulation is a widely used approach, which involves stimulating 
naturally occurring microbial communities, either by nutrients or other needs (such as pH, 
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bioaugmentation, organisms selected for high degradation efficiencies are used to inoculate 
the contaminated site. Most widely used bioremediation methods are shown in Figure 4.

Figure 4. Types of bioremediation techniques.
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5.1. Land farming

Land farming is the simplest method, which is inexpensive and requires less equipment 
(Figure 5a). It can be used either in the form of ex situ or in situ mode. The in situ or ex situ 
type of land farming method is applied when pollutant lies <1 or >1.7 m below the ground 
level, respectively [45]. Land farming consists of careful application of excavated polluted 
soil on a fixed layer of support above the ground surface. This allows the aerobic biodegrada-
tion of pollutant by autochthonous (indigenous) microorganisms. The major activities of land 
farming are soil tillage, which brings about aeration, addition of N-P-K fertilizers, and irri-
gation. Expectedly, all such operations greatly stimulate the indigenous microorganisms to 
enhance bioremediation during land farming. Practically, at the field level, this method is giv-
ing encouraging results. For instance, a land farming-based field trial experiment conducted 
in Canada for 3 years, where there was 80% removal of diesel contaminant from the soil [46].

5.2. Biopile

In this approach, there is above-ground piling of excavated polluted soil followed by amend-
ments (nutrients and aeration) (Figure 5b). The remediated soil is placed in a liner to prevent 
further contamination of the soil, they may also be covered with plastic to control runoff, evapo-
ration, and volatilization. This technique is widely used in nowadays due to easy controlling of 
nutrients, aeration, and temperature [47]. When the biopile system was combined with bioaug-
mentation and biostimulation approaches, >90% of TPHs were reduced in PH-contaminated 
soil in 94 days [48]. Nevertheless, the biopile system has its own disadvantages, such as con-
serve much space, robust engineering, cost or maintenance, and operation, lack of power sup-
ply at remote areas, heat generation resulted in the decreased microbial activities. Periodic 
turning (to enhance the aeration and subsequent hike in the biodegradation activities) of piled 
polluted soil is the principle of another bioremediation method called ”windrows.”

5.3. Bioreactor

A bioreactor is a vessel in which contaminated materials are converted to specific product(s) 
following series of biological reactions. There are different operating modes of bioreactor, 
such as batch, fed-batch, sequencing batch, continuous, and multistage. Polluted samples can 
be fed into a bioreactor either in the form of solid or slurry. One of the major advantages of 
bioreactor-based bioremediation is excellent control of bioprocess parameters such as temper-
ature, pH, agitation and aeration rates, and substrate and inoculum concentrations. Another 
advantage of bioreactor is that it can be used for the treatment of either polluted water or soil. 
In a practical application of stirred tank bioreactor (2.5 L), 82–97% of TPHs were removed 
from crude oil-polluted sediment [49]. Yet, bioreactor-based bioremediation is not a full-scale 
practice due to several reasons. This approach is cost ineffective, because volume of polluted 
sample to be treated may be too large, requiring more manpower, capital, and safety mea-
sures for transporting the samples to the treatment site. Another disadvantage is due to sev-
eral bioprocess parameters or variables of a bioreactor, if any parameter that is not properly 
controlled at optimum, this in turn will reduce microbial activities and will make process less 
effective. In addition to these, pollutants are likely to respond differently to different bioreac-
tors. Thus, it is difficult to design a specific reactor for every pollutant.
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5.4. Composting

Composting is a process of piling contaminated-soil along with organic substances such as 
manure, yard waste, or food-processing wastes. These are often added to supplement the 
amount of nutrients and readily degradable organic matter in soil. Stimulation of microbial 

Figure 5. Bioremediation methods—(a) landfarming, (b) biopile, (c) bioventing, (d) bioslurping, and (e) biosparging.
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practice due to several reasons. This approach is cost ineffective, because volume of polluted 
sample to be treated may be too large, requiring more manpower, capital, and safety mea-
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growth by added nutrients results in effective biodegradation in a relatively short period of 
time. Efficiency of compositing in the removal of PHs from soil has been tested practically by 
using several lab- and field-scale studies. For instance, 85% reduction in diesel content was 
reached when a soil spiked with diesel oil was mixed with biowaste (vegetable, fruit, and 
garden waste) at a 1:10 ratio (fresh weight) and composted in a monitored composting bin 
system for 12 weeks [50].

5.5. Natural attenuation

Reduction of concentration and amount of pollutants at contaminated sites by natural process 
is called “natural attenuation.” It can also be termed as intrinsic remediation, bioattenuation, 
and intrinsic bioremediation. In the process of natural attenuation, contaminants are left on 
the site and the naturally occurring processes are left to clean up the site. Several processes 
are come into action during natural attenuation. For example, biological degradation, vola-
tilization, dilution, dispersion, dilution of the contaminant and sorption of the contaminant 
onto the organic matter, and clay minerals in the soil. It is mainly used to remediate the con-
taminated aquifer when the contamination source has been removed. In particular, it is used 
for benzene, toluene, ethylbenzene, and xylene (BTEX) and more recently for chlorinated 
hydrocarbons. Other contaminants that could potentially be remediated by natural attenua-
tion include pesticides and inorganic compounds. The success of natural attenuation greatly 
depends on the subsurface geology, hydrology, and microbiology. Major disadvantages of 
natural attenuation are as follows: (i) it is relatively very slow process, since it is nonengi-
neered biodegradation process; (ii) long-term monitoring is an absolute necessity since there 
must be no risk to the environment and to humans.

5.6. Bioventing

Bioventing is an in situ remediation technology, it is used to treat the contaminated ground-
water system (Figure 5c). However, recently, this technique has also been used to remedi-
ate contaminated soil. Bioventing enhances the activity of indigenous microorganisms and 
stimulates the natural in situ biodegradation of hydrocarbons by inducing air or oxygen flow 
(by direct air injection), and nutrients into the unsaturated zone. In a field-level application of 
bioventing process for cleaning the phenanthrene-contaminated soil, in Ref. [51], researchers 
observed 93% contaminant removal after 7 months.

5.7. Bioslurping

Bioslurping is a unique in situ technique, is a combination of bioventing and vacuum-
enhanced pumping, and is used to bioremediate soils and water (Figure 5d). Principle of this 
method is pumping or separation of free-product that is lighter than water (light nonaqueous 
phase liquid or LNAPL) to recover free product from the groundwater and soil. The bioslurp-
ing system uses a “slurp” tube that extends into the free-product layer; the pump draws liq-
uid (including free-product) and soil gas up the tube in the same process stream. Thus, slurp 
is much similar to a straw in a glass draws liquid. The pumping mechanism brings about 
upward movement of LNAPLs to the surface, where it becomes separated from water and 
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air. Once free products (contaminants) are separated, there is final treatment of contaminants 
by a conventional bioventing system to complete remediation process. This technique is cost 
effective because only a small amount of groundwater and soil vapor are pumped at a time, 
therefore the treatment plant used to treat the vapor and free product can be small.

5.8. Biosparging

It is also another in situ remediation technique. In biosparging, like bioventing, there is injec-
tion of air into soil subsurface to stimulate microbial activities in order to promote pollutant 
removal from polluted sites (Figure 5e). However, unlike bioventing, air is injected at the 
saturated zone. This causes upward movement of volatile organic compounds to the unsatu-
rated zone to promote biodegradation. Biosparging has been widely used in treating aquifers 
contaminated with petroleum products, especially diesel and kerosene. This technique has 
shown effective results when applied to contaminated ground water. Practically, biosparging 
was used to clean benzene, toluene, ethylbenzene, and xylene (BTEX)-contaminated ground 
water, where they observed >70% reduction in BTEX [52].

5.9. Ecotoxicology

Ecotoxicology is the study of the effects of toxic chemicals on biological organisms, espe-
cially at the population, community, ecosystem levels. With regard to the present contest, 
ecotoxicity tests are conducted after the completion of bioremediation experiments. Toxicity 
of residual PHs and/or their products of microbial degradation present in the soil samples are 
tested though the survival, growth, behavior, and reproductions of organisms. Hence, bioas-
says can serve as a complementary tool in environmental risk assessment of bioremediated 
places, which help to determine whether the contaminant concentration at remediated sites is 
high enough to cause adverse effects on organisms. Frequently used toxicity tests are shown 
in Figure 6.

5.10. Earthworm survival tests

The common earthworm species, Eisenia fetida, is used to determine acute toxicity of the 
PH-contaminated soils before, during and after bioremediation. In this method, animals (~10) 
are placed into soil (~200 g) in 1-L wide-mouth jars with loose fitting lids. Lethal concentration-50 

Figure 6. Types of ecotoxicity tests.
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(LC50) for each soil is estimated using five concentrations of bioremediated soil (100, 50, 25, 12.5, 
6.5, and 0%) prepared with control (contaminant free) soil. The soil water content is adjusted 
as per the requirement. Surviving earthworms are counted after 14 days of incubation at room 
temperature under constant fluorescent lighting conditions. Survival percent is inversely propor-
tional to the toxicity of PHs. In a bioremediation experiment, it was found that the earthworm 
survival percentages were 28 and 100 after 4 and 12 weeks of treatment of heavy oil-contami-
nated soil [53].

5.11. Photo luminescence assay

In this method, there is a response of luminescent bacteria (Photobacterium phosphoreum) to 
residual PHs present in the treated contaminated-soils. However, this process needs special 
equipment and reagents such as Microtox analyzers and solid-phase test kits. Initially, soil 
dilutions are prepared (with Microtox diluent) and incubated for 20 min with reconstituted 
lyophilized bacteria. During the incubation, photoluminescence activity is induced in the 
bacteria (by kit reagents). Finally, activity of photoluminescence is detected by Microtox ana-
lyzer. Higher toxicity of PHs results in the lesser luminescence activity and vice versa. Photo 
luminescence assay is widely used in the bioremediation experiments. For instance, in Ref. 
[53], there was an observation of the loss of Microtox inhibiting activities by bioremediated 
soils, which were treated for 3 months.

5.12. Plant seed germination and growth

Plants depend on soil for germination and growth. Therefore, any alterations in the seed 
development may reflect the presence of toxic substances in the soil. Seed germination tests 
in ecotoxicological assays are considered short-term and evaluate acute toxicity effects. The 
effects of untreated and bioremediated oil soils are determined by using different plant spe-
cies such as corn, wheat, oat, grass, cowpea, garden cress, etc. In this method, oily and oil-free 
soils are dispensed into wood or plastic containers having sufficient number of cells. Each 
cell should accommodate approximately 100 g soil. Then, 5–10 seeds are placed 1–1.5 cm 
below the soil surface. Generally, seed cultures are exposed to 12-h light/dark cycles at a soil 
surface light intensity of 310–350 lm with fluorescent lamps. Room temperature is maintained 
at 20–23°C and around 30% soil moisture capacity is maintained by spraying the soil surface 
with water. Time and germination percentages of seeds, plant growth (mg dry weight/plant) 
are determined before and after bioremediation. In one of our most recent investigations [54], 
we observed substantial improvement in germination time and percent germination of cow-
pea seeds in bioremediated soil over control soil.

6. Summary

Taken together, details provided in this chapter would seem to suggest that microbial pro-
cesses are favorable tools for remediation of oil-contaminated sites. In this area, genome-based 
global studies are attracting widespread interest due to better understanding of metabolic and 
regulatory network, new information on the evolution of microbial degradation pathways and 
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molecular adaptability to environmental changes. Methods that we described in this chap-
ter are essentially the same as we used previously in lab- and at field-based experiments in 
Ecuador. Our research underlined the importance of native microflora (Bacillus cereus, Bacillus 
subtilis, Geomyces sp., Geomyces pannorum) of Ecuadorian amazon rainforest in degrading 
petroleum hydrocarbons and metal biosorption. The most important limitation lies in “bioaug-
mentation,” where adaptability of microorganisms to new environment is limited by multiple 
existing local environmental conditions. The findings of this study indicate that “biostimula-
tion” is practically and economically more feasible than “bioaugmentation” for cleaning the 
oil-polluted sites. Future investigation focusing on “How to improve porosity and aeration of 
the contaminated soil?” is considerably important for biostimulation-based remediation tech-
niques. Mixing of soils with rice hulls causes increased porosity and aeration. Additionally, 
soil treatment with hydrogen peroxide increases the oxygen content in the soil. Future studies 
on the current topic are therefore recommended in order to validate applicability of biostimu-
lation for cleaning the petroleum hydrocarbons-contaminated soils on a large scale.
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Abstract

Addressing major environmental issues, such as water pollution, is essential nowadays 
in realizing sustainable development. The ever-increasing world population and indus-
trial development have led to the introduction of different types of chemicals to the envi-
ronment, leading to considerable deterioration in environmental quality. A major class of 
these chemicals is phenolic compounds, which are hazardous pollutants and highly toxic 
even at low concentrations. In recent years, researchers have realized the importance 
of extracting new bacterial strains that are effective in treating different types of highly 
contaminated wastewaters at different severe conditions. They also focused considerable 
amount of research on developing new types of reactors that would provide efficient 
mixing and reduce mass transfer limitations. The aim is to develop and evaluate effective 
reactor systems and biocatalysts for the biodegradation of major contaminants in petro-
leum refinery wastewater. This chapter examines the different available options for the 
treatment of refinery wastewater with more focus on novel biotreatment options.

Keywords: biodegradation, wastewater, biotreatment, immobilization, phenols

1. Introduction

1.1. Pollution problem

Effluents from the chemical and petroleum industries contain many hazardous chemicals, 
which have resulted in the accumulation of severe environmental impacts. These effluents 
are rich in aromatic organic compounds such as polyaromatic hydrocarbons (PAHs) and 
phenolic substances that are barely degradable by nature; so they remain as a serious threat 
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Abstract

Addressing major environmental issues, such as water pollution, is essential nowadays 
in realizing sustainable development. The ever-increasing world population and indus-
trial development have led to the introduction of different types of chemicals to the envi-
ronment, leading to considerable deterioration in environmental quality. A major class of 
these chemicals is phenolic compounds, which are hazardous pollutants and highly toxic 
even at low concentrations. In recent years, researchers have realized the importance 
of extracting new bacterial strains that are effective in treating different types of highly 
contaminated wastewaters at different severe conditions. They also focused considerable 
amount of research on developing new types of reactors that would provide efficient 
mixing and reduce mass transfer limitations. The aim is to develop and evaluate effective 
reactor systems and biocatalysts for the biodegradation of major contaminants in petro-
leum refinery wastewater. This chapter examines the different available options for the 
treatment of refinery wastewater with more focus on novel biotreatment options.
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1. Introduction

1.1. Pollution problem

Effluents from the chemical and petroleum industries contain many hazardous chemicals, 
which have resulted in the accumulation of severe environmental impacts. These effluents 
are rich in aromatic organic compounds such as polyaromatic hydrocarbons (PAHs) and 
phenolic substances that are barely degradable by nature; so they remain as a serious threat 
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to the environment. They may accumulate in human and animal tissue upon long distance 
transportation. Some of these compounds like phenols are highly soluble in water and can be 
detected in wastewater in a wide range of concentration from a few milligrams per liter to as 
high as 7000 mg/l [1]. They may remain in water, and under favorable conditions, they can go 
through various reactions, such as chlorination and methylation, to produce even more harm-
ful or more recalcitrant toxic materials like chlorophenols and cresols [1]. These organic com-
pounds are among the most common forms of contaminants in industrial wastewater, and 
many of them show carcinogenic, teratogenic or mutagenic properties and were considered 
by the US Environmental Protection Agency EPA (USA) as priority pollutants. Thus, a great 
concern has been raised worldwide to remove these contaminants from industrial effluents 
before discharge into aqueous ecosystems, and it has been obligatory for industries to treat 
their wastewater effluents to ensure safe disposal to the environment.

Although collected efforts have been directed towards the replacement of fossil fuels, crude 
oil still keeps its place as a major source of energy and is expected to account for 32% of the 
world’s energy supply by 2030 [2]. Refinery processes consume large amounts of water, and 
this makes them the main source of organic contaminants in wastewaters [3–5]. It was esti-
mated that approximately 0.4–1.6 times the volume of the crude oil processed is generated 
as refinery wastewater (RWW) [2]. On the average, processing a barrel of crude oil consumes 
65–90 gallons (246–341 l) of water [6]. Therefore, the oil industry will continue to discharge 
toxic waste into the marine environment. A decreased productivity of algae (a very important 
link in the food chain) was observed for water bodies receiving these effluents [2].

Because of a rising social and political concern on the environment, this water has to be prop-
erly treated to comply with the disposal limits imposed by the environmental legislations or 
to be reused [7]. The management of wastewater represents major economical and environ-
mental challenges to most industries. Only a limited amount of work was directed to this 
topic for RWW. This chapter addresses the main concerns associated with the presence and 
treatment of organic contaminants in RWW with a focus on novel biotreatment approaches.

1.2. Sources of wastewater in petroleum refinery

Maximized benefits of crude oil are derived by processing crude oil in a refinery into a wide 
variety of products. More than 2500 refined products are produced, including liquefied petro-
leum gas, gasoline, kerosene, jet fuel, diesel fuel, lubricants, waxes and bitumen. Meanwhile, 
petrochemical industry derives its feedstock from refined products, which are transformed 
into valuable products such as plastics, synthetic materials and agro chemicals [4]. Large 
amounts of water are consumed in oil refineries for cooling systems, crude desalting, distilla-
tion, hydrotreating and during maintenance and shut down [8].

After initial fractionation, the crude passes through several treatment and conversion pro-
cesses to reach the final blending stocks. Conversion processes include thermal and catalytic 
cracking, steam reforming, isomerization, alkylation and lube oil units, whereas treatment 
processes include naphtha and gas oil desulfurization, sour water strippers and catalyst 
regeneration units [8]. The composition of RWW is highly dependent on the complexity of 
the process. Al Zarooni and Elshorbagy [8] classified refineries as either hydroskimming or 
complex. A hydroskimming refinery comprises three sub units: a distillation unit in which 
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crude oil is fractionated into various components, a reforming unit for reformate production 
and a desulfurization unit for reducing the sulfur content of some fractions such as kero-
sene and naphtha. A complex refinery incorporates a catalytic cracking unit additional to 
the hydroskimming refinery. Regardless of configuration, the waste effluent is the overall 
contribution of the units involved in crude oil processing. Al Zarooni and Elshorbagy [8] car-
ried out an extensive program for the identification of major process and utilities wastewater 
streams and quantification of these streams relative to the total wastewater generated from 
all refinery processes.

Unit Wastewater major pollutants

Crude desalting Free oil, ammonia, sulfides and suspended solids

Crude oil distillation Sulfides, ammonia, phenols, oil, chloride, mercaptans

Thermal cracking H2S, ammonia, phenols

Catalytic cracking Oil, sulfides, phenol, cyanide, ammonia

Hydrocracking High in sulfides

Polymerization Sulfides, mercaptans, ammonia

Alkylation Spent caustic, oil, sulfides

Isomerization Low level of phenols

Reforming Sulfide

Hydrotreating Ammonia, sulfides, phenol

Table 1. Major water sources in petroleum refining processes (adapted from [6]).

Parameter Value range

pH 8.3–8.9

Conductivity (ms/cm) 5.2–6.8

Total suspended solid (mg/l) 30–40

Total dissolved solid (mg/l) 3800–6200

SO4 (mg/l) 14.5–16

COD (mg/l) 3600–5300

Total phenol (mg/l) 160–185

Phenol (mg/l) 11–14

o-cresol (mg/l) 14–16.5

m, p-cresol (mg/l) 72–75

N-hexane (mg/l) 1.8–1.85

2,4- and 2,5-DCP (mg/l) 28–32

Table 2. Main characteristics of petroleum refinery wastewater (adapted from [6]).
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1.3. Characteristics of refinery wastewater

RWW is characterized by a high chemical oxygen demand (COD) [5, 6], which results from 
the overall contribution of several aliphatic and aromatic hydrocarbons, emulsified oil and 
grease and inorganic substances, including ammonia, sulfides and cyanides [6, 9, 10]. Typical 
reported levels are 300–600 mg/l for COD, 20–200 mg/l for phenol, up to 3000 mg/l for oil and 
suspended solids of more than 100 mg/l [4, 8]. However, the quantity and characteristics of 
wastewater depend on the process configuration and complexity [4]. COD levels in the range 
of 3600–5300 mg/l were also reported [6]. Table 1 summarizes the main pollutants in different 
petroleum refining units.

Typical analyses of effluents from a petroleum refinery are presented in Table 2 as ranges of 
values. More data about the characteristics of RWW can be found elsewhere [2, 5, 8, 10–13].

2. Current treatment options

In line with the quest for a cleaner environment and bylaws of environmental compliance, 
removal of organic contaminants from RWW is a challenging task for achieving a sustainable 
development.

Al Zarooni and Elshorbagy [8] reported that dilution of the wastewater with process cooling 
water serves as the main approach applied to the RWW before disposal into the sea. It was 
strongly recommended to include primary as well as secondary treatment utilities to reduce 
the pollutant concentrations below the allowable standards for marine discharge.

Traditionally, there are two basic treatment stages. The first stage is a sequence of pretreat-
ment steps, which employ mechanical and physicochemical techniques, whereas the second 
stage is an advanced treatment, which involves mainly a biological technique in the inte-
grated activated sludge unit [2, 6]. The primary treatment is crucial for the efficient and pro-
longed performance of the secondary treatment unit. It targets the reduction of suspended 
matter like oil and grease to be achieved mechanically by gravity in separation tanks and then 
by a physiochemical step. In the advanced treatment, contaminants are decreased to specific 
acceptable discharge limits. In this regard, various solutions are proposed, including elec-
trocoagulation, photocatalytic oxidation, wet oxidation, photodegradation, catalytic vacuum 
distillation, coagulation-flocculation, fenton oxidation, adsorption, microbial degradation, 
membrane bioreactor, ultrasonic degradation and chemical precipitation [5, 6].

Diya’uddeen et al. [2] and Rasalingam et al. [14] presented detailed reviews on the different 
treatment technologies for RWW, with a focus on photocatalytic degradation as an advanced 
oxidation process (AOP). AOPs have gained extensive attention due to the possibility of 
destroying a wide variety of organic substances by chemical oxidation, resulting in complete 
mineralization [2, 14]. In particular, heterogeneous photocatalysis has been demonstrated 
to be a promising efficient and cost-effective technique for RWW treatment at an advanced 
stage. However, the industrial application of this technique is greatly limited by the scarcity 
of available information in the literature [2]. Remya and Lin [15] reviewed the current status 
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of microwave application in wastewater treatment. The following sections will present a brief 
summary of the main options and highlight the main benefits and drawbacks of each option.

2.1. Electrocoagulation

Electrochemical technology has attracted great attention in recent years for wastewater treat-
ment for the many featured advantages such as environmental compatibility, versatility, 
energy efficiency, safety, easy automation, selectivity and cost effectiveness [3, 5]. Traditional 
electrochemical methods include electrocoagulation, electroflotation, electroflocculation, elec-
trochemical reduction and electrochlorination. Electrocoagulation (EC) is based on utilizing 
“sacrificed” anode, which corrodes by an applied electrical current, for in situ formation of a 
coagulant. Small dispersed particles combine into larger agglomerates which can be removed 
by precipitation, floatation or filtration. EC is efficient for removing suspended solids, oil and 
greases. The reactions occurring in an electrochemical cell with aluminum electrodes are as 
follows [9, 13]:

At the anode:

   Al   (s)    →   Al   3+    (aq) 
   +  3e   −   (1)

At the cathode:

   3H  2   O +  3e   −  → 3 / 2  H  2 (g) 
   +   3OH   −    (aq) 

    (2)

In the solution:

    Al   3+    (aq) 
   +  3H  2   O → Al   (OH)   3 (s)    +   3H   +    (aq) 

    (3)

To explain the theory, EC occurs through a sequence of steps as (i) electrolytic reactions at 
electrode surfaces, where Al ions form at the anode and hydroxyl ions are generated at the cath-
ode, (ii) in situ oxidation of Al ions followed by precipitation of aluminum hydroxide in aque-
ous phase and (iii) adsorption of soluble or colloidal contaminants on coagulants which are 
removed by sedimentation or flotation. Electrode material has a crucial role in the mechanism 
of electrocoagulation, which is also highly influenced by the chemistry of the aqueous medium, 
especially conductivity [4]. The performance of the electrochemical system is highly affected by 
the initial composition of the wastewater and the current density [9]. Treatment efficiency, in 
terms of energy and electrode consumption, is affected by the operating conditions [13].

In spite of the attraction of electrocoagulation, its application for real RWW is rather scarce 
and limited in the literature. Nevertheless, real application and related performance and 
design considerations have been addressed by a few studies [4, 5, 9, 12, 13].

2.2. Activated carbon adsorption

Adsorption using activated carbon has frequently been considered the most efficient technique 
for removing nondegradable waste pollutants, with a high adsorption capacity, flexibility 
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and simplicity of design, low operational cost and the advantage that activated carbon can 
be regenerated and reused. During the adsorption, phenol is not degraded but rather trans-
ferred from the RWW to another phase, which results in the formation of serious by-products 
(secondary pollution). As such, regeneration is essential for reusing the activated carbon and 
for the collection and reuse of the contaminant substance [14, 16]. Activated carbon is char-
acterized by a wide variety of pores. The adsorption process proceeds through a sequence of 
diffusion steps from the bulk phase into the micropores, which are thought to be the major 
adsorption sites on activated carbon. Also, the amount adsorbed was reported to be positively 
influenced by increased temperatures and decreased particle size of the adsorbent [14]. In 
adsorption, adsorbate-adsorbent interaction plays a key role. The lack of such effective interac-
tion results in only moderate adsorption capacity [14]. Adsorption isotherms are established 
by estimating uptake (or equilibrium adsorption capacity), q, calculated from the difference 
between the initial and the final phenol concentrations as follows:

  q =   
 ( C  i   −  C  f  ) V

 _______ m    (4)

where q is the uptake (mg/g), Ci and Cf (mg/l) are the pollutant initial and final concentrations, 
respectively, m is the adsorbent dosage (g) and V is the solution volume.

A wide variety of equilibrium isotherm models have been developed. However, the Langmuir 
isotherm and the Freundlich isotherm are the most commonly used. The former has been 
applied to a variety of pollutant processes, which involve homogeneous surfaces and negli-
gible interaction between the adsorbed molecules. A main assumption is an arrangement of 
monolayer adsorption on the adsorptive sites. On the other hand, the Freundlich isotherm is 
applied for nonideal and multilayer adsorption processes [14].

The high cost of commercial activated carbon has drawn attention to other alternatives. 
El-Naas et al. [16] evaluated the effectiveness of activated carbon locally prepared from date-
pits (DP-AC) for the removal of phenol from RWW. The results proved DP-AC to be a prom-
ising low-cost alternative to commercial activated carbon. Furthermore, different approaches 
were tested for the regeneration of saturated activated carbon and 86% regeneration efficiency 
could be achieved after four regeneration cycles. Effective utilization of DP-AC was also 
proved for the reduction of COD in refinery wastewater [17].

2.3. Biological processes

The conventional activated sludge process has been widely used for the removal of organic 
contaminants from RWW, in an integrated system that includes mechanical and physio-
chemical pretreatment [6]. Biological means are incapable of completely removing recal-
citrant organic material usually encountered in RWW. These obstacles may be tackled 
by bioaugmentation, which involves the introduction of robust indigenous or genetically 
modified organisms. However, a major drawback of bioaugmentation is the uncertainty 
of reproducibility when the process is transferred to a full scale due to the effects of many 
variables [2]. To enhance biodegradability, biofilm reactors have been proposed as they 
prove to be more efficient than conventional biological systems. Biological processes have 
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been identified as suitable and cost-effective method for wastewater treatment. However, 
conventional processes suffer from many different operational problems such as inhibi-
tion at high concentration of toxic substances, long retention time and/or start-up periods, 
weak tolerance to shock loads and excessive sludge formation [10]. Bacterial activity can be 
enhanced in immobilized cell reactors, which offer many advantages over suspended cell 
reactors as will be explained later [18].

Substitution of the conventional activated sludge process continues to be an attractive topic of 
research. In this regard, Viero et al. [10] treated RWW in a submerged membrane bioreactor as 
a robust process that allows operation under shock loading rates and hydraulic fluctuations. 
This is mainly a combined process that utilizes a bioreactor and a granulated activated carbon 
filter. Also great attention has been directed to anaerobic-aerobic treatments. Chan et al. [19] 
provided a detailed review of the various types of anaerobic-aerobic wastewater treatment 
techniques including the new technologies aimed at developing high rate bioreactors and 
integrated anaerobic-aerobic bioreactors. However, most of these integrated bioreactors lack 
information on industrial implementation.

2.4. Combined or integrated methods

Complete degradation of persistent organics like chlorinated phenols through biological 
means proves to be difficult due to the biorefractory nature of these compounds. So, there 
still exists a need for advanced schemes and devised combinations of treatments for the com-
plete removal of such contaminants. Pretreatment technologies are very effective in decreas-
ing the priority pollutants concentration before the biodegradation step. Several solutions are 
proposed including the use of coagulants and electrochemical oxidation, Fenton oxidation 
and ozonation [6]. Combined photochemical or electrochemical pretreatment and biological 
processes are well documented [6, 20]. In addition, the effective combination of adsorption 
and biodegradation processes has long been approached by many researchers [6, 21]. For 
example, ozonation was combined as a pretreatment step with biodegradation for the decom-
position of chlorinated phenols. Ozonation is a chemical oxidation method and its combina-
tion with a bioprocess results in less toxic compounds, thus enhancing the overall process 
efficiency and reducing the treatment time and cost. A removal efficiency of 85% could be 
achieved for 4 chlorophenol (4 CP) that initially could not be degraded in a pure biological 
step, whereas the degradation of 2,4-dichlorophenol (2,4-DCP) was improved from 40 to 87%. 
However, several issues were raised as to the high cost and lack of information on technical 
aspects of the process [22].

The combination of AOP as chemical pretreatment and biological processes was found 
particularly useful in enhancing the biodegradability and was recommended as a success-
ful technology for industrial wastewater treatment. In this context, Fenton oxidation and/or 
reductive dehalogenation were used as a pretreatment of chlorinated aromatic compounds 
before the start of the biological process [23]. The combination of microwave irradiation with 
AOPs has also been discussed in detail [15]. The choice of a pretreatment method cannot be 
generalized as it depends upon several factors, including the type of contaminants, real con-
ditions and process costs [23].
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adsorption, adsorbate-adsorbent interaction plays a key role. The lack of such effective interac-
tion results in only moderate adsorption capacity [14]. Adsorption isotherms are established 
by estimating uptake (or equilibrium adsorption capacity), q, calculated from the difference 
between the initial and the final phenol concentrations as follows:

  q =   
 ( C  i   −  C  f  ) V

 _______ m    (4)

where q is the uptake (mg/g), Ci and Cf (mg/l) are the pollutant initial and final concentrations, 
respectively, m is the adsorbent dosage (g) and V is the solution volume.

A wide variety of equilibrium isotherm models have been developed. However, the Langmuir 
isotherm and the Freundlich isotherm are the most commonly used. The former has been 
applied to a variety of pollutant processes, which involve homogeneous surfaces and negli-
gible interaction between the adsorbed molecules. A main assumption is an arrangement of 
monolayer adsorption on the adsorptive sites. On the other hand, the Freundlich isotherm is 
applied for nonideal and multilayer adsorption processes [14].

The high cost of commercial activated carbon has drawn attention to other alternatives. 
El-Naas et al. [16] evaluated the effectiveness of activated carbon locally prepared from date-
pits (DP-AC) for the removal of phenol from RWW. The results proved DP-AC to be a prom-
ising low-cost alternative to commercial activated carbon. Furthermore, different approaches 
were tested for the regeneration of saturated activated carbon and 86% regeneration efficiency 
could be achieved after four regeneration cycles. Effective utilization of DP-AC was also 
proved for the reduction of COD in refinery wastewater [17].

2.3. Biological processes

The conventional activated sludge process has been widely used for the removal of organic 
contaminants from RWW, in an integrated system that includes mechanical and physio-
chemical pretreatment [6]. Biological means are incapable of completely removing recal-
citrant organic material usually encountered in RWW. These obstacles may be tackled 
by bioaugmentation, which involves the introduction of robust indigenous or genetically 
modified organisms. However, a major drawback of bioaugmentation is the uncertainty 
of reproducibility when the process is transferred to a full scale due to the effects of many 
variables [2]. To enhance biodegradability, biofilm reactors have been proposed as they 
prove to be more efficient than conventional biological systems. Biological processes have 
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been identified as suitable and cost-effective method for wastewater treatment. However, 
conventional processes suffer from many different operational problems such as inhibi-
tion at high concentration of toxic substances, long retention time and/or start-up periods, 
weak tolerance to shock loads and excessive sludge formation [10]. Bacterial activity can be 
enhanced in immobilized cell reactors, which offer many advantages over suspended cell 
reactors as will be explained later [18].

Substitution of the conventional activated sludge process continues to be an attractive topic of 
research. In this regard, Viero et al. [10] treated RWW in a submerged membrane bioreactor as 
a robust process that allows operation under shock loading rates and hydraulic fluctuations. 
This is mainly a combined process that utilizes a bioreactor and a granulated activated carbon 
filter. Also great attention has been directed to anaerobic-aerobic treatments. Chan et al. [19] 
provided a detailed review of the various types of anaerobic-aerobic wastewater treatment 
techniques including the new technologies aimed at developing high rate bioreactors and 
integrated anaerobic-aerobic bioreactors. However, most of these integrated bioreactors lack 
information on industrial implementation.

2.4. Combined or integrated methods

Complete degradation of persistent organics like chlorinated phenols through biological 
means proves to be difficult due to the biorefractory nature of these compounds. So, there 
still exists a need for advanced schemes and devised combinations of treatments for the com-
plete removal of such contaminants. Pretreatment technologies are very effective in decreas-
ing the priority pollutants concentration before the biodegradation step. Several solutions are 
proposed including the use of coagulants and electrochemical oxidation, Fenton oxidation 
and ozonation [6]. Combined photochemical or electrochemical pretreatment and biological 
processes are well documented [6, 20]. In addition, the effective combination of adsorption 
and biodegradation processes has long been approached by many researchers [6, 21]. For 
example, ozonation was combined as a pretreatment step with biodegradation for the decom-
position of chlorinated phenols. Ozonation is a chemical oxidation method and its combina-
tion with a bioprocess results in less toxic compounds, thus enhancing the overall process 
efficiency and reducing the treatment time and cost. A removal efficiency of 85% could be 
achieved for 4 chlorophenol (4 CP) that initially could not be degraded in a pure biological 
step, whereas the degradation of 2,4-dichlorophenol (2,4-DCP) was improved from 40 to 87%. 
However, several issues were raised as to the high cost and lack of information on technical 
aspects of the process [22].

The combination of AOP as chemical pretreatment and biological processes was found 
particularly useful in enhancing the biodegradability and was recommended as a success-
ful technology for industrial wastewater treatment. In this context, Fenton oxidation and/or 
reductive dehalogenation were used as a pretreatment of chlorinated aromatic compounds 
before the start of the biological process [23]. The combination of microwave irradiation with 
AOPs has also been discussed in detail [15]. The choice of a pretreatment method cannot be 
generalized as it depends upon several factors, including the type of contaminants, real con-
ditions and process costs [23].
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3. Advantages and drawbacks of current options

Many of the aforementioned methods have been recognized as efficient techniques for the 
treatment of RWW and to offer a lot of featured advantages such as energy efficiency, safety 
and environmental compatibility [3, 13]. However, most of these physiochemical methods 
suffer from noticeable drawbacks such as high capital and operating costs. Ultimately, most of 
them do not destroy the contaminant, but rather transfer it to another phase, which results in 
the formation of harmful by-products [13, 16]. Formation of chlorinated organic compounds 
has been reported during some electrochemical applications, and activated carbon adsorption 
was recommended as a further polishing treatment to remove them [5, 12]. Also formation 
of intermediate by-products like catechol and hydroquinone was detected after ozonation of 
phenolic compounds [22]. Moreover, most of these methods are incapable of treating heavily 
contaminated water with COD levels above 4000 mg/l [5].

Although AOPs have emerged as effective methods, which offer a chance for the mineraliza-
tion of various biorefractory organics [14], the running cost of many AOPs is still relatively 
high [15]. Also, they were reported for the formation of by-products and to be limited to 
treating wastewater with relatively low COD concentration [24]. Many other methods which 
are relatively cheap and easy to operate are characterized by strict technical limitations, in 
terms of operating conditions and effluent hydraulic rates (e.g. Fenton and membrane appli-
cations), low efficiencies and excessive sludge generation (e.g. membrane applications) or 
in terms of high energy consumption like microwave effects, which cannot be utilized by 
conventional heating [2, 15]. On the other hand, some applications are limited by the hazards 
associated with them like in ozone utilization, being an unstable gas [2]. Others are difficult 
to be commercialized for real-time RWW treatment, and large-scale industrial applications 
seem to be lacking.

In view of the above discussion, it is essential to search for more viable alternatives that can 
be utilized in novel biological treatment systems. As for the several mixed processes that have 
been proposed recently, a lot of these treatment schemes not only have noticeable advantages 
but also have important drawbacks. These problems can be sorted in two main areas: the first 
relates to all economic aspects including the high cost needed for the implementation of these 
techniques; the second includes all technical issues related to the resources needed for the 
transformation from very toxic compounds to environmentally compatible ones [22].

4. Why is biodegradation favorable?

Biodegradation is the decomposition of organic substances by microorganisms into meta-
bolic by-products with lower toxicity. Enzymes play a catalytic role in this process, where a 
chemical is converted stepwise into end products through various intermediates. This trans-
formation is called mineralization [25]. Biodegradation is a cost effective and environmentally 
compatible option that is often preferred, thanks to the possibility of complete mineraliza-
tion [26, 27]. Because of the aromatic structure of many organic compounds (e.g. phenols), 
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they are highly stable due to the difficulty of cleaving the benzene ring. However, several 
microorganisms have the capability to utilize these compounds for their metabolic activi-
ties as carbon and energy sources. Biological transformation has been recognized as one of 
the key solutions to deal with environmental pollution caused by many problematic organic 
contaminants. In this regard, the use of pure and mixed cultures of organisms is considered a 
favorable and most promising approach [28]. Many strains of bacteria, fungi and algae have 
the ability to degrade toxic organic substances. Bacterial cultures of Pseudomonas genus are 
the most commonly utilized biomass for the biodegradation of organic contaminants, with 
special interest paid to Pseudomonas putida due to its high removal efficiency [29]. However, 
a main drawback in bioprocesses is the inhibition of the enzymatic activity at high substrate 
concentrations. Under certain conditions, organic material can be decomposed aerobically or 
anaerobically [30]. Conventionally, aerobic processes are preferred. Aerobic microorganisms 
grow faster and are more efficient because they can achieve complete mineralization of toxic 
organic substances to inorganic constituents (CO2, H2O) [31]. This is in addition to low associ-
ated costs [16]. On the other hand, the end products of biochemical reactions in anaerobic pro-
cesses often produce esthetically displeasing colors and fouling odors in water [2]. Therefore, 
there is a limited interest in the utilization of anaerobic microorganism for the degradation 
of organic waste. However, there have been several studies in this regard [32–34]. Since most 
biological treatment studies have used aerobic biomasses, discussion in the following sections 
of this chapter will focus on aerobic biodegradation. Detailed reviews on the biodegradation 
of some organic compounds can be found in the literature [27, 35–37].

4.1. Mechanisms of biodegradation

Biodegradation is a multivariable process, which is affected by a combination of many biotic 
and abiotic factors, including pH, temperature, oxygen content and availability, microbial 
abundance and substrate concentration [26, 27]. The chemical structure of aromatic com-
pounds plays a key role as reflected by the number, type and position of substituents on the 
aromatic ring and degree of branching. The greater the number of substituents in the struc-
ture, the more toxic and less degradable it is.

Metabolic processes are dominated by the catalysis of enzymes, which are particular to each 
type of biomass and reaction. A metabolic reaction is ultimately a process of energy conver-
sion. Little is known about the biodegradation mechanism by fungi and algae; so the follow-
ing is a brief discussion of this mechanism by aerobic bacteria, as typically represented by the 
biodegradation of aromatics.

In aerobic biodegradation, enzymatic attack on the aromatic ring is initiated by oxygen. A 
typical pathway for metabolizing phenols (phenol is a basic structural unit for a variety of 
synthetic organic compounds) is to hydroxylate the ring by the enzyme phenol hydroxy-
lase, form catechol and then open the ring through ortho- or meta-oxidation. Thus, phenol 
hydroxylase is the first enzyme and catechol is a basic intermediate in the degradation path-
ways of many aromatic substances. In the ortho-pathway, the aromatic ring is cleaved by the 
enzyme catechol 1,2-dioxygenase (C12O). In the meta-pathway, the ring is cleaved by the 
enzyme catechol 2,3-dioxygenase (C23O). The ring is thus opened and then degraded [27].  
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3. Advantages and drawbacks of current options

Many of the aforementioned methods have been recognized as efficient techniques for the 
treatment of RWW and to offer a lot of featured advantages such as energy efficiency, safety 
and environmental compatibility [3, 13]. However, most of these physiochemical methods 
suffer from noticeable drawbacks such as high capital and operating costs. Ultimately, most of 
them do not destroy the contaminant, but rather transfer it to another phase, which results in 
the formation of harmful by-products [13, 16]. Formation of chlorinated organic compounds 
has been reported during some electrochemical applications, and activated carbon adsorption 
was recommended as a further polishing treatment to remove them [5, 12]. Also formation 
of intermediate by-products like catechol and hydroquinone was detected after ozonation of 
phenolic compounds [22]. Moreover, most of these methods are incapable of treating heavily 
contaminated water with COD levels above 4000 mg/l [5].

Although AOPs have emerged as effective methods, which offer a chance for the mineraliza-
tion of various biorefractory organics [14], the running cost of many AOPs is still relatively 
high [15]. Also, they were reported for the formation of by-products and to be limited to 
treating wastewater with relatively low COD concentration [24]. Many other methods which 
are relatively cheap and easy to operate are characterized by strict technical limitations, in 
terms of operating conditions and effluent hydraulic rates (e.g. Fenton and membrane appli-
cations), low efficiencies and excessive sludge generation (e.g. membrane applications) or 
in terms of high energy consumption like microwave effects, which cannot be utilized by 
conventional heating [2, 15]. On the other hand, some applications are limited by the hazards 
associated with them like in ozone utilization, being an unstable gas [2]. Others are difficult 
to be commercialized for real-time RWW treatment, and large-scale industrial applications 
seem to be lacking.

In view of the above discussion, it is essential to search for more viable alternatives that can 
be utilized in novel biological treatment systems. As for the several mixed processes that have 
been proposed recently, a lot of these treatment schemes not only have noticeable advantages 
but also have important drawbacks. These problems can be sorted in two main areas: the first 
relates to all economic aspects including the high cost needed for the implementation of these 
techniques; the second includes all technical issues related to the resources needed for the 
transformation from very toxic compounds to environmentally compatible ones [22].

4. Why is biodegradation favorable?

Biodegradation is the decomposition of organic substances by microorganisms into meta-
bolic by-products with lower toxicity. Enzymes play a catalytic role in this process, where a 
chemical is converted stepwise into end products through various intermediates. This trans-
formation is called mineralization [25]. Biodegradation is a cost effective and environmentally 
compatible option that is often preferred, thanks to the possibility of complete mineraliza-
tion [26, 27]. Because of the aromatic structure of many organic compounds (e.g. phenols), 
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they are highly stable due to the difficulty of cleaving the benzene ring. However, several 
microorganisms have the capability to utilize these compounds for their metabolic activi-
ties as carbon and energy sources. Biological transformation has been recognized as one of 
the key solutions to deal with environmental pollution caused by many problematic organic 
contaminants. In this regard, the use of pure and mixed cultures of organisms is considered a 
favorable and most promising approach [28]. Many strains of bacteria, fungi and algae have 
the ability to degrade toxic organic substances. Bacterial cultures of Pseudomonas genus are 
the most commonly utilized biomass for the biodegradation of organic contaminants, with 
special interest paid to Pseudomonas putida due to its high removal efficiency [29]. However, 
a main drawback in bioprocesses is the inhibition of the enzymatic activity at high substrate 
concentrations. Under certain conditions, organic material can be decomposed aerobically or 
anaerobically [30]. Conventionally, aerobic processes are preferred. Aerobic microorganisms 
grow faster and are more efficient because they can achieve complete mineralization of toxic 
organic substances to inorganic constituents (CO2, H2O) [31]. This is in addition to low associ-
ated costs [16]. On the other hand, the end products of biochemical reactions in anaerobic pro-
cesses often produce esthetically displeasing colors and fouling odors in water [2]. Therefore, 
there is a limited interest in the utilization of anaerobic microorganism for the degradation 
of organic waste. However, there have been several studies in this regard [32–34]. Since most 
biological treatment studies have used aerobic biomasses, discussion in the following sections 
of this chapter will focus on aerobic biodegradation. Detailed reviews on the biodegradation 
of some organic compounds can be found in the literature [27, 35–37].

4.1. Mechanisms of biodegradation

Biodegradation is a multivariable process, which is affected by a combination of many biotic 
and abiotic factors, including pH, temperature, oxygen content and availability, microbial 
abundance and substrate concentration [26, 27]. The chemical structure of aromatic com-
pounds plays a key role as reflected by the number, type and position of substituents on the 
aromatic ring and degree of branching. The greater the number of substituents in the struc-
ture, the more toxic and less degradable it is.

Metabolic processes are dominated by the catalysis of enzymes, which are particular to each 
type of biomass and reaction. A metabolic reaction is ultimately a process of energy conver-
sion. Little is known about the biodegradation mechanism by fungi and algae; so the follow-
ing is a brief discussion of this mechanism by aerobic bacteria, as typically represented by the 
biodegradation of aromatics.

In aerobic biodegradation, enzymatic attack on the aromatic ring is initiated by oxygen. A 
typical pathway for metabolizing phenols (phenol is a basic structural unit for a variety of 
synthetic organic compounds) is to hydroxylate the ring by the enzyme phenol hydroxy-
lase, form catechol and then open the ring through ortho- or meta-oxidation. Thus, phenol 
hydroxylase is the first enzyme and catechol is a basic intermediate in the degradation path-
ways of many aromatic substances. In the ortho-pathway, the aromatic ring is cleaved by the 
enzyme catechol 1,2-dioxygenase (C12O). In the meta-pathway, the ring is cleaved by the 
enzyme catechol 2,3-dioxygenase (C23O). The ring is thus opened and then degraded [27].  
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(C12O) and (C23O) designate two different orientations as to how the ring cleavage can 
occur. However, the biodegradation of many aromatics proceeds through the ortho-cleavage 
pathway after the formation of catechol because the meta-cleavage results in the formation 
of dead end metabolites from catechol; the enzyme gets inactivated by the accumulation of 
a toxic intermediate [38]. As a rule, conversion of catechol does not follow the meta-cleavage 
pathway, and generally, the ortho-cleavage pathway is required for the complete degrada-
tion of many aromatic organics [39]. Discussion of biodegradation pathways and mecha-
nisms can be found in [27, 35, 36, 40].

4.2. Biodegradation kinetics and modeling

Kinetic studies indicate how effectively a bioprocess is functioning. This is essential to improve 
process control and removal efficiency [31]. The main step in modeling a biodegradation pro-
cess is to relate the specific growth rate of the biomass to the consumption rate of the substrate 
[26]. Different kinetic models have been used to describe the dynamics of microbial growth 
on phenols [35].

Based on material balance, the rate of biomass growth and the rate of substrate utilization 
(both in mg/l h) can be represented by Eqs. (5) and (6), respectively:

    dX ___ dt   = μX −  k  d   X =  μ  net   X  (or    dlnX ____ dt   =  μ  net   ) (5)

    dS ___ dt   = −   
μX

 ___ Y    (6)

where Y is the cell mass yield (g/g) = dX/dS; X is the biomass concentration (mg/l); S is the 
substrate concentration (mg/l); kd is the decay coefficient (h−1) (often ignored) and μ is the 
specific growth rate (h−1).

There are two most common models for cell growth during the biodegradation: the Monod 
model and the Haldane model, represented by Eqs. (7) and (8), respectively:

  μ =   
 μ  max   S _____  K  s   + S    (7)

  μ =   
 μ  max   S _________ 

 K  s   + S +  (   S   2  __  K  i  
  ) 

    (8)

where Ks (mg/l) is the half saturation coefficient (related to microorganism’s affinity to the 
substrate) and Ki is the substrate inhibition constant (mg/l). The first model neglects the sub-
stance inhibition, whereas the second model is the most widely used since it accounts for the 
inhibitory effect of toxic material and it is mathematically simple [26, 41]. It is noteworthy that 
when Ki is very large, the Haldane equation reduces to the Monod model.

Although cell immobilization by entrapment offers significant advantages, it is problematic 
in terms of diffusion limitation owing to the resistance imposed by the protective structure 
[42]. Also, in the design and modeling of bioreactors, it is equally important to assess external 
mass transfer coefficients for the transfer of substrate from the bulk phase to the surface of 
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the biofilm. Diffusion limitations considerably affect the intrinsic reaction kinetics. Therefore, 
kinetic models for degradation in biofilm reactors are complex and difficult to develop. 
Several studies addressed this topic and proposed comprehensive diffusion-reaction models, 
which account for mass transfer limitations [42, 43].

5. Novel approaches in biotreatment

In light of the fact that biodegradation of aromatic organic pollutants has a unique environ-
mental and ecological impact, there is a rising interest in this area of biotechnology and a 
strong motivation to develop efficient strategies and novel cost-effective methods for RWW 
management. This section will briefly review some of the achievements on this track.

5.1. Immobilization techniques

Immobilization is an effective technique that is usually used for many purposes, mainly the 
protection of the biomass from toxicity effects of the contaminant, in addition to the ease of 
separation and reutilization of the biomass [35]. Other advantages were highlighted in the 
previous section. Bacterial activity can be increased by various immobilization methods like 
bead entrapment, carrier binding, encapsulation, cell coating and film attachment [44].

Polyvinyl alcohol (PVA) is a synthetic polymer that shows attractive properties to be used as a 
carrier in bacterial immobilization; it is inexpensive, nontoxic, water soluble and has excellent 
electrical insulation [45]. El-Naas et al. [46] evaluated the characteristics of PVA gel matrices 
with immobilized P. putida, prepared by crosslinking in the gel structure by repeated cycles of 
freezing-thawing, resulting in a highly porous fibril structure with high mechanical strength 
and elastic rubbery nature. The effectiveness of these gel pellets with immobilized P. putida 
was investigated for the biodegradation of phenol in different reactor configurations, in batch 
and continuous modes, and proved to be effective even at high phenol concentrations [26, 29, 
47, 48]. Emphasis was placed on the contaminant uptake per mass of PVA, which is of particu-
lar economical importance in the design of RWW treatment processes. Compared to natural 
biodegradable Ca-alginate, which has long been used in the area of biocatalysts, PVA gel is 
more durable with lower resistance to mass transfer due to its porous structure.

In view of that fact that biodegradation is in essence a series of enzyme-catalyzed reactions, 
there has been an increasing attention to the direct application of immobilized robust enzymes 
obtained from degrading microorganisms for the treatment of contaminated wastewater. 
Enzymatic treatment of organic pollutants is documented in a few recent studies, which 
addressed novel, practical and inexpensive immobilization methods. Extensive discussion on 
this topic can be found in a review by Demarche et al. [49].

Attention in recent years has focused on developing aerobic granules in sequencing batch 
reactors (SBRs) [50]. This is a novel biotechnique, characterized by self-immobilization of 
microorganisms through cell-to-cell adhesion, without any carrier material. Aerobic gran-
ules are reported for a very high cell concentration (up to 15,000 mg/l) and to be able to 
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(C12O) and (C23O) designate two different orientations as to how the ring cleavage can 
occur. However, the biodegradation of many aromatics proceeds through the ortho-cleavage 
pathway after the formation of catechol because the meta-cleavage results in the formation 
of dead end metabolites from catechol; the enzyme gets inactivated by the accumulation of 
a toxic intermediate [38]. As a rule, conversion of catechol does not follow the meta-cleavage 
pathway, and generally, the ortho-cleavage pathway is required for the complete degrada-
tion of many aromatic organics [39]. Discussion of biodegradation pathways and mecha-
nisms can be found in [27, 35, 36, 40].

4.2. Biodegradation kinetics and modeling

Kinetic studies indicate how effectively a bioprocess is functioning. This is essential to improve 
process control and removal efficiency [31]. The main step in modeling a biodegradation pro-
cess is to relate the specific growth rate of the biomass to the consumption rate of the substrate 
[26]. Different kinetic models have been used to describe the dynamics of microbial growth 
on phenols [35].

Based on material balance, the rate of biomass growth and the rate of substrate utilization 
(both in mg/l h) can be represented by Eqs. (5) and (6), respectively:

    dX ___ dt   = μX −  k  d   X =  μ  net   X  (or    dlnX ____ dt   =  μ  net   ) (5)
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where Y is the cell mass yield (g/g) = dX/dS; X is the biomass concentration (mg/l); S is the 
substrate concentration (mg/l); kd is the decay coefficient (h−1) (often ignored) and μ is the 
specific growth rate (h−1).

There are two most common models for cell growth during the biodegradation: the Monod 
model and the Haldane model, represented by Eqs. (7) and (8), respectively:
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where Ks (mg/l) is the half saturation coefficient (related to microorganism’s affinity to the 
substrate) and Ki is the substrate inhibition constant (mg/l). The first model neglects the sub-
stance inhibition, whereas the second model is the most widely used since it accounts for the 
inhibitory effect of toxic material and it is mathematically simple [26, 41]. It is noteworthy that 
when Ki is very large, the Haldane equation reduces to the Monod model.

Although cell immobilization by entrapment offers significant advantages, it is problematic 
in terms of diffusion limitation owing to the resistance imposed by the protective structure 
[42]. Also, in the design and modeling of bioreactors, it is equally important to assess external 
mass transfer coefficients for the transfer of substrate from the bulk phase to the surface of 
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the biofilm. Diffusion limitations considerably affect the intrinsic reaction kinetics. Therefore, 
kinetic models for degradation in biofilm reactors are complex and difficult to develop. 
Several studies addressed this topic and proposed comprehensive diffusion-reaction models, 
which account for mass transfer limitations [42, 43].

5. Novel approaches in biotreatment

In light of the fact that biodegradation of aromatic organic pollutants has a unique environ-
mental and ecological impact, there is a rising interest in this area of biotechnology and a 
strong motivation to develop efficient strategies and novel cost-effective methods for RWW 
management. This section will briefly review some of the achievements on this track.

5.1. Immobilization techniques

Immobilization is an effective technique that is usually used for many purposes, mainly the 
protection of the biomass from toxicity effects of the contaminant, in addition to the ease of 
separation and reutilization of the biomass [35]. Other advantages were highlighted in the 
previous section. Bacterial activity can be increased by various immobilization methods like 
bead entrapment, carrier binding, encapsulation, cell coating and film attachment [44].

Polyvinyl alcohol (PVA) is a synthetic polymer that shows attractive properties to be used as a 
carrier in bacterial immobilization; it is inexpensive, nontoxic, water soluble and has excellent 
electrical insulation [45]. El-Naas et al. [46] evaluated the characteristics of PVA gel matrices 
with immobilized P. putida, prepared by crosslinking in the gel structure by repeated cycles of 
freezing-thawing, resulting in a highly porous fibril structure with high mechanical strength 
and elastic rubbery nature. The effectiveness of these gel pellets with immobilized P. putida 
was investigated for the biodegradation of phenol in different reactor configurations, in batch 
and continuous modes, and proved to be effective even at high phenol concentrations [26, 29, 
47, 48]. Emphasis was placed on the contaminant uptake per mass of PVA, which is of particu-
lar economical importance in the design of RWW treatment processes. Compared to natural 
biodegradable Ca-alginate, which has long been used in the area of biocatalysts, PVA gel is 
more durable with lower resistance to mass transfer due to its porous structure.

In view of that fact that biodegradation is in essence a series of enzyme-catalyzed reactions, 
there has been an increasing attention to the direct application of immobilized robust enzymes 
obtained from degrading microorganisms for the treatment of contaminated wastewater. 
Enzymatic treatment of organic pollutants is documented in a few recent studies, which 
addressed novel, practical and inexpensive immobilization methods. Extensive discussion on 
this topic can be found in a review by Demarche et al. [49].

Attention in recent years has focused on developing aerobic granules in sequencing batch 
reactors (SBRs) [50]. This is a novel biotechnique, characterized by self-immobilization of 
microorganisms through cell-to-cell adhesion, without any carrier material. Aerobic gran-
ules are reported for a very high cell concentration (up to 15,000 mg/l) and to be able to 
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decontaminate high-strength wastewater (up to 15 kg COD/m3/day) [51]. However, this tech-
nology is still in a development stage. Detailed information on aerobic granulation can be 
found in a review by Khan et al. [50].

5.2. Utilization of spouted bed bioreactor (SBBR)

The SBBR is superior to the conventional bubble column bioreactor with its characteristic 
advantage of efficient intense mixing that is induced by cyclic motion of particles within the 
bed. The cyclic motion of particles results from a single air jet injected through an orifice 
in the bottom of the reactor [29, 46–48]. This reactor design offers better contact between 
substrate and cells as well as faster oxygen and nutrient transfer rate, which leads to higher 
removal rates of the contaminant. Details about the SBBR can be found elsewhere [32]. 
El-Naas et al. [29] proved that the efficient mixing in the SBBR has a significant role in 
overcoming the external mass resistance for the transfer of substrate from the bulk phase to 
the surface of the biofilm, and thus uniform concentration across the height of the reactor 
is a justified assumption. Effective utilization of the SBBR for the biodegradation of phenol 
and its derivatives and for the treatment of RWW is reported in several studies as will be 
illustrated in the next section.

5.3. Different applications

Example applications of novel biotreatment approaches for RWW treatment are briefly dis-
cussed in the following sections.

5.3.1. Biodegradation of phenol

Owing to the diversity of RWW composition, phenols have been adopted as a suitable mea-
sure for the performance of biodegradation [10]. P. putida, immobilized in PVA gel particles, 
has been successfully utilized for the removal of phenol from simulated wastewater, and the 
immobilized bacteria proved to be resilient in sustaining deprivation of nutrients and sudden 
exposure to high concentrations of phenol [48]. Batch and continuous biodegradation of phe-
nol by PVA-immobilized P. putida, in bubble column reactor and a specially designed SBBR, 
was investigated in several studies and assessed for the effects of various variables. SBBR 
was shown to have superior performance. The biodegradation rate, being highly dependent 
on temperature, pH and initial phenol concentration, was optimized at 30°C, 7 and 75 mg/l, 
respectively. The experimental data fitted better to the Haldane inhibitory model (Eq. (8)) than 
the Monod model (Eq. (7)). However, the inhibition effect was not encountered in the con-
tinuous operation up to an initial phenol concentration of 150 mg/l, thanks to the continuous 
dilution effect. A mathematical dynamic model that incorporates the effect of internal mass 
transfer resistance and growth kinetics in the SBBR as represented by the Haldane model was 
proposed. The experimental data fitted fairly well to the model; the dynamics of the system is 
mainly controlled by the mass transfer [47]. The biodegradation rate also depends on biomass 
abundance as reflected by a linear increase in the biodegradation rate with the amount of PVA 
gel, the phenol uptake per mass of PVA reached a maximum at a PVA volume of 10 ml within 
a total volume of 1 liter; more PVA particles in the bioreactor is expected to have adverse effect 
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by hindering particle movement and mixing [47]. The importance of the uptake value in the 
design of industrial RWW treatment processes was emphasized in Section 5.1.

It is a matter of fact that mass transfer limitations have significant effect on the biodegradation 
rate. Two other important parameters, which are directly related to the mass transfer limita-
tions, are the PVA particle size and the air flow rate [26, 29]. Mass transfer is directly related 
to the accessibility of the biomass to phenol; it was enhanced by decreasing the PVA particle 
size and increasing the air flow rate. This effect was more pronounced for high air flow rates 
and low phenol concentrations. This could be due to improvements in mass transfer induced 
by the combined effect of good mixing and reduced particle size. The effect of the air flow 
rate was closely examined; the biodegradation rate increased linearly as the air flow rate was 
increased from 1 to 3 l/min; then, it became almost constant. In this regard, two main fac-
tors are believed to be involved: mixing and aeration. The effects of these two factors were 
assessed separately, and it was shown that at air flow rates higher than 1 l/min, the main one 
of the two factors is the availability of enough oxygen to complete the biodegradation reac-
tion. However, the effect of mixing may be more significant for smaller PVA particle size or 
very low initial phenol concentrations. Therefore, the external diffusion plays a dominant role 
as a controlling mechanism at low bulk concentrations. The intense mixing that is character-
istic of the SBBR proves to be effective in overcoming these mass transfer limitations, which 
makes it an efficient reactor for the biodegradation of phenol.

5.3.2. Biodegradation of cresols

The biodegradation of p-cresol in simulated wastewater was carried out using P. putida 
immobilized in PVA gel, in batch and continuous modes in SBBR to evaluate the effects of 
several operating conditions. The effects of initial substrate concentration, temperature, solu-
tion pH and PVA volume fraction on the biodegradation of p-cresol were evaluated in a 
batch SBBR. The same trends for the effects of these conditions were observed as for phenol 
indicating a high dependence of the biodegradation capabilities of P. putida on temperature, 
pH and biomass abundance, which is represented by PVA volume fraction. The process was 
optimized at 35°C, 8 and 40%, respectively. As for the effect of the initial substrate concen-
tration, there was no sign of inhibition up to a substrate concentration of 200 mg/l, which 
justifies the Monod non-inhibitory model (Eq. (7)). Continuous operation is essential when 
considering the industrial applicability of biodegradation process. Thus, the effects of air 
flow rate and residence time (as affected by liquid flow rate) were investigated in continuous 
operation. Continuous biodegradation results indicated that P. putida proved to be effective 
for the biodegradation of p-cresol up to 200 mg/l, with a removal efficiency of more than 
85% and with the steady state achieved within one residence time. Optimal air flow rate was 
2 l/min, with the same observation as for phenol that the biodegradation rate could not be 
improved beyond a certain air flow rate, which could be due to slugging and bubble coales-
cence. The increase in the liquid flow rate reduced the residence time inside the reactor and 
consequently the biodegradation rate was reduced. Assuming p-cresol is the limiting reactant 
and perfect mixing in the bioreactor, which is the case in SBBR, the global biodegradation 
rate was calculated based on the specific consumption rate and the mass balance of the con-
tinuous flow reactor is expressed as:
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by hindering particle movement and mixing [47]. The importance of the uptake value in the 
design of industrial RWW treatment processes was emphasized in Section 5.1.

It is a matter of fact that mass transfer limitations have significant effect on the biodegradation 
rate. Two other important parameters, which are directly related to the mass transfer limita-
tions, are the PVA particle size and the air flow rate [26, 29]. Mass transfer is directly related 
to the accessibility of the biomass to phenol; it was enhanced by decreasing the PVA particle 
size and increasing the air flow rate. This effect was more pronounced for high air flow rates 
and low phenol concentrations. This could be due to improvements in mass transfer induced 
by the combined effect of good mixing and reduced particle size. The effect of the air flow 
rate was closely examined; the biodegradation rate increased linearly as the air flow rate was 
increased from 1 to 3 l/min; then, it became almost constant. In this regard, two main fac-
tors are believed to be involved: mixing and aeration. The effects of these two factors were 
assessed separately, and it was shown that at air flow rates higher than 1 l/min, the main one 
of the two factors is the availability of enough oxygen to complete the biodegradation reac-
tion. However, the effect of mixing may be more significant for smaller PVA particle size or 
very low initial phenol concentrations. Therefore, the external diffusion plays a dominant role 
as a controlling mechanism at low bulk concentrations. The intense mixing that is character-
istic of the SBBR proves to be effective in overcoming these mass transfer limitations, which 
makes it an efficient reactor for the biodegradation of phenol.

5.3.2. Biodegradation of cresols

The biodegradation of p-cresol in simulated wastewater was carried out using P. putida 
immobilized in PVA gel, in batch and continuous modes in SBBR to evaluate the effects of 
several operating conditions. The effects of initial substrate concentration, temperature, solu-
tion pH and PVA volume fraction on the biodegradation of p-cresol were evaluated in a 
batch SBBR. The same trends for the effects of these conditions were observed as for phenol 
indicating a high dependence of the biodegradation capabilities of P. putida on temperature, 
pH and biomass abundance, which is represented by PVA volume fraction. The process was 
optimized at 35°C, 8 and 40%, respectively. As for the effect of the initial substrate concen-
tration, there was no sign of inhibition up to a substrate concentration of 200 mg/l, which 
justifies the Monod non-inhibitory model (Eq. (7)). Continuous operation is essential when 
considering the industrial applicability of biodegradation process. Thus, the effects of air 
flow rate and residence time (as affected by liquid flow rate) were investigated in continuous 
operation. Continuous biodegradation results indicated that P. putida proved to be effective 
for the biodegradation of p-cresol up to 200 mg/l, with a removal efficiency of more than 
85% and with the steady state achieved within one residence time. Optimal air flow rate was 
2 l/min, with the same observation as for phenol that the biodegradation rate could not be 
improved beyond a certain air flow rate, which could be due to slugging and bubble coales-
cence. The increase in the liquid flow rate reduced the residence time inside the reactor and 
consequently the biodegradation rate was reduced. Assuming p-cresol is the limiting reactant 
and perfect mixing in the bioreactor, which is the case in SBBR, the global biodegradation 
rate was calculated based on the specific consumption rate and the mass balance of the con-
tinuous flow reactor is expressed as:
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where MA is the mass (mg) of substrate A in the reactor, t is the time (h), F is the volumetric 
flow rate (l/h), SA is the substrate concentration at a certain time, −rA is the rate of removal of 
substrate A (mg/l h) and V is the reactor volume (l). Dividing the equation by V:

    dS ___ dt   =   F __ V   ( S  o   − S)  −  r  S    (10)

The substrate uptake is given by:

  −  r  s   = q  (11)

Assuming constant yield Y is constant, which is valid if the substrate concentration is much 
higher than Ks (i.e. S ≫ Ks) [26], the Monod model can then be expressed in terms of the deg-
radation rate q (mg/l h) as:

  q =   
 q  max   S _____  K  s   + S    (12)

Combining Eqs. (10) and (12), the change of substrate concentration in the reactor can be 
evaluated as:

    dS ___ dt   =   F __ V   ( S  o   − S)  −   
 q  max   S

 _______________   K  s   + S     (13)

The experimental results from the continuous biodegradation process showed very good fit 
with the model proposed in Eq. (13). The effects of temperature, pH and initial substrate 
concentration were also evaluated for the other two isomers, o- and m-cresol. The optimum 
ranges were 30–35°C for temperature and 6–8 for pH, with different optimum values for each 
isomer. The immobilized P. putida could sustain cresols concentration up to 200 mg/l, but 
substrate inhibition was observed in the biodegradation of o-cresol at 150 mg/l, which could 
be attributed to the formation of toxic intermediates.

A RWW treatment plant generally receives influents with mixtures of recalcitrant organic 
chemicals. This is a complex situation where biodegradation of a compound could be strongly 
affected by the presence of other components in the mixture. This is particularly related the 
biological transformation called co-metabolism, which involves the transformation of a non-
growth substrate by cells growing on a growth substrate [35]. It could also be affected by 
the accumulation of metabolic intermediates. For a treatment scheme to be effective, all the 
interactions among the different substrates need to be considered. Scant information is avail-
able in the literature on the biodegradation of mixtures of cresols. The potential of P. putida 
in degrading binary (o- and p-cresol) and ternary (o-, p- and m-cresol) mixtures of cresols was 
also investigated in the continuous mode. It was obviously shown that the biodegradation of 
o-cresol was strongly inhibited by the presence of p-cresol and m-cresol.

Reference is made to the studies by Surkatti and El-Naas [45, 52] for details on the biodegrada-
tion of cresols.
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5.3.3. Biodegradation of chlorophenols

The work presented in this section aimed at developing an integrated system for biodegrada-
tion of chlorophenols, considering 2,4-dichlorophenol (2,4-DCP) as a model contaminant. The 
system utilizes the advanced technique for the immobilization of P. putida in PVA gel matrix, 
in a specially designed SBBR that promises to be effective in industrial applications for the 
treatment of real RWW. Details on this work can be found elsewhere [53, 54].

Batch experiments were performed to confirm that the removal efficiency was due to the 
biodegradation effect and not to other abiotic effects such as stripping or adsorption on the 
carrier. It was confirmed that the contribution by these factors to the reduction in DCP con-
centration ranged from 2.5 to 7%, which confirms the biodegradation effect by immobilized 
P. putida.

Process optimization is critical for any large-scale industrial application. A preliminary 
screening led to approaching the optimum range for each of the main factors, namely 
temperature, pH and initial substrate concentration. The full potential of response surface 
methodology (RSM) with Box-Behnken design was consequently utilized to determine the 
effects of significant parameters, and their interactions, in the removal of 2,4-DCP and to 
specify the optimal conditions for its degradation based on the degradation rates achieved 
in the SBBR batch experiments. A quadratic regression model that is capable of predict-
ing the rate in terms of the main independent variables was developed. The maximum 
biodegradation rate within the experimentation region was determined as: temperature 
32.6°C, pH 5.0 and the initial DCP concentration was 70.5 mg/l. Under these conditions, the 
predicted global biodegradation rate was 41.8 mg/l h. By analysis of variance, the model 
showed a good fit with R2 and adjusted R2 94.03 and 83.28%, respectively, which justifies 
the adequacy of the model. It was further experimentally validated. In the batch process, 
100% removal of 2,4-DCP was achieved for all DCP initial concentrations, up to 200 mg/l. 
This is a compound that is naturally difficult for biodegradation, and for which removal 
efficiencies in the range of 40–60% have often been reported. P. putida showed good adap-
tation to the contaminant with repeated use and showed continued improvement; its deg-
radation capability almost doubled after 4 months of repeated use from 38 to 70 mg/l h. 
For the sake of comparison, the degradation rates from other reported batch studies are 
shown in Table 3.

Although the biodegradation of 2,4-DCP followed a Haldane inhibition model, the inhibition 
was not significantly observed at any initial DCP concentration, which could be mainly due 
to the advantage of the immobilization of bacteria in the PVA gel pellets.

The process was thereafter operated in the continuous mode to investigate the hydrodynam-
ics and the performance of the reactor. The various issues investigated were the hydraulic 
residence time (HRT), the initial concentration of DCP in the feed and the degradation capac-
ity (DC), which is a characteristic design factor for continuous reactors. It has an economic 
significance as a measure of the hydraulic throughput and is defined as:

  DC =  ( S  i   −  S  e  ) D  (14)
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isomer. The immobilized P. putida could sustain cresols concentration up to 200 mg/l, but 
substrate inhibition was observed in the biodegradation of o-cresol at 150 mg/l, which could 
be attributed to the formation of toxic intermediates.

A RWW treatment plant generally receives influents with mixtures of recalcitrant organic 
chemicals. This is a complex situation where biodegradation of a compound could be strongly 
affected by the presence of other components in the mixture. This is particularly related the 
biological transformation called co-metabolism, which involves the transformation of a non-
growth substrate by cells growing on a growth substrate [35]. It could also be affected by 
the accumulation of metabolic intermediates. For a treatment scheme to be effective, all the 
interactions among the different substrates need to be considered. Scant information is avail-
able in the literature on the biodegradation of mixtures of cresols. The potential of P. putida 
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also investigated in the continuous mode. It was obviously shown that the biodegradation of 
o-cresol was strongly inhibited by the presence of p-cresol and m-cresol.
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showed a good fit with R2 and adjusted R2 94.03 and 83.28%, respectively, which justifies 
the adequacy of the model. It was further experimentally validated. In the batch process, 
100% removal of 2,4-DCP was achieved for all DCP initial concentrations, up to 200 mg/l. 
This is a compound that is naturally difficult for biodegradation, and for which removal 
efficiencies in the range of 40–60% have often been reported. P. putida showed good adap-
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For the sake of comparison, the degradation rates from other reported batch studies are 
shown in Table 3.

Although the biodegradation of 2,4-DCP followed a Haldane inhibition model, the inhibition 
was not significantly observed at any initial DCP concentration, which could be mainly due 
to the advantage of the immobilization of bacteria in the PVA gel pellets.

The process was thereafter operated in the continuous mode to investigate the hydrodynam-
ics and the performance of the reactor. The various issues investigated were the hydraulic 
residence time (HRT), the initial concentration of DCP in the feed and the degradation capac-
ity (DC), which is a characteristic design factor for continuous reactors. It has an economic 
significance as a measure of the hydraulic throughput and is defined as:
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Figure 1. Effect of organic loading rate on degradation capacity and percent removal [54].

where Si and Se are influent and effluent substrate concentrations, respectively, and D is the 
dilution rate (1/HRT).

Another criterion often used in continuous operations is the organic loading rate (OLR) of the 
feed that is related to the amount of contaminant that can be processed over a given period 
of time, defined as:

  OLR =   
 S  i   F ___ V   =   

 S  i   ____ HRT   =  S  i   D  (15)

ORL is directly affected by changes in the influent flow rate and its initial concentration.

OLR and DC values from the combined sets of experiments (those for the effect liquid flow 
rate and those for the effect of initial DCP concentration) were plotted in Figure 1, with 

Initial DCP concentration (mg/l) Degradation rate (mg/l h) % Removal Ref.

1000 (fungi), free 8.3 100 [55]

500 (fungi), free 5.21 100 [56]

113 28.75 100 [57]

120, free 0.48 40 [22]

80, free 2.67 100 [31]

75 70 100 [54]

Table 3. Degradation rates of 2,4-DCP from batch studies in the literature [54].
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corresponding percent removal efficiencies. The results demonstrate that operating condi-
tions are selected with a compromise based on either the desired degradation efficiency 
(percent removal) or the desired degradation capacity. This is different for a batch opera-
tion, in which a bioreactor is operated with a predetermined percent of substrate removal of 
substrate percent. A combined 80% removal at a throughput of 1400 g/m3 day was obtained 
during continuous operation with a HRT of 1 h and an initial DCP concentration of 75 mg/l.

Dynamic modeling of DCP degradation in continuous operation was based on the same dis-
cussion that applied for cresols and led to the derivation of Eq. (13). However, the Monod 
expression was replaced with the Haldane one in the equation to give Eq. (16):

    dS ___ dt   =   F __ V   ( S  o   − S)  −   
 q  max   S
 ______________ 

  K  s   + S +  (   S   2  __  K  i  
  ) 

    (16)

The experimental results from the continuous biodegradation process showed very good 
fit with the model proposed in Eq. (16). The performance of the SBBR was further tested in 
the continuous operation for tolerance to organic and hydraulic shock loads, resulting from 
concentration and liquid flow rate fluctuations. The SBBR showed stability and sustain-
ability, as it could withstand a 100% increase in organic loading rate and recover quickly to 
its normal operation once the shock load had been terminated. The SBBR performance was 
also compared to that of a packed bed reactor and proved to be more stable and achieved 
higher removal efficiencies (77% versus 53%) with a HRT of 1 h and an initial DCP concen-
tration of 75 mg/l. Such a difference between the two reactors is expected as explained by 
the better mixing properties of the SBBR and the mass and heat transfer limitations of the 
packed bed reactor.

The process was tested for the treatment of real RWW with characteristics similar to those 
given in Table 2. The immobilized bacteria were acclimatized to the RWW and then used for 
the batch treatment in the SBBR. The process was shown to be effective, with 100% removal 
efficiencies achieved for all cresols, whereas the removal efficiencies for phenol and DCP were 
approximately 87% and 63%, respectively. Significant overall reduction in total phenols of 
almost 90% was observed and a maximum COD reduction of 59%. These results are merely 
due to the biodegradation effect without any pre- or post-treatment. With this in mind, they 
may be considered quite satisfactory.

6. Conclusions

The presence of organic contaminants in RWW represents a major environmental concern 
for the oil industry. The current options for RWW management are rather economically or 
technically limited in application. A new approach that utilizes a state of the art technique 
for the immobilization of an effective organics-degrading bacterial strain (P. putida) in a 
specially designed spouted bed bioreactor has proven to be effective for the treatment of 
RWW.
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Figure 1. Effect of organic loading rate on degradation capacity and percent removal [54].

where Si and Se are influent and effluent substrate concentrations, respectively, and D is the 
dilution rate (1/HRT).

Another criterion often used in continuous operations is the organic loading rate (OLR) of the 
feed that is related to the amount of contaminant that can be processed over a given period 
of time, defined as:

  OLR =   
 S  i   F ___ V   =   

 S  i   ____ HRT   =  S  i   D  (15)

ORL is directly affected by changes in the influent flow rate and its initial concentration.

OLR and DC values from the combined sets of experiments (those for the effect liquid flow 
rate and those for the effect of initial DCP concentration) were plotted in Figure 1, with 

Initial DCP concentration (mg/l) Degradation rate (mg/l h) % Removal Ref.

1000 (fungi), free 8.3 100 [55]

500 (fungi), free 5.21 100 [56]

113 28.75 100 [57]

120, free 0.48 40 [22]

80, free 2.67 100 [31]

75 70 100 [54]

Table 3. Degradation rates of 2,4-DCP from batch studies in the literature [54].
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corresponding percent removal efficiencies. The results demonstrate that operating condi-
tions are selected with a compromise based on either the desired degradation efficiency 
(percent removal) or the desired degradation capacity. This is different for a batch opera-
tion, in which a bioreactor is operated with a predetermined percent of substrate removal of 
substrate percent. A combined 80% removal at a throughput of 1400 g/m3 day was obtained 
during continuous operation with a HRT of 1 h and an initial DCP concentration of 75 mg/l.

Dynamic modeling of DCP degradation in continuous operation was based on the same dis-
cussion that applied for cresols and led to the derivation of Eq. (13). However, the Monod 
expression was replaced with the Haldane one in the equation to give Eq. (16):

    dS ___ dt   =   F __ V   ( S  o   − S)  −   
 q  max   S
 ______________ 

  K  s   + S +  (   S   2  __  K  i  
  ) 

    (16)

The experimental results from the continuous biodegradation process showed very good 
fit with the model proposed in Eq. (16). The performance of the SBBR was further tested in 
the continuous operation for tolerance to organic and hydraulic shock loads, resulting from 
concentration and liquid flow rate fluctuations. The SBBR showed stability and sustain-
ability, as it could withstand a 100% increase in organic loading rate and recover quickly to 
its normal operation once the shock load had been terminated. The SBBR performance was 
also compared to that of a packed bed reactor and proved to be more stable and achieved 
higher removal efficiencies (77% versus 53%) with a HRT of 1 h and an initial DCP concen-
tration of 75 mg/l. Such a difference between the two reactors is expected as explained by 
the better mixing properties of the SBBR and the mass and heat transfer limitations of the 
packed bed reactor.

The process was tested for the treatment of real RWW with characteristics similar to those 
given in Table 2. The immobilized bacteria were acclimatized to the RWW and then used for 
the batch treatment in the SBBR. The process was shown to be effective, with 100% removal 
efficiencies achieved for all cresols, whereas the removal efficiencies for phenol and DCP were 
approximately 87% and 63%, respectively. Significant overall reduction in total phenols of 
almost 90% was observed and a maximum COD reduction of 59%. These results are merely 
due to the biodegradation effect without any pre- or post-treatment. With this in mind, they 
may be considered quite satisfactory.

6. Conclusions

The presence of organic contaminants in RWW represents a major environmental concern 
for the oil industry. The current options for RWW management are rather economically or 
technically limited in application. A new approach that utilizes a state of the art technique 
for the immobilization of an effective organics-degrading bacterial strain (P. putida) in a 
specially designed spouted bed bioreactor has proven to be effective for the treatment of 
RWW.
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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are major organic pollutants in the environ-
ment, which are toxic to humans and biota, given their carcinogenic, mutagenic and tera-
togenic nature. In this chapter, we carried out an overview of the sources and toxicity of 
PAHs, their common analytical methods of determination in the water and sediment sam-
ples, and also their global trend of distribution, with a view to provide baseline guidance 
for relevant control authorities. The choice methods for determining these contaminants 
are high-performance liquid chromatography (HPLC) with UV/fluorescence detectors 
and GC/MS. Mass spectrometer coupled with GC is preferred because it offers robust 
identification of the analyte compounds both by retention time and mass spectrum, with 
additional structural information. Results collated revealed an extensive distribution of 
PAHs with total mean concentrations ranging from 0.0003 to 42,350 μg/L in water and 0 
to 1.266 × 109 μg/kg (dw) in the sediment. PAHs in the two environmental matrices were 
much higher in the regions with intense oil exploration, shipping and industrial activi-
ties. It is therefore necessary to regularly monitor their levels in the aquatic environment, 
so as to provide mitigation options that will prevent risk to humans and aquatic animals.

Keywords: polycyclic aromatic hydrocarbons, carcinogenicity, endocrine system 
disruption, aquatic environment, bioaccumulation

1. Introduction

Water is the most abundant compound on the surface of the earth and needed in all aspects 
of life in adequate quantity and quality. However, water in nature picks up some amounts of 
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chemical impurities, most of which are anthropogenic and that consequentially impact greatly 
on its quality [1]. There are three major groups of chemical pollutants: stable trace elements, 
organic materials, and radionuclides. The organic contaminants include persistent organic pol-
lutants (POPs) and some new compounds such as pharmaceuticals, veterinary medicines and 
hormones [2].

POPs are synthetic chemicals which are either deliberately or unintentionally produced. They 
are mostly lipophilic, acutely toxic and persistent in the environment with long-range of 
transport, thereby leading to global pollution. They accumulate in food chain and are found 
at highest levels in marine mammals [3]. Highly significant and most commonly determined 
POPs include organochlorine compounds (OCs), e.g. polychlorinated biphenyls (PCBs), pes-
ticides like dichlorodiphenyltrichloroethane (DDT) and its allied metabolic products such as 

PAHs Chemical 
formula

Molecular 
weight  
(g/mol)

CAS 
number

Ring 
number

Melting 
point (°C)

Boiling 
point 
(°C)

IARC 
group

ERL  
(μg/kg)

ERM  
μg/kg)

Naphthalene C10H8 128 91-20-3 2 80.2 218 2B 160 2100

Acenaphthylene C12H8 152 208-96-8 3 92.5 280 NA 44 640

Acenaphthene C12H10 152 83-32-9 3 93.4 279 3 16 500

Fluorene C13H10 166 86-73-7 3 115 295 3 19 540

Phenanthrene C14H10 178 85-01-8 3 99.2 340 3 240 1500

Anthracene C14H10 178 120-12-7 3 215 340 3 843 1100

Fluoranthene C16H10 202 206-44-0 4 108 384 3 600 5100

Pyrene C16H10 202 129-00-0 4 151 404 3 665 2600

Benzo[a]anthracene C18H12 228 56-55-3 4 167 435 2B 261 1600

Chrysene C18H12 228 218-01-9 4 258 448 2B 384 2800

Benzo[b]
fluoranthene

C20H12 252 205-99-2 5 168 481 2B NA NA

Benzo[k]
fluoranthene

C20H12 252 207-08-9 5 217 480 2B NA NA

Benzo[a]pyrene C20H12 252 50-32-8 5 177 495 1 430 1600

Dibenzo[a,h]
anthracene

C22H14 278 53-70-3 5 270 524 2A 63.4 260

Indeno[1,2,3-cd]
pyrene

C22H12 276 193-39-5 6 164 536 2B NA NA

Benzo[g,h,i]perylene C22H12 276 191-24-2 6 278 550 3 NA NA

∑PAHs 4000 44,792

NA: not applicable; ERL: effects range low; ERM: effects range median; IARC: International Agency for Research on 
Cancer; and CAS: chemical abstract services [21–23].

Table 1. Physicochemical properties of the 16 priority PAHs, their toxicity classification and standard pollution criteria 
concentrations for sediment.
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p,p′-DDT, p,p′-DDE, and p,p′-DDD [2]. Others are polycyclic aromatic hydrocarbons (PAHs), 
phthalate esters, polybrominated diphenyl ethers (PBDEs), polychlorinated naphthalenes 
(PCNs), BPA (bisphenol A) and alkyl phenols [4, 5].

Figure 1. Structures of the 16 priority PAHs [24].
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Polycyclic aromatic hydrocarbons (PAHs) are a class of hazardous organic chemicals which 
can be in linear, angular, and cluster in arrangements. They have two to seven fused carbon 
rings that can have substituted groups attached, and range from naphthalene (C10H8, two 
rings) to coronene (C24H12, seven rings) with molecular masses ranging from 128 to 278 Da 
(Table 1). They generally have low vapour pressure and are globally distributed in atmo-
spheric, terrestrial and aquatic systems [6–8].

PAHs are basically classified into two: low molecular weight PAHs (LPAHs) and high molec-
ular weight PAHs (HPAHs). LPAHs (e.g. naphthalene, acenaphthene, acenaphthylene, flu-
orene, anthracene, phenanthrene) tend to have a core structure of two to three benzenoid 
rings (six-sided aromatic rings of carbon) while HPAHs have molecular structures of four or 
more benzenoid rings (e.g. fluoranthene, pyrene, benzo[a]pyrene, and benzofluoranthenes) 
(Figure 1). The hydrophobicity, bioaccumulation tendency, resistance to biodegradation, 
and overall environmental persistence of the compounds generally increase with increasing 
molecular weight [9, 10]. The alkylated PAHs which are formed through diagenetic processes 
are more toxic than the parent compounds. They usually co-exist with their parent com-
pounds in the environmental matrices [11, 12].

The toxicity of these alkyl substituted PAHs has generated great concerns in the recent times 
owing to their huge contribution to the total level of PAHs in the crude oils, mineral oils and 
diesel, compared to their non-alkylated counterparts which are typically from combustion 
sources. They bioaccumulate to a greater degree and degrade more slowly than their parent 
homologues. Alkyl substitution may be inducing phototoxicity in exposed organisms after 
the parent compounds have been broken down. The alkylated PAHs are also more persistent 
in the environment than the parent PAHs. Although polycyclic aromatic hydrocarbons in the 
fuels or crude oils spilled into aquatic environments represent a small percentage of the total 
mass of the volume, the proportion usually increases greatly after a few months of the inci-
dence, thereby constituting a serious health risk to the aquatic biota [13].

Here, we review the analytical techniques for PAHs in water and sediment, as well as the 
existing data on their sources, toxicity and distribution in aquatic systems around the world.

2. Physicochemical properties of PAHs

2.1. Solubility, structures, melting and boiling points of PAHs

Solubility of PAHs in water generally decreases as the molecular weight increases while their 
boiling and melting point increases correspondingly [14]. Four-ring and five-ring aromatic 
hydrocarbons such as chrysene and benzo[a]pyrene are virtually insoluble in water [15]. 
Solubility also decreases as ring structure increases, as degree of substitution increases, vapour 
pressure decreases and molecular weight increases [6, 16]. Molecules with a linear arrange-
ment are more likely to be less soluble than the angular or perifused molecules. For example, 
anthracene is less soluble compared to phenanthrene. Alkyl (i.e. CH2─ group) substitution of 
the aromatic ring also results in an overall decrease in the solubility of PAHs, although there 
are some exceptions, e.g. benz[a]anthracene is less soluble than either methyl- or ethylbenz[a]
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anthracene. The solubility of PAHs in water is enhanced three- to fourfold by a rise in tem-
perature from 5 to 30°C. Dissolved and colloidal organic fractions also enhance the solubility 
of PAHs which are incorporated into micelles [13, 14].

PAHs in aquatic environments rapidly tend to become associated with the particulate matter 
or organic substances such as biopolymers, humic substances and black carbon ending in sedi-
mentation due to their low solubility in water [8, 16]. Once adsorbed to the sediments, they are 
much more stable than pure compounds and are resistant to oxidation and nitration reactions 
to which they would otherwise be quite sensitive due to photochemical processes. Most PAHs 
are classified as semi-volatile organic compounds because of their low volatility [8]. Some pro-
cesses such as photo-oxidation, hydrolysis, biotransformation, biodegradation and mineraliza-
tion in the aquatic system lead to transformation of PAHs to other substances. Likewise, other 
activities such as bioaccumulation, adsorption, desorption and re-suspension are accountable 
for the cycling of the compounds all the way through the aquatic environment. High molecular 
weight PAHs in the aquatic systems are mostly degraded by photo-degradation [17].

2.2. Sorption of PAHs to organic carbon

Total organic carbon (TOC) and black carbon (BC) play an important role in the sequestra-
tion of PAHs in soils and sediments despite their relatively low level in the environmental 
media [14]. Sorption of PAHs to soil and sediments increases with increasing organic carbon 
content and with increasing surface area of the sorbent particles [10]. Hence, the concentra-
tion of PAHs varies largely among different soil size fractions. A particular study reported 
that the highest total PAH concentration was found in the 250–500 μm size fraction, while 
the maximum level of individual PAHs was detected in the 250–500 μm or 500–2000 μm size 
fraction [18].

The organic carbon content depends on geographical location, pollutants entering rivers, pH 
and layer depth of the tested sediments. Sediment samples with lowest pH recorded the least 
amount of organic content [19, 20]. The association of PAHs with the solid phase depends on 
their molecular weight and octanol-water partitioning coefficient (Kow).

Among the EPA 16 priority PAHs, phenanthrene, fluoranthene, benzo[a]anthracene, chry-
sene, benzo[b&k]fluoranthene, benzo[a]pyrene and indeno[1,2,3-cd]pyrene are the most 
important contaminants in soil. Furthermore, the high partitioning to organic carbon is the 
root cause of the high rate of bioconcentration for these compounds and the ease with which 
they enter the food web [14].

3. Sources of PAHs in the environment

PAHs enter the shallow coastal, estuarine, lake and riverine environments from petroleum 
spills, treated industrial and municipal waste water discharges, urban and suburban stormwa-
ter runoff, chemical refineries, recreational and commercial boats, volcanoes and atmospheric 
fallout of vehicle exhaust [2, 25]. They are generated from both natural and anthropogenic 
sources, being ubiquitous.
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3.1. Natural sources

These include natural petroleum seeps, forest fires, prairie fires, agricultural burning and 
post-depositional transformation of biogenic precursors [26]. The actual amount of PAHs and 
particulates emitted from these sources varies with the type of organic material burned, type 
of fire, nature of the blaze and intensity of the fire. PAHs from fires tend to sorb to suspended 
particulates and eventually enter the terrestrial and aquatic environments as atmospheric fall-
out. Treated wood has also been recognized as a source of PAHs in water and sediments [14]. 
Other natural sources include volcanoes, chlorophyllous plants, fungi and bacteria [10].

3.2. Anthropogenic sources

Anthropogenic sources are basically grouped as pyrolytic and petrogenic. Pyrolytic sources 
include combustion processes (e.g. fossil fuel combustion, electric power generation, refuse 
incineration, home heating and industrial emissions), while the petrogenic input is closely 
related to releases from petroleum products (e.g. oil spills, road construction materials such 
as production of coke, carbon black, coal tar, and asphalt) [7, 9, 10, 27–30].

Some PAH contaminant sources exhibit co-dominance of both pyrogenic and petrogenic 
types owing to the complex processes involved in the PAH source type. Crankcase and 
other lubricating oils used in internal combustion engines, for example, contain a variety of 
petrogenic PAHs. The PAH composition changes, however, as the oil is used, since various 
combustion-derived PAHs accumulate with the increased use. Coal tar residues from for-
mer manufactured gas plant (MGP) sites tend to have a highly complex and highly variable 
PAH composition, since the coal tar was produced by the heating of PAH containing coal or 
coke to produce coal gas as a heating and light source prior to the wide-spread availability 
of natural gas in the mid- to late-twentieth century [9]. Polycyclic aromatic hydrocarbons 
(PAHs) in water bodies are subject to distribution and accumulation among the water column, 
suspended particulate matter, bottom sediments, and biota [31], because of their low vapour 
pressure, non-polarity, lipophilicity and high hydrophobicity [8].

3.3. The use of molecular diagnostic ratios for source identification

Sources of PAHs in the environment are usually identified using several ratios and indices 
of some particular PAHs on the basis of their composition and distribution pattern [32–34]. 
An ideal source ratio would be distinctive to a particular source [35, 36]. The molecular ratios 
are mostly used to distinguish between PAHs from pyrogenic and petrogenic origins [37]. In 
general, two- to three-ringed and some alkyl-substituted PAHs are good for distinguishing 
petrogenic contamination [33, 38–40], whereas four- to six-ringed PAHs which are more toxic 
and thermodynamically stable than those from petrogenic sources are appropriate for iden-
tifying those from pyrogenic origins [16, 33, 34, 41], given the high level of non-alkylation in 
their own composition [32, 33, 42, 43].

The ratio of low molecular weight to high molecular weight PAHs (LMW/HMW) is a measure 
of weathering process in the aquatic environment. A lower value of this ratio indicates high 
level of resistance to microbial degradation in the high molecular weight PAHs or a higher 
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solubility of the low molecular weight PAHs in the water column [33]. However, many diag-
nostic ratios involving the low molecular weight PAHs (e.g. LMW/HMW, anthracene/Phen, 
etc.) are very unstable because they are usually influenced by some environmental factors like 
photodegradation and volatilization; hence, they are very much affected by mobility in the 
aquatic environment. On the other hand, the higher molecular PAH ratios are relatively more 
stable and are less affected by such factors [44, 45].

Statistical analysis revealed that the following molecular ratios: Anth/178, BaA/228, Chry/
BaA, Flt/Flt + Pyr, Flt/Pyr and Inp/Inp + BghiP are strongly correlated with pyrogenic PAHs. 
Similarly, Chry/BaA, Inp/BghiP, BaP/BghiP and some other similar ones have shown tendency 
to provide more useful information needed to differentiate PAHs from several pyrogenic 
sources such as vehicle emission, coal burning etc. [41, 46]. For instance, BaA/(BaA + Chry) 
in the range of 0.2–0.35 indicates combustion of coal, grass or wood burning [47] and BaP/
BghiP > 0.6  suggests vehicular emission [48]. Although, all the ratios have been found useful 
in the identification of sources of pollution in the aquatic environment, the information they 
provide are not very definite but are only rough idea of the origin. The ratios are sometimes 
inconsistent, as they occasionally offer contradictory information, pointing to different sources 
of pollution at the same time owing to their instability. Researchers must therefore exercise 
caution in using them. Cross plot and more ratios can therefore be employed to achieve a 
robust interpretation of the information provided by these isomeric ratios [33, 39, 41].

The ratios of the alkyl substituted PAHs to their parent compounds have been found appro-
priate to provide more reliable information for source distinction because the alkylated PAHs 
decrease in abundance as temperature increases [49]. The formation of these compounds is 
very distinctive at low temperatures (~100–150°C) than at higher temperatures (~2000°C) 
because of their thermal instability. Most commonly used of these compounds are the meth-
ylated species of phenanthrene, fluoranthene, pyrene, chrysene and benz[a]anthracene 
(Table 2) [39].

3.4. Toxicity of PAHs and risk of exposure

More than 80% of the total PAH contribution to environmental and health concerns could be 
attributed to the 16 EPA priority PAHs (Figure 1 and Table 1). Carcinogenic nature of these 
compounds is a major worry, although not all of them are affected [48]. In water, the toxicity 
of individual PAHs to plants and animals decreases beyond molecular weight of 202 because 
solubility drops rapidly afterwards. However, sub-lethal effects can result from exposure to 
very low concentrations of the high molecular weight (HMW) compounds. In most cases, 
environmental concentrations of PAHs in water are enormously below levels that are acutely 
toxic to aquatic organisms except in the vicinity of chemical or petroleum spills. However, 
concentration of PAHs in the sediment can be much higher, even though their limited bio-
availability often reduces their toxic potential to a large extent [6].

PAHs are generally classified into five groups based on their carcinogenic tendencies (Table 1). 
Group 1 consists of substances with carcinogenic potential for humans and benzo[a]pyrene 
with sufficient toxicological data is the only member [34, 51]. Group 2A PAHs are those that 
are probably carcinogenic to humans and a major example in this group is dibenzo(a,h)
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3.1. Natural sources
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solubility of the low molecular weight PAHs in the water column [33]. However, many diag-
nostic ratios involving the low molecular weight PAHs (e.g. LMW/HMW, anthracene/Phen, 
etc.) are very unstable because they are usually influenced by some environmental factors like 
photodegradation and volatilization; hence, they are very much affected by mobility in the 
aquatic environment. On the other hand, the higher molecular PAH ratios are relatively more 
stable and are less affected by such factors [44, 45].
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ylated species of phenanthrene, fluoranthene, pyrene, chrysene and benz[a]anthracene 
(Table 2) [39].

3.4. Toxicity of PAHs and risk of exposure

More than 80% of the total PAH contribution to environmental and health concerns could be 
attributed to the 16 EPA priority PAHs (Figure 1 and Table 1). Carcinogenic nature of these 
compounds is a major worry, although not all of them are affected [48]. In water, the toxicity 
of individual PAHs to plants and animals decreases beyond molecular weight of 202 because 
solubility drops rapidly afterwards. However, sub-lethal effects can result from exposure to 
very low concentrations of the high molecular weight (HMW) compounds. In most cases, 
environmental concentrations of PAHs in water are enormously below levels that are acutely 
toxic to aquatic organisms except in the vicinity of chemical or petroleum spills. However, 
concentration of PAHs in the sediment can be much higher, even though their limited bio-
availability often reduces their toxic potential to a large extent [6].

PAHs are generally classified into five groups based on their carcinogenic tendencies (Table 1). 
Group 1 consists of substances with carcinogenic potential for humans and benzo[a]pyrene 
with sufficient toxicological data is the only member [34, 51]. Group 2A PAHs are those that 
are probably carcinogenic to humans and a major example in this group is dibenzo(a,h)
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anthracene. Although, the list contains more PAHs in this category, however, they are not 
among the EPA priority contaminants. Therefore, the sentence is very correct as far as the 
16 priority PAHs are concerned. They are the substances that are possibly carcinogenic to 
humans. Group 3 compounds are those not classifiable as being carcinogenic to humans 
and its members include acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, 
pyrene and benzo[g,h,i]perylene. There is another group for those which are probably not 
carcinogenic to humans but none of the 16 EPA PAHs falls into the category. However, ace-
naphthylene was not classified into any of the 5 existing groups, probably because there is no 
sufficient data to decide on where it should belong [22, 24, 37, 52].

Seven of the pyrogenic PAHs (4–7 rings) in the group(s) 1, 2A and/or 2B have been identified 
by the United States Environmental Protection Agency (USEPA) and the International Agency 
for Research on Cancer (IARC) to be of high risk to humans and are therefore used to assess 
the level of pollution in the environment. They are benzo[a]pyrene, dibenzo[a,h]anthracene, 
benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, indeno[1,2,3-cd]pyrene and 
chrysene [34, 37, 53, 54]. Aside their confirmed carcinogenicity, all the seven PAHs were also 
found genotoxic alongside benzo[g,h,i]perylene that was not classified as being carcinogenic 
to humans [24]. The USEPA, therefore, established toxicity equivalency factors (TEFs) for the 

Ratio Petrogenic Pyrolytic References

LMW/HMW >1.0 <1.0 [38]

Phen/anthracene >15 <10 [32]

Anth/178 <0.1 ≥0.1 [41]

BaA/228 <0.2 0.2–0.35 [50]

Chry/BaA <0.4 >0.9 [44]

Anth/Anth + Phen <0.1 >0.1 [33]

Flt/Flt + Pyr <0.4 ≥0.5 [37]

Flt/Pyr <1.0 >1.0 [32]

Inp/Inp + BghiP <0.2 >0.5 [37]

BaA/BaA + Chry <0.2 >0.35 [50]

MPhen/Phen =0.4 <0.4 [39]

MPF/PF =0.5 <0.5 [39]

MCB/CB =1.0 <1.0 [39]

MPsp/Psp =0.8 <0.8 [39]

Phen: phenanthrene; Anth: anthracene; Chry: chrysene; BaA: benzo[a]anthracene; LMW: low molecular weight; 
HMW: high molecular weight; Flt: fluoranthene; Pyr: pyrene; Inp: indeno(123,cd)pyrene; BghiP: benzo[g,h,i]
perylene; MPsp: sum of all the methyl PAH species of phenanthrene, fluoranthene, pyrene, chrysene and benz[a]
anthracene; Psp: sum of the parent compounds of the methyl PAH species (i.e. phenanthrene, fluoranthene, 
pyrene, chrysene and benz[a]anthracene); MPhen/Phen: sum of 3-methylphenanthrene, 2-methylphenanthrene, 
9-methylphenanthrene and 1-methylphenanthrene; MPF: sum of three peaks of methylpyrenes/methylfluoranthenes; 
PF: sum of pyrene and fluoranthene; MCB: sum of five peaks of methylchrysenes/methylbenz[a]anthracenes; and 
CB: sum of chrysene and benz[a]anthracene.

Table 2. Molecular diagnostic ratios and possible sources of PAHs in the environment.
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quantification of their level of toxicity. The highest TEF of 1 was assigned to benzo[a]pyrene 
while lower values as shown in Table 3 were assigned to other PAHs. Toxicity equivalent 
concentration (TEC) of individual PAH can be calculated by multiplying the concentration of 
the congener in the environmental sample with the respective TEF, as shown in Eq. (1). TECs 
for the seven carcinogenic PAHs (cPAHs) are summed up to obtain the total toxicity equiva-
lent concentration (TTEC) in the chemical mixture or the sample under investigation [37, 55].

  Total toxicity equivalent concentration  (TTEC)  = ∑  C  n   ·  TEF  n    (1)

where Cn is the concentration of each congener n in the PAH mixture and TEFn is the toxicity 
equivalency factor for the specific congener n. Compliance is determined by comparing the 
TTEC for the sample with the appropriate cleanup level (Method B or C) for benzo[a]pyrene. 
The Method B and C cleanup levels for the reference substance are 0.137 and 18 mg/kg,  
respectively, although the estimates are only considered applicable for exposures through the 
oral route [55, 56].

Some of PAHs can affect health when exposure is at levels higher than the maximum con-
centration limit (MCL) for relatively short periods of time. The damage can include sup-
pressed immune systems, or red blood cell damage leading to anaemia. Long-term exposure 
is believed to lead to potential developmental and reproductive effects and some forms of 
cancer [57]. Occupational exposures to high levels of mixtures containing PAHs have resulted 
in symptoms such as eye irritation, nausea, vomiting, diarrhoea and confusion. Reactive 
metabolites of some PAHs, such as epoxides and dihydrodiols, have the ability to bind with 
cellular proteins and DNA. The resulting biochemical disruptions and cell damage lead to 
mutations, development of malformations, tumours and cancer. The most common PAH that 
causes cancer in laboratory animals is benzo[a]pyrene. Ingestion of high levels of these com-
pounds during pregnancy could result in birth defects and decreased body weight of the 
offspring. Most of the PAHs are not genotoxin by themselves; they need to be metabolized to 
the diol-epoxides which react with DNA, thus inducing genotoxic damage [10].

Bioconcentration and bioaccumulation of PAHs in organisms occurs through various routes 
including ingestion, inhalation or dermal contact pathways. PAHs are toxic and their carcino-
genicity is initiated by their metabolic conversion to peroxides that bind covalently to cellular 

PAH congeners TEF

Benzo[a]anthracene 0.1

Chrysene 0.01

Benzo[b]fluoranthene 0.1

Benzo[k]fluoranthene 0.1

Benzo[a]pyrene 1

Dibenzo[a,h]anthracene 0.1

Indeno[1,2,3-cd]pyrene 0.1

Table 3. Toxicity equivalent factors (TEFs) of the carcinogenic PAHs.
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anthracene. Although, the list contains more PAHs in this category, however, they are not 
among the EPA priority contaminants. Therefore, the sentence is very correct as far as the 
16 priority PAHs are concerned. They are the substances that are possibly carcinogenic to 
humans. Group 3 compounds are those not classifiable as being carcinogenic to humans 
and its members include acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, 
pyrene and benzo[g,h,i]perylene. There is another group for those which are probably not 
carcinogenic to humans but none of the 16 EPA PAHs falls into the category. However, ace-
naphthylene was not classified into any of the 5 existing groups, probably because there is no 
sufficient data to decide on where it should belong [22, 24, 37, 52].

Seven of the pyrogenic PAHs (4–7 rings) in the group(s) 1, 2A and/or 2B have been identified 
by the United States Environmental Protection Agency (USEPA) and the International Agency 
for Research on Cancer (IARC) to be of high risk to humans and are therefore used to assess 
the level of pollution in the environment. They are benzo[a]pyrene, dibenzo[a,h]anthracene, 
benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, indeno[1,2,3-cd]pyrene and 
chrysene [34, 37, 53, 54]. Aside their confirmed carcinogenicity, all the seven PAHs were also 
found genotoxic alongside benzo[g,h,i]perylene that was not classified as being carcinogenic 
to humans [24]. The USEPA, therefore, established toxicity equivalency factors (TEFs) for the 
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Anth/178 <0.1 ≥0.1 [41]

BaA/228 <0.2 0.2–0.35 [50]

Chry/BaA <0.4 >0.9 [44]
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perylene; MPsp: sum of all the methyl PAH species of phenanthrene, fluoranthene, pyrene, chrysene and benz[a]
anthracene; Psp: sum of the parent compounds of the methyl PAH species (i.e. phenanthrene, fluoranthene, 
pyrene, chrysene and benz[a]anthracene); MPhen/Phen: sum of 3-methylphenanthrene, 2-methylphenanthrene, 
9-methylphenanthrene and 1-methylphenanthrene; MPF: sum of three peaks of methylpyrenes/methylfluoranthenes; 
PF: sum of pyrene and fluoranthene; MCB: sum of five peaks of methylchrysenes/methylbenz[a]anthracenes; and 
CB: sum of chrysene and benz[a]anthracene.

Table 2. Molecular diagnostic ratios and possible sources of PAHs in the environment.
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quantification of their level of toxicity. The highest TEF of 1 was assigned to benzo[a]pyrene 
while lower values as shown in Table 3 were assigned to other PAHs. Toxicity equivalent 
concentration (TEC) of individual PAH can be calculated by multiplying the concentration of 
the congener in the environmental sample with the respective TEF, as shown in Eq. (1). TECs 
for the seven carcinogenic PAHs (cPAHs) are summed up to obtain the total toxicity equiva-
lent concentration (TTEC) in the chemical mixture or the sample under investigation [37, 55].

  Total toxicity equivalent concentration  (TTEC)  = ∑  C  n   ·  TEF  n    (1)

where Cn is the concentration of each congener n in the PAH mixture and TEFn is the toxicity 
equivalency factor for the specific congener n. Compliance is determined by comparing the 
TTEC for the sample with the appropriate cleanup level (Method B or C) for benzo[a]pyrene. 
The Method B and C cleanup levels for the reference substance are 0.137 and 18 mg/kg,  
respectively, although the estimates are only considered applicable for exposures through the 
oral route [55, 56].

Some of PAHs can affect health when exposure is at levels higher than the maximum con-
centration limit (MCL) for relatively short periods of time. The damage can include sup-
pressed immune systems, or red blood cell damage leading to anaemia. Long-term exposure 
is believed to lead to potential developmental and reproductive effects and some forms of 
cancer [57]. Occupational exposures to high levels of mixtures containing PAHs have resulted 
in symptoms such as eye irritation, nausea, vomiting, diarrhoea and confusion. Reactive 
metabolites of some PAHs, such as epoxides and dihydrodiols, have the ability to bind with 
cellular proteins and DNA. The resulting biochemical disruptions and cell damage lead to 
mutations, development of malformations, tumours and cancer. The most common PAH that 
causes cancer in laboratory animals is benzo[a]pyrene. Ingestion of high levels of these com-
pounds during pregnancy could result in birth defects and decreased body weight of the 
offspring. Most of the PAHs are not genotoxin by themselves; they need to be metabolized to 
the diol-epoxides which react with DNA, thus inducing genotoxic damage [10].

Bioconcentration and bioaccumulation of PAHs in organisms occurs through various routes 
including ingestion, inhalation or dermal contact pathways. PAHs are toxic and their carcino-
genicity is initiated by their metabolic conversion to peroxides that bind covalently to cellular 
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macromolecules, including DNA, causing an increase of elevated levels of DNA adducts and 
developing errors in DNA replication which cause carcinogenesis in both humans and other 
organisms [48]. Although unmetabolized PAHs can have toxic effects, the primary concern 
for animals is the ability of reactive metabolites, such as epoxides and dihydrodiols, of some 
PAHs to bind to cellular proteins and DNA. The resulting biochemical disruptions and cell 
damage lead to mutations, mental malformations, tumours, and cancer [6, 9].

3.4.1. Sediment quality criteria

The contamination of aquatic sediment by PAHs is evaluated by comparing the PAH concen-
trations in such sediment sample with the effects-based guideline values like the effects range 
low (ERL) and effects range median (ERM) established by the United States National Oceanic 
and Atmospheric Administration (USNOAA) [58, 59]. Table 1 presents the ERL and ERM val-
ues for the 16 priority PAHs. The ERL values suggest a likelihood of serious biological effects 
on aquatic creatures, while ERM values indicates a great risk of posing damaging biological 
effects on the aquatic organisms [59]. A lesser PAH concentration than the ERL would guar-
antee no adverse effects on the benthic invertebrates. However, any concentration between 
the ERL and ERM suggests the occurrence of such effects occasionally in the aquatic milieu. 
Meanwhile, higher PAHs concentrations above the ERM value would impact adverse effects 
on the organisms from time to time [37, 58, 60].

3.5. Extraction methods for PAHs in water and sediment

3.5.1. Water extraction

PAHs are usually present in water samples in trace quantity, owing to their low solubility [61]. 
Therefore, the analytical method to use should be of high enrichment factors for the target 
compounds and should allow concentrating and increasing the low levels to values that can be 
detected using analytical instrument [20, 62]. Method validation is very necessary for the recov-
ery of PAHs to show that the extraction procedures for the samples are very effective [63, 64].

Recent techniques for the extraction and concentration of PAHs from environmental water 
samples include solid-phase extraction (SPE), liquid-liquid extraction (LLE), continuous liq-
uid-liquid extraction (CLLE), solid-phase microextraction (SPME), hollow fibre liquid-phase 
microextraction (HF-LPME) and stirring bar sorptive extraction (SBSE) [20, 65–68]. The two 
most commonly used, which were also recommended by the USEPA for pre-concentration of 
PAHs in drinking water samples are LLE and SPE [63, 69–71].

3.5.2. Sediment extraction

Analysis of PAHs in the solid matrices is not simple and therefore requires careful sample 
pre-treatment such as isolation or extraction, prior to instrumental determination. The extrac-
tion procedure may be followed by cleanup if necessary [72].

Extraction methods for PAHs in soils and sediments includes Soxhlet extraction (SE), mechani-
cal shaking or agitation [30, 73], automated Soxhlet extraction, pressurized fluid extraction 
(PFE), microwave extraction (ME) [74], surfactant promoted extraction, accelerated solvent 
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extraction (ASE), supercritical fluid extraction (SFE), sub-critical fluid extraction, solvent 
washing, extraction by vegetable oils and extraction by cyclodextrins [72], ultrasonic extraction 
[75], microwave dissolution, pressurized liquid extraction (PLE) [76–79], solid phase micro-
extraction (SPME) and micellar solid-phase microextraction (MSPME) [80, 81].

An efficient extraction technique should be able to produce good results within a short time 
with minimum operator involvement. It should also be cheap, and safe for both the ana-
lyst and the environment [82]. The choice of extraction technique depends on several factors 
including capital cost, operating cost, sample matrix, simplicity of operation, sample through-
put and the availability of a standardized method [30, 83].

3.6. Analytical methods for polycyclic aromatic hydrocarbon in water and sediment

Polycyclic aromatic hydrocarbons with their derivatives are globally determined after extrac-
tion from food, environmental or biological samples using analytical methods approved by 
certain agencies and/or organizations such as the United States Environmental Protection 
Agency (USEPA), International Organization for Standardization (ISO) and National Institute 
for Occupational Safety and Health (NIOSH). The methods are basically grouped into three: 
immunoassay, spectrometric and chromatographic methods [57, 84].

Immunoassay methods (EPA 4030 and 4035, Update III) which exist mostly as kits are not 
very popular because of their tendency to introduce strong biases in the final results. Besides, 
the precision, accuracy and affinity of the methods for many aromatic compounds are sig-
nificantly lower than what could be obtained from other standard methods. Hence, they are 
mostly used for field screening in the analysis of soil and water [84, 85]. Among the spec-
trometries, ultraviolet (UV) and infrared (IR) methods are the most prominent. However, UV 
methods (absorption and fluorescence) which are considered being sensitive and selective 
to aromatic compounds like PAHs are more often affected by interference due to the pres-
ence of some other compounds like lipids in the sample matrix. Similarly, the IR spectromet-
ric method which although is fast and cheap, requires the sample to undergo a mandatory 
cleanup step after extraction before analytical determination and is also poorly selective [57].

Liquid and gas chromatographic methods are the most frequently used for the analysis of 
PAHs, in spite of being more expensive and time consuming [8, 9, 36]. Available liquid chro-
matographic (LC) methods include high-performance liquid chromatography (HPLC) with UV 
and fluorescence (FL) detectors in series (EPA 550, 610 and 8310; NIOSH 5506 and 5800) [74, 86], 
mass spectrometer [87], photo-diode array detector (PDA) [88], PDA and fluorescence detectors 
combined [89], or fluorescence detector alone (ISO 17993) [22]. Whereas gas chromatographic 
(GC) methods could be used after the EPA recommended organic extraction procedures with 
flame ionization detector (EPA 610 and 8100, NIOSH 5515), Fourier transform-infrared detector 
(EPA 8410), mass spectrometer (EPA 525, 625 and 8270; ISO 18287; ISO/DTS 28581; ISO/FDIS 
28540 and EN 15527), or mass spectrometer with thermal extraction (EPA 8275) [22, 74, 90].

3.6.1. Liquid chromatographic methods

HPLC methods are more patronized because of the ease of determining thermally labile, 
semi-volatile, less volatile or non-volatile compounds. They are also more sensitive, specific 
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macromolecules, including DNA, causing an increase of elevated levels of DNA adducts and 
developing errors in DNA replication which cause carcinogenesis in both humans and other 
organisms [48]. Although unmetabolized PAHs can have toxic effects, the primary concern 
for animals is the ability of reactive metabolites, such as epoxides and dihydrodiols, of some 
PAHs to bind to cellular proteins and DNA. The resulting biochemical disruptions and cell 
damage lead to mutations, mental malformations, tumours, and cancer [6, 9].

3.4.1. Sediment quality criteria

The contamination of aquatic sediment by PAHs is evaluated by comparing the PAH concen-
trations in such sediment sample with the effects-based guideline values like the effects range 
low (ERL) and effects range median (ERM) established by the United States National Oceanic 
and Atmospheric Administration (USNOAA) [58, 59]. Table 1 presents the ERL and ERM val-
ues for the 16 priority PAHs. The ERL values suggest a likelihood of serious biological effects 
on aquatic creatures, while ERM values indicates a great risk of posing damaging biological 
effects on the aquatic organisms [59]. A lesser PAH concentration than the ERL would guar-
antee no adverse effects on the benthic invertebrates. However, any concentration between 
the ERL and ERM suggests the occurrence of such effects occasionally in the aquatic milieu. 
Meanwhile, higher PAHs concentrations above the ERM value would impact adverse effects 
on the organisms from time to time [37, 58, 60].

3.5. Extraction methods for PAHs in water and sediment

3.5.1. Water extraction

PAHs are usually present in water samples in trace quantity, owing to their low solubility [61]. 
Therefore, the analytical method to use should be of high enrichment factors for the target 
compounds and should allow concentrating and increasing the low levels to values that can be 
detected using analytical instrument [20, 62]. Method validation is very necessary for the recov-
ery of PAHs to show that the extraction procedures for the samples are very effective [63, 64].

Recent techniques for the extraction and concentration of PAHs from environmental water 
samples include solid-phase extraction (SPE), liquid-liquid extraction (LLE), continuous liq-
uid-liquid extraction (CLLE), solid-phase microextraction (SPME), hollow fibre liquid-phase 
microextraction (HF-LPME) and stirring bar sorptive extraction (SBSE) [20, 65–68]. The two 
most commonly used, which were also recommended by the USEPA for pre-concentration of 
PAHs in drinking water samples are LLE and SPE [63, 69–71].

3.5.2. Sediment extraction

Analysis of PAHs in the solid matrices is not simple and therefore requires careful sample 
pre-treatment such as isolation or extraction, prior to instrumental determination. The extrac-
tion procedure may be followed by cleanup if necessary [72].

Extraction methods for PAHs in soils and sediments includes Soxhlet extraction (SE), mechani-
cal shaking or agitation [30, 73], automated Soxhlet extraction, pressurized fluid extraction 
(PFE), microwave extraction (ME) [74], surfactant promoted extraction, accelerated solvent 
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extraction (ASE), supercritical fluid extraction (SFE), sub-critical fluid extraction, solvent 
washing, extraction by vegetable oils and extraction by cyclodextrins [72], ultrasonic extraction 
[75], microwave dissolution, pressurized liquid extraction (PLE) [76–79], solid phase micro-
extraction (SPME) and micellar solid-phase microextraction (MSPME) [80, 81].

An efficient extraction technique should be able to produce good results within a short time 
with minimum operator involvement. It should also be cheap, and safe for both the ana-
lyst and the environment [82]. The choice of extraction technique depends on several factors 
including capital cost, operating cost, sample matrix, simplicity of operation, sample through-
put and the availability of a standardized method [30, 83].

3.6. Analytical methods for polycyclic aromatic hydrocarbon in water and sediment

Polycyclic aromatic hydrocarbons with their derivatives are globally determined after extrac-
tion from food, environmental or biological samples using analytical methods approved by 
certain agencies and/or organizations such as the United States Environmental Protection 
Agency (USEPA), International Organization for Standardization (ISO) and National Institute 
for Occupational Safety and Health (NIOSH). The methods are basically grouped into three: 
immunoassay, spectrometric and chromatographic methods [57, 84].

Immunoassay methods (EPA 4030 and 4035, Update III) which exist mostly as kits are not 
very popular because of their tendency to introduce strong biases in the final results. Besides, 
the precision, accuracy and affinity of the methods for many aromatic compounds are sig-
nificantly lower than what could be obtained from other standard methods. Hence, they are 
mostly used for field screening in the analysis of soil and water [84, 85]. Among the spec-
trometries, ultraviolet (UV) and infrared (IR) methods are the most prominent. However, UV 
methods (absorption and fluorescence) which are considered being sensitive and selective 
to aromatic compounds like PAHs are more often affected by interference due to the pres-
ence of some other compounds like lipids in the sample matrix. Similarly, the IR spectromet-
ric method which although is fast and cheap, requires the sample to undergo a mandatory 
cleanup step after extraction before analytical determination and is also poorly selective [57].

Liquid and gas chromatographic methods are the most frequently used for the analysis of 
PAHs, in spite of being more expensive and time consuming [8, 9, 36]. Available liquid chro-
matographic (LC) methods include high-performance liquid chromatography (HPLC) with UV 
and fluorescence (FL) detectors in series (EPA 550, 610 and 8310; NIOSH 5506 and 5800) [74, 86], 
mass spectrometer [87], photo-diode array detector (PDA) [88], PDA and fluorescence detectors 
combined [89], or fluorescence detector alone (ISO 17993) [22]. Whereas gas chromatographic 
(GC) methods could be used after the EPA recommended organic extraction procedures with 
flame ionization detector (EPA 610 and 8100, NIOSH 5515), Fourier transform-infrared detector 
(EPA 8410), mass spectrometer (EPA 525, 625 and 8270; ISO 18287; ISO/DTS 28581; ISO/FDIS 
28540 and EN 15527), or mass spectrometer with thermal extraction (EPA 8275) [22, 74, 90].

3.6.1. Liquid chromatographic methods

HPLC methods are more patronized because of the ease of determining thermally labile, 
semi-volatile, less volatile or non-volatile compounds. They are also more sensitive, specific 
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and reproducible than some GC based methods [8, 63, 91–93]. EPA methods 550, 610 and 8310 
require the aqueous samples to be treated prior the instrumental analysis with liquid-liquid 
or solid phase extraction procedure for isolation of the compounds of interest. Solid samples 
are extracted using either Soxhlet or sonication devices with suitable solvent(s) [94–96]. The 
sample extracts are required to be dissolved in any solvent miscible with the one used for 
extraction before injection into the instrument [84].

However, NIOSH 5506 is limited in that, it can only respond to samples extracted by acetoni-
trile only and not any other extraction solvent. The performance of the method is also affected 
negatively by huge presence of extremely adsorptive particulate matter such as fly ash, asphalt 
fumes, or diesel soot in the sample. But it is sensitive to PAHs and capable to determine them 
in the mixture of aliphatic compounds, even in trace level. NIOSH 5800 is also different from 
others because it uses a flow-injection method for the determination of total polycyclic aro-
matic compounds in the sample at two different sets of fluorescent wavelengths [21]. The 
HPLC methods (EPA 550, 610, 8310 and NIOSH 5506) determine PAHs in the sample extracts 
using UV and fluorescence (FL) detectors connected in series. The first four PAHs (naphtha-
lene, acenaphthylene, acenaphthene, and fluorene) in the priority list of USEPA which are not 
very fluorescent are analysed with the less sensitive ultraviolet detector while the remaining 
ones are determined using fluorescence detector with better sensitivity [87].

EPA 8310 provides adequate sensitivity at part per billion levels for the detection of PAHs in 
water samples. The method is also applicable to the analysis of PAHs in the effluent samples 
[84]. UV and fluorescence detectors are the most extensively used in the liquid chromato-
graphic measurement of PAHs, especially those with high molecular weights. UV/Visible 
detector can detect almost all the PAHs in the UV range of 190 to 360 nm. The sensitivity and 
selectivity of fluorescence detector in the quantitation of PAHs in the complex environmental 
mixture is much higher, particularly when appropriate excitation and emission wavelengths 
are selected [63, 69, 87, 88]. Photodiode array (PDA) detector which is much more sensitive 
than UV/Visible detector is sometimes used as an alternative, either alone [8, 70, 88] or with 
fluorescence detector [89, 97]. Notwithstanding, the latter remains the most sensitive among 
the modern LC detectors, which is highly recommended for trace determination of PAHs [98].

Another valued detector in liquid chromatography is mass spectrometer (MS). It is very 
useful for identification and characterization of trace polar components, especially if many 
compounds of interest are involved [92, 99]. An all-inclusive use of LC/MS for the analysis 
of aromatic compounds has been reported. It involves the introduction of sample into the 
chromatograph for separation, after which it passes through a sophisticated interface (such as 
thermospray, electrospray, moving belt and particle beam) where separation of target com-
pounds from aqueous mobile phase takes place, then finally into the mass spectrometer for 
characterization [92, 100]. However, there is no particular interface suitable for the separation 
of all the polycyclic aromatic hydrocarbons in the sample [87].

3.6.2. Gas chromatographic methods

Gas chromatographic methods are used for the separation and detection of non-polar organic 
compounds that are volatile and thermally stable. It is also used for the analysis of certain  
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semi-volatile compounds including PAHs [92, 99]. Applicable detectors for the analytical deter-
mination of aromatic compounds including PAHs in samples using GC include photoioniza-
tion detector (PID), flame ionization detector (FID), Fourier transform-infrared (FT-IR) and mass 
spectrometer (MS) [75, 84, 101, 102]. The technique can offer high resolving power with the use 
of capillary column. PAHs with molecular weight (MW) above 300 atomic mass unit (amu) are 
always difficult to analyse with GC because of their low volatilities, tendency to decompose when 
subjected to high temperature, and possibility of adsorbing to the GC inlet and column [87].

EPA 8021B is a GC method that is majorly used with PID to determine the level of some vola-
tile aromatics such as benzene, toluene, ethylbenzene, and xylenes (BTEX), as well as certain 
oxygenates (e.g. methyl-t-butyl ether (MTBE)), a number of olefins, cycloalkanes, branched 
alkanes and some halogenated compounds in so many sample types, including ground water, 
aqueous sludges, waste solvents, oily wastes, soils and sediments. It has the advantages of 
being selective and sensitive, although it is easily desensitized and contaminated by com-
pounds with heavy molecular weights [84, 103].

EPA 610 was specifically designed for PAHs determination in wastewater after liquid-liquid 
extraction (LLE) with methylene chloride. The advantage of the method is that it is available 
for use as a liquid chromatographic technique with UV and fluorescence detection. It can 
also be used as a gas chromatographic method with either packed or capillary column cou-
pled with flame ionization detector (GC/FID) [87, 94]. EPA 8100 is another GC/FID method 
that can be used to determine the target compounds in both water and solid samples. It is a 
packed column gas chromatographic method. The method allows the water samples to be 
adjusted to neutral pH and extracted prior to analytical determination using either LLE or 
continuous LLE, while the extraction of solid samples could be achieved through the use 
of Soxhlet or ultrasonic extraction set-up. The packed column in the procedures conversely 
present a major challenge of adequate resolution of four pairs of PAHs, which are anthracene 
and phenanthrene; chrysene and benzo[a]anthracene; benzo[b]fluoranthene and benzo[k]flu-
oranthene; and dibenzo[a,h]anthracene and indeno[1,2,3-cd]pyrene, although the listed pairs 
of compounds can be well resolved if capillary column is used in place of the packed col-
umn. Otherwise, the silica gel cleanup is suggested as a necessary component of the methods, 
except if the sample matrix is relatively clean [87, 90].

NIOSH 5515 which is also a GC/FID method was designed to analyse air sample with capil-
lary column (30 m × 0.32-mm ID, fused silica capillary, 1-μm DB-5) coupled with FID, after 
being subjected to filter extraction [86, 104]. Even though FID is a sensitive detector for PAHs, 
the use is limited by its sensitivity to background interferences from some common environ-
mental pollutants like phthalates and other co-extracted non-target compounds from carbo-
naceous sources. Therefore, cleanup step is very mandatory for appropriate quantification 
and identification of analytes using this detector [84, 87, 105, 106].

EPA 525, 625, and 8270 are GC/MS methods for identification and quantitation of PAHs and 
some other contaminants in various environmental media [87]. EPA 525 was designed for 
the determination of several groups of semi-volatile compounds including PAHs, phthalates, 
PCBs and adipates in drinking or river water. The pH of the water sample is to be adjusted to 
<2 using 6 N HCl before a solid phase extraction (SPE) procedure [107]. EPA 625 was, however, 
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and reproducible than some GC based methods [8, 63, 91–93]. EPA methods 550, 610 and 8310 
require the aqueous samples to be treated prior the instrumental analysis with liquid-liquid 
or solid phase extraction procedure for isolation of the compounds of interest. Solid samples 
are extracted using either Soxhlet or sonication devices with suitable solvent(s) [94–96]. The 
sample extracts are required to be dissolved in any solvent miscible with the one used for 
extraction before injection into the instrument [84].

However, NIOSH 5506 is limited in that, it can only respond to samples extracted by acetoni-
trile only and not any other extraction solvent. The performance of the method is also affected 
negatively by huge presence of extremely adsorptive particulate matter such as fly ash, asphalt 
fumes, or diesel soot in the sample. But it is sensitive to PAHs and capable to determine them 
in the mixture of aliphatic compounds, even in trace level. NIOSH 5800 is also different from 
others because it uses a flow-injection method for the determination of total polycyclic aro-
matic compounds in the sample at two different sets of fluorescent wavelengths [21]. The 
HPLC methods (EPA 550, 610, 8310 and NIOSH 5506) determine PAHs in the sample extracts 
using UV and fluorescence (FL) detectors connected in series. The first four PAHs (naphtha-
lene, acenaphthylene, acenaphthene, and fluorene) in the priority list of USEPA which are not 
very fluorescent are analysed with the less sensitive ultraviolet detector while the remaining 
ones are determined using fluorescence detector with better sensitivity [87].

EPA 8310 provides adequate sensitivity at part per billion levels for the detection of PAHs in 
water samples. The method is also applicable to the analysis of PAHs in the effluent samples 
[84]. UV and fluorescence detectors are the most extensively used in the liquid chromato-
graphic measurement of PAHs, especially those with high molecular weights. UV/Visible 
detector can detect almost all the PAHs in the UV range of 190 to 360 nm. The sensitivity and 
selectivity of fluorescence detector in the quantitation of PAHs in the complex environmental 
mixture is much higher, particularly when appropriate excitation and emission wavelengths 
are selected [63, 69, 87, 88]. Photodiode array (PDA) detector which is much more sensitive 
than UV/Visible detector is sometimes used as an alternative, either alone [8, 70, 88] or with 
fluorescence detector [89, 97]. Notwithstanding, the latter remains the most sensitive among 
the modern LC detectors, which is highly recommended for trace determination of PAHs [98].

Another valued detector in liquid chromatography is mass spectrometer (MS). It is very 
useful for identification and characterization of trace polar components, especially if many 
compounds of interest are involved [92, 99]. An all-inclusive use of LC/MS for the analysis 
of aromatic compounds has been reported. It involves the introduction of sample into the 
chromatograph for separation, after which it passes through a sophisticated interface (such as 
thermospray, electrospray, moving belt and particle beam) where separation of target com-
pounds from aqueous mobile phase takes place, then finally into the mass spectrometer for 
characterization [92, 100]. However, there is no particular interface suitable for the separation 
of all the polycyclic aromatic hydrocarbons in the sample [87].

3.6.2. Gas chromatographic methods

Gas chromatographic methods are used for the separation and detection of non-polar organic 
compounds that are volatile and thermally stable. It is also used for the analysis of certain  
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semi-volatile compounds including PAHs [92, 99]. Applicable detectors for the analytical deter-
mination of aromatic compounds including PAHs in samples using GC include photoioniza-
tion detector (PID), flame ionization detector (FID), Fourier transform-infrared (FT-IR) and mass 
spectrometer (MS) [75, 84, 101, 102]. The technique can offer high resolving power with the use 
of capillary column. PAHs with molecular weight (MW) above 300 atomic mass unit (amu) are 
always difficult to analyse with GC because of their low volatilities, tendency to decompose when 
subjected to high temperature, and possibility of adsorbing to the GC inlet and column [87].

EPA 8021B is a GC method that is majorly used with PID to determine the level of some vola-
tile aromatics such as benzene, toluene, ethylbenzene, and xylenes (BTEX), as well as certain 
oxygenates (e.g. methyl-t-butyl ether (MTBE)), a number of olefins, cycloalkanes, branched 
alkanes and some halogenated compounds in so many sample types, including ground water, 
aqueous sludges, waste solvents, oily wastes, soils and sediments. It has the advantages of 
being selective and sensitive, although it is easily desensitized and contaminated by com-
pounds with heavy molecular weights [84, 103].

EPA 610 was specifically designed for PAHs determination in wastewater after liquid-liquid 
extraction (LLE) with methylene chloride. The advantage of the method is that it is available 
for use as a liquid chromatographic technique with UV and fluorescence detection. It can 
also be used as a gas chromatographic method with either packed or capillary column cou-
pled with flame ionization detector (GC/FID) [87, 94]. EPA 8100 is another GC/FID method 
that can be used to determine the target compounds in both water and solid samples. It is a 
packed column gas chromatographic method. The method allows the water samples to be 
adjusted to neutral pH and extracted prior to analytical determination using either LLE or 
continuous LLE, while the extraction of solid samples could be achieved through the use 
of Soxhlet or ultrasonic extraction set-up. The packed column in the procedures conversely 
present a major challenge of adequate resolution of four pairs of PAHs, which are anthracene 
and phenanthrene; chrysene and benzo[a]anthracene; benzo[b]fluoranthene and benzo[k]flu-
oranthene; and dibenzo[a,h]anthracene and indeno[1,2,3-cd]pyrene, although the listed pairs 
of compounds can be well resolved if capillary column is used in place of the packed col-
umn. Otherwise, the silica gel cleanup is suggested as a necessary component of the methods, 
except if the sample matrix is relatively clean [87, 90].

NIOSH 5515 which is also a GC/FID method was designed to analyse air sample with capil-
lary column (30 m × 0.32-mm ID, fused silica capillary, 1-μm DB-5) coupled with FID, after 
being subjected to filter extraction [86, 104]. Even though FID is a sensitive detector for PAHs, 
the use is limited by its sensitivity to background interferences from some common environ-
mental pollutants like phthalates and other co-extracted non-target compounds from carbo-
naceous sources. Therefore, cleanup step is very mandatory for appropriate quantification 
and identification of analytes using this detector [84, 87, 105, 106].

EPA 525, 625, and 8270 are GC/MS methods for identification and quantitation of PAHs and 
some other contaminants in various environmental media [87]. EPA 525 was designed for 
the determination of several groups of semi-volatile compounds including PAHs, phthalates, 
PCBs and adipates in drinking or river water. The pH of the water sample is to be adjusted to 
<2 using 6 N HCl before a solid phase extraction (SPE) procedure [107]. EPA 625 was, however, 
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intended for the analysis of the listed classes of contaminants in the wastewater samples. The 
municipal and/or industrial wastewater samples are recommended for extraction at two dif-
ferent pHs using LLE, followed by GC/MS analysis. The updated version of the method (EPA 
625.1) has included the use of SPE as an alternative extraction procedure [108].

Moreover, EPA 8270 can be employed for the quantitative determination of the levels of semi-
volatile organic pollutants in water, air, soils, and other solid waste matrices. Recommended 
sample preparation techniques for aqueous samples in this method include LLE and 
CLLE. Solid samples are to be prepared by Soxhlet, automated Soxhlet, ultrasonic, super-
critical fluid, or solvent extraction device while non-aqueous solvent-soluble wastes are to 
be made ready for instrumental analysis by solvent dilution. In addition to the listed extrac-
tion methods, EPA 8270 also made provision for the isolation of semi-volatile compounds in 
the leachates obtained from toxicity characteristic leaching procedure (TCLP) by SPE. Aside 
PAHs, the method can be applied to several other classes of organic compounds, such as 
chlorinated hydrocarbons, pesticides, aromatic nitro compounds, phenols, phthalate esters, 
organophosphate esters, nitrosamines, ethers, ketones, anilines, haloethers, aldehydes, pyri-
dines, and quinolones [109].

EPA 8272, another GC/MS technique is used for the analysis of ten parent PAHs and two 
alkylated PAHs (naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, 
anthracene, fluoranthene, pyrene, benz[a]anthracene, chrysene, 2-methylnaphthalene and 
1-methylnaphthalene) in the pore water recovered from sediments, groundwater, and any 
other water sample (e.g. seawater, tap water) [110, 111]. The target compounds determinable 
with the method are those that are very soluble in the environmental waters. The interstitial 
water is usually removed from the sediment by centrifugation, followed by supernatant col-
lection, while other sample types are prepared for analysis by removal of colloid with floccu-
lation using aluminium potassium sulphate (alum) and sodium hydroxide. The flocculation 
step is repeated, followed by centrifugation, supernatant collection and solid phase micro-
extraction (SPME). The PAHs in the extract are thereafter determined using GC/MS operated 
in the selected ion monitoring (SIM) mode [112].

GC/MS is the most frequently used technique for the analytical determination of many organic 
compounds, including PAHs because it identifies analytes not only by retention time but also 
by mass spectrum, providing structural information and high sensitivity needed for quantifi-
cation in selected ion monitoring (SIM) mode [8, 66]. It is more expensive than the non-selective 
procedures like GC/FID and GC/PID and is often employed to determine the concentrations 
of target volatile and semi-volatile constituents of petroleum. However, the identification of 
unknown compounds with MS is limited using electron ionization (EI) because mass spectra 
only are not sufficient for suitable identification of substances. Chemical ionization (CI) or 
high resolution mass spectrometry if available can provide additional information needed for 
exhaustive elucidation [57, 84, 99].

EPA 8410 and 8275 are other GC based methods for PAHs. EPA 8410 uses Fourier transform-
infrared spectrometer (FTIR) for detection and quantitation of the compounds of interest in 
the sample extract. The method is considered a valuable complement to EPA 8270 because it 
enables proper identification of certain isomers that are ordinarily difficult to be differentiated 
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using GC/MS. The capillary GC procedure is applicable to the analysis of many semi-volatile 
organic compounds in wastewater, soils, sediments, and solid wastes. It requires compulsory 
cleanup of extract before injection into the gas chromatograph [113]. EPA 8275 is another 
capillary GC/MS procedure with an online thermal extraction for quantitative analysis of spe-
cific PCBs and the 16 EPA priority PAHs in soils, sludges, and solid wastes [87]. It involves 
the extraction of the analyte compounds from the sample matrix by heating to 340°C in the 
extraction chamber, where the extract is held for about three minutes before being swept into 
the column by split injection in the ratio ~35:1 or ~400:1, depending on the concentration of the 
sample. The injected extract is concentrated on the head of the GC column. The analytes are 
appropriately separated in the column and are qualitatively and quantitatively determined 
using mass spectrometer [114].

Of all the methods discussed, the most prevalent for the determination of PAHs in environ-
mental media are the GC/MS and HPLC with UV/fluorescence detectors. The choice of the two 
is based on their major advantages of high sensitivity and selectivity, in addition to the ability 
of mass spectrometer to provide additional structural information when used as detector [115].

3.7. Levels of PAHs in some waters and sediments across the world

3.7.1. Levels in water

The levels of PAHs in some environmental waters across the globe are presented in Table 4. 
The reported concentrations varied from 0.0003 to 42,350 μg/L. The minimum and maximum 
values were both recorded in the Asian continent, precisely from the Kor River water, Iran 
[16] and major rivers of Southern Thailand, respectively. Foremost rivers in the southernmost 
part of Thailand were categorized as natural inland water Class II, implying that the water 
must be made to pass through a number of treatment steps before it can be considered for 
reuse, given their level of pollution. The most abundant PAHs in the water samples from 
these rivers were the 4 and 5 rings congeners, which suggest discharge of anthropogenic 
wastes as major source of contaminants in the water bodies [116].

Other higher levels published emanated from African continent. For instance, Edokpayi et al. 
[117] reported PAH concentration in the range of 126–7510 μg/L for Mvudi River water and 
BDL—7805 μg/L for Nzhelele River water, both in South Africa. The elevated concentrations 
of the organic contaminants in the two rivers were linked to contamination by the wastewa-
ter treatment facilities in the study area. Similarly, rivers from Mutshundudi and Nzhelele 
areas of Limpopo, South Africa were reportedly polluted up to 137 μg/L by high degree of 
refuse dumping, organic waste burning, activities of the roadside mechanics and traffic den-
sity in the area, with HPAHs predominating in the rainy season [64]. Gorleku et al. [102] also 
accounted for total PAHs as high as 84.50 μg/L in the water column of Tema Harbour, Ghana. 
The levels determined at the inner fishing harbour (e.g. canoe landing site and some loca-
tions in the main harbour) were higher than at the outer fishing harbour. Canoe landing site 
recorded significantly high values because of possible leakage of petroleum products from 
the two-stroke engines of the fishing canoes, industrial effluent discharge into the sea through 
Chemu Lagoon [118], smoking of fish and other anthropogenic activities in the vicinity.
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intended for the analysis of the listed classes of contaminants in the wastewater samples. The 
municipal and/or industrial wastewater samples are recommended for extraction at two dif-
ferent pHs using LLE, followed by GC/MS analysis. The updated version of the method (EPA 
625.1) has included the use of SPE as an alternative extraction procedure [108].

Moreover, EPA 8270 can be employed for the quantitative determination of the levels of semi-
volatile organic pollutants in water, air, soils, and other solid waste matrices. Recommended 
sample preparation techniques for aqueous samples in this method include LLE and 
CLLE. Solid samples are to be prepared by Soxhlet, automated Soxhlet, ultrasonic, super-
critical fluid, or solvent extraction device while non-aqueous solvent-soluble wastes are to 
be made ready for instrumental analysis by solvent dilution. In addition to the listed extrac-
tion methods, EPA 8270 also made provision for the isolation of semi-volatile compounds in 
the leachates obtained from toxicity characteristic leaching procedure (TCLP) by SPE. Aside 
PAHs, the method can be applied to several other classes of organic compounds, such as 
chlorinated hydrocarbons, pesticides, aromatic nitro compounds, phenols, phthalate esters, 
organophosphate esters, nitrosamines, ethers, ketones, anilines, haloethers, aldehydes, pyri-
dines, and quinolones [109].

EPA 8272, another GC/MS technique is used for the analysis of ten parent PAHs and two 
alkylated PAHs (naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, 
anthracene, fluoranthene, pyrene, benz[a]anthracene, chrysene, 2-methylnaphthalene and 
1-methylnaphthalene) in the pore water recovered from sediments, groundwater, and any 
other water sample (e.g. seawater, tap water) [110, 111]. The target compounds determinable 
with the method are those that are very soluble in the environmental waters. The interstitial 
water is usually removed from the sediment by centrifugation, followed by supernatant col-
lection, while other sample types are prepared for analysis by removal of colloid with floccu-
lation using aluminium potassium sulphate (alum) and sodium hydroxide. The flocculation 
step is repeated, followed by centrifugation, supernatant collection and solid phase micro-
extraction (SPME). The PAHs in the extract are thereafter determined using GC/MS operated 
in the selected ion monitoring (SIM) mode [112].

GC/MS is the most frequently used technique for the analytical determination of many organic 
compounds, including PAHs because it identifies analytes not only by retention time but also 
by mass spectrum, providing structural information and high sensitivity needed for quantifi-
cation in selected ion monitoring (SIM) mode [8, 66]. It is more expensive than the non-selective 
procedures like GC/FID and GC/PID and is often employed to determine the concentrations 
of target volatile and semi-volatile constituents of petroleum. However, the identification of 
unknown compounds with MS is limited using electron ionization (EI) because mass spectra 
only are not sufficient for suitable identification of substances. Chemical ionization (CI) or 
high resolution mass spectrometry if available can provide additional information needed for 
exhaustive elucidation [57, 84, 99].

EPA 8410 and 8275 are other GC based methods for PAHs. EPA 8410 uses Fourier transform-
infrared spectrometer (FTIR) for detection and quantitation of the compounds of interest in 
the sample extract. The method is considered a valuable complement to EPA 8270 because it 
enables proper identification of certain isomers that are ordinarily difficult to be differentiated 
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using GC/MS. The capillary GC procedure is applicable to the analysis of many semi-volatile 
organic compounds in wastewater, soils, sediments, and solid wastes. It requires compulsory 
cleanup of extract before injection into the gas chromatograph [113]. EPA 8275 is another 
capillary GC/MS procedure with an online thermal extraction for quantitative analysis of spe-
cific PCBs and the 16 EPA priority PAHs in soils, sludges, and solid wastes [87]. It involves 
the extraction of the analyte compounds from the sample matrix by heating to 340°C in the 
extraction chamber, where the extract is held for about three minutes before being swept into 
the column by split injection in the ratio ~35:1 or ~400:1, depending on the concentration of the 
sample. The injected extract is concentrated on the head of the GC column. The analytes are 
appropriately separated in the column and are qualitatively and quantitatively determined 
using mass spectrometer [114].

Of all the methods discussed, the most prevalent for the determination of PAHs in environ-
mental media are the GC/MS and HPLC with UV/fluorescence detectors. The choice of the two 
is based on their major advantages of high sensitivity and selectivity, in addition to the ability 
of mass spectrometer to provide additional structural information when used as detector [115].

3.7. Levels of PAHs in some waters and sediments across the world

3.7.1. Levels in water

The levels of PAHs in some environmental waters across the globe are presented in Table 4. 
The reported concentrations varied from 0.0003 to 42,350 μg/L. The minimum and maximum 
values were both recorded in the Asian continent, precisely from the Kor River water, Iran 
[16] and major rivers of Southern Thailand, respectively. Foremost rivers in the southernmost 
part of Thailand were categorized as natural inland water Class II, implying that the water 
must be made to pass through a number of treatment steps before it can be considered for 
reuse, given their level of pollution. The most abundant PAHs in the water samples from 
these rivers were the 4 and 5 rings congeners, which suggest discharge of anthropogenic 
wastes as major source of contaminants in the water bodies [116].

Other higher levels published emanated from African continent. For instance, Edokpayi et al. 
[117] reported PAH concentration in the range of 126–7510 μg/L for Mvudi River water and 
BDL—7805 μg/L for Nzhelele River water, both in South Africa. The elevated concentrations 
of the organic contaminants in the two rivers were linked to contamination by the wastewa-
ter treatment facilities in the study area. Similarly, rivers from Mutshundudi and Nzhelele 
areas of Limpopo, South Africa were reportedly polluted up to 137 μg/L by high degree of 
refuse dumping, organic waste burning, activities of the roadside mechanics and traffic den-
sity in the area, with HPAHs predominating in the rainy season [64]. Gorleku et al. [102] also 
accounted for total PAHs as high as 84.50 μg/L in the water column of Tema Harbour, Ghana. 
The levels determined at the inner fishing harbour (e.g. canoe landing site and some loca-
tions in the main harbour) were higher than at the outer fishing harbour. Canoe landing site 
recorded significantly high values because of possible leakage of petroleum products from 
the two-stroke engines of the fishing canoes, industrial effluent discharge into the sea through 
Chemu Lagoon [118], smoking of fish and other anthropogenic activities in the vicinity.
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Sample source Obtained concentration (μg/L) % LPAHs Reference

Europe

Evoikos Gulf Water, Greece (Shipyards) 0.0009–0.14 68.6 [70]

Malliakos Gulf Water, Greece (Ag. Marina) 0.002–0.05 75.0 [70]

Malliakos River Water, Greece (Sperchios) 0.001–0.07 96.3 [70]

Surface Waters of Northern Greece 0.001–0.68 85.2 [127]

Asia

Kor River Water, Iran 0.0003–0.24 81.6 [16]

Surface waters in Hangzhou, China 0.99–9.66 – [128]

Gao-ping River, Taiwan 0.01–9.40 – [129]

Xiamen Harbour, China 0.11–0.95 – [130]

Water Resources in Mahasarakham University, 
Thailand

0.001–0.009 13.4 [123]

Major Rivers of Southern Thailand 2250–42,350 – [116]

Well Water and River Water, Xuanwei and 
Fuyuan, China

0.0009–0.06 – [131]

Mumbai Harbour Line, India 0.009–0.047 – [132]

Reclaimed and Surface Water of Tianjin, China 1.80–35 95.9 [121]

Africa

Suez Canal, Egypt 0.01–0.5 16.2 [124]

Shallow Lake, Zeekoevlei, South Africa 0.00001–0.01 (individual) 95.0 [133]

Mvudi River water, South Africa 126–7510 25.3 [117]

Nzhelele River water, South Africa BDL – 7805 23.1 [117]

Surface Water in Nigerian Coastal Communities—
Eleme, Nigeria (highly industrialized)

22.10 (total) – [97]

Surface Water in Nigerian Coastal Communities—
Eleme, Nigeria (less industrialized)

8.39 (total) – [97]

Lakes and Rivers around Johannesburg/Pretoria in 
South Africa

0.021–0.62 86.6 [20]

Tema Harbour Water, Ghana 33.20–84.50 – [102]

Rivers Water, Limpopo, South Africa 0.10–137 – [64]

Hartbeespoort Dam, South Africa 0.030–0.05 – [134]

America

Paraíba do Sul River, Brazil 0.255 (benzo[a]pyrene only) – [135]

Mississippi river, USA 0.06–0.15 – [136]

Chesapeake Bay, USA 0.02–0.09 – [137]
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The EU Directive 98/83/EC gave a permissible level of 0.1 μg/L for PAHs in water intended 
for consumption by humans [119, 120]. Unfortunately, the target limit was found exceeded in 
many regions of the world as shown in Table 4; this may be attributed to the increased urban-
ization, industrialization and incessant discharge of untreated or partially treated effluents 
into the water bodies. Other possible sources of high PAHs in the water phase of the aquatic 
systems include vehicular exhaust emission, intense shipping activities [121], and run-off 
from petroleum filling stations [97]. The results compiled revealed that pollution due to PAHs 
in water is more pronounced in the Asian and African continents than other parts of the globe. 
Hence, there is need for strict compliance.

Table 4 indicated that LPAHs are more soluble in the water phase than the sediments, as they 
recorded large percentages in most of the water samples analysed [16, 63], although their solubil-
ity is usually reduced significantly in the marine water [122]. Two- and three-ring PAHs which 
are referred to as low molecular weight PAHs account for between 52.4 and 96.3% in the water 
column, except in few studies conducted in Thailand, South Africa and Egypt [117, 123, 124].

3.7.2. Levels in sediment

The global distribution of PAHs in the sediments as shown in Table 5 revealed that the total 
concentrations of the contaminants ranged between 0 and 1.266 × 109 μg/kg. The highest levels 
of these organic pollutants were reported from Taylor Creek, Bayelsa State in the Southern 
part of Nigeria, an environment known for oil exploration. The extremely high level of PAHs 
in the area can be associated with the activities of the Etelebou flow station that discharges 
liquid effluents into the tributary of Taylor Creek. The contaminant levels were particularly 
high at Ogboloma, Koroama and Okolobiri of the community. This could be very injurious to 
the health of humans in the locality and also affect the metabolic and behavioural systems of 
the aquatic organisms adversely [125].

Similarly, PAHs in the range of 310–528,000 μg/kg dry weight was recorded in the surficial 
marine sediments obtained from Kitimat Harbour, Canada. The pollution reported in the 
harbour sediments could principally come from an aluminium smelter at the head of Kitimat 
Arm through atmospheric deposition, run-off water and effluent discharge. Remarkably high 
PAH levels (1 × 107 μg/kg) were even obtained from one of the settling ponds at Alcan alu-
minium smelter site. The outfall from the site reportedly flows directly into the harbour while 

Sample source Obtained concentration (μg/L) % LPAHs Reference

York river, USA 0.002–0.12 – [138]

Petroleum Produced Water, Sergipe, Brazil 3.50–44.30 52.4 [67]

San Francisco Estuary, USA 0.007–0.12 – [139]

BDL: below detection limit.

Table 4. Levels of PAHs in waters around the world.
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Sample source Obtained concentration 
(μg/kg dry weight)

% HPAHs Reference

Europe

West Mediterranean Sea (French Riviera, Corsica, Sardinia) 1.5–20,440 – [141, 142]

The Czech Republic (Industrial) 3500–61,700 – [143, 144]

Inshore coastal areas around Malta 0–14,990 – [145]

Asia

Gulf and the Gulf of Oman, UAE 0.6–9.4 – [146]

Coastal of Bushehr, Persian Gulf 41.7–227.5 – [25]

Industrial Port Area of Southern Kaohsiung Harbour 4425–51,261 56.3 [75]

Mumbai Harbour Line, India 17–134,134 – [132]

Gulf and the Gulf of Oman, Qatar 0.55–92 – [146]

Khure-Musa Estuarine, Persian Gulf 703–3302 (total) 80.9 [140]

Gulf and the Gulf of Oman, Bahrain 13–6600 – [146]

Marine Environment, Korea 8.80–18,500 – [147]

Coastal and Estuarine Areas of the Northern Bohai and 
Yellow Seas, China

52.3–1871 78.3 [148]

Gulf and the Gulf of Oman, Oman 1.6–30 – [146]

Delhi, India 920–19,321 (total) 62.4 [8]

Kor River, Iran 167.4–530.3 82.5 [16]

Kyeonggi Bay, Korea 10–1400 – [58]

Middle of Muggah Creek Estuary, Sydney (Australia) 142 (total) – [149, 150]

America

South San Francisco Bay ~120 to 9560 (total) – [151]

Gulf of Naples and nearby Coastal Areas, US 0.34–31.77 – [2, 152, 153]

Casco Bay, Maine, Texas 16–20,798 (total) 93.6 [154]

Kitimat Harbour, Canada 310–528,000 – [126]

Fore River and Portland Harbor, Maine 2953–278,300 69 [122]

San Francisco Bay, California 36–6273 (total) 87.5 [155]

Todos Santos Bay, Mexico 7.6–813 – [156]

Bagnoli Surface Sediment (industrial side of the Gulf of 
Naples)

0.1–2947 – [2, 157, 158]

Tabasco state, Mexico 454–3120 – [159]

Northwest Coast Mediterranean Sea 86.5–48,090 – [160]

Africa

Suez Canal, Egypt 103.41–238.76 76.2 [124]
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surface run-off from the northern part of the site and effluent from the anode plant wet scrub-
bers in the area enter through the lagoon, raising the concentration of PAHs in the harbour 
sediments [126]. Another elevated PAH levels from American sediments were reported from 
Fore River and Portland Harbour, Maine. The total PAHs at most of the sampling locations 
were high. For instance, levels detected at the Gas Works/China Clay Docks, Maine State Pier 
and Casco Bay Ferry Terminal were 278,300, 161,990 and 63,533 μg/kg, respectively. High 
concentrations at these sites were possibly from combustion-related sources because the ratio 
of LPAHs to the total PAHs in all the study sites were very low, signifying they are less likely 
to have come from petrogenic origins [122].

The study conducted in 2011 at the Suez Canal, Port Said in Egypt also revealed the effects of 
heavy shipment, sewage outfalls, highest traffic density of oil tanker, and discharge of industrial 
effluents on the health status of the marine sediment at the sites. The total PAHs at Port Said and 
Suez Harbours were up to 239 μg/kg [124]. Likewise, Gorleku et al. [102] and Dhananjayan et al. 
[132] reported concentration ranges of 28,600–190,300 μg/kg and 17–134,134 μg/kg in the Tema 
Harbour, Ghana and Mumbai Harbour Line, India, respectively. Reasons for these levels of 
PAHs include oil spillage, coastal and river run-off, industrial and domestic wastes discharges. 
Diagnostic analysis suggested that the PAH assemblages in the Mumbai Harbour Line could 
have originated from combustion of fossil materials, while the results from Tema Harbour indi-
cated a possible contamination from both petrogenic and pyrogenic sources [102, 132].

Generally, the extremely high levels of PAHs in the freshwater and marine sediments glob-
ally were mostly from oil exploration areas, harbours/shipping yards and industrial locations. 
The compiled results showed that the effects of pollution due to industrial growth were not 
as high as those from the two other sources. PAHs occurred well above the ERL (4000 μg/kg) 
in most of the areas where the studies were carried out, and not less than 25% of the sites 
exceeded the ERM value of 44,792 μg/kg. This implies there is possibility of high biological 
risk to the aquatic creatures in the freshwater and marine environments discussed if not cur-
tailed within a reasonable period of time [37, 58, 59].

Sample source Obtained concentration 
(μg/kg dry weight)

% HPAHs Reference

Central South Africa (Industrial, Residential and 
Agricultural)

44–39,000 (total) – [144, 161]

Lakes and Rivers around Johannesburg/Pretoria in South 
Africa

61–45,281 52.3 [20]

Rivers in Thohoyandou, Limpopo Province, South Africa 111.6–61,764 (total) – [64]

Taylor Creek, Southern Nigeria (non-tidal 
freshwater-Bayelsa)

1.781 × 108–1.266 × 109 – [125]

Mvudi River water, South Africa 266–21,600 55.3 [117]

Nzhelele River water, South Africa 206–13,710 87.4 [117]

Tema Harbour, Ghana 28,600–190,300 – [102]

Table 5. Levels of PAHs in sediments around the world.
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Table 5 revealed that the ratio of high molecular weight PAHs to the total PAHs (expressed 
in percentage) in the sediments ranges generally from 56.3 to 93.6%, corroborating previously 
reported works [16, 63, 102, 140] and suggesting sources associated with run-off, air deposi-
tion and combustion of fossil materials [122].

4. Conclusion

PAHs are among the major organic pollutants found in the aquatic systems. They are mostly 
generated from both natural and anthropogenic sources. Many of them are highly carcino-
genic in nature and are also linked with endocrine system disruption at levels higher than 
the maximum concentration limit within a short period of time. Hence, they are frequently 
determined in the environmental samples. Liquid and gas chromatography remain the most 
commonly used analytical methods for the qualitative and quantitative determination of the 
organic contaminants, owing to their several advantages, which include better resolution, 
high sensitivity and selectivity. HPLC with UV/fluorescence detectors in series and GC/MS 
have proven to be the best techniques amongst others. GC/MS is the most frequently used 
because of the advantages of identification using both retention time and mass spectrum, pro-
viding added information on the chemical structures of the analyte compounds. It also offers 
high sensitivity required for quantification in selected ion monitoring (SIM) mode. Although, 
LC/MS can offer similar advantages, it is limited in that, there is no specific interface suitable 
for the separation of all the PAHs at the same time.

The results collated revealed that fresh and marine waters in many parts of the world are 
polluted with PAHs, possibly due to increased urbanization, industrialization, incessant dis-
charge of untreated or partially treated effluents into the water bodies and intense shipping 
activities, amongst many other inputs. The pollution was more pronounced in the Asian and 
African continents than other parts of the globe. Similarly, the levels reported for the sedi-
ments were in most cases above the ERL, signifying the likelihood of serious biological effects 
on aquatic organisms worldwide. Particularly high concentrations of PAHs in the sediment 
compartment were generally from areas characterized with intense oil exploration, shipping 
and industrial activities. LPAHs which are more soluble in the water phase recorded high 
percentage in most of the water samples and conversely, HPAHs were found generally higher 
in the sediment samples with percentage ranging from 56.3 to 93.6%. Therefore, there is need 
for strict compliance with environmental laws, in order to achieve a very safe environment 
for humans and biota.
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