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Preface

Food, beverages, medicines, cosmetics, and detergents are ubiquitous in daily life. 
A close look at these diverse products reveals one common ingredient: surfactants. 
Because of its their wide and expansive applications, surfactants are a billion-dollar 
industry that is estimated to reach a market size of USD 57.8 billion by 2028, USD 
24.8 billion of which will come from the market for natural surfactants. Although 
a large portion of the existing surfactant market is essentially synthetic, the avail-
ability of natural surfactants at the commercial scales and the growing need for 
them is directly related to the increasing consciousness of environmental change 
and the need to mitigate it. Natural surfactants derived from renewable resources 
like vegetable crop oils are considered environmentally “green and safe” because 
of their low eco-toxicity in addition to their highly biodegradable characteristics 
in contrast to most synthetic surfactants that have long degradation times, often 
several months, allowing the build-up of toxic waste in natural underwater reser-
voirs, rivers, and soil.

This book is a compilation of several chapters that highlight the use of specific 
surfactants and their functional properties in different applications that range from 
enhanced oil recovery (EOR) from ocean beds to nano-emulsion-based drug deliv-
ery systems for the treatment of cancer. Keeping in view a large audience consisting 
of experts as well as researchers new to the subject, we have avoided all mathemati-
cal derivations of formulas used across the book, but appropriate references have 
been provided for the reader interested in equations.

This volume consists of eight chapters presenting various perspectives and insights 
on both synthetic and natural surfactants used in different applications.

Chapter 1 examines the structure-property relationship connecting surface tension, 
torque, and bending rigidity of interfacial films to predict the micro-emulsion char-
acteristics of an oil-surfactant-brine micro-emulsion representing an EOR system.

Chapter 2 studies the effects of sodium lignosulphonate (SLS) produced from sugar 
cane bagasse, which is a waste material, on the yield of oil recovered EOR processes 
as a function of SLS concentration and at different salinities. This study suggests the 
feasibility of profitably using bagasse that is usually burnt and that causes massive 
atmospheric pollution.

Chapter 3 compares the detergency of saponins extracted from tea leaves on fabrics 
with the detergency of a well-known commercial product. The results reveal 
comparable benefits and suggest the possibility of replacing a slowly degrading syn-
thetic surfactant like lauryl alcohol benzyl sulphonic acid (LABSA) with saponins 
that are natural, green, and readily biodegradable.

Chapter 4 establishes the advantages of using microemulsion systems for drug 
delivery in the treatment of cancer. These systems are thermodynamically stable 
and the presence of lipids enhances the bioavailability of drugs resulting in quicker 
alleviation of symptoms.
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Chapter 5 provides an overview of biosurfactants derived from renewable feedstock 
like vegetable oils and sugar and the advantages of using these industrially. It also 
discusses the various challenges in bulk production of these materials.

Chapter 6 examines the interaction of the antiulcer drug roxatidine acetate loaded 
on chitosan nanoparticles with serum albumin. It investigates the influence of a 
surfactant Tween 80 in the release of the active ingredient using fluorescence and 
circular dichroism spectroscopy.

Chapter 7 discusses the presence of microplastics and nanoparticles in water bodies 
and ecotoxicity arising therefrom. This study demonstrates that polyethylene and 
titanium dioxide nanoparticles largely enhance the ecotoxicity of water bodies 
endangering aquatic life.

Chapter 8 highlights the importance of surfactant-enhanced remediation of soil 
contaminants, especially hydrophobic organic contaminants.

I take this opportunity to thank all the authors for their excellent contributions 
and the staff at IntechOpen for their assistance throughout the publication process. 
I also wish to thank my wife Malabika and my two children Sourav and Siddharth 
for their help and cooperation. I dedicate this book to the loving memory of my 
parents.

Dr. Ashim Kumar Dutta
Vice President (R&D),
India Glycols Limited,

Uttarakhand, India
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Chapter 1

Experimental and Computational
Modeling of Microemulsion Phase
Behavior
Vai Yee Hon and Ismail B.M. Saaid

Abstract

The phase behavior of microemulsions formed in a surfactant-brine-oil system
for a chemical Enhanced Oil Recovery (EOR) application is complex and depends
on a range of parameters. Phase behavior indicates a surfactant solubilization. Phase
behavior tests are simple but time-consuming especially when it involves a wide
range of surfactant choices at various concentrations. An efficient and insightful
microemulsion formulation via computational simulation can complement phase
behavior laboratory test. Computational simulation can predict various surfactant
properties, including microemulsion phase behavior. Microemulsion phase behav-
ior can be predicted predominantly using Quantitative Structure-Property Rela-
tionship (QSPR) model. QSPR models are empirical and limited to simple pure oil
system. Its application domain is limited due to the model cannot be extrapolated
beyond reference condition. Meanwhile, there are theoretical models based on
physical chemistry of microemulsion that can predict microemulsion phase behav-
ior. These models use microemulsion surface tension and torque concepts as well as
with solution of bending rigidity of microemulsion interface with relation to surface
solubilization and interface energy.

Keywords: surfactant, microemulsion, phase behavior, solubilization, chemical
enhanced oil recovery, computational chemistry

1. Introduction

With growing global energy demand and depleting reserves, enhanced oil
recovery (EOR) has become more important. Among various EOR processes,
chemical EOR has been labeled an expensive process, with overwhelming parame-
ters needed to describe a chemical EOR process and not practical to measure every
one of them [1]. The chemical formulations for chemical EOR process consist of
single or a combination of alkaline, surfactant and polymer. The traditional chemi-
cal EOR processes are polymer flooding, surfactant and alkaline flooding. Over the
years, different modes of chemical flood injections were devised. There are the
binary mix of alkali–surfactant (AS), surfactant-polymer (SP), alkaline-polymer
(AP), and alkaline-surfactant-polymer (ASP) slug [2].

The research and development effort to design a robust chemical EOR formula-
tion tailored to a specific field is challenging and laborious. To design a successful
surfactant related chemical EOR formulation, Pope [3] highlighted 8 surfactant
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selection criteria. The surfactant must produce high solubilization ratio [i.e., low
interfacial tension (IFT)] at optimum condition, commercialize at low cost, be
feasible to be tailored to specific crude oil, temperature and salinity, comprise of
highly branched hydrophobe with low adsorption onto reservoir rock, be insensi-
tive to surfactant concentration above critical micelle concentration (CMC) and
have minimal inclination to form liquid crystals, gels, macroemulsions and show
rapid coalescence to microemulsion.

Surfactant solubilization can be determined via phase behavior laboratory test.
The phase behavior of microemulsions formed in a surfactant-brine-oil system is
complex. Phase behavior for a particular microemulsion system has been known to
be measured experimentally [4]. The study of surfactant phase behavior consists of
the determination of the number, composition, and structure of phases formed by
surfactant systems at a given set of conditions (pressure, temperature, and system
composition), in observance of Gibbs phase rule [5].

The relationship between solubilization and IFT is described commonly by
Healy & Reed [6] correlations and the Chun-Huh [7] equation. Nevertheless, the
latter equation is more commonly used. The term “solubilization” was introduced
by McBain [8] to describe the increased solubility of a compound associated with
the formation of micelles or inverted micelles. The mechanism to enhance solubility
varies depending on the surfactant structure, the solvent type and the nature of the
solubilized compound. The oil and water solubilization parameters, SPo and SPw
respectively, are expressed in SPo = Vo/Vs and SPw = Vw/Vs, where Vo, Vw, and Vs are
the volumes of oil, water and surfactant contained within the micellar phase [9].
The solubilization ratio of water and oil phase is measured as either the volume of
solubilized water (Vw) or oil (Vo) over volume of surfactant (Vs) in the
microemulsion phase. The solubilization ratio of oil (Vo/Vs) increases with the
increase in salinity, while the solubilization ratio of water (Vw/Vs) decreases with
the increase in salinity [10]. The region in or near where the solubilization of oil and
water intersects versus salinity is the optimal salinity.

2. Microemulsion and Winsor phase behavior

Microemulsions are dispersions of oil and water stabilized by surfactant mole-
cules [11–13]. They can take on many structures such as water droplets in oil, oil
droplets in water, sponge like, bicontinuous structures, and lamellar phase [14].
Unlike emulsions, they are thermodynamically stable. This because of the oil-water
IFT is low enough (below 10˗2 nM/M) to compensate the dispersion entropy. The
interfacial energy is balanced by the dispersion entropy when the dispersion sizes
are small enough, which is below 100 Å [15]. Emulsion has much larger dispersion
sizes at approximately 1 μm. The different in size between microemulsion and
emulsion explains their difference in properties and appearance; however, their
fundamental difference is thermodynamic stability [9].

For a given set of conditions (temperature, composition), microemulsion dis-
plays well defined structures. The physical properties of microemulsion often
undergo an abrupt change over a narrow concentration range [16]. It is generally
accepted that this rapid change in the property over the range of concentration is
due to the formation of surfactant aggregates or micelle in solution [9]. The nucle-
ation of micelles is spontaneous, forming a structure that can vary between spher-
ical and cylindrical depending on the surfactant molecular structure, solution
composition and temperature. Figure 1 depicted the intermicellar equilibrium and
the associated phase changes. Micellar structure, S1 is formed when the hydrophilic
group of a surfactant are in contact with water while the hydrophobic group are
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gathered within the interiors of micelles to create small regions from which water is
essentially excluded. When aggregates of surfactant form in apolar solvent, it is
called inverted micelles, S2. Inverted micelles promote the solubility of water in
apolar solvents. Micellar aggregates have a finite mean lifetime, where their struc-
tures are mobile, the interfaces are flexible with a rapid exchange of molecules
between the neighboring region and the aggregate [9]. Therefore, both S1 and S2 do
form isotropic solutions with a bicontinuous and fluctuating structure in a given
optimal condition. The microstructure of the sequence of states progressing from S1
to S2 is difficult to study and hence, these systems were large ignored until recent
years, when it has been recognized that the isotopic solutions between S1 and S2 are
agents which can significantly enhance oil recovery [9].

In less frequent cases, the microemulsion structure is made of elongated cylin-
ders, eventually interconnected, or of distorted lamellar (sponge like), as depicted
as M1 and M2 in Figure 1. These structures are encountered when the spontaneous
curvature of the surfactant layer is small and approaches zero. On the contrary,
sponge like structure can be significantly swollen by both oil and water. The G
phase in Figure 1 is liquid crystal with lamellar structure [15].

A microemulsion can exist in three types of systems. Winsor’s introduced three
types of simple phase diagram that are characterized by the nature of the polyphasic
zone at low and moderate concentration. They are Winsor I (WI), Winsor II (WII)
andWinsor III (WIII) [17]. Winsor I and II are also commonly known as II˗ and II+.
Below a certain salinity, Cseu, the system is WI. Above a certain salinity, Csel, the
system is WII. If the salinity is between Cseu and Csel, the system is WIII. In a WIII
system, the IFT is lower than WI and WII [4]. WI and WII diagrams shows a
characteristic of 2-phase behavior with water or oil microemulsion in equilibrium
with the excess phase. WIII diagram shows a bicontinuous microemulsion in equi-
librium with both the excess water and oil phases. WIII is considered to have the
best probability of recovering additional oil. WII is considered to have the second-

Figure 1.
Intermicellar equilibrium and associated phase changes [9].
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best chance to recover additional oil because it shows interaction between the
aqueous phase and crude oil. Even thoughWI demonstrates interaction between the
crude oil and the aqueous phase, it is considered to have poorer oil recovery poten-
tial than WII.

Winsor’s phase behavior studies in the early 1950s introduced the R ratio of
interactions of the adsorbed surfactant at the interface with the neighboring oil and
water molecules as a criterion to take into account along with the effects of all
formulation variables found in a ternary surfactant-oil-water (SOW) system, i.e.,
the surfactant head and tail characteristics, the nature of the oil, the aqueous phase
salinity, as well as temperature and pressure [18].

In micellar solutions, 3 distinct regions can be identified: an aqueous region, W,
an oil or organic region, O, and a surfactant region, C. The variation of the dispers-
ing tendencies at the O and W faces of the C region is expressed qualitatively by
Winsor [17] as:

R ¼ ACO � AOOð Þ
ACW � AWWð Þ (1)

where ACO and ACW are the interaction of surfactant molecules per unit area at
the interface with oil and water respectively, AOO is the interaction between two oil
molecules, and AWW is the interaction between two water molecules. Winsor
described that an optimal microemulsion (Winsor III) is formed when the micro-
structure surface is flat, i.e., R = 1. When R < 1, there is a tendency to form oil-in-
water emulsion (Winsor II or II+), whereas when R > 1, the tendency is to form
water-in-oil emulsion (Winsor I or II˗). Salager [18] presented a diagram (Figure 2)
to link the Winsor R ratio with the observe phase type. R < 1, R = 1 and R > 1
correspond to WI (II˗), WIII, and WII (II+) diagrams, respectively. This shows that

Figure 2.
Ternary phase diagram, test tube phase behavior and R ratio variations along a 1-dimensional formulation
scan [18].
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any formulation change that alters one of the interactions indicated in the ratio can
increase or decrease R. When the formulation variation is properly selected to
change R from R < 1 to R > 1 or vice versa, it changes the phase behavior from WI
to WII or vice versa, with an intermediate WIII three-phase behavior at R = 1 [18].

3. Laboratory determination of phase behavior

Phase behavior laboratory test is conducted to assess surfactant performance in
generating optimal microemulsion. The test involves the use of graduated cylinders
with stopper and an explosion proof oven. A typical range of surfactant concentra-
tion and salinity for the phase behavior test are 0.25 to 2.5 wt.% and 5000 to
40,000 ppm respectively. The procedure starts with adding 50% of surfactant
solution in brine into the graduated cylinder with 50% of crude oil of interest. The
cylinder is then mixed vigorously and aged in the explosion oven for 14 days at
reservoir temperature. The phase type and volume of the mixture are observed and
measured on day-14 to identify the optimum microemulsion formulation and con-
dition. The complete phase type descriptions are given in Table 1.

Type III is considered to have the best probability of recovering additional oil.
Type II is considered to have the poorest chance to recover additional oil. Type II˗ is
considered to have the second-best chance to recover additional oil because it shows
interaction between the aqueous phase and crude oil. Even though Type II+ dem-
onstrates interaction between the crude oil and the aqueous phase, it is considered
to have poorer oil recovery potential than Type II˗.

Figure 3 illustrates the relationships among phase behavior laboratory test
observation, microemulsion structure and Winsor’s R ratio.

4. Computational simulation of phase behavior

Apart from the commonly use of phase behavior laboratory test to assess
microemulsion of a particular surfactant for chemical EOR application, it is viable to

Phase type Phase type descriptions

II Two fluid envelopes exist—A bottom aqueous phase and a top oil phase. No color is
visible in the aqueous phase. The crude oil and aqueous phase volumes are equal to the
volumes placed in the tube. The surfactant has been driven into the crude oil and no crude
oil swelling has taken place (Type II+ phase behavior).

II˗ Two fluid envelopes exist—A bottom aqueous phase and an oil phase. The bottom
aqueous phase is colored due to surfactant carrying oil into the aqueous phase. The crude
volume can be swollen due to the interaction with the surfactant (added and in-situ), but
this is not a requirement for this designation.

III Three or more fluid envelopes exist—A bottom aqueous phase, one or more middle
emulsion phases, and a top crude oil phase. The aqueous phase can be colored with
saponified acids (if alkali is presence) from the crude oil; however, this does not
necessarily have to be the case.

II+ Two fluid envelopes exist—A bottom aqueous phase and a top crude oil phase. The
bottom aqueous phase is clear because the surfactant (added and in-situ) resides in the
crude oil phase. The crude oil phase is swollen due to surfactant carrying water into the
crude oil phase.

Table 1.
Phase behavior type descriptions.
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use computational simulation approach to predict surfactant performance. These
computational simulation approaches include the use of various molecular model-
ing methods such as Monte Carlo (MC) simulations, Molecular Dynamics (MD),
Dissipative Particle Dynamics (DPD) and upper scale modeling methods such as
Quantitative Structure-Property Relationship (QSPR) approaches. Molecular
modeling tools can be used to understand microscopic effects, predict surfactants’
properties and finally to optimize structures and mixtures of surfactants [19].
Molecular modeling tools, in combination with recently developed intermolecular
potentials, can provide precise information about microscopic phenomena and lead
to accurate estimation of thermophysical properties [20–23]. Meanwhile, QSPR is
an analytical method for breaking down a molecule into a series of numerical values
describing its relevant chemical and physical properties. It remains as the focus of
many studies aimed at the modeling and prediction of physicochemical and biolog-
ical properties of molecules [24].

4.1 Quantitative structure-property relationship (QSPR)

QSPR is an approach to relate molecular descriptors with experimental values of
properties based on statistical method. Its prediction accuracy is dependent on the
size and quality of database and calculation of the relevant descriptors. There are
many QSPR-like terms being used for more specific situations, such as Quantitative
Structure-Activity Relationships (QSAR), Quantitative Structure-Toxicity Rela-
tionships (QSTR), Quantitative Property-Property Relationships (QPPR), Quanti-
tative Sequence-Action Model (QSAM) and Quantitative Structure-Reactivity
Relationships (QSRR) [25]. QSPR models have been developed to predict properties
of pure surfactants only. Development of QSPR models for mixtures of surfactants
is still a challenge [26].

Figure 3.
Relationships among phase behavior laboratory test observation, microemulsion structure and Winsor’s R ratio.
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Salager et al. [18] presented the use of Hydrophilic–Lipophilic Deviation (HLD)
equations to attain optimum chemical EOR formulation for simple surfactant, oil
and water system. The use of HLD concept to predict optimum surfactant formu-
lation is a hybrid approach that combine HLD equations with experiments data,
which is a QSPR approach. It was demonstrated that the phase behavior and opti-
mum formulation can be manipulated with four main independent variables: brine
salinity, oil alkane carbon number (ACN), surfactant parameter and temperature.
However, these models are limited to simple system. Jin et al. [27] predicts the
optimum surfactant salinity using HLD equation and measured parameters includ-
ing the equivalent alkane carbon number (EACN), salinity, surfactant head depen-
dent parameter, Ksurf value and surfactant characteristic curvature, Cc. The work is
extended to predict the IFT behavior using the Hydrophilic Lipophilic Difference-
Net Average Curvature (HLD-NAC) equation of state.

Moreau et al. [28] applied the QSPR method to predict surfactant optimal salin-
ity based on its correlation with surfactant structures. The QSPR models have been
proven in reference conditions but they cannot be extrapolated to other conditions
outside the application domain.

Budhathoki et al. [29] use the HLD equation to design the ratio of surfactant
mixtures to form optimal microemulsion at reservoir condition. Correct surfactant
head dependent parameter, Ksurf and the surfactant temperature dependent param-
eter, αT values play a crucial role in the accuracy of the HLDmethod. Both K and αT
values can be obtained via a combination use of HLD equation and a series of phase
behavior laboratory work for each individual surfactant. This approach can reduce
the experimental test matrix to design optimal surfactant mixture, but it is limited
to surfactants with known Ksurf and αT values through extensive phase behavior
laboratory work.

4.2 Dissipative particle dynamics (DPD)

Many of the interesting phenomena that occur in complex fluids occur at the
mesoscale, which is roughly defined as the spatio-temporal scales ranging from
10–104 nm to 1–106 ns [30]. These scales of simulation are not feasible using MD
simulation. DPD is a coarse-grained type of molecular simulation technique which
could reduce the length and timescale of molecular dynamics (MD) simulations,
allowing simulation of large and complex system. DPD modeling method can reach
large length scales by combining molecule groups into particles or beads, and long-
time scales by replacing atomistic forces with soft effective forces [31]. DPD is
widely popular simulation approach due to its algorithmic simplicity and huge
versatility. By varying the conservative forces between coarse-grained beads, one
can readily model complex fluids such as polymers, colloids, surfactants, mem-
branes, vesicles and phase separating fluids [30]. DPD can give insights on spatial
organization of surfactants, interesting mechanistic information for films evolution
or trends on surface tensions regarding structure of the adsorbed tensioactive mol-
ecules at an interface [19]. However, the challenges for a successful DPD simulation
is finding robust and general methods for parameterization of the simulation system
[32–33]. This is an active research area with recent approach to apply machine
learning for DPD parameterization [34].

A breakthrough approach by Fraaije et al. [35] demonstrated the use of surface
torque analysis in simulating surfactant phase behavior with DPD, to determine the
optimal brine salinity specifically. Prior to this, QSPR statistical approach have been
the only known approach for decades in determining surfactant phase behavior.
Buijse et al. [36] used Fraaije et al. approach to design EOR surfactant formulation
by optimizing the surfactant head and tail composition as well as the use of co-
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solvent. Both Fraaije et al. and Buijse et al. work are applied in simple pure oil
system. Further discussion on the work of Fraaije et al. is in Section 4.2.1.

Rekvig et al. [14] varies the surfactant chain length and topology to investigate
the effect of surfactant structure and composition of the monolayer on the bending
rigidity. This work of Rekvig et al. is of particular interest, where the linking of
bending rigidity to surfactant structure in predicting the stability of microemulsions
is demonstrated. This is important because it is agreed that the bending rigidity is a
key parameter in understanding structure and phase behavior of microemulsion
[37]. Further details of the approach by Rekvig et al. in determining bending
rigidity is discussed further in the next Section 4.2.2.

4.2.1 Surface tension analysis

The work of Fraaije et al. [35] is the only found published work for direct
determination of surfactant phase behavior with theoretical foundation based on
physical chemistry of microemulsion. The calculation principal is based on an
observation by Helfrich [38–39] that one can calculate the surface torque density
(torque) from the first moment of the molecular stress profile, provided the surface
is tensionless. A positive torque implies a tendency to bend toward the oil phase and
form a microemulsion with oil droplets dispersed in an aqueous phase, while a
negative torque a tendency to form a microemulsion that has water droplets dis-
persed in an oil phase. A surface with zero torque has an indifferent tendency where
the system will form the optimal or balanced microemulsion with average zero
curvature. Fraaije et al. run the DPD simulation including electrostatics and ion
interactions with added salt, surfactants, and oil. The relationship between
mechanical coefficients and the stress profile is expressed in Eq. (2) [39–40]:

Mn ¼
ð
σ zð Þzndz (2)

where Mn is the stress moment, σ is the stress tensor and z is the coordinate
perpendicular to the surface.

In mathematics, a moment of a function is a specific quantitative measure, used
in both mechanics and statistics, of the shape of a set of points. For example, for a
set of data points representing mass, the 0-th moment is the total mass, the first
moment divided by the total mass is the center of mass, and the second moment is
the rotational inertia. Similarly, for a set of data points representing probability
density, the zeroth moment is the total probability (i.e., one), the first moment is
the mean, the second moment is the variance, and the third moment is the skew-
ness. The n-th moment, Mn, of a real-valued continuous function f(x) of a real
variable about a value c is given is Eq. (3) below:

Mn ¼
ð∞
�∞

x� cð Þnf xð Þdx (3)

Fraaije et al. presented a surface tension analysis namely Method of Moments to
shows that torque can be calculated based on Eq. (3). This is done by calculating the
torque of an microemulsion interface from the first moment, M1, only if the zeroth
moment, M0 (the interfacial tension) is zero exactly. Otherwise, both values of the
neutral surface position and the interfacial tension has to be known. Meanwhile, in
the tensionless limit, the value of zs is inconsequential. The simulation is run across
various salinities to find the optimal salinity at which the microemulsion surface
torque is zero. Note that there is no clear-cut boundary on when a positive or
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negative torque transitions in to a small value (around zero). Therefore, the
boundaries are somewhat gradual. Fraaije et al. demonstrated that the Method of
Moments is principally correct by successfully deriving known empirical coeffi-
cients of decade-old QSPR models.

It was noted in Fraaije et al. work that the torque is related to the bending
rigidity and spontaneous curvature through Eq. (4):

τ � kC0 (4)

where τ is the torque, k is the bending rigidity and C0 is the spontaneous
curvature. However, their approach does not allow for direct calculation of bending
rigidity or the spontaneous curvature to deduce the stiffness of the interface. Fur-
thermore, they have yet to attempt a full treatment of the compound mixture for
application in actual crude oil system.

4.2.2 Interface fluctuation analysis

Microemulsion structure is governed by the elastic constants, the bending rigid-
ity, k and the saddle splay modulus, ks [41]. Bending rigidity characterizes the
resistance of the interface toward bending. A low bending rigidity means large
thermal undulations and low stability.

Rekvig et al. [14] used DPD to simulate surfactant monolayers on the interface
between oil and water to calculate the bending rigidity by analyzing the undulation
spectrum. The effect of surfactant density, chain length, adding co-surfactant and
linear versus branched surfactant on bending rigidity are investigated. The results
show that increase of the monolayer thickness has a larger effect on the bending
rigidity than increasing the density of the layer. The bending rigidity also increases
with surfactant chain length and is larger for linear than branched surfactants.
Bending rigidity decrease linearly with mole fraction of short surfactants. Mixed
film has a lower bending rigidity than the corresponding pure film for all mole
fractions.

The work by Rekvig et al. [14] is reference with an earlier work by Goetz et al.
[42] for lipid bilayer. Goetz et al. was the first to compute bending rigidity in
molecular dynamics simulations. Rekvig et al. used a simple model of head, tail,
water, and oil beads in DPD to capture the essential properties of ternary systems
such as phase separation and adsorption. During the simulation at very low IFT, the
interface is not strictly flat and undulatory waves can be observed (Figure 4).

These fluctuations of the interface are analyzed to compute bending rigidity. It is
firstly done by characterizing the interface based on continuum theory [43]. This is
then followed by the adoption of Helfrich [44] free energy of the interface [Eq. (5)]

Figure 4.
Undulation wave of microemulsion interface over time (T1 to T3).
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with local displacement from the average position of the interface to enable easier
monitoring in simulations.

f H ¼ γ þ 1
2
k 2H � c0ð Þ2 þ ksK (5)

where H is the principal curvature of the surface at M (unique point), K is the
gaussian curvature, depending on its sign, the surface will be curved like a sphere or
like a saddle-splay, these number give us an idea of the surface’s shape, k is the
bending rigidity, ks is the splay modulus which is related to the shape of the
interface (K) and c0 is the spontaneous curvature.

Bending rigidity is obtained by analyzing the undulation spectrum of the inter-
face. Based on hypotheses from Rekvig et al. [14] using equipartition principal and
fast fourier transform (FFT) application to decomposes the undulation signal into
different wave lengths, Eq. (5) is transformed into Eq. (6) below:

~h qð Þ
���

���
2

� �
¼ kBT

A
1

γq2 þ kq4ð Þ
� �

(6)

where ~h is the approximation of local displacement from the average position of
the interface, q is the wave vector, 2πλ , λ is the corresponding wavelength, kB is
Boltzmann constant (1.38 � 1023 J/K), T is absolute temperature in Kelvin, A is the
interface area and γ is the interfacial tension.

Given the spectral intensity, S(q):

S qð Þ ¼ ~h qð Þ
���

���
2
A

� �
(7)

Combining Eqs. (6) and (7), Eq. (8) is devised:

1
S qð Þq2 ¼

γ þ kq2

kBT
(8)

Eq. (8) is used to fit the interface undulation spectrum analysis’ results to
estimate the bending rigidity, k. In DPD simulation, all units are normalized where
kBT is unity.

Published experiment data on bending rigidity values for microemulsion sys-
tem may be used as a reference for the model predicted bending rigidity values.
However, such published data is scarce or not related to monolayers. Majority of
the publications are generally focused on theory. Zvelindovsky [45] mentioned
that the bending rigidity for a surfactant monolayer between water and oil is
usually in the range of 1–20 kBT. Martínez et al. [46] performed MD simulation
for SDS surfactant in dodecane and brine system at zero salinity. The associate
bending rigidity is 1.3 kBT. SDS is sodium dodecyl sulfate or sodium lauryl sulfate,
sometimes written as sodium lauril sulfate. Kegel et al. [47] found that the bend-
ing rigidity for SDS surfactant with alcohol in cyclohexane and brine system is
around 1 kBT. Binks et al. [48] found a bending rigidity of around 1 kBT for AOT
surfactant in nonane and a brine system at optimum salinity and surfactant con-
centration. AOT is a twin tailed, anionic surfactant with a sulfosuccinate head
group stabilized as a salt by a sodium cation. It was also reported that the bending
rigidity value depends on the alkane length, where bending rigidity decreases with
increase in alkane length.
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4.3 Monte Carlo (MC) and molecular dynamics (MD)

Both molecular modeling methods of MD and MC studies have been carried out
for academic considerations, mainly on the surfactant aggregation process, instead
of for industry application. This is mostly due to the use of atomistic description of
the system that requires extensive computational power, which is not practical for
industry application. As mention in Section 4.2.2, Goetz et al. [42] provides the
first explicit connection between computer simulations with molecular resolution
and elastic membrane models based on differential geometry. Goetz’s method
demonstrates a relationship between bending rigidity and the IFT.

5. Conclusion

Phase behavior of microemulsion is commonly assessed via laboratory study.
These studies are straightforward but laborious especially when it involves a huge
range of surfactant choices. Computational simulation is an alternative approach to
provide insights into microemulsion phase behavior. There are limited computa-
tional simulation studies to predict surfactant phase behavior, whereby the widely
used method since the beginning is empirical correlations as in QSPR approach.
There are very few non-empirical approaches to predict surfactant phase behavior.
These approaches are based on combination of physical chemistry of microemulsion
surface tension, torque and bending rigidity concepts.
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Nomenclature

A interface area
ACO interaction of surfactant molecules per unit area at the interface with oil
ACW interaction of surfactant molecules per unit area at the interface with

water
AOO interaction between two oil molecules
AWW interaction between two water molecules
c median of the excess stress profile
C surfactant region
Cc surfactant characteristic curvature
c0 spontaneous curvature
Cseu certain salinity 1
Csel certain salinity 2
fH free energy of the interface
G liquid crystal with lamellar microemulsion structure
k bending rigidity
kB Boltzmann constant (1.38 � 10˗23 J�K�1)
kb bond strength
ks splay modulus
Ksurf surfactant head dependent parameter
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K gaussian curvature
Mn n-th moment of a real-valued continuous function f(x) of a real variable

about a value c
M1 interconnected elongated cylinder mircoemulsion structure
M2 distorted lamellar elongated cylinder mircoemulsion structure
O oil or organic region
q wave vector
S1 micellar structure
S2 inverted micelles structure
SPo oil solubilization parameter
SPw water solubilization parameter
T system temperature
Vo volume of oil
Vw volume of water
Vs volume of surfactant
W aqueous region
WI Winsor I or II˗
WII Winsor II or II+
WIII Winsor III
z coordinate
γ interfacial tension
τ torque
σ stress
λ wavelength
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Chapter 2

The Importance of Microemulsion
for the Surfactant Injection
Process in Enhanced Oil Recovery
Rini Setiati, Muhammad Taufiq Fathaddin
and Aqlyna Fatahanissa

Abstract

Microemulsion is the main parameter that determines the performance of a
surfactant injection system. According to Myers, there are four main mechanisms in
the enhanced oil recovery (EOR) surfactant injection process, namely interface
tension between oil and surfactant, emulsification, decreased interfacial tension and
wettability. In the EOR process, the three-phase regions can be classified as type I,
upper-phase emulsion, type II, lower-phase emulsion and type III, middle-phase
microemulsion. In the middle-phase emulsion, some of the surfactant grains blend
with part of the oil phase so that the interfacial tension in the area is reduced. The
decrease in interface tension results in the oil being more mobile to produce. Thus,
microemulsion is an important parameter in the enhanced oil recovery process.

Keywords: enhanced oil recovery, emulsion, middle-phase emulsion,
microemulsion, surfactant

1. Introduction

The general oil production activity is categorized into three phases: primary,
secondary and tertiary. The primary recovery is limited to activities that naturally
cause hydrocarbon to rise toward the surface with artificial technology, such as a
submersible pump. Secondary recovery is conducted by utilizing water and gas
injections that fill lower layers of oil and drive them into the surface. In secondary
recovery, the refineries are often found unable to produce although they possess
relatively large saturation levels between 30% and 40% of their initial reserves.
These oils are trapped inside the reservoir and are unable to move. This situation
often happens because oil grains rest on the surface of rocks and produce high
interface tension levels. Enhanced oil recovery (EOR) chemical injection is aimed at
freeing these trapped oil grains in the reservoir. EOR is a tool to produce oil in the
third phase, also known as tertiary recovery effort. At this stage, a lot of effort is
made to improve oil production after primary recovery and secondary recovery
efforts. The way to further increase oil production is through the tertiary recovery
method or EOR. Although more expensive to employ on a field, EOR can increase
production from a well to up to 75% recovery.
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EOR is the main concentration of petroleum engineering that is related to higher
level of oil recovery based on physics principles through different techniques utili-
zation. A number of formulas are utilized to improve oil recovery that involves
important parameters such as injection rate, oil production rate, movement effi-
ciency, mobility, and reservoir characteristics and fluids [1]. EOR process is deter-
mined to enhance the ability of oil to move toward the well by injecting water,
chemical compound or gas into the reservoir that would alter oil’s physical nature.
Its main goal is to produce optimum amount of oil after primary and secondary
productions are implemented. EOR process includes thermal, chemical and miscible
methods. EOR process is designed to recover the remaining amount of oil after
primary and secondary recovery by enhancing oil movement and volumetric
sweeping efficiency [2].

Chemical EOR is an efficient oil recovery technique to improve oil flow and to
produce oil trapped in the reservoir. This EOR method is implemented by using
chemical injection to improve oil recovery levels [3]. The implementation of this
method is by inserting a long molecular chain, such as polymer or surfactant,
through injection into the reservoir in order to improve waterflooding efficiency or
to improve surfactant effectiveness, which acts as a sweeper that lowers interface
tension level that prevents oil from flowing toward the reservoir.

EOR process that involves injecting into the reservoir is aimed at forming
middle-phase emulsion in order to lower interfacial tension level. This
condition will allow oil grains to move easily and to flow into production wells to be
produced.

2. Methodology

Observation on mixed-phase behavior of reservoir fluid and injection fluid can
be categorized as lower-phase emulsion, microemulsion (middle-phase emulsion),
upper-phase emulsion and sediment. Mixed phase that forms microemulsion rep-
resents miscible displacement condition. Meanwhile, mixed phase that forms upper
or lower phase represents immiscible displacement condition. Emulsion is a system
of two phases, where one of the liquids is dispersed in another liquid in the form of
small droplets [4].

Emulsion can be defined as droplet dispersion from one liquid to another one
that is immiscible. These droplets, also known as the dispersed phase, drop into a
second liquid called the continuous phase. To create a stable emulsion, the droplets
should be kept in dispersed condition by adding surfactant or co-surfactant [5, 6].
Generally, in terms of the phase, two microemulsion types are often produced,
namely water in oil (w/o) and oil in water (o/w). The two types of microemulsions
imply that w/o emulsion describes that water acts as the dispersed phase, while w/o
emulsion clearly implies that oil is the dispersed phase. Based on the size of the
dispersed droplets, microemulsion and macroemulsion can be specifically identi-
fied, 5–100 nm for microemulsion and >100 nm for macroemulsion. The other
difference is that microemulsions are often categorized as a thermodynamically
stable system, while macroemulsions are the kinetically stable ones. The colors of
the two types are also different, transparent with low viscosity on microemulsions
and opaque with high viscosity on macroemulsions. The unique characteristics
make the utilization of these two types of emulsions a vital part of the study.

Emulsions from immiscible mixtures are often results of stable and even ones.
Salinity, temperature, oil type and surfactant used are the most determining factors
that drive the mixture to become stable. There are two types of emulsions based on
the type of liquid that serves as an internal or external phase, namely:
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a. Emulsion type O/W (oil in water) is an emulsion consisting of oil droplets
dispersed into water, oil as the internal phase and water as the external phase.

b. Emulsion type W/O (water in oil) is an emulsion consisting of water droplets
dispersed into the oil, water as the internal phase and oil as the external phase.

According to [7] microemulsion phase, behavior is very much complex and
highly depends on several determining parameters, which include the type and
concentration of surfactant, co-solvent, hydrocarbon, salinity of salt water, tem-
perature and low level of pressure. There is no formula to describe simple
microemulsion. Based on that, phase behavior on a microemulsion system must be
experimentally observed. Generally, to present microemulsion-phase behavior, ter-
nary diagram is used as the main tool, although the pressure and temperature are
considered at a constant level. Ternary diagram is a highly benefitting tool due to its
ability to simultaneously and wholly represent phase composition and the relative
numbers. Figure 1 shows the schemes of ternary diagram. On ternary diagram,
water, oil and surfactant are represented on a triangle-shaped model, with each
concentration level represented on units of molar, mass or volume. The system can
exist in a phase where the solubility ratio of water and oil is high. Figure 1 shows
ternary diagram of microemulsion system [9]. Figure 1 also shows that there are
two areas where oil can be recovered; in single-phase area that is dominantly filled
with oil and in a number of parts or multiphase that includes a mixture of a number
of phases, oil, water and surfactant.

Surfactant is a molecule that usually contains both head and tail poles [10].
Surfactant molecule arranges itself based on a number of intermolecular and intra-
molecular forces. For example, when surfactant is mixed with oil and water, sur-
factant is formed on oil and water interface, which leads to a thermodynamically
benefitting condition [11]. Oil in water emulsion can happen in two ways: where oil
molecule is incorporated in a micelle or in between surfactant tail, or it can also be
incorporated in the hydrophobic core, as illustrated in Figure 2.

Microemulsion (multiphase part) is divided into three categories, namely lower
phase (l), upper phase (u) and middle phase (m), in equilibrium with oil phase,
water phase or both. Microemulsion, as observed by Winsor [13], shows the phe-
nomenon when water (or brine) and organic compound (both mixed and single
compounds) can be mixed with a suitable number on surfactant equilibrium sys-
tem. There are four main types of equilibrium systems: type I, II, III and IV, as
shown in the following Figure 3.

Figure 3 shows that Winsor I is a dominant emulsion formed in the water phase,
where surfactant is mostly mixed with water. Winsor II is an emulsion formed of oil
phase, where surfactant is mostly mixed with oil. Meanwhile, Winsor III is a

Figure 1.
Ternary diagram of micro-emulsion system [8].
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middle-phase emulsion where surfactant is mixed with both oil and water. Winsor
III is the expected result on surfactant injection mechanism. Microemulsion phase
formed during this level of balance is known as the middle-phase emulsion. In this
condition, organic and water phases are located in the phase that holds all three
components [13, 14]. In Winsor I and II, the tie horizontal line should be at a similar
level. Behavior formed by Winsor III can be seen in Figure 4; the polyphonic area
includes three zones that are surrounded by the other two zones. Meanwhile, the

Figure 2.
Surfactant molecule and oil molecule [12].

Figure 3.
Development of microemulsion [14].

Figure 4.
Winsor I, II, III diagrams [15].
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composition system of the phase is formed in three different phase zones, namely
surfactant middle phase emulsion, and the other two phases, which basically consist
of liquid and oil. This phase is also known as the middle phase because it is formed
between oil and water due to its medium-density level. These three-phase systems
are extensively studied in order to achieve better oil recovery level [15]. Based on
that, Winsor III emulsion is preferred to improve oil recovery. The microemulsion
formation mechanism of the three emulsion types of equilibrium phases can be seen
in the following figures.

Single-phase area is located in the zone with high level of surfactant concentra-
tion, the three-phase area in the middle zone, and the lobe of two phases are located
at the upper right and left areas of the triangle. There is a third two-phase area
located on the lower surfactant under the three-phase area. Winsor III ternary phase
behavior itself is included in areas close to saltwater/oil axis limited by the triangle.
Winsor III is also known as Winsor type III.

Between type I and II, a horizontal tie line with similar surfactant condition
between the two phases is expected. The type III phase behavior can be seen in
Figure 2. The polyphonic area includes three types of zones, which are surrounded
by two-phase zones. The composition system is actually located in the three-phase
zones, which are categorized into surfactant-rich area (shaded area), oil and water.
This phase is called as middle phase due to its location, which is in the middle of oil
and water. Due to its accurate identification, the system is studied in an extensive
manner in order to achieve better oil recovery level [1]. Based on that, to improve oil
recovery level, type III emulsion is preferred (Figure 5). The type of O/W emulsion
shown in Figure 5 can be seen in general system microemulsion in Figure 6, where
this microemulsion will release oil trapped in the rock grains as shown in Figure 7.

In microemulsion system, there is a rapid exchange of individual components
between different types of environments and also a consistently fluctuated interface
film. In microemulsion, there are two main phases that highly depend on its com-
position, which are the droplet phase and the bi-continual phase [19]. Droplet phase
occurs in high concentration water; microemulsion contains oil droplets that are
covered by the interface layer, which consists of co-surfactant part and freely
dispersed surfactant in continuous phase, which is the water phase and forms o/w
microemulsion. However, when water concentration is limited or lower, reverse
situation occurs where water droplets get dispersed in oil and form w/o

Figure 5.
Microemulsion formation mechanisms [16].
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microemulsion [20]. Meanwhile for bi-continual phase, the transition is more stable
than o/w to w/o microemulsion alteration system by changing the amounts of oil
and water. The area formed in the middle possesses more or less similar fraction of
water and oil. Generally, it contains bi-continual or thin structures where the two
phases continually fluctuate until they almost reach zero [21, 22].

With the surfactants, water and oil mixed, emulsification, which can reduce the
water-oil interfacial tension, occurs, so the capillary pressure in the pore narrowing
area decreases. Because the capillary pressure is reduced, the resistance to oil flow
will also be reduced and the oil will move more easily to be produced. Capillary
pressure (Pc) is defined as the difference in pressure that exists between the sur-
faces of two immiscible fluids (liquid-liquid or liquid-gas) as a result of the interface
between them. The pressure difference between these two fluids is the pressure
difference between the “non-wetting phase” (Pnw) fluid and the “wetting phase”
(Pw) fluid. In general, reservoirs are water-wet, so water tends to stick to the rock
surface, while oil lies between the water phases. The character of oil-wet in reser-
voir rock conditions is not expected to occur because it will cause the amount of oil
left in the reservoir rock when produced to be greater than water-wet. A liquid is
said to wet a solid if the adhesion stress is positive (θ < 90°), which means the rock
is water-wet, whereas if the water does not wet the solid, then the adhesion stress is
negative (θ > 90°), meaning the rock is oil-wet. This wettability has an important
role in the behavior of the reservoir because it will cause capillary pressure, which
will provide an impetus so that oil or gas can move. In the reservoir, water is usually
the wetting phase, while oil and gas are the non-wetting or non-wetting phases.

Figure 6.
Microemulsion systems of oil (o), water (w) and surfactant + co-surfactant (S) [17].

Figure 7.
Water trapped between two grains of sand on water-wet reservoir [18].

22

Surfactants and Detergents - Updates and New Insights



Capillary pressure in pored rocks depends on the size of pores and the type of
fluid. Quantitatively, the relationship can be formulated as follows:

Pc ¼ Po � Pw ¼ σ
1
r1
þ 1
r2

� �
(1)

Pc = capillary pressure (pressure unit)
σ = interfacial tension
r1 & r2 = curve radius on interface area
Po & Pw = pressure on oil and water phases
Capillary number theory is considered to be the basic theory in chemical injec-

tion in the EOR process. The basic mechanism of chemical flooding in EOR can be
summarized into mobility control based on increasing sweep efficiency and based
on capillary number theory, which increases displacement efficiency. In surfactant
injection, changes in wettability and imbibition will occur in some cores that have
heterogeneity at the pore scale. The heterogeneity in question is the difference in
wettability; if the difference is greater, the imbibition will be more visible [23].
These factors affect the displacement efficiency (Ed), in addition to the capillary
number (Nc) and the emulsion effect that occurs when surfactant injection. Emul-
sion will change the behavior of the permeability and wettability phase so that
imbibition will occur.

For the purposes of exploration and exploitation of petroleum, water-wet for-
mations are easier to perform oil recovery. This is because the water-wet formation
has a high oil saturation, which means that water wets and fills the smallest pores in
the rock grains and the oil is above the water so that it is easier for oil to move and
spill because there is no adhesion force to the surface of the rock. This situation
allows the increase in oil recovery in formations with sandstone reservoirs by
injection of water into the formation so that it can increase the volume of water and
encourage oil to come out and be produced. Carbonate reservoirs, which are oil-
wet, require EOR by chemical injection with the aim of changing the chemical
structure of the rock surface so that oil no longer wets the rock surface.

The application of the concept of wettability to reservoir rocks can be seen in the
following description. The wettability of rock is influenced by the chemical compo-
sition of its constituents. So the concept of chemical element bonds greatly affects
the wettability of a rock surface against water or oil. Wettability classification based
on rock lithology is shown in the following table (Table 1).

For petroleum exploration and exploitation purposes, water-wet formations are
easier to perform on oil recovery. This is because the water-wet formation has a
high oil saturation, which means that water wets and fills the smallest pores in the
rock grains and the oil is above the water so that it is easier for oil to move and spill
because there is no adhesion force on the rock surface. This situation allows the
increase in oil recovery in formations with sandstone reservoirs by injection of
water into the formation so that it can increase the volume of water and encourage
oil to come out and be produced.

Lithology Wettability

Sandstone Neutral-wet—water-wet

Clay Neutral-wet

Carbonate Neutral-wet—oil-wet

Table 1.
Wettability classification based on its lithology [24].
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Wettability is one of the important parameters that affect the distribution of
fluid in the reservoir and has a great influence on the spontaneous imbibition
process. Wettability is defined as the ability of a fluid phase to wet certain solid
surfaces while also facing another immiscible fluid [25]. The fluid is called as
wetting phase and the other one is called the non-wetting phase. Wettability is a
vital concept in oil recovery process because of its significant impact toward distri-
bution ability, location determination and level of oil and water movements in the
reservoir. In a water-wet system, water is expected to penetrate and stay inside
narrow pores and drive oil out of the pore in the form of droplets. The opposite
condition occurs in the oil-wet reservoir. This wettability can be determined based
on the measurement results of the angle of contact; if it is from 0° to 75°, it is
defined as water-wet, while if the angle is at 105–180°, it is defined as oil-wet,
which makes angle range of 75–105° as neutral-wet system [26].

Capillary pressure is a pressure difference that occurs on interface of two
unmixed fluids, where one fluid wets the surface of rock more than the other.

IFT also influences capillary pressure and will influence fluid distribution and
flow. The ratio between viscosity and capillary forces is represented by capillary
number (Nc) in the following formula:

Nc ¼ υμð Þ= σð Þ ¼ viscous forcesð Þ= capillary forces
� �

(2)

where:
υ = average speed of fluid in pores (ft/D)
μ = viscosity of driving fluid (cP)
σ = interfacial tension system between water and oil (dyne/cm)
Surfactants can lower the IFT of oil-water, which results in the increase of Nc.

IFT also acts as a guidance for miscibility; high IFT indicates immiscible fluid and
low IFT indicates miscible fluid. The clear difference of low and ultralow IFT on
surfactant flooding is detected on its emulsification approach. However, both w/o
or o/w emulsions are formed on pored media, specifically on the angle of contact, in
the form of droplets [27]. The contact angle observed during unmixed movement is
not mixed in pored media, is arranged by equilibrium of capillary and viscosity
forces, and escalates as the number of capillary increases. On surfactant injection
with low IFT level in water-wet reservoir, the capillary number is inadequate to
increase contact angle at a significant level, which creates a state where oil remains
on non-wetting phase and leads to o/w emulsion formation (Figure 1a). On surfac-
tant injection with ultralow IFT in water-wet reservoir, the high number of capil-
laries increases the angle of contact by more than 90° (Figure 1c) and creates w/o
emulsion instead of o/w emulsion during movement (Figure 1d). The formation of
a thick w/o emulsion on surfactant inundation with ultralow IFT leads to increased
pressures and swiping efficiency, which eventually create an effective and
improved crude oil production.

Surfactant injection is used to significantly decrease capillary forces in order to
be able to mobilize the remaining oil after water injection. As the surfactant is
injected into the reservoir, the tail of the surfactant will interact with oil residual;
meanwhile, the head will interact with brine, which leads to lower IFT level [28].
Low IFT in the reservoir will eventually lead to reduced flow resistance and
increased oil mobilization. Selection of the right surfactant is an important factor
that causes reduced IFT and helps in the recovery of 10–20% of the original oil
reserve.

The formation of microemulsions in surfactant injection in chemical flooding is
very important to create effective injection. Microemulsion can be produced both
through surfactant-oil mixing and surfactant injection to create in situ microemulsion.
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A homogeneous mixture of oil and water while surfactant is present will increase oil
movement in the reservoir. The effect will be lower IFT between oil and water, which
leads to lower capillary pressure and mobilizes oil residual [29]. Under normal condi-
tions, the reservoir is water-wet, so water tends to stick to the rock surface, while oil
lies between the water phases. This is a normal condition where oil can flow by itself to
be produced to the surface. In the case of tertiary recovery conditions, where oil is
trapped in rock pores and cannot move on its own, in general the reservoir is oil-wet.
In an oil-wet system, oil occupies a narrow pore and is present as a film on the pore
wall, while water is present as water droplets in the middle of the pore. In this
condition, the so-called oil droplets stick to the pore walls. To release the oil attached to
the pore wall, a surfactant is needed, which functions to reduce the interfacial tension
between the oil grains on the pore wall. In an oil-wet reservoir, oil residual stays inside
rock pores, which makes it difficult to be mobilized except with high level of energy
release. Surfactants act as an altering agent to change the wettability into water-wet
[30]. The nature of SLS surfactant as an o/w emulsification allows it to convert oil-wet
into water-wet.

Wettability is an important factor in EOR. After the wettability change occurs, the
detachment energy is significantly reduced, making it easier to mobilize the
remaining oil. Wettability is an important factor that determines the pattern of oil-
water transfer in porous media. “Wettability” is a term to describe the relative
adhesion of two fluids to a solid surface. In porous media filled with two or more
immiscible fluids, wettability is a measurement of which fluid can wet (spread or
adhere to) the surface. In a water-wet system (wet water), rocks filled with oil and
water, water occupies the smallest pores and wets most of the surface in the larger
pores. In areas that have high oil saturation, the oil is held above the wet water and
spread on the surface. If the rock surface tends to be water-wet and the rock is
saturated with oil, water fills the smallest pores, displacing oil when water enters the
system. If the rock surface tends to be oil-wet, it is saturated with water; oil enters
and wets the smallest pores in place of water. A rock saturated with oil means water-
wet (wet water), and vice versa if the rock is saturated with water means oil-wet. By
lowering the oil/water interfacial tension and changing the wettability from oil-wet to
a water-wet condition, the recovery rate of the remaining oil can be increased suc-
cessfully. The combined effect of wettability-IFT shows a better potential for EOR,
compared to the reduction in interfacial tension alone under oil-wet conditions [31].

3. Results and Discussion

In this research, we utilized SLS surfactant synthesized from bagasse. SLS sur-
factant is anionic, which makes it popular in surfactant injection processes. The
function is to drive middle-phase emulsion and lower IFT level of oil so that it can
be mobilized and produced [28, 32]. Lignosulfonate is a derivative of lignin that
contains hydrophilic groups, namely sulfonates group, hydroxyl alcohol, phenyl
hydroxyl and hydrophobic groups [33]. That is the reason why this type of surfac-
tant is categorized as anionic.

The phase behavior test was carried out to see changes in behavior from the
condition of the crude oil sample, before and after being mixed with surfactant. The
phase test was carried out in 2 mL of SLS surfactant mixed with 2 mL of crude oil
sample in a 5 mL test tube. After entering the two types of fluid, the tubes are
shaken slowly. The phase behavior test was carried out for 21 days at a constant
temperature in the oven. In Figure 8A, there is still a clear boundary between the
surfactant at the bottom and crude oil at the top. After being shaken slowly, in
Figure 8B it can be seen that there is a mixture between the surfactant part and the
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crude oil part. This is referred to as a microemulsion or middle-phase emulation,
because of the mixing that occurs at the boundary between the surfactant and crude
oil. Figure 8B is the Winsor III phenomenon, as expressed in the microemulsion
formation mechanism [14, 16]. The following figures picture phase behavior test
before and after shaking.

The spontaneous emulsification shows that oil grains can be mixed with surfac-
tant grains. Emulsion between sugarcane bagasse SLS surfactant and light oil shows
the existence of a system that includes two liquid phases dispersed as small grains
(Figure 9). The emulsion that forms in the middle of the pipette has shown the
occurrence of Winsor III emulsion.

The phase behavior test results of a number of samples show that sugarcane
bagasse SLS surfactant is able to form microemulsion with crude oil, as seen in the
following figure.

Figure 10a shows phase behavior test on light crude oil sample; Figure 10b
shows phase behavior test result on intermediate crude oil; and Figure 10c shows
phase behavior test result on heavy crude oil samples. Sugarcane bagasse SLS sur-
factant will only form emulsion with light crude oil. The emulsion is not formed at
all on intermediate and heavy crude oil samples. The phase behavior test result on
light crude oil is continued with a number of different formation water salinity
compositions (Table 2).

Figure 8.
Phase behavior test before and after shake.

Figure 9.
Microemulsion formation (middle-phase emulsion).

26

Surfactants and Detergents - Updates and New Insights



In some compositions with certain salinity, emulsions are formed in the
middle and upper phases. Middle-phase emulsion or microemulsion occurs in the
composition of sugarcane bagasse SLS surfactant with salinity of 5000 ppm,
10,000 ppm and 40,000 ppm, while the emulsion of the upper phase occurs at the
composition of salinity of 20,000 ppm and 80,000 ppm. This is in accordance with
the theory that states that the behavior of the microemulsion phase is very complex
and depends on a number of parameters, including the type and concentration of
surfactants, co-solvents, hydrocarbons, salinity of brine, temperature and much
lower pressure levels [7]. In this case, formation water salinity influences
microemulsion formation.

The formation of the mid-phase emulsion by the SLS surfactant is actually
related to the components contained in the SLS surfactant. The results of the
synthesis of SLS surfactants from bagasse have been analyzed using the Fourier
transform infra-red (FTIR) test and the nuclear magnetic resonance (NMR) test.
FTIR spectrophotometric measurements were carried out on the lignosulphonate
surfactant product that had been produced from this lignin sulfonation process to
determine the functional groups that corresponded to the expected lignosulphonate
structure. The results of the FTIR test showed that the functional groups in the
lignosulfonate structure of SLS bagasse consisted of dC]C-alkene groups, S]O
sulfonates, C]O carboxylate groups and SdOR ester groups. This component
complies with the standard lignosulfonate used as a comparison.

Furthermore, by using NMR, monomer test was carried out to determine the
molecular formula of the sugarcane bagasse SLS surfactant. Based on the structure
of the lignosulphonate monomer obtained from the NMR spectrum analysis, we can
determine the lignosulphonate monomer by noticing the presence of specific atoms,
namely C, O, H and S inside its structure. From the results of the NMR spectrum
analysis, the number of atoms C = 11, O = 8, H = 16 and S = 1, so the empirical

Figure 10.
Phase behavior test on a number of crude oil samples.

No. Salinity (ppm) Stability emulsion (%) Type emulsion

1. 5000 10.00 Middle phase

2. 10,000 8.75 Middle phase

3. 20,000 5.00 Upper phase

4. 40,000 6.25 Middle phase

5. 80,000 1.25 Upper phase

Table 2.
Phase behavior test results on a number of salinities.
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formula for lignosulphonate monomer is (C11H16O8S)n. Functional groups in their
structure can be grouped as hydrophilic groups or lipophilic groups. The grouping
can be seen as in the following table (Table 3).

By knowing the lipophilic group and the hydrophilic group, the value of the
Hydrophilic-Lipophilic Balance (HLB) can be calculated. The HLB value can be
used to estimate the properties of the SLS surfactant. The calculation of the HLB
value refers to the Myers theory [34] with the following formula:

HLB ¼ 20� Mhð Þ= Ml þMhð Þ (3)

where
Mh = weight of hydrophilic molecule group
Ml = weight of hydrophobic or lipophilic molecule groups
Based on the data from Table 4, we can calculate the weight of hydrophilic and

lipophilic molecule groups.

Mh ¼ SO3Nað Þ þ OHð Þ � 3 ¼ 32þ 48þ 23þ 51 ¼ 154ð Þ (4)

MI ¼ CHð Þ � 3 þ CH2ð Þ � 3 þ CH3ð Þ � 2 ¼ 111 (5)

Based on that, the HLB value is at:

HLB ¼ 20� 154=ð111þ 154ÞÞ ¼ 11:62 (6)

HLB value of 11.62 is compared to Myers and Akzo Nobel tables as follows
(Table 4).

The HLB value of this bagasse SLS bagasse surfactant, after being matched with
the Myers and Azko tables, turned out to be in the o/w emulsification range. Thus,
it can be said that the SLS sugarcane bagasse surfactant is perfect for its use as an
o/w emulsion. In the injection process, surfactant is dissolved in formation water

Classification Groups Amount

Lipophilic group ]CHd 3

dCH2d 3

dCH3 2

Hydrophilic group dSO3Na 1

dOH 3

Table 3.
Sugarcane bagasse SLS surfactant function group classification.

Application Range HLB

Myers Azko Nobel

Defoaming of aqueous systems — 1–3

W/O emulsification 2–6 3–6

Wetting and spreading 7–9 7–9

O/W emulsification 8–18 8–28

Detergency 3–15 12–15

Solubilization 15–18 11–18

Table 4.
Surfactant function category [34, 35].
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and then injected into the reservoir in order to mobilize trapped oil on rock pores. In
addition to its function as a driving force for oil in rock pores, this SLS surfactant
will change the properties of the oil by reducing interfacial tension. The results of
this study have proven that there is a decrease in IFT in the sugarcane bagasse SLS
surfactant system to light crude oil as a continuation of the results of the phase
behavior and microemulsion stability tests (Table 5).

From the results of this IFT test, the lowest value of the IFT measurement was
formed in the composition of the SLS sugarcane bagasse surfactant with a salinity of
10,000 ppm, namely 2.73 m/Nm. This sample of crude oil X comes from an oil field
that has 11,000 ppm formation water. The initial IFT measurement of formation
water without SLS surfactant was at 12.43 mN/m. The following table 5 describes
the changes in IFT measurement results without surfactant and with SLS bagasse
surfactant. This measurement shows that the surfactant function can reduce IFT
from 12.43 to 2.73 mN/m. This condition is in accordance with the theory that states
that when surfactant is injected into the reservoir, the hydrophobic surfactant tail
will interact with the residual oil and the hydrophilic head will interact with the
saltwater, as shown in Figure 4. It is this hydrophobic and hydrophilic interaction
with water and oil that causes a strong decrease in IFT (Figure 11) [28].

The picture shows a mixture of oil and water, forming a new arrangement, as
occurs between a mixture of sugarcane bagasse SLS surfactants and crude oil X.
This new molecular arrangement involves interactions between the hydrophobic
components of the surfactant and oil on one side of the interface, and water on the
other. This mechanism occurs in the mixing of sugarcane bagasse SLS surfactant
with the light crude oil sample used. The hydrophilic group of sugarcane bagasse
SLS surfactant consisting of SO3Na + and OH- interacts with saltwater and the

No. Solution composition IFT (mN/m)

1. Light oil with formation water (without sugarcane bagasse SLS surfactant) 12.43

2. Light oil with sugarcane bagasse SLS surfactant of 5000 ppm salinity 6.81

3. Light oil with sugarcane bagasse SLS surfactant of 10,000 ppm salinity 2.73

4. Light oil with sugarcane bagasse SLS surfactant of 20,000 ppm salinity 4.13

5. Light oil with sugarcane bagasse SLS surfactant of 40,000 ppm salinity 4.11

6. Light oil with sugarcane bagasse SLS surfactant of 80,000 ppm salinity 3.61

Table 5.
IFT test results of light oil X—sugarcane bagasse surfactant SLS 1.5% on salinity variations.

Figure 11.
O/W emulsion [36].
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hydrophobic group consisting of ]CHd, dCH2d and dCH3 interacts with oil
[36, 37]. With the result, we can say that oil-water interface is highly stronger than
water-oil interaction prior to surfactant addition, which decreases IFT level
[38, 39].

With the decrease in interfacial tension, the capillary pressure in the area of
narrowing of the pores will decrease. Because the capillary pressure is reduced, the
resistance to oil flow will also decrease so that the oil will move more easily to be
produced [40, 41]. As the interfacial tension decreases, the capillary pressure
decreases so the grain-fluid contact angle and the rock wall will also change. This
has an impact on the wettability. Changes in wettability play a very important role
in the mobilization of residual oil. In porous media filled with two or more immis-
cible fluids, wettability is a measurement of which fluid can wet (spread or adhere
to) the surface [42]. In a water-wet system where the rocks are filled with oil and
water, water will occupy the smallest pores and wet most of the surface in the larger
pores. In areas that have high oil saturation, the oil will be held above the wet water
and spread on the surface. If the rock surface tends to be water-wet and the rock is
saturated with oil, water will fill the smallest pores, displacing oil when water enters
the system [43]. If the rock surface tends to be oil-wet, it will be saturated with
water, oil will enter and wet the smallest pores in place of water. A rock saturated
with oil means water-wet (wet water) and vice versa if the rock is saturated with
water means oil-wet. The wettability of a system can be classified in the very water-
wet or oil-wet range depending on the water-oil interaction with the rock surface.
The function of surfactants in the microemulsion formation mechanism will ulti-
mately change the wettability of the reservoir system from water-wet to oil-wet.

4. Conclusions

Based on studies conducted on bagasse along with its utilization as a novel and
stronger product, we can say that lignin content plays an important role that enables
it to be produced as SLS surfactant that can be utilized on injection-based EOR
process. This fact is also supported by laboratory test results, which evidently
revealed that SLS surfactant contains four important compounds; alkenes, carbox-
ylic acids, sulfonic acids and esters. As an addition, the liquid possesses HLB (-
Hydrophilic-Lipophilic Balance) value of 11.62, which indicates its ability to
dissolve in water and to form surfactant solution. The idea of SLS surfactant bagasse
utilization is to create emulsion that would lower IFT level and mobilize oil better.
That is why bagasse is highly potential to be utilized as main material of SLS
surfactant production.
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Chapter 3

Interfacial Behavior of Saponin 
Based Surfactant for Potential 
Application in Cleaning
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Harshal Vala and Jainik Modi

Abstract

Amphiphilic molecules having a tendency to decrease the surface tension of the 
aqueous medium and those are widely used in the industrial and domestic sector. 
Nowadays they are in high demand to replace synthetic surfactants by naturally 
based molecules to reduce the environmental problem. Approx. more than 60% 
materials which are of surfactants-based enter into the marine water which danger-
ous for aquatic lives. We propose novel material which is a natural based surfactant 
which is biodegradable and eco-friendly alternatives. Here we are focused on tea 
saponin and investigated properties like surface tension, foaming, skin mildness, 
cleaning ability. This is maybe the first reporting a surfactant activity of tea based 
surfactant. Natural originated surfactants display well emulsion making capacity at 
the large amount as compared to synthetic. Tea is acidic in nature and it reduces sur-
face tension to 31.4 mN/m, and greater foam, ultra-mildness, with excellent clean-
ing ability. The consequences suggest that tea have outstanding surface-activity 
which can be used as a green replacement for synthetic surfactants.

Keywords: green surfactant, saponin, foaming, emulsification, mildness

1. Introduction

Amphiphilic molecules contain hydrophilic and hydrophobic units that improve 
interfacial properties. This characteristic of surfactant makes it suitable for the 
fields of detergent, wetting, emulsification, oil recovery, froth flotation and other 
fields [1–3]. A large number of non-natural surfactants are used in industrial and 
domestic work which are spread over underwater, soil, sediment, etc. Studies have 
shown that more than 60% of surfactant derivatives are released into the aquatic 
environment. Global surfactant production was approximately 12.5 million tons 
in 2006 [4], while production in Western Europe that is more than 3 million tons 
in 2007 [5]. After that year of 2010, the use of non-ionic surfactants (polyethoxyl-
ated nonylphenol) in the United States was approximately 172,000 tons [6]. These 
synthetic surfactants can disturb the environment and cause health risks such as 
respiratory tract, dermatitis, eye irritation, etc. [7, 8].

Ostroumov expressed how non-biodegradable cleaning product can reduce the 
cleaning capacity of oysters and mussels. Reduce the Water purifying capacity of 
bacteria like Crassostrea gigas and Mytilus galloprovincialis which cause an important 
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impact on the ecosystem. Besides, aquatic plants, microorganisms, humans, also 
affected by the non-biodegradable surfactants [9].

Due to technological advancement methods for the mass production of surfac-
tants are emerging, which have led to serious environmental problems [10]. Today’s 
demand, surfactants should be biodegradable and have minimal toxicity to be 
surface active. Therefore, researchers are looking for environment-friendly sur-
factants, it may be a natural surfactant. Natural materials are gained from natural 
sources, such as plant, bacterial or fungal, animal fats. Various methods are needed, 
for extract and using them. The fatty acid esters or amides of these sugars can be 
used as substitutes for synthetic surfactants, as described by Salati et al. Humic acid 
extraction using biomass as a surfactant has been reported [11].

Saponins are well known plant-based surfactants. Natural surfactants have 
biodegradability, biocompatibility, and low toxicity, so they are less harmful to the 
environment [12]. These products can be manufactured with high production with 
cost effect which could be used in environmental control actions such as processing 
industrial emulsions, controlling oil pollution, detoxifying industrial wastewater, 
and bioremediation of contaminated soil [13].

Here we report that tea saponin is considered as a natural surfactant. A recent 
movement in the industry to rejecting used of synthetic products which inspira-
tion for people to look for natural-based new materials. By these inspirations, 
we examined tea to estimate its physiochemical property such as critical micelle 
concentration (CMC), Foaming, viscosity behavior, emulsification, mildness pH, 
and conductivity. For comparison, we also examined the marketed product (ionic 
surfactants) just because they are commercially availability. We can reduce environ-
mental issues just by replacing them with natural surfactant.

2. Experimental procedure

2.1 Materials

Tea saponin powder was purchased from King diamond (65% approx.). Surf 
excel (Hindustan Unilever Limited), as a marketed surfactant, Soya bean oil 
(refined, batch number (AF) SB06C04), Coconut oil (Lot No. KB003), Paraffin 
wax (candles from the market) were used. Hexane was obtained from Loba Chemie. 
Milli-Q water of surface tension 71.6 ± 0.1 mN/m was used. Bleached cotton cloth 
Sort No. 22425003 from Akash Textiles, Ahmedabad.

2.2 Surface tension measurements

Surface tension of the individual surfactant was determined by a force tensiom-
eter (Type: K20, KRÜSS, Germany) using a platinum plate method. The experiment 
was directed by using 25 mL of surfactant solution in a sample container. In this 
method, the liquid to be inspected is placed in a container, and its position can be 
changed by using a screw to move up and down. There is a platinum plate on the top 
of the sample. During this process, to ensure the plate is accurately immersed in the 
liquid alignment of platinum plate adjusted at 3 mm distance from the liquid. In the 
tensiometer, a pre-programmed software archives the surface tension of liquid under 
examination. For accuracy before apiece measurement instrument was calibrated 
using Milli-Q water (71.5 ± 0.1 mN/m) at 27 ± 0.5°C. After the completion of each 
reading, the platinum plate was carefully washed using deionized distilled water, 
followed by heating to ensure that the water evaporated from the surface of the plate. 
All measurements were recurrent three times to accord repeatability of the data.
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2.3 Foam ability and stability

The Ross Miles method was utilized to study the foaming behavior of surfactant. 
To study the foaming behavior 250 mL surfactant solution was prepared. Primary 
step to perform foam analysis was to wash the column with deionized water fol-
lowed by rinsing of the column using surfactant solutions under examination. 
Afterwards, from 250 mL prepared surfactant solution gradually 50 mL of surfac-
tant solution poured into the column and was stored at the bottom part of column. 
The remaining 200 mL surfactant solution was taken into the pipette and pipette 
containing surfactant solution positioned at top of the column. Then, faucet of 
pipette opened and at fixed flowrate surfactant solution run off into the column. As 
soon as the surfactant solution from pipette completely transfer to column, start the 
stop watch and note the initial foam height (termed as foamability) and after 5 min 
note foam height again (termed as foam stability).

2.4 pH and conductivity

pH and conductivity were measured by Laqua pH 1100 (Horiba) at room 
temperature. The pH and conductivity electrode was calibrated with the help of 
standard solutions previously measurements.

2.5 Viscosity

Vibration viscometer (SV-10 series, A & D Company, Limited) was employed 
for viscosity measurement of samples. The working principle of instrument to 
determine viscosity followed constant parameters like frequency 30 Hz and ampli-
tude <1 mm, at these fixed parameters the required current to resonate sensor plates 
used to detect viscosity.

2.6 Emulsification

This measurement carried out by the Kothekar method [14]. Initially 10 mL 
of sample solution and 10 mL of refined oil was taken into a graduated cylinder 
followed by shaking of this mixed solution. Now for this emulsion time required 
to separate 5 mL of sample solution was determined and denoted as emulsion 
persistence.

2.7 Cleaning

To determine the cleaning efficiency the Sharma method [15] was considered, 
which involved four steps. Firstly 5 × 5 cm sized cotton cloth was soaked in water 
for 12 h, dried and weighed. In second step simulate dirt was prepared by maxing 
0.5 g coconut oil and 0.5 g paraffin in 50 mL of hexane. Now, in third step the dry 
cotton cloth was two times dipped into the simulated oil, dried and weighed. Lastly 
the cloth was treated with surfactant by soaking it for 10 min followed by washing, 
drying and weighing. To determine cleaning efficiency different surfactant concen-
trations ranging from 0.01% to 0.1% were utilized at room temperature.

2.8 Protein solubilization

The protein (zein) solubilization potential of surfactant was quantified by the 
gravimetric analysis. The 1.0% by weight surfactant solutions were prepared in 
vials and approximately 2.0% by weight zein powder added to the solution. Now 
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these mixtures of surfactant-zein protein were continuously stirred for 24 h. After 
24 h continuous stirring the solutions were filtered using Whatmann filter paper 
to collect insoluble zein from solution. Lastly the collected insoluble solid zein was 
desiccated at 80°C for 24 h and weighed. Using the insoluble zein powder weight the 
solubilized zein% has been calculated.

2.9 Lipid solubilization

The lipid (steric acid) solubilization potential of surfactant was quantified by 
the gravimetric analysis. The 1.0% by weight surfactant solutions were prepared in 
vials and approximately 2.0% by weight stearic acid powder added to the solution. 
Now these mixtures of surfactant-stearic acid were continuously stirred for 24 h. The 
surfactant-stearic acid mixture was then filtered using Whatman filter paper. Finally, 
the collected solid was dried at 60° C for 24 h. The weight percentage of the solubility 
of the lipid in the surfactant was calculated from the weight of the insoluble stearic 
acid after drying for 24 h.

3. Microstructure

Microstructure of gas bubbles was measured through an Olympus STM7CB 
Digital microscope. The foam was generated by using the handshaking method.

4. Results and discussion

4.1 Surface tension

The surface tension creates an imbalance in the intermolecular force in an inter-
face between liquid, vapor or liquid and solid. Figure 1 shows that the reduction in 
surface tension due to surfactant concentration increment and after certain concen-
tration surface tension value was constant as this concentration is called the critical 
concentration of micelles (CMC). The reduction in surface tension is due to the 
break of hydrogen bonds aqueous, the reason was increased adsorption of monomer 

Figure 1. 
Plot of equilibrium surface tension versus total surfactant concentration at a temperature of 27 ± 0.5°C.



39

Interfacial Behavior of Saponin Based Surfactant for Potential Application in Cleaning
DOI: http://dx.doi.org/10.5772/intechopen.102560

at the air-water interface [1]. The surface tension reduction value between 32 and 
37 mN/m consider as the material has good detergency and surface activity [16]. 
Therefore, tea has a decent washing ability.

The properties of surfactants, such as detergents, solubilizers, etc., depending 
on their structure. The reduction in surface tension caused by natural surfactants 
is almost close [17] to the surface tension obtained by measuring surface tension 
(Table 1). The ionic surfactants tend to have relatively greater CMC value as of non-
ionic surfactant (as observed for surf), such behavior of ionic surfactants may be 
attribute to the repulsion between neighboring analogous head group charge. The 
tea saponin reveal greater capability to reduce surface tension as compared to surf 
may be due to absence of elementary electrostatic interaction in tea saponin and this 
also resembles faster micelle formation in water.

The effectiveness of surfactant (πCMC) is given by πCMC where γ0 is the surface 
tension of pure water and γCMC is the surface tension of solution at CMC. Natural 
surfactant shows maximum effectiveness followed by synthetic.

 0CMC CMCπ γ γ= −   (1)

The dynamic surface tension of surfactants solutions was studied by the pendant 
drop method. Figure 2 displays the dependencies of dynamic surface tension for 
micellar solutions of natural and synthetic as functions of the effective lifetime 
[18]. The concentrations of surfactant are 0.005 wt% (below CMC). From the 
result shows that the natural surfactant leads to faster the surface tension changes 
because the Natural surfactant having no kind of change repulsive force at a head 
group like surf.

Name of surfactant CMC (wt%) γCMC πCMC

Surf excel (surf) 0.07 31.5 40.5

Tea saponin (tea) 0.04 31.4 40.6

Table 1. 
Surface properties of surfactants.

Figure 2. 
Plot of surface tension as a function of time at a temperature of 27 ± 0.5°C.
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4.2 Foam ability and stability

Foaming behavior and cleaning action is not much interrelated, but foam behav-
ior is a significant condition in cleansing agent assessment by the consumers. Foam 
creation and durability are imperative in numerous applications [19–21]. Foam ability 
is the amount of foam creation due to the constant formation of new interfaces. 
Higher power of foaming requires faster adsorption, high surface elasticity. The foam 
results obtain by Ross Miles test are shown in Figure 3 at a concentration range from 
0.02 to 0.10 wt% for both surfactant sample. Foam generation by pouring method 
and the amount of foam formation was considered as Foam ability and after 5 min 
foam height measures that are termed as foam stability. The tea solution produces 
dense, high-quality foam, which may be due to the presence of high amounts of sapo-
nin. The existence of saponin group contributes to significantly reduce the dynamic 
surface tension as well as supports to produce the large surface for foam formation 
[13]. Foam formation upsurges with increased surfactant concentration as greater 
number of monomers could custom in film to enhanced foam stability.

We have also observed under the microscope to get an insight into the bubble 
size and foam structures as depicted in Figure 4. The foam engendered by surf 
solution speckled to contain more liquid portion with larger bubble size, while the 
foam generated using tea solution contained less liquid portion with smaller bubble 
size. These experimental results lead to better understanding of foam formed using 
natural surfactant and it indicates that such natural surfactants could deliberately 
consider as foaming agent for various applications. The foaming behavior studied 
by utilizing the Ross Miles method [22] and similar results were observed for foam 
generated by hand shake method as indicated in a picture (Figure 4) at 0.1 wt% 
concentration for both tea saponin and surf.

4.3 Viscosity

Micellization affects the viscosity of a solution, depending on the size and 
number of particles in the solution. Figure 5a shows that the viscosity gradu-
ally increases with increasing concentration. The absence of charge repulsion in 
between the head groups of surfactant monomers may lead to induce viscosity with 

Figure 3. 
Plot of foam height as a function of surfactant concentration in Milli-Q water at a temperature of 27 ± 0.5°C.
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increased concentration of tea. The hydrophilic part of surfactant monomers  
surrounded by water assists to a rise in viscous resistance. The viscosity progress 
may escalate rapidly above CMC due to micelle shape transition at higher concen-
tration. The increase in viscosity far exceeds CMC, which is due to more interac-
tions among micelles, the interactions among micelles are starting to get closer and 
reduce the critical packing parameters [23].

4.4 Conductivity

Detergent mostly made by ionic surfactants which are ionized in an aqueous 
condition so it will show conductance from low to high depends on concentra-
tion. The change in conductivity at lower concentrations almost constant further 
increases at higher concentrations for natural surfactant Figure 5b. At lower 
surfactant concentration, the headgroups of surfactant were encircled by water 
consequently results to lower conductivity. The conductivity upsurges with the 
increasing concentration of surfactant due to ionization of surfactant molecules 
[24]. The conductivity also associates with mildness, which demonstrates inversely 

Figure 4. 
Optical microscopy images of the foam generated from (a) surf (b) tea respectively at 27°C. Inset shows the 
photo of the foam for the corresponding surfactants.
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proportional correlation [25]. The experimental outcome indicates that the conduc-
tivity increase at higher concentration for tea ensues to be more as compared to surf.

4.5 pH measurements

In surfactant science research investigation of pH is an indispensable study. The 
pH of a surfactant solution relies on the overall charge of the headgroup, which con-
sequently changes the repulsion between headgroups [7]. The pH values for both tea 
and surf solutions for range of concentration 0.02–0.10 wt% in Milli Q water were 
observed to be 6.7 ± 0.2. The pH values of the surfactant solution at various concen-
trations are shown in Table 2. Tea with an acidic pH, possibly due to the hydrolysis 
of nonionic glucuronic groups. This pH of the solution near the skin (~5.5) causes 
less damage to the hair and skin. The surf shows alkaline in nature. The pH of the 
tea solution decreases with concentration, while that of surf increases.

4.6 Emulsification

The emulsion is a fine dispersion of one liquid into another stabilized by emulsi-
fier such as protein, surfactant, polymers etc. The surfactants can be solubilized 
non-polar substances into polar due to its amphiphilic nature, e.g. Surfactant 

Figure 5. 
Plot of (a) viscosity and (b) conductivity as a function of surfactant concentration at a temperature of 
27 ± 0.5°C.
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monomers adsorb between the water-oil interface and reduce its interfacial ten-
sion. Due to this reduction in interfacial tension less energy is required to form new 
interfaces that are essential to the preparation of a stable emulsion. In these studies, 
we make simple oil-in-water (o/w) emulsion, which showed the emulsifying power 
of the surfactant’s solution Figure 6. Emulsion stability increases with concentra-
tion increases, natural surfactant formed more stable (almost 30 min) emulsions 
at high concentration. The results of surface tension show that the stability of the 
emulsion decreases in the area of   micelle formation, possibly because less surfactant 
is adsorbed at the oil-water interface. Tea has the best emulsion stability, followed 
by the surf. Stable emulsions occur when the adsorbed surfactant makes repulsive 
interactions among the drops and generates an energy barrier against breakage.

4.7 Cleaning

Cleansing activity means, the removal of unwanted substances such as soil, 
grease and dirt, is the main target of any detergent. The cleaning activity was 
calculated by the below equation

 ( ) ( )2 3 2 1C W W / W W 100% = − − ×    (2)

where W1 = initial weight of cloth, W2 = weight of the cloth with simulated 
dirt and W3 = weight after cleaning with surfactant solution and water. As shown 

Concentration (wt%) Surf Tea

0.02 10.2 5.3

0.04 10.3 5.2

0.06 10.5 5.5

0.08 10.8 5.9

0.10 11.2 6.1

Table 2. 
The values of pH at different concentrations of surfactants solutions.

Figure 6. 
Plot of emulsification as a function of surfactant concentration at a temperature of 27 ± 0.5°C.
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Figure 8. 
Plot of protein and lipid dissolution by surfactants (1.0 wt%) at a temperature of 27 ± 0.5°C.

in Figure 7 The cleaning ability of the tea showed better at lower concentrations. 
The cleaning ability increases with concentration increases for natural surfactant. 
Although all surfactants have similar trends in cleaning performance, there is a 
significant difference in the amount of soil removed. The tea demonstrations decent 
cleaning efficacy at high concentration as compared to the surf, probably due to tea 
revealed greater efficiency to reduce surface tension.

4.8 Skin mildness of surfactants

In the skin structure first part is known as epidermis and the outer most layer 
of epidermis is stratum corneum (SC), this layer provides an important barrier 
function for skin. Surfactant can amend the function of SC by interacting with 
proteins and lipids of SC. These interactions lead to swelling and denaturation, 
however the comprehensive mechanism involved for such interaction has not been 
reported yet. But, predisposition of surfactant to interact with proteins could relate 
with its impact on human skin, generically termed as mildness to human skin [26]. 

Figure 7. 
Plot of cleaning ability as a function of surfactant concentration at a temperature of 27 ± 0.5°C.
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To comprehend impact of tea saponin and surf on skin, the solubilization potential 
of protein and lipid were determined using 1.0 wt% surfactant solution by dissolv-
ing model protein zein and model lipid stearic acid represented in Figure 8. The 
dissolution tendency of natural surfactants, zein and stearic acid is small compared 
to surf. This indicates that natural surfactants are milder than synthetic.

5. Conclusions

Herbal saponins, tea, were studied to find alternatives to synthetic surfactants 
that are commonly used and were make comparison with marketed available 
surfactant (Surf Excel). The outcomes demonstrated that saponins are naturally 
acidic and decomposable. Natural materials are considered to be biodegradable 
as plant extracts. The tea, which was probably examined by the first time, shows 
good effectiveness, in addition to high foaming capacity, decent cleaning capacity 
and ultra-soft. Although lots of works account on isolation, characterization, etc. 
Tea has good emulsifiers and can find some industrial uses. We also quantified the 
cleaning capacity of surfactant solutions. Therefore, our studies can offer a simple 
and inexpensive method to measure the general cleaning method for the evaluation 
of detergents. We conclude that tea comes with good surface-active properties. 
These studies can offer useful information for the food industry as well as the 
cosmetics industry reason was that these plant-based materials were biodegradable 
organic surfactant. We propose new biodegradable and renewable alternative from 
plant-based material which act as a surfactant.

© 2022 The Author(s). Licensee IntechOpen. 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. 



46

Surfactants and Detergents - Updates and New Insights

[1] Rosen MJ, Kunjappu JT. Surfactants 
and Interfacial Phenomena. Hoboken, 
New Jersey, United States: John Wiley & 
Sons; 2012. DOI: 10.1002/978111822 
8920

[2] Kronberg B, Holmberg K, Lindman B. 
Surface Chemistry of Surfactants and 
Polymers. Hoboken, New Jersey, United 
States: John Wiley & Sons; 2014. DOI: 
10.1002/9781118695968

[3] Mittal KL. Solution Chemistry of 
Surfactants. Berlin/Heidelberg, 
Germany: Springer Science & Business 
Media; 2012

[4] Edser C. Latest market analysis. 
Focus on Surfactants. 2006;5:1-2.  
DOI: 10.1016/S1351-4210(06)71142-8

[5] Ivanković T, Hrenović J. Surfactants 
in the environment. Archives of 
Industrial Hygiene and Toxicology. 
2010;61:95-110. DOI: 10.2478/10004- 
1254-61-2010-1943

[6] Schmitt C, Grassl B, Lespes G, 
Desbrières J, Pellerin V, Reynaud S,  
et al. Saponins: A renewable and 
biodegradable surfactant from its 
microwave-assisted extraction to the 
synthesis of monodisperse lattices. 
Biomacromolecules. 2014;15:856-862. 
DOI: 10.1021/bm401708m

[7] Tmáková L, Sekretár S, Schmidt Š. 
Plant-derived surfactants as an 
alternative to synthetic surfactants: 
Surface and antioxidant activities. 
Chemical Papers. 2016;70:188-196.  
DOI: 10.1515/chempap-2015-0200

[8] Pradhan A, Bhattacharyya A. 
Shampoos then and now: Synthetic 
versus natural. Journal of Surface 
Science and Technology. 2014;30:59-76. 
DOI: 10.18311/JSST/2014/1856

[9] Ostroumov S. Studying effects of 
some surfactants and detergents on 

filter-feeding bivalves. In: Aquatic 
Biodiversity. Berlin/Heidelberg, 
Germany: Springer; 2003. pp. 341-344. 
DOI: 10.1007/978-94-007-1084-9_24

[10] Chevalier Y. New surfactants: New 
chemical functions and molecular 
architectures. Current Opinion in 
Colloid & Interface Science. 2002;7: 
3-11. DOI: 10.1016/S1359-0294(02) 
00006-7

[11] Salati S, Papa G, Adani F. 
Perspective on the use of humic acids 
from biomass as natural surfactants for 
industrial applications. Biotechnology 
Advances. 2011;29:913-922.  
DOI: 10.1016/j.biotechadv.2011.07.012

[12] Mondal MH, Malik S, Garain A, 
Mandal S, Saha B. Extraction of natural 
surfactant saponin from soapnut 
(Sapindus mukorossi) and its utilization 
in the remediation of hexavalent 
chromium from contaminated water. 
Tenside Surfactants Detergents. 
2017;54:519-529. DOI: 10.3139/113. 
110523

[13] Hajimohammadi R, Hosseini M, 
Amani H, Darzi GN. Experimental 
design procedure for optimization of 
saponin extraction from Glycyrrhiza 
glabra: A biosurfactant for emulsification 
of heavy crude oil. Tenside Surfactants 
Detergents. 2017;54:308-314.  
DOI: 10.3139/113.110506

[14] Kothekar SC, Ware AM, 
Waghmare JT, Momin S. Comparative 
analysis of the properties of Tween-20, 
Tween-60, Tween-80, Arlacel-60, and 
Arlacel-80. Journal of Dispersion 
Science and Technology. 2007;28:477-
484. DOI: 10.1080/01932690601108045

[15] Sharma P. Cosmetics: Formulation, 
Manufacturing and Quality Control. 
Delhi, India: Vandana Publications; 2008

[16] Mainkar A, Jolly C. Evaluation of 
commercial herbal shampoos. 

References



47

Interfacial Behavior of Saponin Based Surfactant for Potential Application in Cleaning
DOI: http://dx.doi.org/10.5772/intechopen.102560

International Journal of Cosmetic 
Science. 2000;22:385-391.  
DOI: 10.1046/j.1467-2494.2000.00047.x

[17] Negm NA, Mohamed AS. Surface 
and thermodynamic properties of 
diquaternary bola-form amphiphiles 
containing an aromatic spacer. Journal 
of Surfactants and Detergents. 
2004;7:23-30. DOI: 10.1007/s11743- 
004-0284-z

[18] Miller R, Aksenenko E, 
Fainerman V. Dynamic interfacial 
tension of surfactant solutions. 
Advances in Colloid and Interface 
Science. 2017;247:115-129.  
DOI: 10.1016/j.cis.2016.12.007

[19] Varade D, Carriere D, Arriaga L, 
Fameau A, Rio L, Langevin E, et al. On 
the origin of the stability of foams  
made from catanionic surfactant 
mixtures. Soft Matter. 2011;7:6557-6570.  
DOI: 10.1039/C1SM05374D

[20] Bureiko A, Trybala A, Kovalchuk N, 
Starov V. Current applications of foams 
formed from mixed surfactant–polymer 
solutions. Advances in Colloid and 
Interface Science. 2015;222:670-677. 
DOI: 10.1016/j.cis.2014.10.001

[21] Hajimohammadi R, Johari-Ahar S. 
Synergistic effect of saponin and 
rhamnolipid biosurfactants systems on 
foam behavior. Tenside Surfactants 
Detergents. 2018;55:121-126.  
DOI: 10.3139/113.110546

[22] Ross J, Miles GD. An apparatus for 
comparison of foaming properties of 
soaps and detergents. Oil & Soap. 
1941;18:99-102. DOI: 10.1007/BF02545418

[23] Li M, Yang W, Chen Z, Qian J, 
Wang C, Fu S. Phase behavior and 
polymerization of lyotropic phases. II. A 
series of polymerizable amphiphiles 
with systematically varied critical 
packing parameters. Journal of Polymer 
Science Part A: Polymer Chemistry. 
2006;44:5887-5897. DOI: 10.1002/
pola.21573

[24] Muntaha ST, Khan MN. Natural 
surfactant extracted from Sapindus 
mukurossi as an eco-friendly alternate to 
synthetic surfactant—a dye surfactant 
interaction study. Journal of Cleaner 
Production. 2015;93:145-150.  
DOI: 10.1016/j.jclepro.2015.01.023

[25] Zhou C, Wang D, Cao M, Chen Y, 
Liu Z, Wu C, et al. Self-aggregation, 
antibacterial activity, and mildness of 
cyclodextrin/cationic trimeric 
surfactant complexes. ACS Applied 
Materials & Interfaces. 2016;8:30811-
30823. DOI: 10.1021/acsami.6b11667

[26] Lips A, Ananthapadmanabhan K, 
Vethamuthu M, Hua X, Yang L, 
Vincent C, et al. Role of surfactant 
micelle charge in protein denaturation 
and surfactant-induced skin irritation. 
In: Surfactants in Personal Care 
Products and Decorative Cosmetics. 
Florida, United States: CRC Press; 2006. 
pp. 184-194. DOI: 10.1201/ 
9781420016123.ch9





49

Chapter 4

Perspective Chapter: 
Microemulsion as a Game Changer 
to Conquer Cancer with an 
Emphasis on Herbal Compounds
S.K. Janani, Raman Sureshkumar and S.P. Dhanabal

Abstract

Microemulsions are lipid based drug delivery system consisting of oil, water, 
surfactant and often a co-surfactant. They are prepared in order to deliver the drug in 
an effective manner so as to obtain the desired therapeutic activity. Compared to other 
conventional therapy, they can deliver the drug in an efficient manner because of their 
characteristics like reduced particles size, lipid based drug delivery system, thermody-
namic stability and economical scale up. Anti-cancer drugs can be easily incorporated 
into microemulsion so as to target the cancer cells. This helps in increasing the solubil-
ity, permeability and absorption of the poorly soluble and poorly permeable drugs, 
thereby helping in enhancing the bioavailability of the drug. In this chapter, we are also 
focusing on the herbal based formulations that will be helpful in effectively fighting 
against cancer cells with less or no side effects. A light has also been shed on the advan-
tages and disadvantages of the microemulsions that will be helpful in considering them 
as an effective model to conquer cancer and promote the same in the upcoming years.

Keywords: cancer, microemulsion, anti-proliferative activity, herbal compound, 
lipid based delivery

1. Introduction

Microemulsions are lipid based drug delivery system consisting of oil, water, sur-
factant and often a co-surfactant. They are prepared in order to deliver the drug in an 
effective manner so as to obtain the desired therapeutic activity [1]. Compared to other 
conventional therapy, they can deliver the drug in an efficient manner because of their 
characteristics like reduced particles size, lipid based drug delivery system, thermody-
namic stability and economical scale up [2]. Anti-cancer drugs can be easily incorpo-
rated into microemulsion so as to target the cancer cells [3]. In this chapter, we are also 
focusing on the herbal based formulations; this will be helpful in effectively fighting 
against cancer cells with less or no side effects. The advantages and limitation of the 
microemulsions discussed in this chapter will also be helpful in considering them as an 
effective model to conquer cancer and promote the same in the upcoming years.

As said earlier, the microemulsions are lipid based drug delivery systems that 
are involved in effectively delivering the drug to the target site [4, 5]. The term 
microemulsions were employed by T.P. Hoar and J.H. Shulman in 1943 [6]. The 
word microemulsion was also called as transparent emulsion, solubilized oil 
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and micellar solution etc. The microemulsions are optically isotropic in nature 
and they are also thermodynamically stable. It has been stated that according to 
IUPAC the diameter of the particle can approximately vary from 1 to 100 nm that 
can be usually between 10 and 50 nm [7]. Basically the microemulsions can be 
divided into oil in water (O/W) type, water in oil (W/O) type and bicontinuous 
microemulsion with high solubilizing power [8, 9]. The different types of micro-
emulsion are given in Table 1.

While coming to the theories of microemulsion, there are basically three 
theories as follows:

1. Interfacial theory: Also called as mixed film theory or dual film theory. In this 
the microemulsion are formed spontaneously by a complex film formation at 
the oil water interface by the surfactant and co-surfactant. These two com-
pounds are further helpful in decreasing the interfacial tension. Thus, forming 
a microemulsion [10].

2. Solubilization theory: They are usually depicted by the phase diagram by con-
sidering components of microemulsion including oil, water and surfactant [11].

3. Thermodynamic theory: The thermodynamic properties of microemulsion like 
free energy, interfacial tension and surface tension are interdependent on each 
other. It states that spontaneous emulsification is involved in the formation of 
microemulsion with negative free energy that makes the emulsion thermody-
namically stable [6, 12].

2. Composition and method of preparation of microemulsion

2.1 Composition of microemulsions

Basically, the mircoemulsion consists of three main ingredients including water, 
oil and surfactant.

2.1.1 Water phase

Aqueous phase plays an important role in the formulation of microemulsion. 
Based on the type of microemulsion, they act as either a dispersion medium or a 
dispersed phase in the microemulsion [13]. This phase can accommodate the hydro-
philic active drug and some of the preservatives. Sometimes they are also replaced 
by the buffer solution. In case of water in oil microemulsion, the addition of the 
water makes changes in the concentration of the surfactant/ water ratio. Dilution 
of the microemulsion further with the water leads to the phase separation thus, 
disrupting the droplet formation. Hence, in order to obtain a stable microemulsion, 
the accurate water ratio must be employed [6].

2.1.2 Oil phase

They are the most important component in the microemulsion system to solu-
bilize and transport the lipophilic compounds via the lymphatic system. It also 
increases the GI (gastrointestinal) absorption of the drug. The selection of oil 
is determined based on the solubility of the drug in that particular oil. Example 
of oil includes olive oil, castor oil, capryol 90, oleic acid and isopropyl myristate 
etc. [6, 8, 14].
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2.1.3 Surfactants

They are usually employed in order to decrease the surface tension as well as 
the interfacial tension. Since, they contain both the lipophilic as well as hydrophilic 
character; they have the affinity towards both the polar and the non-polar phase. 
When the aqueous phase is more compared to the oily phase, then the interface 
between the oil and aqueous phase will curve spontaneously towards the water lead-
ing to the formation of oil in water structure. Whereas, when the lipophilic group 
is more bulky than that of aqueous phase, then the interface will curve towards the 
opposite direction leading to water in oil microemulsion [15]. In brief the different 
types of surfactants used in microemulsion are given in Table 2. While coming to 
the type of surfactant, they can be divided into the following:

i. Non-ionic surfactant: This type of surfactant produces less irritation. Thus, they 
are useful in oral administration. Example includes cremophor, polyoxyethylene 
sorbitol hexaoleate [16], and tween 20 [17].

ii. Cationic surfactant: Their surface is positively charged. But, as compared to the 
anionic surfactant, they are more irritating. Example Cetalkonium chloride and 
benzalkonium chloride etc.

iii. Anionic surfactant: They are negatively charged and possess the ability to pen-
etrate into the skin. Example includes sulphonates, sulphates, and phosphates [8].

iv. Zwitterionic: They are otherwise called as amphoteric surfactant, which con-
tains both positive as well as negative charge that contributes to their neutral 
charge at neutral pH [18]. Example includes betaines and amphoacetate class 
compounds.

2.2 Preparation of microemulsions

Microemulsions can be prepared by the following methods:

1. Phase titration method: In this method, the microemulsion is formed by the 
spontaneous emulsification method. The phase diagram is useful in determining 
the various interactions that happens when the components of the microemulsion 

Sl. No. Type of surfactants

1.  Non-ionic surfactant

2.
 

Cationic surfactant

3. Anionic surfactant

4. Zwitterionic surfactant

Table 2. 
Indicating the types of surfactants.
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is being mixed [19]. Mainly from the phase diagram, the microemulsion region 
can be determined [20]. Later, the optimized formulation can be obtained by 
implementing any of the experimental models [21, 22].

2. Phase inversion method: While coming to the phase inversion method, the mi-
croemulsion undergoes phase inversion on addition of excess dispersed phase. 
During this, change in the particle size occurs that can affect the drug release 
both in-vitro as well as in-vivo [23]. In this case, when the non-ionic surfactant is 
used for the preparation of microemulsion, the change in temperature decides 
the formation of the microemulsion by the method called phase inversion tem-
perature (PIT) method. Suppose when there is an increase in temperature, it 
leads to the water in oil microemulsion, whereas when the temperature decreas-
es it leads to oil in water microemulsion [24]. While coming to the phase inver-
sion composition, the addition of the water or oil makes the difference [25]. 
In which, when water is added to oil phase or oil is added to water phase, the 
surfactant exhibits both the hydrophilic and lipophilic property at one point, 
and that point is called as emulsion inversion point. After which an addition of 
water or oil makes the changes in the curvature of the microemulsion and leads 
to the formation of o/w microemulion or w/o microemulsion [26–28].

3. Herbal based microemulsion for cancer treatment

Various herbal based components are being tested by researchers for determin-
ing the anti-cancer activity. But some of the components have low bioavailability 
because of low solubility. Thus, the microemulsion acts as a carrier for the deliv-
ery of such components and helps in improved bioavailability and resulting in 
enhanced therapeutic effect [29].

Dibenzoylmethane (DBM) is one such compound that has poor water solubility 
because of which they have low bioavailability. In order to overcome this condition, 
DBM has been incorporated into microemulsion [30]. The microemulsions are also 
capable of protecting the drug molecule form enzymatic hydrolysis and oxida-
tion etc., thus allowing the drug to reach the target site. In the study conducted 
with DBM, peppermint oil has been used and oil in water microemulsion has been 
made because of poor solubility of DBM in water. This is one of the advantage 
of microemulsion were both the hydrophilic as well as hydrophobic drug can be 
incorporated into them. This formulation has exhibited its action as effective 
chemopreventive agent in forestomach tumor. It has also been stated that the micro-
emulsion decreases the interfacial tension between the vehicle and the intestinal 
cells and leads to enhanced permeation. This can eventually result in increased 
therapeutic activity [31].

There are also many medicinal values present in the food compounds that we 
consume in our day to day life. One such compound is turmeric. The turmeric which 
is also known as Curcuma longa L. (C. longa) possesses various biological activities 
like anti-cancer, anti-oxidant and anti-inflammation etc. [32]. Various studies have 
been carried out with curcumin on different cancer cells like melanoma, prostate, 
hepatoma and breast cancer cells. Yen Chu Chen et al. has worked on curcuminoid 
microemulsion to improve the inhibitory effect on the colon cancer cells. The 
microemulsion has been prepared by soya bean oil, anhydrous ethanol (co-solvent) 
and tween 80. Both the early and late apoptosis has been observed in cancer cells 
and also the cell cycle arrest at S phase. Additionally, the up regulation in p53 
(tumor suppressor) has been observed in the p21- independent manner. Increase in 
caspase 8, caspase 9, and caspase 3 have also been observed. Thus, it can be said that 
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curcumin can produce a wide range of anticancer activity by focusing on extensive 
mechanism [33].

As said earlier even though various natural compounds are available for the 
rehabilitation of cancer, they fail to produce the complete desired action because 
of low bioavailability and poor solubility. Thus, microemulsion helps in enhancing 
the bioavailability and improving the solubility with the aid of their lipid based 
drug delivery system. One such study has been carried out by Salma A. El-Sawi et 
al., to improve the delivery of the extracts of Salix mucronata that possesses anti-
proliferative activity. The extracts from the Salix mucronata has been loaded into 
the microemulsion, so as to improve the penetration of compounds through the 
biological barriers and produce a desired pharmacological action with less quantity 
of dose [34].

When a drug is having low solubility in water but lipophilic in nature, it will 
be loaded into the microemulsion because of its lipid based delivery. Additionally, 
because of the lipid based drug delivery, they not only improve the solubility, it 
can also enhance the permeability of the drugs through various barriers. In which 
the blood brain barrier (BBB), one of the strongest barriers which do not allow the 
entry of drugs into the target site, acts as a main hurdle for various drugs in target-
ing the brain tumor [35]. Even though various flavonoids, terpenes, and carotinoids 
are being studied to determine their anti-cancer activity, most of them fail to reach 
the target site because of BBB. Thus, it is important to breach the BBB to get a thera-
peutic activity. Most of the techniques for delivery of the drug into the brain by 
crossing the BBB involves invasive or a semi-invasive technique, whereas the nasal 
route of drug delivery acts as a non-invasive method. But the direct administration 
of active ingredient into the nasal cavity may lead to degradation of drug by vari-
ous enzymes and clearance of drug. Thus, in order to overcome these drawbacks, 
the microemulsion can be used as carrier because of their property to improve the 
permeability of the drug [36, 37].

Quercetin is a flavonoid that has been widely studied for their anti-cancer 
activity [38]. They have the ability to inhibit the proliferation of various cancer cells 
like lung, prostate, liver, breast, cervical and colon cancer [39]. Quercetin is also 
being used as a synergistic agent along with other chemotherapeutic drugs [40]. 
But because of their low permeability, they are unable to reach the target site and 
produce a complete therapeutic activity. Thus, if they are being loaded by any of the 
carrier or drug delivery system, one can meet the expected outcome. Sagar Kishor 
Savale in 2017, has prepared the quercetin microemulsion, in order to target the 
brain tumor assuming that this carrier would help in increasing the permeability 
of the drug. Quercetin has been dissolved in oleic acid and later tween 80 and 
polyethylene glycol 400 has been used as surfactant and co-surfactant respectively 
for the preparation of microemulsion. Though the in-vitro permeability study 
has been done, the in-depth molecular mechanism and in-vivo studies should be 
determined [41].

Another flavonoid that is helpful in targeting the cancer cells is myricetin. It is 
also structurally similar to that of quercetin and luteolin. Myricetin exhibits anti- 
cancer activity [42] by interacting with various oncoproteins like Janus kinase – 
signal transducer and activator of transcription 3 (JAK1-STAT3), protein kinase B 
(PKB) and mitogen activated kinase 1 (MEK 1). They also act on the over expressed 
cyclin- dependent kinase 1 to exert an anti-mitotic effect on the liver cancer cells 
[43]. Though, they exhibit various anticancer activities, the main struggle comes 
when there is low bioavailability. But this problem can be eradicated by using 
microemulsion. Studies are also being carried out for the preparation myricetin 
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microemulsion that can improve the bioavailability of the compound [44]. Shujun 
Wang et al. have formulated myricetin microemulsion for oral delivery. It was stated 
that the incorporation of microemulsion delivery system could decrease the dose of 
the myricetin because improved drug availability at the target site. Since, the micro-
emulsion is involved; the author says that the enhanced bioavailability of myricetin 
at the target site may because of the presence of payers patch and the M (Microfold) 
cell in the intestine and also because of the presence of lipid in the microemulsion, 
which makes the enhanced absorption via the lymphatic system [45].

Ruixue Guo et al. has prepared a myricetin microemulsion, for enhancing the 
bioavailability of the compound, anti-proliferative activity and also the anti-oxidant 
activity. In this study, the effect of myricetin microemulsion was tested on the liver 
cancer cells (HepG2). Since, the excess addition of surfactant in the microemul-
sion may lead to toxicity, it is important that we need to use the surfactant in the 
minimum quantity. Thus focusing on these criteria, the work has been carried out 
by screening various oils, surfactant and co-surfactant to get stable and optimized 
formulation. As a result of it, labrafac lipophile WL 1349 was selected as oil phase, 
tween 80 and cremophor RH 40 was used as surfactant and transcutol HP has 
been used a co-surfactant. The prepared miroemulsion has shown enhanced oral 
bioavailability as compared to that of the myricetin suspension (Sodium carboxy 
methylcellulose suspension) [46].

The microemulsion can also be a self-micro-emulsifying drug delivery system 
(SMEDDS). They are given as a preconcentrate so that after reaching the target 
site, they may get converted into a microemulsion giving a prodrug effect. The 
advantage of such delivery system is that, the stability of the formulation can be 
maintained as a result the bioavailability can also be improved. In the SMEDDS, 
the lipid phase used can also be liquid or solid. While comparing both, it has been 
said that S-SMEDDS (i.e.): use of solid lipid is preferred because, it involves the 
solidification of liquid excipients into a powder form (solid form) that helps in 
obtaining a more stable formulation compared to liquid lipid. One such solid 
SMEDDS has been prepared by Wenli Huang et al. [47]. In this work, Brucea 
javanica oil is being loaded into S-SMEDDS (BJOS) to enhance the anti-cancer 
activity. Brucea javanica oil is a traditional herbal medicine in China that has the 
ability to treat various cancers like gastrointestinal cancer, lung cancer and pros-
tate cancer. Since, the oil itself is producing various anti-cancer activity, they were 
used as a main component in the study that can act as the anti-cancer agent. The 
BJOS formulation was prepared by using Brucea javanica as oil phase, Cremophor 
RH40 and PEG 6000 as surfactant and co-surfactant respectively. Compared to 
the Brucea javanica oil emulsion alone, the BJOS formulation had a better anti-
proliferative activity. This may be because; the S-SMEDDS would have carried the 
BJO into the cancer cells via endocytosis.

Apart from the above said compounds, there are also other herbal compounds 
that exhibits anti-cancer activity by acting on various pathways by inhibiting the 
cell cycle arrest, maintaining the genetic stability, inducing apoptosis exhibiting 
anti-angiogenic activity and also anti-metastatic activity. Thus, as a nutshell, it 
can be said that it would be a better option if we choose microemulsion as a drug 
delivery system or a carrier for the delivery of herbal compounds that exhibits 
anti-cancer activity. Because unless the conventionally available drugs or synthetic 
drugs, the herbal compounds may not cause much side effects or harm the normal 
cells. Even the herbal compounds are also being taken by us on regular basis. Thus, 
it will lead to great endeavors if natural compounds are being delivered in an 
accurate manner by using this kind of delivery system.
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4. Different routes of administration of microemulsion

4.1 Oral route

As it was already said that the solubility of the drug plays an important role in 
bioavailability of the drug, it is important to improve the solubility so as to increase 
the bioavailability (Figure 1). When a drug is being incorporated in microemulsion, 
compared to conventional medications, the microemulsion can increase the absorp-
tion, increase the therapeutic efficacy and also decrease the drug toxicity [12]. 
Apart from the solubility, in many of the cancers, the MDR (multi drug resistance) 
plays an important role; it does not allow the anti-cancer drugs to produce its activ-
ity by creating an efflux system. But, the microemulsion has the capacity to over-
come this efflux system and deliver the anti-cancer drug in a more efficient manner. 
One such study has been carried out by Ding Qu et al., in which a multicomponent 
microemulion has been formulated consisting of coix seed oil, ginsenoside Rh2 
loaded with etoposide. This formulation has been useful in inhibiting the Pgp-
efflux, which may because of the use of G-Rh2 that has the capacity to interact with 
the Pgp-efflux and in addition, the formulation has produced a synergistic activity 
which may be because of the oils used in this formulation, that also possess some 
anti-cancer activity [48].

Apart from the normal microemulsion, the microemulsion can be used as a 
preconcentrate in order to improve the bioavailability as well as therapeutic effect 
of anti-cancer drug. As it was said already, one such form of preconcentrate is called 
the Self-microemulsifying drug delivery system (SMEDDS). They are also similar to 

Figure 1. 
Represents the different routes of administration of microemulsion for targeting various cancers (Created with 
Biorender).
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that of micro-emulsion, whereas being a preconcentrate, they does not have water 
in their formulation. During this case a question arises in our mind stating that were 
does the aqueous phase come from. Well, the SMEDDS being a preconcetrae when 
administered, it gets emulsified with the help of Gastro intestinal fluid, thereby 
forming a microemulsion. This type of self-emulsifying microemulsion serves 
more advantage as compared to the existing microemulsion. Since, the water is not 
involved, enhanced physical and chemical stability can be obtained on long term 
storage [49]. It also has the ability to decrease the gastric irritation caused by some 
of the anti-cancer agents. Studies are also being carried out with SMEDDS for the 
rehabilitation of cancer. Triptolide obtained from Tripterygium wilfordii possess 
anti-cancer activity, at the same time they also have low solubility, gastrointes-
tinal irritation and also poor bioavailability. Triptolide has been incorporated to 
SMEDDS in order to overcome the above said effects and their anticancer activity 
on gastric cancer has also been identified [50].

4.2 Parentral route

Microemulsion can be delivered via the parenteral route instead of suspension 
that is not suitable for the parenteral route. Compared to liposomes, they are having 
a good stability when given through parenteral route. When a microemulsion is 
loaded with the higher concentration of the drug, the frequency of administration 
can be decreased [51]. Some of the drugs have to be given through the parenteral 
route because in order to overcome the degradation of the drug, instability of the 
drug, low bioavailability of the drug, decreased therapeutic activity of the drug due 
to oral administration. At some instance, the parenteral route of administration of 
the drug itself can lead to precipitation of the drug when mixed with the infusion 
fluids. Thus, in those cases it is important to incorporate the drug into a suitable 
vehicles or carrier to obtain an improved bioavailability an increased therapeutic 
activity without any capillary blockade. But incorporation of more solvents or 
aqueous solutions may cause mild to severe side effects. In these circumstances, the 
microemulsion comes into play, because of their thermodynamic stability. Jayesh 
Jain et al. has worked on etoposide, in which they have formulated the microemul-
sion for parenteral administration. Since, the etoposide need to be administered 
slowly through the intravenous infusion, it is important to detect the changes when 
they are mixed with infusion fluids. As a result they observed that the microemul-
sion was not having a drug precipitation up to a certain concentration of drug. But 
as the concentration of drug increases the precipitation serves as a limitation. Thus, 
more study on the reason for the drug precipitation should be understood [52].

The microemulsion also serve various advantages while comparing other 
colloidal carriers, microemulsions can deliver the hydrophobic drugs, as they can 
solubilize those types of drugs and also the scale-up can be done easily compared to 
other carriers.

It is important to know the right excipients for the preparation of microemul-
sions for parenteral delivery, as the parenteral delivery deal with only few excipi-
ents. Those excipients should also be biocompatible, non- irritant and a sterilizable 
one. Other than these properties, the excipients that are used for preparation of 
microemulsion for parenteral delivery is similar to that of the normal microemul-
sion. They consist of oily phase, surfactant, co-surfactant and the aqueous phase. 
But while using these components during the formulation, certain factors should be 
considered like [53]:

• Long term usage of oily phase for parenteral administration should be 
determined.
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• Certain surfactants like polyoxyethylene alky ethers may cause hemolysis at 
higher concentrations. So, the concentration of this type of surfactants must be 
considered.

• The use of polyethoxylated castor oil which has to be used with caution 
because of their ability to cause serious adverse effects.

• The use of propylene glycol as co-surfactant at higher concentrations my cause 
pain at the injection site and also hemolysis.

4.3 Nasal route

Glioblastoma, or brain tumor, is the condition, which is very difficult to target 
by various anti-cancer drugs. The administration of drug through oral route may 
not guarantee that it will deliver most of drug to the target site. And also most of the 
available techniques for targeting brain tumors are either invasive or semi-invasive. 
Thus, it is important to deliver a drug in such a way that it can reach the target site 
without being invasive in nature and also improve the bioavailability with enhanced 
therapeutic activity. Nasal route of administration comes into play at these situ-
ations. It is one of the non-invasive techniques that can bypass the BBB. When a 
drug is being administered intranasally, they can enter into the brain or target site 
depending upon the nature of the drug, type of formulation and the physiological 
conditions. The different pathways of entry of drug are [54]:

• Olfactory nerve

• Trigeminal nerve

• Lymphatic pathway

• Cerebro spinal fluid (CSF)

• Vascular pathway.

Various flavonoids like curcumin [55] and rhein [56] are also been administered 
via intranasal delivery to study the effect of these compounds on glioblastoma, as 
they already possess various anti-cancer activity, anti-oxidant activity and anti-
inflammatory etc.

It has also mentioned in previous studies that the uses of microemulsion for the 
intranasal delivery are safe and effective. And moreover, since the nasal route helps 
in direct delivery of drug to the target site than entering into systemic circulation, 
the concentration of drug at the target site can be increased along with the use of 
microemulsion [57]. The concentration of various drugs have been improved at the 
target site with the help of microemulsion and some of them include albendazole 
sulfoxide that possess anti-proliferative activity [58] and teriflunomide that also 
possess anti-cancer activity [59–61].

The administration of drug through nasal route may be prone to mucociliary 
clearance. Thus, in this case the drug or the formulation may not be able to reach 
the target site and produce its therapeutic action. Thus, for this purpose, the 
mucoadhesive agents are being used that can slow down the mucociliary clearance 
[62]. Because of the enhanced penetration property of microemulsions through 
biological membranes, they are being used to deliver the drug through nasal cavity 
[63]. Thus, the use of mucoadhesive agents to the microemulsion can improve 
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the retention time and increase the absorption of drug. Julio Mena-Hernández et 
al. have formulated mebendazole microemulsion containing mucoadhesive agent 
namely sodium hyaluronate for intranasal delivery to target the glioblastoma. It was 
stated that the treatment with the formulation has increased the survival time in 
animals and also decreased nasal toxicity has been observed [64].

4.4 Topical route

Topical route is one of the alternative approaches over the oral and parenteral 
route. This is one of the non-invasive methods of drug delivery system [65]. They 
are also convenient route of drug delivery. They are also helpful in overcoming 
various limitations that are being produced by oral route like gastrointestinal deg-
radation of drug, hepatic clearance, toxicity and finally decreased bioavailability. 
Though the topical route have several advantages, they also have certain disadvan-
tages like low permeability though the skin, decreased residence time on skin, the 
viscosity of the formulation, spreadability of the formulation etc. But these prob-
lems can be conquered with the aid of microemulsion. They have the capacity to 
permeate through the skin, improve the solubility of the drug and also enhance the 
absorption of the drug. Various drugs are being incorporated into the microemul-
sion because of these properties [66]. Example Methyl dihydrojasmonate that has 
the capacity to produce anti-tumor activity is being incorporated into microemul-
sion and studied. Targeting solid tumors by transdermal delivery is in emerging 
stage. This allows convenient way of targeting the tumor and also overcome the first 
pass metabolism produced by the oral dosage forms. The Methyl dihydrojasmonate 
that has been incorporated in microemulsion has been studied on MCF-7 cancer cell 
and Ehrlich solid carcinoma model [67].

The non-toxic and non-irritant property of microemulsion makes them suitable 
to treat skin cancers. 5- Fluorouracil has been used for treating skin cancer. But they 
have a major disadvantage of poor skin permeation. Thus, in this case they are being 
incorporated into microemulsion for improving the permeability of the drug. So 
that it can produce its anti-cancer activity [68]. 5-fluorouracil is being studied by 
many of the researchers by incorporating them into a microemulsion for rehabilita-
tion of skin cancer [69]. Thus, opting for a microemulsion would be a good strategy 
for the treatment of skin cancer and solid tumors.

Apart from the microemulsion, the incorporation of microemulsion into gel also 
plays a vital role. It further increases the residence time of the drug on the skin and 
also release of the drug on the target site is prolonged [70].

Sl. No. Drug used Type of cancer Oil Surfactant Co-Surfactant Reference

1. Imiquimod Colon cancer Coconut oil Lecithin Tween 60 [71]

2. Simvastatin Colon and liver 
cancer

Captex Cremophor EL Transcutol [72]

3. Methyl 
dihydrojasmonate

Ehrlich tumor 
cells

Pure 
soybean oil

Coconut salt 
fatty acids and 
Phosphatidylcholine

Glycerol [73]

4. βelemene and 
celastrol

Lung cancer Labrafil Kolliphor Polyethylene 
glycol 400

[74]

5. 5-Fluorouracil Skin tumor Isopropyl 
myristate

Tween 80 Span 20 [75]

Table 3. 
Various microemulsions with different drug, oil, surfactant and co-surfactant are given.
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Some other microemulsions that are studied by various researchers for anti-
cancer activity is given in Table 3.

5. Advantages and disadvantages of microemulsion

5.1 Advantages of microemulsion

• Due to the amphiphilic nature, they can solubilize both hydrophobic and 
hydrophilic drugs [76].

• They are thermodynamically stable.

• Can deliver the maximum amount of drug to the target site. Thus, helps in 
decreasing the side effects of the drug.

• They also have long shelf life.

• Scale –up is easy and requires less energy.

• Improved lymphatic delivery of the drugs due to the usage of lipid phase.

• Good permeability can be obtained for low permeable drugs.

• Enhanced solubility and thereby improved bioavailability.

• Absorption can also be increased.

• Can overcome the first pass metabolism [77].

• Can mask the unpleasant taste.

• Can be administered through various routes like oral, parenteral, topical and 
intranasal.

• Increase in patient compliance due to liquid dosage form.

5.2 Disadvantages of microemulsion

• Large quantity of surfactant and co-surfactant usage may lead to toxicity 
issues [76].

• It’s a doubt when it comes to sustained drug release [78].

• Due to the precipitation of the drug, they should be used in infusion or paren-
terals after careful investigation of nature of the drug and the microemulsion 
character.

• Since, there is a toxicity issue with surfactant, the surfactant should fall under 
the “Generally-Regarded-as-Safe” (GRAS) class [79].
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6. Future perspectives

Microemulsions are the lipid based drug delivery systems that are being studied by 
a wide group of researchers. Even though the microemulsion has various advantages 
like loading of both hydrophilic and lipophilic drug, thermodynamic stability and 
improved patient compliance etc. They lack behind when it comes to the surfactant 
concentration. The main ingredient used to decrease the interfacial tension between 
the oil phase and aqueous phase is surfactant and the co-surfactant. Being the main 
ingredient, they may be used in large quantity. This turns out to be one of the major 
disadvantages, which thereby leads to toxicity. Usually only 40% of the surfactant 
should be used in the formulation. Thus, a suitable surfactant that is capable of 
decreasing the interfacial tension at a low concentration must be employed in the 
formulation [80]. The microemulsions are usually suitable for scale up process, which 
is more important from industrial point of view that can be done at a low cost. Apart 
from the treating various cancers and diseases, the microemulsions are also being 
used for the cosmetic formulations [81], because of their increased permeability and 
action on the skin for a prolonged period of time. Though they are being used for vari-
ous route of delivery for treating a wide range of cancer, the surfactant concentration 
should be considered which plays a major role in deciding the fate of microemulsion.

7. Conclusions

Microemulsions are lipid based drug delivery system that comprises of oil, surfac-
tant and a co-surfactant. This can solubilize both the hydrophilic as well as lipophilic 
drugs. Thus, helps in increasing the absorption and bioavailability of the drugs. Since, 
the bioavailability is increased; the desired therapeutic activity can be obtained with 
minimum dose of the drug. Thu, we can also overcome the toxicity due to higher dose 
of the drug. Most of the herbal compounds like flavonoids, terpenes and caratinoids 
are possessing the anti-cancer activity. But only because of their poor solubility and 
poor permeability, they are not being widely studied for conquering cancer cells. This 
fate of herbal compounds can be changed once they are being incorporated into a 
safe and effective carrier or vehicle. Even though various carrier systems are available 
and being studied widely by researchers, the microemulsion plays a vital role and 
standalone compared to others because of their property like thermodynamic stabil-
ity, increasing the solubility and permeability of drug and also easy scale up process. 
They act as a stalwart supporter in the delivery of potential anti-cancer compounds, 
without affecting the nature of the drug and maintaining their stability by overcom-
ing various hurdles like GI (Gastrointestinal) degradation, first pass metabolism and 
also toxicity due to higher dose of the drug. Thus, as a nutshell it can be said that the 
microemulsions are prominent carriers in delivering the effective anti-cancer drug and 
also responsible for increasing the patient compliance and enhancing the therapeutic 
activity. But, apart from this, the limitations of the carrier should also be taken into 
consideration, like use of desired oil, surfactant and co-surfactant as well as their con-
centrations. By meticulously pondering the above points, one can develop an effective 
formulation for the rehabilitation of the cancer with the aid of microemulsions.
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Abstract

Bio-based surfactants are surface-active compounds derived from oil and fats 
through the production of oleochemicals or from sugar. Various applications of 
bio-based surfactants include household detergents, personal care, agricultural 
chemicals, oilfield chemicals, industrial and institutional cleaning, and others. Due 
to the stringent environmental regulations imposed by governments around the 
world on the use of chemicals in detergents, as well as growing consumer awareness 
of environmental concerns, there has been a strong demand in the market for bio-
based surfactants. Bio-based surfactants are recognized as a greener alternative to 
conventional petrochemical-based surfactants because of their biodegradability and 
low toxicity. As a result, more research is being done on producing novel biodegrad-
able surfactants, either from renewable resources or through biological processes 
(bio-catalysis or fermentation). This chapter discusses the various types, feedstocks, 
and applications of bio-based surfactants, as well as the industrial state-of-the-art 
and market prospects for bio-based surfactant production. In addition, relevant 
technological challenges in this field are addressed, and a way forward is proposed.

Keywords: bio-based surfactant, green surfactant, biosurfactant,  
renewable materials, sustainable surfactant

1. Introduction

Surfactants are surface-active agents that reduce water–oil, liquid–gas, and 
solid–liquid or solid–gas medium surfaces and interfacial tension [1, 2]. The surface 
energy is reduced by the presence of hydrophilic and hydrophobic sections of the 
same surfactant molecule owing to preferred interactions at surfaces and interfaces. 
In aqueous solution, surfactant molecules arrange themselves at the interface, 
where the hydrophobic part is in the air (or oil) and the hydrophilic part is in water, 
while at high concentration or concentrations above the critical micelle concentra-
tion (CMC), surfactant molecules self-assemble into micelles (Figure 1). Not only 
are they widely used as cleaning agents, but also other beneficial properties, such 
as foaming, emulsification, and particle suspension, make surfactants known for 
their wetting ability and effectiveness such as emulsifiers and stabilizers. Due to this 
characteristic, surfactants are found in a variety of products that we use every day, 
including food, pharmaceuticals, toiletries, detergents, automotive fluids, paints, 
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and coatings [2]. Surfactants have steadily grown in popularity since their debut in 
the early twentieth century, and they are now among the most widely used syn-
thetic compounds on the planet [3, 4].

Petrochemical and renewable sources are the two primary feedstock groups 
used in the manufacture of surfactants [5, 6]. The development of petrochemical 
processing led to the acquisition of hydrophobic structures of surfactant molecules 
through polymerization of alkenes, such as ethylene or propylene. Although ethyl-
ene has been employed as a carbon chain-building block, its increased applicability 
in industrial production has resulted from the production of an intermediate or pre-
cursor, ethylene oxide [7]. Natural surfactants are usually derived from triglycerides 
found in vegetable oils or animal fats. The surfactant industry was focused on the 
saponification of oils and fats prior to petrochemical processing [8, 9]. Surfactants 
infiltrate water bodies after usage, where they can create issues if they remain 
for a long time, resulting in the buildup of potentially toxic or otherwise hazard-
ous substances causing significant environmental concerns [10–12]. Synthetic 
surfactant-related water contamination has increased in recent years because of 
its widespread usage in domestic, agricultural, and other cleaning activities. This 
occurrence has caused global concern, forcing establishment of a series of new rules 
governing its usage and disposal [13, 14]. In addition, experts relate the production 
of petrochemical-based surfactants to the high net output of CO2, a greenhouse gas 
linked to climate change and global warming. By switching to renewable feedstock, 
this rate can be minimized. A previous study shows that using renewable resources 
instead of petrochemicals for surfactant synthesis would cut CO2 emissions by 37% 
in the EU [15]. Beside environmental concerns and regulations, growing consumer 
awareness and market pressures have prompted considerable R&D into bio-based 
surfactants as potential substitutes for synthetic surfactants.

The term “bio-based surfactant” refers to a surfactant produced by a chemi-
cal or enzymatic process that uses renewable substrates as raw materials [16, 17]. 
According to ISO/DIS 21680, a bio-based surfactant is defined as a surfactant 

Air

Water

Hydrophilic Hydrophobic

Water

Oil

(a)

(b) (c)

Figure 1. 
(a) Simplified surfactant molecule, (b) arrangement of surfactant monomers at the water surface, and (c) 
micelle formation above critical micelle concentration (CMC).
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wholly or partly derived from biomass (based on biogenic carbon) [18]. Most 
applications need further processing of bio-based feedstocks to incorporate func-
tional groups that can give the surfactant’s functional characteristics, resulting in 
a variety of anionic, cationic, nonionic, and amphoteric products. Many of these 
processes require the use of petroleum-based feedstocks or moieties that are not 
always environmentally friendly. The European Commission of Standardization 
has created categories for biosurfactants, including >95% completely bio-based, 
50–94% majority bio-based, 5–49% minority bio-based, and 5% non-bio-based to 
assist in analyzing the bio-based surfactants’ sustainability criteria (Table 1) [19].

The hydrophobe, hydrophile, or both, which are derived from natural sources, 
can be used in the production of bio-based surfactants. Plant oil, fatty acids, and 
animal fat are examples of natural hydrophobes, while glycerol, glucose, sucrose, 
and amino acids (aspartame, glutamic, lysine, arginine, alanine, and protein hydro-
lysates) are examples of natural hydrophiles. They can be either directly utilized 
in their original form or produced from complicated sources, such as vegetable oil, 
sugarcane, sugar beets, and starch-producing crops. As for biosurfactants, they 
consist of hydrophilic sugar or peptide component and hydrophobic saturated or 
unsaturated fatty acid chains that are naturally produced by bacteria, yeast, and 
fungi. Hence, a biosurfactant is classified as a wholly bio-based surfactant since all 
its raw materials are considered natural [20–22].

The hydrophobic part of bio-based and biosurfactant feedstock is mostly from 
fatty acyl groups. The fatty acyl groups are generally obtained from oilseeds in 
the form of triacylglycerol, but they may also be derived from oleochemical by-
products such as free fatty acid or phospholipids. Fatty acyl groups are generally 
utilized as lipophilic building blocks for surfactants in the form of free fatty acids or 
fatty acyl esters, which are produced via hydrolysis or alcoholysis of triacylglycerol 
[23, 24]. This fatty acyl group conjugates hydrophilic and lipophilic compounds via 
an ester bond. This bond makes the fatty acid-based surfactants suitable for foods, 
cosmetics, personal care, and pharmaceutical product applications, but not for 
laundry detergents since the ester bonds are unstable. More stable bonds, such as 
ether, amides, and carbonate bonds, can be produced by converting the fatty acid 
groups to fatty alcohols, fatty amines, or fatty acid chloride [25–27].

Algae are another potential renewable source of fatty acids. It has been an active 
research area in recent years due to its potential for high oil production per acre and 
the ability to leverage on nonarable soil [28–30]. Previously, Unilever has partnered 
with Solazyme, a microalgae firm, with the aim of finding a palm-oil-free replace-
ment for its soaps and surfactants. Solazyme used the advantage of its intellectual 
property in the areas of recombinant DNA expression in algae and algae bioprocess-
ing to create oils with specific fatty acyl compositions [31]. Solazyme, later renamed 
as TerraVia, was acquired by Carbion in 2017 to focus on delivering innovative 
and high-value ingredients for food, personal care, and industrial applications 
[32]. Lignin has also been used as a feedstock in surfactant production due to its 

Surfactant class Bio-based carbon content X% (m/m)

Wholly bio-based surfactant ≥95

Majority bio-based surfactant 95 ≥ X > 50

Minority bio-based surfactant 50 ≥ X ≥ 5

Non-bio-based surfactant X < 5

Table 1. 
Bio-based surfactant classes according to CEN/TS 17035 [19].
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hydrophobic aromatic structure. Lignin-based surfactants are usually made by graft-
ing hydrophilic groups or monomers onto the lignin to enhance its surface properties 
[33–35]. Extensive investigations are necessary to expedite the commercialization of 
lignin-based surfactants to the market since information on connecting performance 
and characteristics of lignin-based surfactants for their optimal usage is still lacking.

Among the most significant feedstocks for renewable hydrophile sources are 
vegetable oils (for glycerol), sugarcane and sugar beets (for sucrose), and starch-pro-
ducing crops, such as maize, wheat, potato, and tapioca (for glucose) [4, 23, 36]. The 
use of glycerol as an alternative hydrophilic building block to replace ethylene oxide 
in the synthesis of nonionic surfactants is a feasible option. The major glycerol-based 
surfactants in the market are ester-based mono- and diglycerides, which are made 
by transesterifying triglycerides with excess glycerol and a base catalyst [4, 26, 37]. 
Carbohydrates, such as sugar and sucrose, are another useful biorefinery feedstock 
that make up as surfactant hydrophiles. The discovery of sucrose monoesters, or long-
chain fatty acid esters, was one of the first major achievements of the Sugar Research 
Foundation (SRF) and led to their use as nonionic surfactants, food additives, and 
emulsifiers [38]. The global sucrose esters market amounted to $71.9 M in 2018 and is 
expected to reach $137.85 M by 2027 [39]. However, selectivity in the synthesis of these 
esters remains a challenge where acylation with a single fatty acid can yield many dif-
ferent isomers with various degrees of substitution [40]. One of the solutions to tackle 
the selectivity problem is by using lipases and proteases for regioselective sucrose ester 
production [41, 42]. Further improvement via lipase and protease protein engineering 
might increase the regioselectivity and yield of the catalysis processes. The biotrans-
formation of sucrose to sucrose esters utilizing whole-cell fermentation methods might 
also give a new path to sucrose-based surfactant production.

Glucose is utilized as a hydrophile in the manufacture of a variety of surfactants, 
both directly and indirectly. It can react directly with fatty alcohol in a glycosida-
tion process to produce alkyl polyglucosides (APGs), a nonionic surfactant class 
with growing production and popularity. Indirectly, glucose may be chemically 
converted to sorbitol, sorbitan, N-methyl glucamine, and O-methylglucoside, or 
enzymatically converted to amino, lactic, and citric acids, all of which can be lever-
aged to produce surfactants (Figure 2) [4].

Sugar-derived surfactants have a higher market demand than synthetic chemi-
cals and surfactants due to their low toxicity, low cost, biodegradability, good 
cleaning and washing abilities, environmental compatibility, and high surface 
activity [43, 44]. However, if the demand for sugar surfactants grows in the long 
run, feedstock availability will become a concern. New methods that use bacteria 
and microorganisms to manufacture glucose are emerging; however, the issue of 
scalability has yet to be solved.

The creation of new amino acid-based surfactants may be influenced by 
advancements in biotechnological amino acid synthesis. Other than L-glutamic 
acid and L-lysine, which are the two most produced amino acids in the market, 
alanine, aspartic acid, glycine, and arginine, as well as protein hydrolysates, are 
also used in the manufacture of some commercial surfactants [45–47]. Another 
type of amino acid surfactant, sarcosine-based surfactants, has been in the market 
for decades. Even though sarcosine is a naturally occurring molecule, it is mostly 
synthesized on a large scale by combining chloroacetic acid with N-methylamine 
[48–50]. Betaine, another naturally occurring molecule, is also synthesized in 
large scale using petrochemical-based trimethylamine and chloroacetic acid. 
Most betaine surfactants use an oleochemical hydrophobe precursor obtained 
from tropical oils as the bio-based component [51]. Glycine betaine is a promising 
biosurfactant that can be commercially extracted from brown algae and sugar beet 
molasses [52, 53].
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Glycolipids are a type of complex carbohydrate that contains both a glycan and 
a lipid component. They are usually the main lipids of bacterial and fungal cell 
walls. In an aqueous solution, glycolipids are amphiphilic substances that form 
stable micelles, and these molecules have the capacity to offer low interfacial ten-
sion [54, 55]. Rhamnolipids and sophorolipids are among the glycolipids that have 
been utilized the most as biosurfactants. Rhamnolipids are produced as one or two 
rhamnose sugar groups attached to one or two fatty acid chains by different bacte-
rial species (i.e., Pseudomonas aeruginosa, Pseudomonas chlororaphis, Burkholderia 
pseudomallei) [4, 56]. Beside their favorable emulsifying, solubilizing, foaming, 
and antibacterial characteristics, the use of rhamnolipids is appealing due to their 
high production yields after relatively short incubation times [56]. Rhamnolipids 
are now available on a larger scale due to the optimized fermentation techniques 
and advanced extraction and concentration technologies. Sophorolipids, another 
extensively researched type of glycolipid, are biosynthesized by certain yeast strains 
such as Starmerella bombicola, Wickerhamiella domercqiae, and Candida batistae 
from sophorose sugar and hydroxylated fatty acid. Sophorolipids are commercially 
used in dish and vegetable detergents and in skin care formulations [57–60].

2. Recent progress in R&D and industrial production

Regulations on the environmental impact and hazardous chemicals are highly 
stringent, particularly in Europe and North America, which are the two largest 
markets for surfactants, especially in the home and personal care sectors. As a 
result, the surfactant industry is commencing to develop biosurfactants, which 
have lower levels of toxicity and a more environmentally friendly manufacturing 
process. Apart from complying with environmental regulations, the industry is 
seeing bio-based surfactants to achieve a sustainable competitive edge. The advent 
of biotechnology in the twenty-first century promoted the creation of novel bio-
based and biosurfactants along with their enhanced commercial and economic 
viability. Extensive and significant R&D has also enabled high-quality and high-
functionality bio-based surfactant formulations to evolve from the lab scale to niche 
applications to commercial-scale production. Some of the bio-based surfactants 

Glucose

Alkyl Polyglycoside (APG)

Methyl Glucoside

Sorbitol

Methyl Glucoside Ester

Sorbitan ester

Methyl Glucamine Fa�y Acid Glucamides

Lac�c Acid

L-Lysine

L-Glutamic Acid Glutamate di-oleyl ester

Monoamide lysine &
Lysine ester e.g lysine 

cocoate

Lactyllactate esters

Figure 2. 
Simplified transformations pathway from glucose to several surfactant building blocks and surfactants.
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that are commercially available in the market, their main manufacturers, and their 
applications are listed in Table 2.

In the current development of novel surfactants, there is a growing trend of 
utilizing nontraditional naturally occurring branching hydrophobic chains [61–63]. 
Nonionic surfactants based on twin tail glycerol have been synthesized and they 
have good oil-in-water and water-in-oil emulsifying characteristics [64]. Other 

Bio-based surfactants Selected manufacturers Fields of applications

Anionic

Lignosulfonate
Methyl ester sulfonates
Anionic derivatives of 
alkyl polyglucoside

Vanderbilt Minerals, LLC
Huish Detergents, Inc., Lion Corp., 
Longkey, Stepan
Cognis, Colonial Chemical

• Laundry

• Food service and kitchen 
hygiene

• Dishwashing

• Hard surface cleaning

• Institutional cleaning and 
sanitation

• Vehicle and transportation care

Nonionic

Fatty alcohol alkoxylate
Fatty acid alkoxylate
Alkyl polyglucoside
Sorbitan ester
Alkanoyl-N-
methylglucamide
Alkyl ethoxylated mono- 
and diglycerides
Polyglycerol esters

BASF, Dow
BASF, Clariant, Croda,
Croda, Esterchem, Huntsman
Akzo Nobel, BASF, Colonial Chemical, 
Dow, Huntsman
BASF, Croda, Huntsman
Clariant, Kao, Kerry Ingredients and 
Flavors
BASF, Colonial Chemical, Hychem 
Corp., Kerry Ingredients and Flavors

• Dishwashing

• Laundry

• Hard surface cleaning

• Food service and kitchen 
hygiene

• Institutional cleaning and 
sanitation

• Vehicle care

• Personal care

Amphoteric

Cocoamidopropyl 
betaine
Cocoamidopropyl 
hydroxysultaine
Lauryl hydroxysultaine

BASF, Colonial Chemical, Stepan
Colonial Chemical, Stepan
Colonial Chemical, Stepan

• Hard surface cleaning

• Food and beverage processing

• Personal care

Glycolipid

Sophorolipid
Rhamnolipid

BASF, Clariant, Ecover, Evonik, MG 
Intobio Co. Ltd., Saraya Co. Ltd., 
Soliance
AGAE Technologies, BASF, Biotensidon 
GmbH, Clariant, Evonik, GlycoSurf, 
Henkel, Jeneil Biotech Inc., Logos 
Technology Rhamnolipid Companies 
Inc., TeeGene Biotech

• Personal care

• Vegetable liquid wash

• Dish washing

Amino acid surfactants

Sodium cocoyl glutamate
Sodium methyl cocoyl 
taurate
α-Acyl glutamate and 
sarcosinate

Ajinomoto Co. Inc., Stepan, Zschimmer 
and Schwarz
Clariant
Schill+Seilacher

• Personal care

Table 2. 
Commercially available bio-based surfactants, their manufacturers, and their applications.
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structural analogs of glycerol-based surfactants have recently been created by 
employing heterogeneous interfacial acidic catalysts to directly etherify glycerol and 
dodecanol. These surfactants have been shown to be comparable with commercially 
available surfactants in terms of physicochemical assessment and detergency ability 
[37]. Another class of amphiphilic compounds with a glycerol backbone is bio-based 
dialkyl glycerol ethers. These compounds have good solvo-surfactant characteristics 
and can function as solubilizers for hydrophobic dyes in aqueous media [65].

Natural edible flavor vanillin is used to create a cleavable vanillin-based polyoxy-
ethylene nonionic surfactant. Because it contains cleavable acetal bonds that break 
down quickly under acidic circumstances, this environmentally beneficial surfac-
tant is totally biodegradable in nature. The surfactant’s surface activity, wettability, 
and emulsifying and foaming properties are on par with nonylphenol ethoxylate 
surfactants, which are highly toxic to aquatic organisms and environment [66]. 
Several novel types of sustainable surfactant have been created in recent years by 
employing various types of terpenes, which are the major components of essential 
oils derived from a variety of plants and flowers [67–70]. The terpenes were trans-
formed to branched hydrophobic tail containing quaternary ammonium surfac-
tants. Natural farnesol, a 15-carbon acyclic sesquiterpene alcohol found in neroli, 
lemongrass, tuberose, rose, citronella, and other plant species, was used to create a 
new form of terpene-based sustainable surfactant, which has demonstrated excel-
lent surfactant performance [70]. Under the trade name ECOSURF, Dow Chemical 
Co. is now offering a range of sustainable oilseed-based nonionic surfactants. These 
surfactants are claimed to have minimal aquatic toxicity and are biodegradable in 
nature, making them suitable candidates for paints and coatings, as well as home, 
industrial, and institutional cleansers and textiles [71].

TegraSurf, a range of sustainable water-based surfactants developed for energy, 
mining, agricultural, water treatment, and other industrial applications, was released 
in July 2021 by Integrity BioChem (IBC), a technology-driven business producing 
next-generation biopolymers. TegraSurf is made of sustainable vegetal materials and 
is certified Readily Biodegradable by the OECD 301B guideline. After 90 days, it is no 
longer present in the environment, making it safer and healthier for local populations 
and allowing formulators to fulfill industry sustainability criteria [72]. BASF and 
Solazyme Inc. recently released Dehyton® AO 45, the first commercial microalgae-
derived betaine surfactant made from microalgae oils as an alternative to conventional 
amidopropyl betaine surfactants [73]. Following the launch of sophorolipid-based 
surfactants in 2020, BASF formed an exclusive partnership with Holiferm Ltd. in the 
United Kingdom to focus on the development of glycolipids other than sophorolipids 
for personal and home care as well as for industrial uses [74].

Croda expanded its commercial-scale bio-based manufacturing capabilities and 
technology leadership in renewable raw materials by unveiling its 100% bio-based 
ethylene oxide production facility as an effort to make the world’s products greener. 
Ethylene oxide is the key raw material used to produce surfactants. Croda’s Atlas 
Point manufacturing plant in New Castle, Delaware, is the first of its type in the 
United States for the manufacture of 100% sustainable, 100% bio-based nonionic 
surfactants [75]. Ajinomoto is increasing to 60% of its global capacity for its Amisoft 
range of amino acid-based liquid surfactants by building a new plant in Brazil 
[76]. Sironix Renewables received $645,000 in investment from the University of 
Minnesota Discovery Capital Investment program and investors as well as a $1.15 
million grant from the US Department of Energy Advanced Manufacturing Office, 
to help them scale up their Eosix® production. The new renewable oleo-furans-
based surfactants are 100% plant-based that offer unique and adjustable character-
istics in a wide range of areas, including cleaning products, cleaners, cosmetics and 
personal care, agriculture and inks, and paint and coatings [77].
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3. Industrial challenge on bio-based surfactant

This section covers the market performance, demand drivers, and growth 
prospects of biosurfactants. The market trend on bio-based and biosurfactants is 
discussed for the different geographic regions and in terms of changing market 
trends for biosurfactants in various application areas. Analysis of the industrial 
challenges of biosurfactants, which include the growth-restraining factors and 
future opportunities, is provided.

3.1 The economy and market trend of bio-based surfactant

The worldwide surfactant industry, estimated to be worth $39 billion in 2019, is 
expected to expand at a rate of 2.6% per year over the following five years, reaching 
$46 billion in 2024. Surfactants are produced in total of 17 million metric tons per 
year [78]. In the EU, of the 3 million metric tons of surfactants produced in 2019, 
roughly 50% were bio-based [79]. A market study by Market Research Future [80] 
indicated that the global biosurfactants’ market value is around USD 2.1 billion in 
2020 and predicted it to reach USD 2.8 billion by 2026, with a compound annual 
growth rate of over 5% from 2021 to 2026. The attractive performance of biosur-
factants advances their high potential to substitute synthetic-based surfactants for 
drop-in applications and with unique properties that can overcome entry barriers 
for the emerging industrial areas. Major types of biosurfactants, such as sopho-
rolipids, glycolipids, lipopeptides, polymeric biosurfactants, phospholipids and 
fatty acids, generally form the product demand application. Among biosurfactants, 
sophorolipids provide the largest global market demand with detergents and indus-
trial cleaning applications. The leading demand drivers for biosurfactants comprise 
a growing consumer preference, increasingly stringent regulatory requirements, 
and rising awareness toward eco-friendly alternatives. By being environmentally 
compatible and with low toxicity, many studies have considered biosurfactants as 
the next generation of industrial surfactants [81–83]. In terms of end-user applica-
tions, biosurfactants are finding usage in household detergents, industrial and insti-
tutional cleaners, cosmetics, and personal care within the major markets in Europe 
and North America [80]. Recently, they have been gaining acceptance in the newer 
application areas such as in oil and gas as well as in agricultural industries.

Furthermore, the increasing consumer awareness of the benefits of biosurfac-
tants and their wide range of application sectors form market drivers that increase 
their future growth potential. Higher growth of biosurfactants is seen in Asia-
Pacific (APAC), especially in Southeast Asian countries that have slightly different 
demand factors that involve the increasing purchasing power of mass consumers, 
growing concern on environmental issues, and the generation of harmful chemi-
cal by-products. In terms of APAC market segmentation, the major sales revenue 
for biosurfactants resides within the home care and personal care applications, 
as rising urbanization becomes the dominant factor for surfactant growth. More 
importantly, a key growth enabler is in the innovative research on biosurfactants, 
especially when it can generate multifunctional and diversified products using 
renewable feedstock. This technological progress contributes to the desirable 
properties of biosurfactants to meet the changing consumer lifestyles in developing 
economies and consequently their increasing preference for usage in the end-user 
product formulation. As an example, within the home care detergent industry, the 
usage of biosurfactants as environmentally friendly products provides sustainable 
alternatives that are gaining a large market share [81, 84, 85].

The highest adoption of bio-based and biosurfactants is in Europe and North 
America, which dominate bio-based surfactant market share in terms of revenue 
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and volume. Increasingly stringent regulatory requirements enable a wider 
acceptance of biosurfactants in the place of synthetic surfactants. For example, 
the imposed government regulations, such as CEN/TC-276, define the standards 
for surface-active agents and detergents to enhance the EU bio-based economy, 
detergent regulation (EC) No 648 that require surfactants used in detergents to be 
biodegradable under aerobic conditions as per OECD 301 test series. In addition, the 
COVID-19 pandemic results in a sharp increase in the bio-based surfactant product 
demand for household detergents, personal care, and industrial cleaners due to the 
rising trend for sanitation.

3.2 The industrial challenges of bio-based surfactant

Bio-based surfactants are synthesized via a chemical reaction, which is usually 
carried out under harsh conditions. The use of hazardous solvents and toxic acid 
or base catalysts sometimes creates undesired waste or by-products that are detri-
mental to the environment. Enzymes have the potential to play a significant role in 
the production of numerous bio-based surfactants, although they are not currently 
used on a large basis. Enzymes provide several advantages over chemical process-
ing, notably in terms of improving process sustainability. The main drawbacks of 
enzymes are their relatively higher price compared to chemical catalysts as well 
as their slower reaction speeds. However, since energy costs are expected to rise, 
the need of sustainability (lower operating energy, less waste, and safer operat-
ing condition) is crucial. Despite the growing demand for bio-based surfactants, 
several challenges exist that restrain their further market growth and wider adop-
tion. The main challenge is in the higher pricing of bio-based and biosurfactants as 
the biggest hurdle in meeting the requirement of priced sensitive Asian customers. 
Higher complexity and low-efficiency microbial fermentation process in biosurfac-
tant manufacturing contribute to the high production cost and expensive capital 
cost investment. For example, the average price of sophorolipids is USD 34 per 
kilogram as compared to sodium dodecyl sulfate and amino acid surfactants that 
are priced at USD 1–4 per kilogram [86]. Nevertheless, a lower operating cost of 
USD 2530/ton for sophorolipids’ production is attainable through technological 
improvement such as integrated separation, which places sophorolipid surfactants 
at similar prices to other specialty surfactants [87]. Increased sustainability of 
biosurfactant alone without significantly higher performance is not well accepted, 
as the usual consumers will not be willing to pay a “green” premium for bio-based 
products. Therefore, lower cost improvement in biosurfactant manufacturing is 
fundamentally important to attain an economically sustainable process and assure 
future market continuity [85].

A second challenge is the dependency of biosurfactant demand on the volatility 
and economic downturn of downstream end-user industries. Industries that are 
applicable for biosurfactant applications, such as oil and gas, enhanced oil recovery, 
food industry, construction, textiles, paints, pharmaceutical, and detergents, are 
known to be susceptible to general macroeconomic performance. In addition, 
the COVID-19 pandemic further leads to disruption in the end-user industrial 
demand and sustainability concern on the raw material supply. The sustainability 
of raw materials is a major concern as these contribute up to 50% of the glycolipid 
production cost and 10–30% of the overall cost for other biosurfactant products. 
Purification accounts for 60% of the production cost, but this can be minimized 
for the case of biosurfactant application in crude forms, such as in an industrial 
environment [88]. However, for high-purity applications, improvement in down-
stream processing methods is needed to attain a competitive cost of production. 
Opportunity exists in developing a new technology solution that utilizes a low-cost 
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raw material such as industrial wastes for biosurfactant production. However, this 
needs to consider the overall production impact factors that include the availability, 
stability, and variability of each component [88]. The economic viability criteria for 
biosurfactant production, therefore, include microorganism performance, bioreac-
tor design, target market, purification process, product properties, production 
condition, fermentation cycle time, and production yield [89].

Additionally, several operation and control factors provide important handles 
to minimize biosurfactant production costs. Batch cycle optimization on the 
fermentation and purification process can reduce the idle time between batches and 
minimize chemical usage for equipment cleaning and energy use during steriliza-
tion. Productivity is the most important factor in the manufacturing economics 
of biosurfactant production at commercial scales [8]. Optimum batch-sequencing 
campaign minimizes startup and shutdown frequency to lower the production 
downtime that improves productivity. Lastly, biosurfactant product development 
will need to fulfill time-consuming and expensive legislative requirements, which 
restrain market growth [90]. These add a high cost of compliance to the product 
development cost that is incurred by biosurfactant manufacturers. Other market 
entry requirements include the biosurfactant products that are tested for long shelf 
life and the ability to maintain stable properties in the industrial environment [91].

4. Future outlook and prospect

The development of bio-based surfactants from renewable feedstocks is an 
attractive alternative to fossil-based surfactants with a significantly growing market 
attributed to their performance, biodegradability, biocompatibility, and nontoxicity 
[22, 33]. Additionally, advances in renewable technology, increased environmental 
concern, consumer awareness, and stringent regulatory requirements provide a 
continued push toward the demand of bio-based surfactants. Potential areas for use 
are growing fast, and valuable outcomes depend on whether the bio-based surfac-
tants can be customized for specific applications along with if they can be produced 
at a price that will make them attractive alternatives to the fossil-based surfactants. 
The simultaneous design of bio-based surfactants for functional, economic, and 
environmental benefits will be taxing, but it will ensure the replacement of con-
ventional fossil-based surfactants provided they can offer comparable or superior 
performance and a unique value proposition.

Presently, fossil-based surfactants are less expensive than bio-based surfactants 
[4, 92, 93]. However, this trend will likely change in the future, thereby increasing 
the prospects of bio-based surfactants. Feedstocks and how the bio-based surfactants 
are produced are the two key factors governing final product costs [4, 36, 94, 95]. To 
use renewable feedstock in the industry, they should be cost-effective, available in 
large quantities, and can effectively be converted to value-added surfactants [95]. 
Renewable feedstocks used as starting materials to produce surfactants usually face 
severe economic competition from their fossil-based counterparts. Surfactants 
comprised of hydrophilic head group and hydrophobic tail group, which are linked 
by a chemical bond generating an amphiphilic molecule that can be used directly 
or further modified. Surfactant design requires careful selection of the hydrophile 
and hydrophobe pair so that they can be easily synthesized with minimum purifica-
tion and provide the desired properties for the intended application [4, 16, 92, 96]. 
Triglycerides, fatty acid methyl esters, fatty alcohols, fatty acids, and fatty amines are 
common examples of renewable hydrophobes used to produce bio-based surfactants. 
Sustainable hydrophilic headgroups can be designed using several molecules such as 
glycerol, carbohydrate feedstocks such as sucrose, glucose, organic acids, and amino 
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acids [4, 36, 94, 95]. Additionally, the use of renewable feedstock for surfactant 
manufacturing also helps reduce CO2 emissions because once the bio-based surfac-
tants degrade, they only release back the quantitative amount of the carbon used by 
the plant to produce the surfactants [36]. Other than the starting material mentioned 
above, the use of alternative substrates, such as agro-based industrial wastes or other 
suitable simple waste substrate, is gaining a lot of research interest and can lead to 
significant cost reduction [97].

Researchers are continually improving the cost-effectiveness of production 
methods as well as enhancing the current technologies with green manufactur-
ing principles to convert renewable feedstocks into valuable and new biobased 
surfactants. Some of the key focus areas include developing biobased surfactants 
from cheaper feedstocks, higher performance catalysts, green solvents, optimized 
reaction processes, and effective downstream purification could entice the industry 
players and end-use customers to make the switch from fossil-based surfactants to 
biobased surfactants. Catalyst design is also crucial to ensure high selectivity of the 
processes to limit or eliminate the formation of by-products and to help push the 
reaction forward towards completion faster [98–100]. Other than that, researchers 
are looking into equipment miniaturization such as continuous reactors to help 
reduce the raw material consumption and effluent production. Process intensifica-
tion is another aspect that could help to reduce the investment costs [99]. Research 
focusing on alternative or green solvents dedicated to the conversion of renewable 
feedstock to value-added products has led to several publications. Among those 
being researched include bio-based ionic liquids, deep eutectic solvents, bio-based 
solvents, CO2-switchable solvents and supercritical fluids [101–103].

In terms of market penetration of bio-based surfactants, customers tend to 
choose cost-effective surfactants. Despite much progress in technical knowledge, 
the large-scale production of bio-based surfactants using the methods described 
above is still limited. The commercial production of bio-based surfactants still faces 
many challenges that must be addressed for them to be economically viable. One 
major obstacle is the homogeneity and consistency of the feedstock, which can 
lead to inconsistency in the final bio-based surfactants. Variation in the surfactant 
properties and performance could lead to unsatisfactory properties. Thorough 
testing on the use of bio-based surfactants in place of fossil-based ones will also be 
needed to provide enough and convincing data on the merits of bio-based surfac-
tants. It is hoped that these efforts will lead to broader use of bio-based surfactants 
in the future, offering enormous benefits such as excellent physicochemical prop-
erties, biodegradability, lower risk to human health, and minimum harm to the 
environment.

5. Conclusions

Surfactant manufacturers have introduced numerous new eco-friendly 
surfactant-based products to the market in the past few years. Increased consumer 
awareness, along with a responsibility for sustainable development, has resulted in 
the creation of several novel surfactant types based on renewable building blocks. 
These surfactants have improved biodegradation characteristics and low toxicity, 
making them a preferred alternative for innovative formulations in the industrial 
and consumer markets. However, these “drop-in” surfactant molecules, which aim 
to directly replace their petrochemical-based equivalents, face a huge challenge 
since prices must be as competitive as their fossil counterparts. Moreover, while sev-
eral personal care and consumer product businesses have shown interest in 100% 
bio-based surfactants, only a few green premium products have been accepted into 
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the market. More assessments and surveys need to be done to gauge consumer will-
ingness to pay premium prices for other than commodity products. With increasing 
innovative formulations to meet consumer, legislative, and sustainability demands, 
it is obvious that the global demand for both petroleum- and bio-based surfactants 
will continue to grow, while manufacturers are challenged to balance cost-effective 
formulations with efficient performance.
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Abstract

The drug binding to protein is an attractive research topic. In order to assess the
release of RxAc-CsNPs and their binding with lysozyme under physiological condi-
tions, nanocomposite materials based on chitosan (Cs) and Roxatidine acetate
(RxAc) in the presence Tween 80 (Tw80) surfactant were developed. The addition
of Tw80 to CsNPs increased RxAc release in vitro. In this work, Stern–Volmer plot
and thermodynamic results indicated that the mechanism of Lyz with RxAc and Lyz
with RxAc-CsNPs was static mechanism and the main forces in both systems were
hydrogen bonding and Van der Waals forces, which indicated that the binding
reaction in both systems is spontaneous, exothermic and enthalpically driven. Syn-
chronous fluorescence and CD results indicated that the RxAc and RxAc-CsNPs
cause change in the secondary construction of Lyz. It was also found that the
addition of Tw80 affects the binding constant of drug with protein. Finally, the
molecular docking results have also been in accordance with the results of other
techniques. Hence, the developed RxAc loaded Chitosan nanoparticles could be
used as an effective strategy for designing and application of the antiulcer drugs.
Altogether, the present study can provide an important insight for the future
designing of antiulcer drugs.

Keywords: Roxatidine acetate, lysozyme, tween 80, chitosan nanoparticles,
spectroscopy, molecular docking

1. Introduction

The interactions of proteins with chemicals have prompted increasing research
interest in recent years. Proteins are remarkable biomolecules presenting different
functions and roles. Some are specific to their biological actions whereas some are
selective toward the binding site [1, 2]. Conformational changes of protein may
influence its transportation, function, assembly, potential cytotoxicity, and ten-
dency to aggregate [3, 4]. Furthermore, it has been indicated that the serum
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albumin conformation will be changed upon binding with ligands or molecules, and
the change shows its influence on the secondary and tertiary structures of albumins
and their biological function as a carrier protein [5, 6]. Some diseases (such as
Alzheimer’s disease, Parkinson’s disease, and amyloid disease) are related to protein
misfolding [6]. The thermodynamic and kinetic study of proteins plays an impor-
tant role in understanding biological functions ranging from genetic information to
molecular diagnostics [7, 8]. The functions and structure of a protein are strongly
related to each other and due to this, protein folding/unfolding has protruded as an
important property in biochemistry and biophysics [9, 10]. Therefore, the studies of
such chemicals and their bindings with proteins are of fundamental and imperative
importance.

The binding of nanoscale materials with proteins has become the most common
with the availability of organic polymers, inorganic nanoparticles, carbon
nanotubes, etc.. Recently, the nanoparticle studies have opened new avenues to
study biomolecular interactions with their applications as drug delivery, biocom-
patibility, diagnostics, and smart materials. The binding of nanocolloidal particles to
proteins has also been formed, since the study of immunoprobes in the early 1970s
[11]. Moreover, various studies of peptide or protein including lysozyme binding
with nanoparticles of different sizes have been conducted. In the process, the pro-
teins, generally, suffer a significant loss in enzyme activity and a partial loss of
structure [12, 13]. Thus, it should be expected that the size of the particle plays a
major role in changing protein structure and function [13]. However, no systematic
study has been performed to date on the effect of Roxatidine acetate–Chitosan
nanoparticles on the structure and function of Lysozyme. For this reason, we
embarked on a study of protein binding with Roxatidine acetate–Chitosan
nanoparticles.

Lysozyme (Lyz) (Figure 1A) is one of the important proteins that is found in the
blood and has various functions but is similar in its tendency to bind ligands/drugs.
Lyz is an antibacterial and antiviral protein found in various biological tissues and
fluids, such as skin, liver, lymphatic tissues, tears, saliva, and blood of human and
other animals [13, 14]. Lyz is unique in its ability to hydrolyze the β-1,4 glycoside
bond between N-acetylglucosamine and N-acetylmumaric acid of the gram-positive
bacteria, thus protecting the body against the bacterial invasion [15]. Some of its
important biological roles also include antihistaminic, anti-inflammatory, and anti-
neoplastic activity [15–18]. Lyz consists of 129 amino acid residues and contains six
tryptophan (Trp) and three tyrosine (Tyr) residues [4, 15]. Three residues of Trp

Figure 1.
(A) Three dimensional structure of Lyz, (B) chemical structure of Roxatidine acetate.
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are placed at the binding sites, two sites in the hydrophobic cavity, while the last
site is located independently from others [4, 15, 19–21], and the effectiveness of
drugs depends on both pharmacokinetic and pharmacodynamic factors. Therefore,
the studies on the interactions of drugs and Lyz are of importance in understanding
the release disposition, transportation, and metabolism of drug as well as the effi-
cacy process involving drug and Lyz. Lyz has been preferentially used as a model
protein to study the protein folding/unfolding, dynamics, and ligand interaction
due to its small size, abundance, high stability, and ability to bind and drug carrying
capacity [22–24].

Roxatidine acetate (RxAc) (Figure 1B) is an antagonist of a histamine H:z-
receptor, which rapidly turns into Roxatidine through esterases in the plasma, small
intestine, and liver (its active metabolite) [25, 26]. Roxatidine is an active inhibitor
of gastric acid secretion in humans and animals [3, 25] and does not overlap with
other drugs in the hepatic metabolism and has no antiandrogenic influences as most
other H:z-receptor antagonists [27]. Wide-scale experiments have illustrated that
150 mg of Roxatidine acetate per day is recommended as typical dosages of raniti-
dine and cimetidine in the patients for treatment of gastric ulcer or duodenal ulcer
[25, 27] and that 75 mg of Roxatidine acetate as dosage in the evening is probably a
standard amount for the prohibition of peptic ulcer recurrence [25, 28]. Primary
studies also mention that Roxatidine acetate is perhaps useful in the treatment of
stomach ulcer and reflux esophagitis and in the protection of pulmonary acid
aspiration [25].

Spectroscopic techniques are mostly used to detect the accessibility of
quenchers to fluorophore groups of albumin and help to understand the binding
mechanism of albumin to small molecules and clarify the nature of the binding
phenomenon [11, 29].

In the present study, the RxAc and RxAcNPs interactions with Lyz were
methodically investigated and analyzed using diverse spectroscopic techniques to
reveal the binding types and properties of RxAc and RxAcNPs with Lyz. The
influences of RxAc and RxAcNPs on the conformation and microenvironment of
Lyz were explored.

The aim of this study was the synthesis and characterization of Roxatidine
acetate–loaded Chitosan in the presence of Tween80 (Tw80) surfactant (RxAcNPs)
and to clarify the binding mechanism of RxAc and RxAcNPs with Lyz using
multi-spectroscopic and molecular docking techniques and provide useful informa-
tion for understanding the toxicological actions of RxAc and RxAcNPs at the
molecular level.

2. Experimental

2.1 Materials

Lysozyme (from hen egg white) (Catalog number: L6876) was purchased from
Sigma and was used as such. The Lysozyme solution was prepared in the 0.1 M
phosphate buffer of pH = 7.40. The concentration of Lyz was determined using the
extinction coefficient ϵ280 = 37,750 mol�1 L cm�1 [30]. Chitosan, Sodium
tripolyphosphate (TPP), and Tween80 (Tw80) were also purchased from Sigma
(India). NaCl (0.15 M) has been added to buffer solutions to control the ionic
strength, as required. Roxatidine acetate HCl (RxAc) (≥ 98%) was purchased from
Tokyo Chemical Industry Co., Ltd. (TCI), India. The stock solution of RxAc
(0.3 mM) was prepared in ethanol and the final concentration of ethanol was below
2.3%, and the stock solution of RxAcNPs (0.3 mM) was also prepared in ethanol and
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this concentration was used for all the spectroscopic measurements. RxAc and
RxAcNPs were accurately weighed on Shimadzu AUY-220 microbalance of resolu-
tion 0.1 mg. All the reagents were of analytical grade. For all experiments, double-
distilled water was used.

2.2 Synthesis of Roxatidine acetate nanoparticles

Roxatidine acetate drug-loaded Tween80-Chitosan nanoparticles (RxAcNPs)
were prepared through the ionotropic gelation technique. The principle of this
method is interaction of the positive charge of Chitosan amino groups with the
negative charge of TPP groups [31, 32]. As listed in Table 1, the solution of Chitosan
was prepared by dissolving 0.5 g Chitosan (0.5%) in 100 ml of acetic acid (1% v/v).
TPP solution (0.1%) was prepared through dissolving 100 mg of TPP in 100 ml of
deionized water. 30 mg of Roxatidine acetate was added to the solution of TPP. The
solution was stirred at 1500 rpm for 30 min using an ultrasonicator (vibronics), and
the solution of TPP was added gradually with continuous stirring for 3 hours on a
homogenizer. The mixture of Roxatidine acetate, 0.1% TPP, and 0.1% Tween80
was added gradually to Chitosan solution. Tween80 was added to make the pre-
pared solution stabilized and to limit the nanoparticle growth and thus to obtain
particles of reduced mean sizes [31–33]. The precipitate was stirred at 9000 rpm for
3 hours using an ultrasonicator (vibronics). After the addition of a drug–Tween80–
TPP solution to the solution of Chitosan, the suspended solution of nanoparticles
was centrifuged for 15 min at 10,000 rpm, and the Roxatidine acetate nanoparticles
were obtained.

2.3 Drug content and release profile of Roxatidine acetate nanoparticles

To confirm the drug content, encapsulation efficiency, and release of RxAc, the
conventional method and dialysis method were used for testing RxAc-loaded
Tween80-CsNPs. The encapsulation efficiency and drug content were estimated
according to the procedure reported by Cevher et al. [34]. After drug loading, the
RxAcNPs were isolated from the suspension using centrifugation at 10000 rpm for
15 min. The quantity of free Roxatidine acetate in the supernatant was measured
using the UV–Vis spectrophotometer (double beam Perkin Elmer λ-45) at 275 nm.
RxAc release was investigated in vitro by dialysis using phosphate buffer (PBS) at
different pH (3.5, 6.6, 7.4, and 8.4) and 298 K. 25 mg of Roxatidine acetate–loaded
Tween80–Chitosan nanoparticles were added to 50 ml of each PBS buffer in differ-
ent flasks and were shaken using a magnetic stirrer at 298 K. At various time
intervals, 2 ml from the suspended solution of nanoparticles was taken and
centrifuged at 10000 rpm for 15 min and the standard curve for RxAc was acquired
by UV spectrophotometry. At 275 nm, the RxAcNPs entrapment efficient (EE),

Components Ratio (5:1:1)

Roxatidine acetate (mg)/100 ml 30

Chitosan (g)/100 ml 0.5

Sodium Tripolyphosphate (g)/100 ml 0.1

Tween 80 0.1 % (ml) 20

Acetic acid ml/100 ml 2

Table 1.
Formula for preparation of Roxatidine acetate loaded Tween80-Chitosan nanoparticles.
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drug content, and accumulated release percentage (%) at different pH were deter-
mined spectrophotometrically and were calculated using the following equations, as
described previously [31–35]:

drug content %ð Þ ¼ weight of drug in nanoparticles
weight of nanoparticles

� 100 (1)

EE %ð Þ ¼ Amount of drug taken for formulationð Þ � amount of unentrapted drugð Þ
Total amount of drug in formulation

� 100

(2)

2.4 Characterization of Roxatidine acetate–loaded Tween80–Chitosan
nanoparticles

Characterization of RxAc-loaded Tween80–Chitosan nanoparticles comprised
Fourier transform infrared spectroscopy using PerkinElmer Frontier equipment
with a resolution of 4 cm�1 and a wavenumber range of 400–4000 cm�1. The
particle size was measured by Zetasizer Nano ZS (Malvern, UK), and scanning
electron microscope (SEM) in a JEOL JSM-6510 with an accelerating voltage of 15
kV was used to visualize the shape of RxAcNPs. Powder XRD scanning (Lab-X,
Shimadzu-XRD 6100 instrument, Japan) was performed to analyze the crystalline
nature of RxAcNPs within the range of diffraction angle 2θ from 5° to 60.

2.5 Analysis of RxAc and RxAcNPs with Lyz

2.5.1 Fluorescence spectra study

The spectra of fluorescence emission were collected on Hitachi F-2700 Spectro-
fluorimeter with a Xenon lamp, and the quartz cuvette of 1 cm path length was
used. The slit widths of excitation and emission were set at 5 nm. The rate of
scanning was set to 300 nm/min. The wavelength of excitation was set at 280 nm
and emission wavelength at 290–500 nm. The synchronous fluorescence spectra
were scanned from 260 to 330 nm (Δλ = 15 nm) and from 220 to 330 nm
(Δλ = 60 nm). A buffer blank spectrum was subtracted from the measured spectra
for fluorescence background correction. The concentration of Lyz was kept con-
stant at 10 μM, while the concentrations of RxAc and RxAcNPs were varied. All the
measurements were performed at pH 7.4.

2.5.2 The influence of Tween80 (Tw80) inclusion on the interaction of the
Lyz–RxAc system

Tween80 was utilized to improve the stability of the therapeutic molecule and
its safety at its target site. The influence of Tw80 inclusion on the interaction of the
Lyz– RxAc system was studied by keeping the concentration of Lyz at 10 μM and
changing the concentration of RxAc (2–16 μM), while the concentrations of Tw80
were maintained at 2 and 4 μM.

2.5.3 UV–Vis spectroscopic measurements

The UV–Vis absorption spectra were recorded using a double-beam PerkinElmer
λ-45 spectrophotometer. For the whole experiment, the quartz cuvette of 1 cm path
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length was used. The concentration of Lyz was kept at 10 μMwhile the RxAc and
RxAcNPs concentrations were varied. All the readings were recorded at room tem-
perature.

2.5.4 Circular dichroism (CD) measurements

Circular Dichroism (CD) spectra were carried out using a Jasco J-815 spectropo-
larimeter and using a quartz cell of 0.1 cm path length. Response time and data
pitch were fixed at 1 s and 1 nm, respectively. CD spectra were measured in the far-
UV region (200–250 nm) with a scan speed of 100 nm/min and two scans for each
spectrum under constant nitrogen flow. For all the measured spectra, Phosphate
buffer baseline subtraction (pH 7.4) was used. Concentration of Lyz for all runs was
fixed at 10 μM, while the RxAc and RxAcNPs concentrations were 0, 40, and
80 μM. All the measurements were carried out at room temperature.

2.5.5 Molecular docking of the Lyz–RxAc system

Molecular docking study used software Autodock 4.2 and Autodock tools (ADT)
using the Lamarckian genetic algorithm [29]. The crystal structure of Lyz (PDB ID:
2LYZ) was obtained from Brookhaven Protein Data Bank and three-dimensional
structure of Roxatidine acetate (CID = 5105) was obtained from PubChem. All the
ions and water molecules were removed, hydrogen atoms were added, and partial
Kollman charges were assigned. The Autodock run was carried out through the
following parameters: GA population size, 150; maximum number of energy evolu-
tions, 2.5 � 106, and Grid box size 86 Å � 80 Å � 96 Å along x-, y-, and z axes
covering the whole protein with a grid-point spacing of 0.375 Å. Discovery Studio
3.5 was utilized for identification and visualization of the residues involved.

3. Results and discussion

3.1 Method development and release profile

In order to obtain insight into the binding interaction of RxAcNPs with Lyz, the
drug content, encapsulation efficiency (EE), and releasing percentage of RxAc were
determined utilizing spectrophotometric techniques, with the mole ratio 5:1:1 of Cs,
TPP, and Tween80, respectively. The maximum absorption wavelength was found
to be 275 nm for RxAc. The drug content and encapsulation efficiency of RxAc in
CsNPs based on the preparation of formulation are represented in Table 2. As listed
in Table 2, the results displayed high encapsulation efficiency, which was
88.25 � 0.26%, and the total content of drug in the nanoform was 26.48 � 0.17 mg,
which was nearly the total content of drug used in the preparation of the formula-
tion matrix. These results revealed that the developed method is reliable and accu-
rate to estimate the content of drug without interference of the formulation matrix
or excipients. Additionally, it has the possibility to estimate the content of drug in
the complex nanocarriers-based formulation.

The RxAc release profile from RxAc-loaded Tween80–Chitosan nanoparticles at
different values of pH is illustrated in Figure 2. The drug released from the
nanoparticles was little during the initial 2 hours (less than 25%). After 2 hours, the
quantity of the released drug increased with time. The RxAc percentages released at
the end of 24 hours. were 90.21 � 0.73, 85.83 � 0.54, 82.79 � 0.34, and
75.01 � 0.57% for pH 3.5, 6.6, 7.4, and 8.4, respectively (Table 3 and Figure 2).
Furthermore, as the pH decreased, the amount of released drug increased, showing
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that the drug release depends upon the pH of the media, as well as the nature of the
polymer matrix [33, 34], which means that the developed method is suitable and
effective for preparing the antiulcer drugs in nanoform.

The nanoparticles resulting from this developed method were used to investigate
the applicability in simulation of studies of drug nanoparticles–protein interaction.
The known concentrations (0–16 μM) of the RxAcNPs solution were added to the
fixed concentration of Lyz (10 μM) to examine the binding interaction under
physiological conditions.

3.2 Characterization of Roxatidine acetate–loaded Tween80–chitosan
nanoparticles

Fourier transform infrared (FTIR) spectra of the CsNPs and RxAcNPs are shown in
Figure 3A. Chitosan is known to possess amine groups on the glucosaminemoiety
whereas Roxatidine acetate is an amphoteric drug having hydrophobic and hydrophilic
moieties (dOH, CO, anddNH groups). The characteristic absorption bands for
Chitosan were observed at 1650, 1545 and 1420 cm�1 were corresponding to amide I,
amide II and amide III, respectively. 1095 cm�1 was corresponding to CdN stretching,
and 2936 cm�1 was corresponding to the asymmetric stretching vibration ofmethylene
and 3350 cm�1 was due to the stretching vibration of NdH. The FTIR spectra of
RxAcNPs were compared with the FTIR spectra of CsNPs. The spectra did not show
any new band for characteristic peaks of RxAc in RxAcNPs spectra and the existing
shift of bands indicating entrapment of RxAcwithin the chitosanmatrix, suggesting no
new chemical bond formation between RxAc and CsNPs. Consequently, this observa-
tion excluded the possibility of an interaction between the polymer and drug indicating

The total quantity of Roxatidine acetate used in formulation (mg) 30.00

The cumulative quantity of RxAc (mg � SD*) 26.48 � 0.17

Encapsulation efficiency ( % � SD*) 88.25 � 0.26

Particle Size (nm � SD*) 220 � 5

*Standard deviation (N = 3)

Table 2.
Nanoparticle sizes and mass balance of the Roxatidine acetate used in nanoparticles formulation.
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In vitro of RxAcNPs release profile at different pH values.
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that RxAc was physically dispersed in the polymer [33–38]. As shown in Figure 3B,
RxAc-loaded Tween80–Chitosan nanoparticles were examined using the PXRD tech-
nique. The peak at 11.72° represents the presence of Cs and at 17.65°, the presence of
TPP is indicated. A synthesized nanoformwas specified, illustrating the semicrystalline
nature of RxAcNPs after the available analysis, which depends on the little sharp
pattern of XRD; hence, the drug was just encapsulated in Tween80–Cs nanoparticles
without any interaction. The peaks at 24.18° and 27.21° indicated the presence of RxAc
[39–45]. As shown in Figure 4A andTable 2, the data of DLS showed that the particle
size of RxAcNPswas 220� 5 nm,whichwas almost in conformitywith the data of SEM
as shown in Figure 4B. The SEMmicrograph of RxAcNPs clearly illustrates the pres-
ence of RxAc on the Chitosan surface, which clarifies the drug encapsulation in the
nanoparticle surface. The data of SEM of Tw80–CsNPs before and after loading RxAc
illustrated that the spherical shape of the nanoparticles of Tw80–CsNPs is slightly
deformed because of the loading of RxAc, as shown in Figure 4B.

3.3 Analysis of RxAc and RxAcNPs with Lyz

3.3.1 Fluorescence spectroscopy

Fluorescence quenching of lysozyme is broadly used in measuring the binding
affinity of protein and drug. Lyz has three main Trp residues located at its active

pH Amount (mg) � SD* 3.5 6.6 7.4 8.4

The total amount of Roxatidine acetate
used for release study

25 25 25 25

The cumulative amount of drug released 20.32 � 0.11 18.49 � 0.39 16.82 � 0.29 14.49 � 0.46

Amount of drug unreleased 2.23 � 0.24 2.97 � 0.41 3.88 � 0.18 4.26 � 0.27

The total amount of drug recovered 22.55 � 0.49 21.46 � 0.05 20.70 � 0.16 18.75 � 0.21

Percentage amount of drug recovered (%) 90.21 � 0.73 85.83 � 0.54 82.79 � 0.34 75.01 � 0.57

*Standard deviation (N = 3).

Table 3.
Mass balance of Roxatidine acetate used in vitro release study at deferent pH.
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(a) FTIR spectra for Roxatidine acetate (RxAc), Chitosan nanoparticles (CsNPs), Roxatidine acetate loaded
Chitosan nanoparticles (RxAcNPs), (b) PXRD spectra for Roxatidine acetate (RxAc), Chitosan nanoparticles
(CsNPs), Roxatidine acetate loaded Chitosan nanoparticles (RxAcNPs).
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binding site, i.e., Trp-62, Trp-63, and Trp-108. The intrinsic fluorescence of Lyz
comes from tryptophan residues (Trp-62, Trp-63, and Trp-108) and to study the
conformational changes of Lyz in the binding process of Lyz with drugs used to be a
fluorescent probe [4, 46]. The effects of RxAc and RxAcNPs on Lyz fluorescence
intensity are shown in Figure 5A and B, respectively. After being excited with a
wavelength of 280 nm, Lyz has a fluorescence emission with a peak at 337 nm; the
fluorescent intensity of Lyz decreased regularly with increasing concentrations of
RxAc and RxAcNPs. Interestingly, a red shift of about 6 nm and 4 nm in the λmax
were observed in Lyz-RxAc and Lyz-RxAcNPs systems, respectively. Moreover,
78% of the fluorescence emission was quenched by RxAc in case of the Lyz–RxAc
system whereas 77% quenching of the emission was observed in case of the Lyz–
RxAcNPs system, which sketches a picture as to how the quencher RxAc and
RxAcNPs ingress the fluorophore and bring about the quenching. Further, it sug-
gests a change in the surrounding environment of the fluorophores due to interac-
tion with RxAc and RxAcNPs and that the binding regions of RxAc and RxAcNPs
are in the vicinity of Trp residues. Considering the above observations, it could be
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Figure 5.
Fluorescence emission spectra of Lyz in the presence of (a) RxAc and (b) RxAcNPs at 298 K. CLyz : 10μM (a),
CRxAc or RxAcNPs (b-i): 2, 4, 6, 8, 10, 12, 14 and 16 μM; native RxAc or RxAcNPs (j): 2 μM.

Figure 4.
(a) Particle size distribution of RxAcNPs, (b) SEM image of RxAc-loaded Chitosan nanoparticles (RxAcNPs).
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adjudged that RxAc and RxAcNPs bind to Lyz and quench its intrinsic fluorescence.
The red shift in the λmax in Lyz–RxAc and Lyz–RxAcNPs systems indicated an
increase in polarity and a decrease in hydrophobicity [47–49].

As we know well, the phenomena of fluorescence quenching are brought about
by various intermolecular episodes, namely excited-state reactions, ground-state
complex formation, energy-transfer molecular rearrangements, and collisional
quenching [50–52]. There are two types of quenching that are Static quenching and
dynamic quenching. In static quenching, a nonfluorescent fluorophore-quencher
complex is formed, whereas in dynamic quenching, collision between the quencher
and fluorophore during the lifetime of the excited state is established. The two types
of quenching can be distinguished from each other by taking viscosity and
temperature-dependent measurements [53]. In the present systems, the
fluorescence-quenching mechanism has been studied using the well-known
Stern–Volmer (S–V) Equation [48, 53, 54]:

F0

F
¼ 1þ Ksv Q½ � ¼ 1þ Kqτ0 Q½ � (3)

where F0 and F are the protein fluorescence intensities in the absence
and in the presence of the drug molecule (quencher), respectively, Ksv is
the constant of Stern–Volmer quenching, [Q] is the concentration of the
quencher, Kq is the quenching rate constant of the biomolecule, and τ0 is the
biomolecule average lifetime in absence of the quencher. A single type of
quenching mechanism, either static or dynamic quenching mechanism, is
included, when the plot of F0/F vs. [Q] is linear, whereas deviation from linearity
suggests the presence of both quenching mechanisms. The value of Ksv is estimated
from the plot of F0/F vs. [Q]. Considering the well-known connection between the
quenching constant and the Kq quenching rate constant, and taking into account the
fluorescence lifetime of the biopolymer as 10�8 s, the Kq values can be calculated
[9, 19, 55]:

Kq ¼ Ksv

τ0
(4)

Figure 6A and B show the plots of F0/F for Lyz versus [Q] of RxAc and
RxAcNPs at 298, 304, and 310 K and pH 7.4, where [Q] ranges from 2 to 16 μM of
RxAc and RxAcNPs. Plots in Figure 6A and B show that the results of Lyz–RxAc
and Lyz–RxAcNPs systems agree very well with the Stern–Volmer equation, which
indicates that a single type of quenching mechanism is involved, either static or
dynamic [56–59]. The results listed in Table 4 showed that KSV and Kq values of
Lyz–RxAc and Lyz–RxAcNPs decreased upon increasing temperature and that the
quenching of both systems follows the static quenching mechanism [53, 60].
The maximum scatter collision quenching constant (Kq) with the biopolymer is
2 � 1010 L mol�1 s�1. The values of Kq of the protein quenching initiated by RxAc
and RxAcNPs are greater than the constant of maximum scatter collision
quenching, thus indicating that quenching is initiated from the formation of
complex and not the dynamic collision [53].

3.3.2 Binding interaction analysis

The constant of binding (Ka) and the number of binding sites (n) of the inter-
action between RxAc/RxAcNPs and Lyz could be investigated from the logarithmic
form of the Stern–Volmer equation: [48, 52, 53]
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log
F0 � F

F
¼ log Ka þ n log Q½ � (5)

From the plot of Log[(F0 – F)/F] vs. log [Q], the binding constant (Ka) and the
number of binding sites (n) could be obtained, where the intercept yields the value
of the binding constant (Ka) and the slope gives the number of binding sites (n)
(listed in Table 5). The values of Ka were 104 L mol�1 for Lyz–RxAc (Figure 7A)
indicating a high affinity of the Lyz molecule for RxAc besides binding number up
to 0.96; however, the binding affinity of Lyz for RxAcNPs (Figure 7B) was found
lower, ranging up to the order of 103 L mol�1 and binding number up to 0.91.
All these results lead to the conclusion that binding is stronger between Lyz and
RxAc than that between Lyz and RxAcNPs, which will definitely affect its free
concentration and its bound concentration in the blood plasma [61, 62].

The drug bioavailabilities could be estimated from the binding affinity values.
The nanoform of drug (RxAcNPs) has shown less binding affinity to Lyz, which

Figure 6.
Stern-Volmer plots for quenching of Lyz fluorescence by (A) RxAc (B) RxAcNPs at different temperatures.

System pH T(K) KSV � 104 (L mol�1) SD* R* Kq � 1012 (L mol�1 s�1)

Lyz-RxAc 7.4 298 1.86 0.04 0.999 1.86

304 1.54 0.12 0.999 1.54

310 1.17 0.28 0.999 1.17

Lyz-RxAcNPs 7.4 298 1.76 0.17 0.996 1.76

304 1.49 0.13 0.994 1.49

310 1.22 0.07 0.994 1.22

Lyz-RxAc-Tw80 (2μM) 7.4 298 1.47 0.06 0.999 1.46

Lyz-RxAc-Tw80 (4μM) 7.4 298 1.33 0.08 0.998 1.33

S.D* is standard deviation (N = 3)
R** is the correlation coefficient of KSV

Table 4.
Quenching parameters of Lyz-RxAc and Lyz-RxAcNPs systems at different temperatures.
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indicates that the distribution and absorption of drug nanoparticles to various
tissues will be higher, as the stability of the Lyz–RxAcNPs complex is lower
compared to Lyz–RxAc complex [63, 64].

3.3.3 The influence of Tween80 (Tw80) inclusion on the interaction of the
Lyz–RxAc system

The influence of Tween80 inclusion onto the interaction of Lyz–RxAc systems
was studied by introducing Tween80 to the Lyz–RxAc system at room temperature
(Figure 8A and B). The results of the Stern–Volmer constant (KSV) and binding
constant (Ka) are shown in Figures 9A,B and 10A,B and listed in Tables 4 and 5.
We observed that the results of KSV and Ka in the presence of Tw80 were smaller
than in its absence. These results indicated that the Tw80 helps to release RxAc
from the Chitosan nanoparticles, due to a fraction of RxAc binding to it by weak

System pH Temp.
(K)

Ka (L mol�1) R* n ΔG
(kJ mol�1)

ΔH
(kJ mol�1)

ΔS
(J mol�1 K�1)

Lyz-RxAc 7.4 298 1.14 � 104 0.998 0.96 �22.25 �71.80 �166.28

304 0.84 � 104 0.999 0.95 �21.24

310 0.37 � 104 0.999 0.89 �20.25

Lyz-RxAcNPs 7.4 298 1.24 � 103 0.999 0.91 �17.73 �86.61 �231.13

304 0.69 � 103 0.999 0.88 �16.34

310 0.32 � 103 0.999 0.84 �14.96

Lyz-RxAc-
Tw80(2 μM)

7.4 298 2.33 � 103 0.999 0.90 - - -

Lyz-RxAc-
Tw80(4 μM)

7.4 298 1.07 � 103 0.997 0.85 - - -

*R is the correlation coefficient of Ka

Table 5.
Binding constant, number of binding sites and Thermodynamic parameters of Lyz-RxAc and Lyz-RxAcNPs
systems at different temperatures.

Figure 7.
Plots of log [(Fo-F)/F] versus log [Q] for (A) Lyz-RxAc and (B) Lyz RxAcNPs systems at different temperatures.
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bonds; hence, Tw80 helps to release more drug to the tissues as compared to the
drug released from plasma [65]. Furthermore, Tw80 encloses the RxAc molecule
and obstructs it from colliding directly with the amino acid residues found in the
binding sites of Lyz [66].

3.3.4 The force acting between Lyz and RxAc/RxAcNPs

The driving force of binding could be assessed from the thermodynamic law
summarized by Ross and Subramanian. The stability of the protein–drug complex
and the binding of drug onto protein are influenced by various types of noncovalent
forces such as hydrophobic interactions, hydrogen binding, Van der Waals, and
electrostatic forces. To get the thermodynamic parameters, the Van’t Hoff equation
has been used:

ln Ka ¼ �ΔH0

RT
þ ΔS0

R
(6)

Figure 8.
A,B: Fluorescence emission spectra of Lyz in the presence of RxAc and Tw80 at 298 K. CLyz: 10 μM (a),
CTw80: 2 and 4 μM (b), CRxAc (c–k): 2, 4, 6, 8, 10, 12, 14 and 16 μM.

Figure 9.
A,B: Stern-Volmer plots for quenching of Lyz fluorescence by RxAc in the presence of Tw80 (2 and 4 μM) at
298 K.
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ΔG0 ¼ �RTlnKa ¼ ΔH0 � TΔS0 (7)

where Ka is the constant of binding at the corresponding temperature T, T is the
absolute temperature, and R is the universal gas constant. The plot of lnKa versus
1/T allows the estimation of the enthalpy change (ΔH) and the entropy change (ΔS)
[9, 67–69]. The enthalpy change (ΔH) and the entropy change (ΔS) can be obtained
from the slope and the intercept of the Van’t Hoff plots, respectively. From the
thermodynamic viewpoint, Ross and Subramanian recommended that ΔH < 0 and
ΔS < 0 suggest the van der Waals force and hydrogen bond formation, ΔH > 0 and
ΔS > 0 show a hydrophobic interaction, and ΔH < 0 and ΔS > 0 propose electro-
static forces of interaction [53, 62–64].

As shown in Figure 11A and B, there is a good linear relationship between lnKa and
1/T, suggesting that ΔH is constant in the current temperature range. From Table 5, it
could be seen that ΔH = � 71.80 kJ mol�1 and ΔS = � 166.28 J mol�1 K�1 for the Lyz–
RxAc system and ΔH = � 86.61 kJ mol�1 K�1 and ΔS = � 231.13 J mol�1 K�1 for the
Lyz–RxAcNPs system. The negative values of ΔH and ΔS for interaction of Lyz with
RxAc and Lyz with RxAcNPs indicate that hydrogen bonds and Van der Waals
forces play a major role in the interaction of Lyz–RxAc and Lyz–RxAcNPs systems,
and the binding reaction is exothermic and enthalpically driven. The negative values
of ΔG for both systems at different temperatures (298, 304, and 310 K) mean that
the binding processes are spontaneous in both systems.

3.3.5 Fluorescence resonance energy transfer (FRET)

Fluorescence resonance energy transfer is a nondestructive spectroscopic
method and an investigatory tool that can monitor the proximity and relative
angular orientation to study energy transfer from donor to acceptor. A transfer of
energy could be carried out through direct electrodynamic interaction between the
primarily excited molecule and its neighbors [70, 71]. The fluorophores of donor
and acceptor can be entirely nonattached or attached to the same macromolecule
[72]. In the present case, Lyz is the donor and RxAc and RxAcNPs are the acceptors.
According to this theory, the efficiency (E) of energy transfer from Lyz to RxAc or
RxAcNPs and the distance (r) of binding between Lyz and RxAc or RxAcNPs could
be calculated by Eq. (8) [70, 73]:
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Figure 10.
A,B: Plots of log [(Fo-F)/F] versus log[Q] for Lyz-RxAc-Tw80 systems.
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E ¼ R6
0

R6
0 þ r6

¼ 1� F
F0

(8)

where E could be determined experimentally from the donor emission in the
absence (F0) and presence of the acceptor (F), normalized to the same donor
concentration, r is the actual distance between the donor (Lyz) and the acceptor
(RxAc/RxAcNPs), R0 is the critical distance when the efficiency of transfer is 50%,
which depends on the quantum yield of the donor, the extinction coefficient of the
acceptor, the overlap of donor emission and acceptor absorption spectra, and the
mutual orientation of the chromophores. R0 can be defined by Eq. (9) [70, 74]:

R6
0 ¼ 8:8� 10�25K2N�4Φ J (9)

where K2 is the spatial factor of orientation related to the geometry of the donor
and acceptor of dipoles, N is the refractive index of the medium, Φ is the fluores-
cence quantum yield of the donor, and J is the effect of spectral overlap between the
donor emission spectrum and the acceptor absorption spectrum, which could be
calculated by Eq. (10)

J ¼
P

F λð Þ ε λð Þλ4Δλ
F λð ÞΔλ (10)

where F(λ) is the donor fluorescence intensity at wavelength λ and ε(λ) is the
molar absorption coefficient of the acceptor at wavelength λ. The efficiency of
transfer (E) could be obtained using Eq.8, where F and F0 are the relative fluores-
cence intensities in the presence and absence of acceptor [56]. For Lyz, K2 = 2/3,
N = 1.36, and Φ = 0.15 [62, 75].

The overlap of the absorption spectrum of RxAc and RxAcNPs with the fluores-
cence emission spectrum of Lyz are shown in Figure 12A and B, in the wavelength
range of 280–310 nm and 280–308 nm, respectively. The fluorescence emission
from both systems at an excitation wavelength of 280 nm is mainly from the Lyz
molecule as both RxAc and RxAcNPs are nonfluorescent at the excitation wave-
length. However, at this excitation wavelength, RxAc and RxAcNPs do show weak
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Figure 11.
Vant-Huff Plot for (A) Lyz-RxAc and (B) Lyz-RxAcNPs systems at different temperatures.
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absorption, which suggests the probability of energy transfer from Lyz to RxAc/
RxAcNPs. Using Eqs. (8)–(10), the parameters related to energy transfer from Lys
to RxAc or RxAcNPs are calculated and are presented in Table 6. The values of R0,
r, J, and E were found to be 3.40 nm and 4.66 nm, 6.67 � 10�14 cm3 L mol�1 and
0.23 for Lyz–RxAc, whereas the corresponding values were 3.44 nm, 4.53 nm,
7.18 � 10�14 cm3 L mol�1 and 0.24 for Lyz–RxAcNPs, respectively. The obtained
result indicates that RxAc and RxAcNPs are strong quenchers and these may situate
in the close proximity of Lyz. The values of binding distance (r) between the donor
and acceptor for all the systems are in the range of 2–7 nm, denoting that the energy
transfer is possible between Lys and RxAc or RxAcNPs. The values of R0 and r are
also in the academic range, which proves that nonradiative energy transfer occurs
between Lyz and RxAc/RxAcNPs. Furthermore, the results also suggest that static
quenching is responsible for the quenching of fluorescence emission as the binding
involved energy transfer from Lyz to RxAc/RxAcNPs [48, 59, 76, 77].

3.3.6 Conformational changes of lysozyme

Synchronous fluorescence spectroscopy is a kind of important method and a
proficient technique, which is utilized to evaluate the conformational changes and
provides the information regarding the molecular environment in the vicinage of
the chromophore molecule [78, 79]. Because of its sensitivity, spectral simplifica-
tion, spectral bandwidth reduction, and shunning of different perturbing effects, it
can be used as an ideal and a very useful method to study the microenvironment of
Trp residues by measuring the possible shift in wavelength emission maximum
(λem) [48, 80]. The polarity changes around the chromophore molecule, i.e., the
Lyz conformation, may be due to the shift in the position of emission maximum.
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Figure 12.
Spectral overlap between fluorescence emission spectrum of Lyz and absorption spectrum of (A) RxAc and
(B) RxAcNPs when the molar ratio of Lyz and RxAc or RxAcNPs is 1:1. [Lyz]: 10 μM, [RxAc or RxAcNPs]:
2 μM at 298 K.

System R0 (nm) r (nm) E J (cm3 L mol�1)

Lyz-RxAc 3.40 4.66 0.23 6.67 � 10�14

Lyz-RxAcNPs 3.44 4.53 0.24 7.18 � 10�14

Table 6.
Energy transfer parameters for Lyz-RxAc and Lyz-RxAcNPs interactions at 298 K.
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As is well-known, the spectra of synchronous fluorescence show Trp residues of Lyz
at the wavelength interval (Δλ) of 60 nm, while at the wavelength interval (Δλ) of
15 nm, the spectra of synchronous fluorescence show Tyr residues of Lyz [81].

At Δλ = 15 nm, in the Lyz–RxAc and Lyz–RxAcNPs systems in the investigated
concentration range, the maximum emission wavelength keeps its position without
any shift (Figure 13A and B), which indicates that there is no change in the
microenvironment of the Tyrosine residues in both systems, whereas over the
investigated concentration range at Δλ = 60 nm, it can be seen that the maximum
emission wavelength moderately shifts from 279 to 274 nm in the Lyz–RxAc system
and from 279 to 275 nm in the Lyz–RxAcNPs system toward blue wavelengths. On
looking through the synchronous spectra for the Lyz–RxAc and Lyz–RxAcNPs
systems (Figure 14A and B), the shift effect shows that the conformation of Lyz
has changed. The blue-shift effect indicates that the microenvironment around the
Tryptophan residues is disturbed and shows a decrease in the polarity and an
increase in the hydrophobicity around Tryptophan residues.

3.3.7 UV–vis absorbance spectroscopy

UV–Vis spectroscopy is a simple technique and an effective method that can
help to know the structural changes in the system and to explore the formation of
complex and the change in hydrophobicity [82].

In the present study, we have observed the change in the UV absorption spectra
of Lyz–RxAc and Lyz–RxAcNPs systems (Figure 15A and B), which indicated that
the interaction between Lyz and RxAc/RxAcNP molecules may lead to change in
the conformation of Lyz. It was evident that the UV absorption intensity of Lyz
increased regularly with the variation of RxAc and RxAcNP concentrations. The
maximum peak positions of Lyz–RxAc and Lyz–RxAcNPs were shifted slightly
toward a longer wavelength region (279–284 nm and 279–283 nm, respectively).
The change in λmax is observed possibly due to complex formation between Lyz
and RxAc/RxAcNPs. The red shift in the absorbance spectra also indicated that the
polarity of amino acid microenvironments increased with the addition of RxAc or
RxAcNPs [83–86], which is in good agreement with the quenching and Synchro-
nous fluorescence spectroscopy and thermodynamic analysis results.
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Figure 13.
Synchronous fluorescence spectrum of (A) Lyz-RxAc and (B) Lyz-RxAcNPs systems at 298 K : (Δλ = 15 nm),
C(Lyz) = 10 μM; C(RxAc or RxAcNPs) (b-j): 2, 4, 6, 8, 10, 12, 14 and 16 μM.
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3.3.8 Circular dichroism spectroscopy

The technique of far-UV Circular dichroism spectroscopy (CD) is an important
and powerful technology technique utilized to probe the secondary and tertiary
structures of the protein/biopolymer [87–89]. The method is used to explore the
biopolymer conformational changes upon binding of RxAc and RxAcNPs to Lyz,
due to its simplicity and reliability. The CD spectra of Lyz with various concentra-
tions of RxAc and RxAcNPs have been shown in Figure 16A and B at room
temperature. The results of CD spectra of Lyz show two negative bands at 208 nm
(π ! π* transition) and 229 nm (n ! π* transition), which are attributed to the
α-helical structure of protein [67] whose magnitude reveals the amount of α-helicity
in Lysozyme and they arise due to π–π* and n–π* transitions of the peptide bond of
α-helix [84, 89–91]. The CD data have been observed in terms of mean residue
ellipticity (MRE) in deg cm�2 dmol�1 according to the following Equation [92–97]:
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Figure 14.
Synchronous fluorescence spectrum of (A) Lyz-RxAc and (B) Lyz-RxAcNPs systems at 298 K : (Δλ = 60 nm),
C(Lyz) = 10 μM; C(RxAc or RxAcNPs) (b-j): 2, 4, 6, 8, 10, 12, 14 and 16 μM.
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MRE ¼ obsCD m degð Þ
Cp� n� l� 10

(11)

where Cp is the molar concentration of protein, n is the number of amino acid
residues of the protein (129 for Lyz), and l is the path length in cm. The α-helical
content of Lyz is calculated from the MRE value at 208 nm, using the following
Equation [92–97]:

α� helix %ð Þ ¼ �MRE208 � 4000
33, 000� 4000

� 100 (12)

where MRE208 is the observed mean residue ellipticity (MRE) value at 208 nm,
4000 is the MRE of the β-form and random coil conformation cross at 208 nm, and
33,000 is the MRE value of a pure α-helix at 208 nm.

In order to study the influence of RxAc and RxAcNPs on the secondary structure
of the Lyz, the CD measurements of Lyz in the absence and presence of RxAc and
RxAcNPs were performed. From Figure 16A,B and Table 7, the α-helicity for free
Lyz was 43.34%, while the addition of RxAc and RxAcNPs to the Lyz solution
caused an increase in the negative peak ellipticities, probably as a consequence of
the formation of complex between Lyz and RxAc/RxAcNPs. The CD data in the
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Figure 16.
The CD spectra of (A) Lyz-RxAc and (B) Lyz-RxAcNPs systems. Lyz concentration was kept fixed at 10 μM
(a). In Lyz-RxAc and Lyz-RxAcNPs systems, RxAc or RxAcNPs concentration was fixed at 40 (b) and 80 μM (c).

System α-helix %

[Lyz] (μM) Drug [Drug]

0 43.34

10 RxAc 40 41.12

80 38.73

0 43.34

10 RxAcNPs 40 35.82

80 31.23

Table 7.
α-helicity (%) of Lyz at different concentrations of RxAc and RxAcNPs at 298 K.
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wavelength range of 200–250 nm are used to evaluate the change of the secondary
structure in Lyz. The results showed that interaction with RxAc and RxAcNPs
caused only an increase in the band intensity of Lyz without any significant shift of
the peaks and the helical content decreased to 38.73% and 31.23%, respectively.
The decrease in the α-helical content of lysozyme represents the unfolding of
protein due to interaction with RxAc or RxAcNPs. The unfolding of protein changes
the absorbance value, which in turn alters the ellipticity value. The results showed
that Lyz was induced to adopt a more loose conformation of the extended polypep-
tide. The conformational transition probably resulted in the exposure of the hydro-
phobic cavities to more hydrophilic environment, which is favorable for the
interaction between Lyz and RxAc or RxAcNPs. The CD results also corroborate the
conclusion of fluorescence and UV studies [77, 98].

3.3.9 Molecular docking analysis

The molecular docking is an excellent and an efficient computational technique,
which is used to predict the probable binding site of interaction of protein with the
ligand/drug molecule and also the preferred binding site of the ligand through the
3-D graphics [4, 11, 47, 99]. Moreover, it also displays the amino acid residues
encircling the ligand/drug molecule and also assists to validate the results and
highlights the interaction types operating in the protein–ligand/drug system [4, 99,
100]. To study the interaction in the Lyz–RxAc system, molecular docking studies
were carried out with Autodock Vina software to clarify the mode of binding
between lysozyme and Roxatidine acetate and illustrate the underlying mechanism.
For further study, the lowest energy was chosen that was found to be �5.5 kcal/mol
(�23.01 kj/mol), which is near to the experimental data of ΔG° in thermodynamic
analysis (�22.25 kj/mol). In the Lyz–RxAc system (Figure 17A and B), the molec-
ular docking showed the site of binding of RxAc along the long large pocket
between the two domains of Lyz, which is also its site of active binding [101], and
also showed that there were approximately three sites for binding of RxAc with
lysozyme via hydrogen bonds at the lowest energy (Asn46 “two bonds” and Asp52
“one bond”) (Figure 18A and B). The three sites of binding were all located in the
large pocket of lysozyme. There were two hydrogen bonds between Asn46 and
RxAc that were formed; one bond was between the hydrogen atom of Asn46 and
the oxygen atom (C]O) of Roxatidine acetate, and another hydrogen bond was
between the other hydrogen atom of Asn46 and the oxygen atom of Roxatidine

Figure 17.
Docking interaction of Lyz-RxAc binding, (A) The lysozyme pocket when RxAc was added. (B) Gaussian
contact maps superimposed with the RxAc ligand and the receptor lysozyme, hydrogen bonds preference was
indicated.
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acetate (CdOdC). The third hydrogen bond was between the oxygen atom of
Asp52 and the hydrogen atom (NH) of Roxatidine acetate. The dominant
fluorophores (Trp62 and Trp63) were involved in the binding sites through hydro-
phobic interaction via Pi–alkyl binding, which could illustrate the observed
quenching of fluorescence, whereas the aliphatic amino acid (Ala107) also formed
hydrophobic interaction through alkyl–alkyl binding; in addition, the oxygen atom
of Asp52 formed electrostatic binding with the phenyl ring of Roxatidine acetate, as
shown in Figures 17B and 18A,B. Molecular docking studies have explained that
hydrogen bonding was the dominant driving force in the binding of RxAc to lyso-
zyme, and these results were in accordance with the results of thermodynamic
analysis and UV spectroscopy.

4. Conclusion

In the present study, the RxAc drug–loaded Tween80–Chitosan nanoparticles
(RxAcNPs) have been characterized and probed through FTIR, PXRD, UV–Vis,
DLS, and SEM techniques. The physicochemical properties of RxAcNPs have been
employed and evaluated for drug formulation, determination of external morphol-
ogy, particle size, drug content, entrapment efficiency, and in vitro release of drugs.
In addition, the RxAc and RxAcNPs interactions with Lyz have been investigated
utilizing spectroscopic methods such as fluorescence, UV–Vis, and CD spectros-
copy. The results of Stern–Volmer plots illustrate that the interaction mechanism of
Lyz–RxAc and Lyz–RxAcNPs systems was a static mechanism. In the presence of
RxAc and RxAcNPs, the secondary construction of Lyz is reformed. The results of
synchronous fluorescence and CD spectra confirm that the RxAc and RxAcNPs
cause change in the secondary construction of Lyz. The thermodynamic results
clarify that the main forces in both systems were hydrogen bonds and Van der
Waals forces, also revealing that the reaction of binding in both systems is sponta-
neous, exothermic, and enthalpically driven. The molecular docking results were in
accordance with the results of thermodynamic analysis, UV–Vis, and CD spectros-
copy. The present study illustrates that the binding of RxAcNPs with Lyz is low as
compared to RxAc, which confirms that the distribution and absorption of the
RxAcNPs to various tissues would be higher. Therefore, the result of this study has a
great importance in the clinical medicine and pharmacology area and provides
important insight into the interaction of serum albumins with antiulcer drugs.

Figure 18.
(A) Amino acid residues surrounding RxAc. (B) 2-Dimentional representation of Lyz-RxAc system.
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The significance of this study is evident because the developed RxAc-loaded
Tween80–Chitosan nanoparticles could be utilized as an efficient strategy using
nanotechnology in applications of ulcer therapy.
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Chapter 7

Action of Surfactants in Driving 
Ecotoxicity of Microplastic-Nano 
Metal Oxides Mixtures: A Case 
Study on Daphnia magna under 
Different Nutritional Conditions
Cristiana Guerranti, Serena Anselmi, Francesca Provenza, 
Andrea Blašković and Monia Renzi

Abstract

The series of experiments presented in the paper served to clarify the effects of 
contemporary exposure to surfactant, microplastics (polyethylene and polyvinyl 
chloride), and nanoparticles (TiO2 and ZnO) on the model organism Daphnia 
magna. Exposure was evaluated with respect to the age of the organisms (“young”, 
24 hours old, and “aged” 10 days old specimens), trophic status (feeding or fasting), 
and the simultaneous presence of a surfactant. All the above-mentioned substances 
are present in the wastewater coming from various environmental sources from 
cosmetic products. The experiments were conducted in compliance with the OECD 
202:2004 guideline, which is also a reference for ecotoxicity tests required by 
REACH. The results showed that surfactants enhance effects of toxicity produced 
by the exposure to the microplastic + nanoparticle mixtures. The influence due to 
factors such as nutrition (effect in fasting >> feeding conditions) and the age of 
individuals (effects in older >> younger animals) is essential. Concerning young 
individuals, exposure to PE-TiO2 is the most significant in terms of effects produced: 
it is very significant, especially in the presence of surfactant (both under fasting 
and feeding conditions). On the contrary, exposure to the PE-Zn mixture shows the 
minor effects. The comparison with the literature, especially as regards the possibil-
ity of interpreting the toxicity trends for the various mixtures with respect to the 
individual elements that compose them, leads to hypothesize additive effects still to 
be investigated and confirms the greatest toxicity contribution of TiO2.

Keywords: metal-oxide nanoparticles, surfactants, fasting and feeding conditions, 
microplastics, municipal wastewater treatment plants, toxicity tests

1. Introduction

Municipal wastewater treatment plants (MWWTP) are renowned hot-spot 
sources of a wide variety of pollutants from human activities for the aquatic environ-
ments [1]. Nutrients [1], surfactants [2], microplastics (MPs; [3]) and nanoparticles 



Surfactants and Detergents - Updates and New Insights

120

(NPs; [4]) are significant components of mixtures released by MWWTP, coming 
from different sources, not least that represented by cosmetic products.

NPs are chemicals, between 1 and 100 nm in size [5], both of natural (i.e., humic 
and fulvic acids, organic acids, fullerenes, and metals) and artificial origin (TiO2, 
ZnO) [6, 7]. Many products of common use (pharmaceutical and personal care 
products, plastic, rubber, paints, etc) are based on NPs and this contributes to their 
massive presence in the environment [8].

MPs can derive from industrial pellets used in the manufacture of plastic objects 
or from consumer products, such as cosmetics, abrasive products and objects 
containing microbeads and glitters (primary microplastics) or from the fragmenta-
tion of larger plastic objects (secondary microplastics) [3, 9–11]. They are pollutant 
of great environmental concern [12], affecting feeding habits, and reproductive 
success of many organisms [13]. NPs and MPs enter the trophic chains when eaten 
by detritivores and filter feeders [14–17].

Even if wastewater treatment processes retain a large fraction of plastic mic-
roparticles [18], in sewage the MPs not removed by plants reach the rivers and, 
ultimately, the sea [19]. For what concerns NPs, discharges of nano-oxides occur 
due the sorptive removal of organic contaminants from wastewater [20] purifica-
tion purposes, together with unintentional releases.

Both, MPs, and NPs are found in the mix of substances present in wastewater 
and water bodies, together with surfactants. Surfactants have direct toxicity on 
aquatic species [21] but can also vehicle other substances due to the formation of 
micelles [22] which can affect pollutant sorption/desorption from MPs surfaces 
[23]. Surfactants could represent the way to increase the interaction among micro-
plastics and animals and therefore lead to negative effects on exposed animals [22].

Toxic effects due to the exposure to complex mixtures differ from the exposure 
to single substances, even if compounds are at low levels [24]. In this case, NPs and 
MPs toxicity could be affected both by the nutrient induced microalgal growth and 
by synergic/antagonistic interactive effects due to surfactants [25]. The presence 
of metal-oxides NPs, MPs, and surfactants in effluents from MWWTP suggests 
deepening their ecotoxicity to assess the real effects on aquatic environments.

Despite the increasing interest, recent meta-data analysis underlined low stan-
dardization of in vitro tests [25] and the largest number of experiments performed 
on single kind MP/NP. In Europe, the placing on the market of new formulations 
implies the verification of their environmental compatibility in accordance with the 
current regulation (REACH).

Daphnia magna (Cladocera) is a crucial model freshwater species for ecotoxico-
logical tests due to the well standardized procedural practice (i.e., OECD standards) 
for experimental exposure [26].

This study aims to fill some important knowledge gaps on NPs and MPs ecotoxicity. 
It evaluates ecotoxicological responses of D. magna exposed complex mixtures (NPs + 
MPs in presence/absence of surfactant). Effects attained under fasting conditions 
(OECD guidelines) are matched to those achieved following the exposure of animals 
under feeding conditions, supposed as natural and with animals of different ages.

2. Material and methods

2.1 Experimental design

The experiments were performed under the OECD 202:2004 guideline [27]. 
Dispersions were made by suspension of tested particles in UNI EN ISO 6341:2012 
standard freshwater. Experiments previously reported [28, 29] allowed to 
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determine for each toxicant the dose permitting the survival of a significant frac-
tion of the tested population until the end of the exposure time (96 h).

Figure 1 summarizes the experimental design. Mixtures of NPs (n-ZnO and 
n-TiO2) and MPs (PE and PVC) were used for the exposure experiments, add-
ing/not adding a non-ionic surfactant (Triton X-100, CAS n. 9002-93-1; tested 
at 0.001% v/v according to [22]) to improve the dispersion of MPs and NPs in 
tested samples; results were compared to controls to test ecotoxicological effects 
of the NPs-MPs and NPs-MPs-surfactant mixtures. Furthermore, we also exposed 
to dispersions of microplastics + surfactant animals that at the beginning of the 
experiment had 10 days of life (called “aged”) to evaluate the effect of aging on 
the ecotoxicological responses. Animals were exposed under fasting conditions, 
selecting immobilization as endpoint and a contact time 24-48 h. Contextually to 
standard conditions required by OECD, animals were also exposed under feeding 
conditions and contact time was extended from 24 to 48 h to 96 h as suggested by 
the literature for tests performed on particulate toxicant [30] performing observa-
tions daily starting from T24 after the initial exposure. Experiments were made 
during an 8:16 dark/light exposure cycle [31].

ZnO and n-TiO2 were tested at 1.12 and 113.18 mg/L respectively; microplastic 
doses were 0.05 mg/L. The selection of microplastics to be tested was done accord-
ing to Renzi et al. [29].

Dispersions of both single metal-oxides NPs, MPs and mixtures were char-
acterized by microscopy coupled to Fourier Transformed-Infrared spectrometer 
(μFT-IR, model Nicolet i-10 MX equipped with ATR detector, Thermo®). The 
formation of clusters of nanoparticles in the mixtures was verified at the micromet-
ric scale even in conditions with the addition of food. Survival rates % of exposed 
animals compared to negative controls were used as target endpoints.

Figure 1. 
Logic model of the exposure experiments on D. magna.
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2.2 Equipment and materials

Experimental condition for D. magna (MicroBioTest Inc. ephippia) stor-
age, hatches and preliminary treatments were the same described by Renzi 
and Blašković [28]. Collection of organisms was standardized at 90 h after the 
start of incubation. All reagents were purchased from Caelo or Sigma-Aldrich. 
Experimental conditions and sets were the same previously described by Renzi 
et al. [29] and Renzi and Blašković [28] to allow a comparison of reported data on 
toxicity of mixtures tested in this study with results obtained by previous research 
on single components of the tested mixtures. Also, experimental conditions are the 
same to allow a complete comparability of obtained results. Chemicals features and 
properties of nanoparticles, microplastic, and surfactant tested in this study are the 
same for chemicals reported by Renzi et al. [29] and Renzi and Blašković [28].

2.3 Quality assurance and quality control

Ecotoxicological tests were performed following UNI EN ISO 17025 guidelines 
to ensure quality control of collected results. Laboratory performed experiments 
ensured to pass inter-calibration exercises performed on annual basis on D. magna 
immobilization. During experiments pH and DOM were measured to verify that 
they remained within the limits of acceptability defined by OECD (202:2004) 
[27]. Mortality of animals in negative controls shall be included within 0-10% 
not to invalidate tests. LC50 of chemical solution used as reference to test animals’ 
responses was acceptable (0.6–2.1 mg/L). Test were performed in triplicates (n=3); 
results obtained by the exposure to samples were compared statistically with 
responses obtained by negative controls; significance (p<0.01) of observed differ-
ences among mean values was tested by T-test while differences among variances 
were explored by F-test (Prism® 4.0). Results reported in this study are mean 
values (standard deviation, SD), normalized concerning negative controls.

3. Results and discussion

The results obtained from the exposure experiments are summarized in Table 1 
(young specimens) and Table 2 (aged specimens). In the following text, the term 
significant refers to statistically significant based on the results of the statistical 
analysis carried out on the results obtained from the exposure experiments consid-
ering immobilization as the endpoint.

As for both young and aged individuals, exposure to PE-TiO2 is the most sig-
nificant in terms of effects: it is very significant, especially in the presence of triton 
(both fasting and feeding). On the contrary, exposure to the PE-Zn mixture shows 
the minor effects (Figure 2). This result, not linear if we consider that there is no 
clearly identifiable trend in the toxicity levels of the NPs/MPs, leads to think that 
more than the actual toxicity of the individual elements of the mixtures, there is a 
significant additivity effect. This estimation would also be legitimized by the com-
parison with previously obtained results: PVC, in presence of surfactant, resulted 
the most toxic among tested dispersions for both neonates and aged Daphnia magna 
exposed [29].

On the other hand, in Renzi and Blašković [28], n-ZnO resulted less effec-
tive than n-TiO2 in leading to the target endpoints (immobilization and death) in 
exposed Daphnia magna individuals; in this sense the observations made in this 
study would confirm a higher toxicity contribution of n-TiO2 compared to n-ZnO. 
A further factor to be taken into consideration in the interpretation and future 
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analysis of the results is the ability to interact at a chemical level between surfactant 
and MPs, which could be material dependent. This difference between plastics of 
different nature, already hypothesized [32], could explain the variability of the 
results obtained in terms of toxicity of different mixtures.

Feeding conditions (MPs 0.05 mg/L; 
n-TiO2 113.18 mg/L)

Feeding conditions (MPs 0.05 mg/L; 
n-ZnO 1.12 mg/L)

Surfactant no no yes yes no no yes yes

MPs type PE PVC PE PVC PE PVC PE PVC

24 h %Effect 6.67 6.67 17.78 6.67 0.00 0.00 13.33 6.67

DS 0.00 0.00 9.62 11.55 0.00 0.00 0.00 11.55

96 h %Effect 20.00 26.67 46.67 60.00 6.67 33.33 26.67 73.33

DS 0.00 11.55 11.55 11.55 0.00 11.55 11.55 0.00

Fasting conditions (MPs 0.05 mg/L; 
n-TiO2 113.18 mg/L)

Fasting conditions (MPs 0.05 mg/L; 
n-ZnO 1.12 mg/L)

Surfactant no no yes yes no no yes yes

MPs type PE PVC PE PVC PE PVC PE PVC

24 h %Effect 6.67 13.33 46.67 46.67 0.00 86.67 0.00 33.33

DS 11.55 0.00 20.00 0.00 0.00 11.55 0.00 20.00

96 h %Effect 53.33 60.00 100.00 93.33 46.67 100.00 80.00 100.00

DS 11.55 0.00 11.55 11.55 11.55 11.55 0.00 11.55

Surfactant (Triton X-100).

Table 1. 
Percentages observed for the “immobilization” endpoint in young individuals, in relation to experimental 
exposure parameters.

Feeding conditions (MPs 0.05 mg/L; 
n-TiO2 113.18 mg/L; Surfactant)

Feeding conditions (MPs 
0.05 mg/L; n-ZnO 1.12 mg/L; 

Surfactant)

MPs Type PE PVC PE PVC

24 h %Effect 20.00 6.67 6.67 0.00

DS 11.55 11.55 11.55 0.00

96 h %Effect 93.33 93.33 53.33 46.67

DS 0.00 11.55 11.55 11.55

Fasting conditions (MPs 0.05 mg/L; 
n-TiO2 113.18 mg/L; Surfactant)

Fasting conditions (MPs 
0.05 mg/L; n-ZnO 1.12 mg/L; 

Surfactant)

MPs Type PE PVC PE PVC

24 h %Effect 40.00 0.00 20.00 6.67

DS 20.00 0.00 23.09 11.55

96 h %Effect 93.33 80.00 100.00 100.00

DS 11.55 20.00 0.00 0.00

Surfactant (Triton X-100).

Table 2. 
Percentages observed for the “immobilization” endpoint in aged individuals, in relation to experimental 
exposure parameters.
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3.1 Surfactant effect

The effect of surfactant (Triton X-100) was significant in all the experiments 
carried out on young organisms, compared to the control batches without the 
exposure to surfactant. For this reason, and to simplify the factors considered, mak-
ing the observed effects more evident, it was decided to always add surfactant to the 
mixtures of contaminants to which adult organisms were exposed.

Figure 3 shows the contribution of surfactant presence/absence under different 
trophic conditions in young organisms exposed to NPs+MPs mixtures, in terms of 
percentages of mobile organisms at the target times. These effects could be because 

Figure 2. 
Comparison between young and adult organisms exposed in surfactant presence and fasting/feeding. Graphics 
report the mean percentages of mobile organisms at the target time normalized for negative controls.

Figure 3. 
Contribution of surfactant presence/absence and trophic condition in young organisms. Graphics report the 
percentages of mobile organisms at the target time normalized for negative controls.
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surfactants seem to improve the contact among microplastics and animals and 
therefore cause effects on exposed specimens [22]. In a previous study [29], expo-
sure to microplastics + surfactant showed the highest toxicity on D. magna, also, 
 supporting results obtained on tested complex mixture.

3.2 Feeding effect

The effect of feeding is almost always significant (Figure 3) on the toxicity of 
mixtures of contaminants on D. magna. Animals actively ingest nanoparticles during 
both fast and feeding conditions, but feeding condition reduces the effects of mix-
tures on the exposed animals. In young organisms, the only case in which the effect 
of food was not significant was due to the exposure to PE in the presence of n-TiO2.

In the case of adult individuals (Figure 2), the effect of feeding was significant 
in 5 out of 8 cases: in each experiment for PE+n-TiO2, partially following to expo-
sure to Zn (with PE and PVC always at 96 hours) and with PVC+n-TiO2 at 24 hours.

It can be hypothesized that with the intake of food (phytoplankton) there is 
an increase in the metabolic rate, resulting in a better chance of detoxifying by D. 
magna, making the effects of toxic mixtures less evident. Concerning n-ZnO, another 
reason may be that, as the toxicity of metal-oxide nanoparticles reasonably due to 
the release of metal ions in water [33] some water chemical parameters, such as 
increasing pH and DOM (occurring during feeding with phytoplankton) could have 
reduced the concentration of free Zn2+ released from n-ZnO. Feeding could have 
affected these key parameters (DOM and pH in particular) following the addition 
of an external organic source (DOM) and due to changes induced by photosynthesis 
performed by algal activity on water chemical features as, also, previously hypoth-
esized for single components of complex mixtures tested in this study [28].

3.3 Aging effect

The results achieved provides evidence that the level of toxicity of NPs+MPs 
mixtures depends on the age of the animals, confirming what yet seen following 
tests with several kinds of MPs [29]. The effect of aging (comparison between 
experiments carried out on young people and adults, Figure 2) was significant 
(affecting the possibility of remaining mobile or alive) in half of the experiments 
carried out. While results at 24, 48 and 72 hours appear controversial, the signifi-
cance of a toxic effect clearly emerges at 96 hours, both for PE+n-ZnO and for 
PE+n-TiO2. Significant aging effect also for PE+n-TiO2 at 96 hours and PVC+n-TiO2 
at 96 hours have been registered.

4. Conclusions

The results obtained in this study made it possible to identify the mixture 
PE+n-TiO2 as the most toxic following exposure of D. magna, both in the pres-
ence of surfactant and without, both under fasting and feeding conditions, in the 
adults and young specimens tested. The variability and, in many cases, the lack 
of a univocal trend in the toxicity effects observed between mixtures of different 
compositions, is reasonably attributable to additive effects to be studied further. On 
the other side, data that emerge and substantially confirm observations previously 
performed by research on exposure to single toxicants are: i) the influence of fasting 
or feeding conditions on toxicity of tested mixture; feeding specimens suffer less 
from the effects of exposure to contaminants than others; ii) the presence of surfac-
tant (Triton X-100) increases the toxic effects of tested mixtures of contaminants; 
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iii) adult specimens showed a different resistance to the effects of exposure to 
mixtures of contaminants than younger specimens (target time 96 hours). Results 
obtained in this study, furthermore, highlight as interaction between surfactant and 
other chemicals/materials could induce ecotoxicological responses that cannot be 
predicted only based on single component tests. This effect is particularly relevant 
in the real world when animals are exposed under feeding conditions and for longer 
exposure time than during standardized tests.
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Chapter 8

Surfactants and Their Applications
for Remediation of Hydrophobic
Organic Contaminants in Soils
Roger Saint-Fort

Abstract

Soil contaminated with ubiquitous hydrophobic organic contaminants (HOCs) is
a worldwide recurring concern arising from their indiscriminate disposal, improper
management, and accidental spills. A wide range of traditional remedial strategies
have been the common practice. However, these treatment methods have become
cost prohibitive, not environmental friendly, and less accepted by society.
Surfactant-enhanced remediation technology represents a cost-effective and
green technology alternative to remediate such contaminated sites. Surfactant
remediation technologies are conducted in-situ or ex-situ as two broad categories,
or in combination. Among these technologies are soil flushing, washing,
phytoremediation, and bioremediation. More applied research continues to quan-
tify the efficiency of surfactant-enhanced mass transfer phase using a single sur-
factant solution while their binary blends to remove mixed HOCs in soils are also a
focus of interest for research. There is a great potential to develop novel synthetic
and biosurfactants that will exhibit higher biodegradability, less toxicity, higher
removal efficiency, more economical and more recyclable. This work thus provides
a review of the applications and importance of surfactant-enhanced remediation of
soil contaminated with HOCs. Relevant environmental factors, soil properties, sur-
factant chemistry, mechanisms, mass transfer phase, and field designs are summa-
rized and discussed with purposes of providing greater context and understanding
of surfactant-enhanced remediation systems.

Keywords: Remediation, surfactants, soil, hydrophobic, contaminants

1. Introduction

A major environmental concern around the world is soil contamination by
ubiquitous hydrophobic organic contaminants (HOCs) due to their improper man-
agement. Such contaminants pose serious environmental and health risks to the
public, and can be difficult to remediate due their intrinsic complexity and their
weathering. Soils contaminated with HOCs not only can be deleterious to the
ecosystem, it can lead to increasing economic loss and ecological insecurity. HOCs
which are largely organic in nature, are characterized by relatively low solubility, a
specific density that can be greater or less than 1, nonpolar compounds and have
been shown to be toxic, mutagenic and/or carcinogenic even at trace concentrations
in the soils. Example of HOCs include aromatic compounds in petroleum and fuel
residue, chlorinated compounds in commercial solvents, pharmaceutical chemical
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wastes like trichlorophenol, polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethane (DDT) etc.
Furthermore, many HOCs in the soil can be volatile and their behavior may engen-
der vapor intrusions in various structures [1]. As previously reported [2] their
availability for biochemical transformations is significantly affected by their large
octanol–water partition coefficients (log Kow > 2). Even at very low concentrations,
HOCs have shown to enter the food chain through various pathways and as
bioaccumulating compounds, may ultimately threaten human life and other eco-
logical receptors. Removal of HOC in soils can represent a significant challenge
because such efforts can be site specific, costly, and often with limited success for
its associated plumes [3]. Particular attentions to the ubiquitous deployment of
surfactant-based remedial technologies indicate their ability to provide the means
of great practical importance for implementing environmentally friendly remedial
solutions, at low cost, and in a scientifically and engineering sound manner. Tradi-
tional framework in using surfactant remediation technologies are in-situ or ex-situ
as two broad categories, or in combination. Among these technologies are soil
flushing, washing, and bioremediation.

The in-situ remedial method involves remediation of the contaminated soil
matrix without excavating the contaminated soil. This approach is generally con-
sidered less disruptive to the land ecosystem, may require multi-stage of operation,
highly affected by soil physical properties and characteristics, and the time required
to achieve the remediation effect may be substantial. The long treatment time
associated with in-situ remediation may make the site unusable during the remedi-
ation period. Several in-situ remediation techniques have been developed which
include surfactant aided flushing techniques. In conducting in-situ soil flushing
(i.e., soil washing) remediation, a low concentration of surfactant solution is passed
through an in-place contaminated soil using a vertical injection or infiltration pro-
cess. The surfactant solution entrains the dissolved contaminants to an area where it
can be collected and removed for treatment or disposal. However, the groundwater
beneath the contaminated soil may serve as the discharge point for the extraction
fluids. In such instance, the groundwater needs to be treated to adhere to environ-
mental standards and maintain strict environmental quality at the site to protect
public health and ecological receptors. Following HOCs in-situ surfactant-enhanced
mass transfer phase into the soil solution, phytoremediation has been applied to
extract, sequester, and detoxify the contaminants [4]. Since phytoremediation
capacity is species specific, using a combination of plants as remedial agents will
increase the efficacy of the remedial process. A notable advantage of
phytoremediation, it is scientifically referred to as green technology and low cost.
However, the time required to achieve the remedial target is typically longer com-
pared to the other in-situ remedial approaches. Surfactants are also used in
performing in-situ bioremediation of HOCs. The intended goal is to increase the
bioavailability of the organic contaminants through mass transfer dissolution into
the soil solution matrix and direct aqueous solubility. In this review, bioremediation
is defined as a process, which relies on biological mechanisms to degrade, detoxify,
mineralize or transform concentration of organic contaminants to an innocuous
state. Often, nitrogen and phosphorous are limited as key soil nutrients and need to
be added to biostimulate the soil natural microbial biodegraders. Both
phytoremediation and bioremediation in-situ techniques will be affected by
climatic conditions at the site.

The ex-situ approach can be conducted on-site or off-site. It involves excavating,
storing and pre-treating the contaminated soil. Then, followed by treatment and
redisposition of the clean soil. Treatment aided surfactant may take place in a
variety of ways. Most common approaches involve biopile, windrow, and

130

Surfactants and Detergents - Updates and New Insights



bioreactor. Such ex-situ practices are more preferable compared to the popular dig
and dump method in which the contaminated soil is excavated and dumped in an
industrial landfill. Under this widely practiced conventional approach, the contam-
inants are not mineralized nor destroyed and represent long term threat to human
health and ecological systems [5]. Environmentally friendly and cost saving features
are among the major advantages of surfactant-enhanced bioremediation offer com-
pared to landfilling, chemical and physical methods of remediation. However, the
higher costs associated with transportation and associated liabilities of moving
hazardous soil, and destruction of the soil ecosystem associated with excavation
summarize the main disadvantages of soil ex-situ remediation over in-situ. In some
instances, ex-situ treatment is preferred as a treatment as it offers more
redelopment options of the land, treatment endpoint occurs faster and often the
feasibility of being used with other treatment methods.

In their common form, surfactants are a group of amphiphilic chemicals consti-
tuted by both a hydrophobic moiety (chain) and a hydrophilic moiety (head) in the
molecular structure of varying length in various surfactants. In fact, the unusual
properties of aqueous surfactant solutions are best ascribed to the presence of the
polar or ionic head group that interacts with an aqueous environment which leads to
the solvation of the surfactant via ion-dipole or dipole–dipole interactions. Surfac-
tants (short for “surface active agents” represent a unique class of compounds with
distinct chemical and physical properties. Surfactants unique molecular structure
give them the ability to dramatically alter interfacial and surface properties as well
as to self-associate and solubilize themselves in micelles [6].

Surfactants manufactured by petrochemical plants are known as synthetic or
chemical surfactants. Those produced from biological organisms are known as
natural or biosurfactants. These lead to a vast array of their practical applications in
terms of health, care products, food, petroleum processing etc. Irrespective of their
source, the hydrophilic head group in the surfactant molecule is considered to be
the main factor responsible for their special chemistry [7]. Historically, the costs of
synthetic surfactants production remain comparatively less than biosurfactants.
Several health and environmental concerns arise from using petroleum-based sur-
factants. In this regard, they are marginally biodegradable, can pollute soil and
water, may bioaccumulate in the environment, and disruption of the endocrine
system. On the other hand, biosurfactants being derived from biotechnology pro-
cesses, are more environmentally friendly substance and often referred to as green
technology. However, like petroleum-based surfactants, natural surfactants are
associated with skin irritation and allergies. Considering the vast array of surfac-
tants molecular structure and properties, one can anticipate an increase use in a
myriad of environmental application for decontamination of soil matrices. This
entails that surfactants with different properties and molecular structures can be
strategically selected for different soil decontamination purposes. Importantly, par-
ticular consideration should be given to determine combining various surface
agents for achieving greater remedial efficiency. This work provides an examination
of surfactant-enhanced remediation of soil contaminated with hydrophobic organic
contaminants as well as practical and general considerations involved in their
implementation.

2. Classification of surfactants

Surface active compounds are the most commonly used chemicals in everyday
life. The number of different molecules of surfactants that have been manufactured
must be in in the thousands and many have found practical use in society.
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Unfortunately, it is somewhat surprising that surfactants, until only very recently,
been explored for environmental remediation applications. Architecturally, a sur-
factant molecule contains a chain, the hydrophobic moiety, that can be linear or
branched while the head is the polar or ionic moiety [1] (Figure 1). The hydropho-
bic is typically a hydrocarbon chain of an average of length of 12 to 18 carbon atoms
and may involve an aromatic ring. For the purpose of this review, surfactants are
divided into four main categories depending on the nature of the polar moiety as
depicted in Table 1 [1]. An in-depth discussions of surfactants chemistry and
structure are presented elsewhere [6–8]. Furthermore, there are a number of review
of publications available for surfactants use in specific industries [9]. A summary of
basic information of various surfactants that have been used for the remediation of
soil contaminated with HOCs is depicted in Table 2.

Biosurfactants are a group of surface active agent biomolecules produced by
microorganisms. It has been suggested that surface active biomolecules can be best
divided into low-molecular mass molecules or higher-molecular mass polymers. An
adaptation of their classification is depicted in Table 3.

In recent years, scientists have been working diligently at evaluating the effec-
tiveness of various types of surfactants to degrade organic contaminants in soils. In

Figure 1.
Structural parts of conventional surfactant molecule.

Head charge/chemical structure example Group class

sodium octyl sulfate
Anionic

Cetrimonium bromide
Cationic

3-[(3- cholamidopropyl) dimethylammonio]-1-propanesulfonate.

Zwitterionic or Ampholytic

Span 80

Nonionic

Table 1.
Category of surfactants classification [1].
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this section, the classification and discussion of surfactants will be more specifically
focused on surfactants that have practical relevance in the remediation of soil
contaminated with HOCs.

2.1 Ionic surfactants

The family of ionic surfactants is comprised of cationic, anionic and zwitterionic
surfactants. They have been applied successfully for the mass transfer solubilization
and removal of a variety of HOCs such as PCBs, dense nonaqueous phase liquid
(DNAPLs), light NAPLs, BTEX in different soil types. Many literature documents
their success in laboratory scale testing and from site-specific soils at pilot or full
scale [8–12]. Interest in developing more effective (higher performance/cost ratio)
and less toxic surfactants formulation has led to the emergence of Gemini surfac-
tants. It has been reported that the surface active of Gemini surfactants could be of a
several order of magnitude greater than conventional surfactants [13]. They are

Surfactant Name/components Type Molecular formula MM
(g/mol)

TX100 P-tertiary-
octylphenoxy

polyethyl alcohol

Noninionic
surfactant

C14H22O(C2H4O)n(n = 9–10) 625

CAPB Cocoanut amide
propyl betaine

Zwitterionic
surfactant

C19H38N2O3 342.52

SDS Sodium dodecyl
sulfate

Anionic
surfactant

NaC12H25SO4 288.372

AOS Alpha olefin
sulfonate

Anionic
surfactant

CnH2n-1SO3Na (n = 14–16) 324

SLES Sodium laureth
ether sulfate

Anionic
surfactant

CH3(CH2)10CH2(OCH2CH2)nOSO3Na 288.38

Tween 80 Polyoxyethylene
sorbitan monooleate

Nonionic
surfactant

C64H124O26 1310

Surfactin Cyclic lipopeptide Zwitterionic
biosurfactant

C53H93N7O13 1036.3

Brij 35 Poly(oxyethylene)23
dodecyl ether

Nonionic
surfactant

C12H25(OC2H4)23OH 1198

Saponin Pentacyclic
triterperne saponin

Nonionic
biosurfactant

C58H94O27 1223.3

Sophorolipid Sophorolipid Nonionic
biosurfactant

C34H58O15 706.8

Tergitol NP-
10

Polyethylene, mono
(p-nonylphenyl)

ether

Nonionic
surfactant

C15-H24-O(C2-H4-O)n 642
(average)

Calfax 16 L-
35; Dowfax
8390

Sodium
heaxadecyldiphenyl
ether disulfonate

Anionic
gemini

surfactant

C28H40Na2O7S2 598.72

CAHS Cocamydopropyl
hydroxysultaine

Zwitterionic
surfactant

C20H42N2O5S 422.62

APG Alkyl polyglucosides Nonionic
biosurfactant

CnH2nO6 320–370

Table 2.
Basic information of surfactants used in soil remediation of HOCs.
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used to describe dimeric surfactants which are surfactants that have two hydro-
philic (chiefly ionic) polar groups and two hydrophobic chains on each surfactant
molecule (Figure 2). These twin parts of the surfactant are linked through a spacer
of varying link [14]. Gemini surfactants offer a number of superior properties when
compared to conventional ionic surfactants. These advantages can be best

Biosurfactants class

Microorganisms origin Photogenic origin

Low molecular mass High molecular mass

Glycolypids:
Conjugates of fatty acids and
carbohydrates. Most common
biosurfactants: trehalopids,
Sophorolipids, rhamnolipids.
Burkholderia plantarii. Producing
microorganisms: Mycobacterrium,
Arthrobacter spp, Pseudomonas
aeruginosa

Polymeric biosurfactants:
Typically consists of three to four
Repeating sugars with fatty acids
attached to them. Most common
biosurfactants: emulsan, liposan,
alasan Producing microorganisms:
acinethobacter calcoaceticus, candida
lipolytica

Saponins, lecithins,
soyprotein, lactonic,
soybean oil, glycolipid,
Sunflower seed

Lipopeptides and lipoproteins:
Consist of a lipid attached to a
polypeptide chain. Most common
biosurfactants: surfactin and
lichensyn Producing
microorganisms: Bacillus sp.

Particulate biosurfactants:
Can be extracellular vesicles and
whole microbial cell. Most common
biosurfactants: vesicles, whole
microbial cells. Producing
microorganisms: acinetobacter
calcoaceticus, pseudomonas
marginalis, cyanobacteria

Phospholipids, fatty acids and
neutral lipids:
Length of hydrocarbon chain in
their structures determines the
hydrophilic and hydrophobic
balance. Most common
biosurfactants: corynomycolic acid,
phosphatidylethanolamine
Producing microorganisms:
Rhodococcus erythropolis,
corynebacterium lepus

Table 3.
Biosurfactants classification (adapted with permission from [1]).

Figure 2.
Illustration of a gemini surfactant.
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summarized as lower concentration requirement for solubilizing HOCs, higher
aggregation at significantly lower concentration, superior wetting agent, surmount
hard-water tolerance effect on mass transfer into soil solution and increased surface
activity (C20).

2.2 Nonionic surfactants

Nonionic surfactants are a group of surfactants that hardly dissolve in water, are
neutral, and do not have any charge on their hydrophilic end. Their polar portions
are typically made up of oxygen-containing groups. Nonionic surfactants solubilize
in aqueous phase through hydrogen bonds formation of hydrophilic moieties with
water. As the temperature is raised, it reaches the point at which large aggregates of
the nonionic surfactant separate out into a distinct phase. There are several proper-
ties of nonionic surfactants that make them more suitable candidates to use in soil
remediation of HOCs compared to ionic surfactants. Nonionic surfactants tend to
have low toxcity, more biodegradable, more cost-effectiveness, low susceptibility to
aggregate clay minerals, and low CMC. In the context of this review, toxicity is the
measurable adverse effect that a surfactant will have on the soil microorganisms,
while biodegradability refers to the ability of the soil microorganisms to destroy the
surfactant. The literature abounds with scientific reports that document the wide
application of nonionic surfactants for site-specific contaminated by a variety of
HOCs [15–18].

2.3 Biosurfactants

Recently, there has been significant research interest in developing and investi-
gating cost-effectiveness production of biosurfactants with unique properties and
potential wide applications. One germane challenge that environmental scientists
faces in the application of synthetic surfactants-enhanced soil remediation is their
toxicity and biodegradability in the environment. It is noted that the environmental
applications of biosurfactants has been gaining rapid interest and acceptance in the
field of surfactant-enhanced soil remediation. This is due to their attractive physi-
cochemical properties, low toxicity, high biodegradability and relative ease of
preparation make these surface active biomolecules suitable candidates for soil
remediation.

3. Classification of soil matrices

3.1 Laboratory method

Investigation of contaminated soils requires determining their physical proper-
ties for their classification. To this effect, soil classification can be approached from
the perspective of the soil texture and organic matter content. The co-influence of
both characteristics will have significant impact on the behavior of contaminants
and surfactants when performing surfactant-enhanced soil remediation. Such
impact is demonstrated through sorption and desorption, bioavailability, mecha-
nism of interactions, contaminants leaching and fate in the soil. Most soils consist of
a combination of sand, silt and clay and their range in size is reported in Table 4.
Depending how much clay, sand, and silt that are present, the soil is given a name.
The textural class of a soil is determined by the percentage of sand, silt, and clay.
Soil texture determination begins by segregating the fine earth from the rock frag-
ments. Fine earth refers to soil fraction that passes through a #10 sieve. It includes
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all particles smaller than 2 mm in diameter. Sand, silt, and clay particles are com-
ponents of fine earth. These three are called the separates of the fine earth. The soil
textural triangle (Figure 3) is a representation of the mineral content of a soil in
various combinations of clay, silt, and sand. The most common method for deter-
mining soil texture is the hydrometer method. According to this method, the soil
separates are dispersed with solution of sodium metaphosphate (Calgon), blended
and the density of the suspension measured at various time intervals. After disper-
sion, the amount of each particle group (sand, silt, clay) are determined by using a
hydrometer. Once these percentages have been determined by the hydrometer
method, the triangle can then be used to determine the soil textural class name.

Figure 3.
USDA triangle representation of textural soil classes.

Particles name Particle diameter (mm)

Very coarse sand 2.0 to 1.0

Coarse sand 1.0 to 0.50

Medium sand 0.50 to 0.25

Fine sand 0.25 to 0.10

Very fine sand 0.10 to 0.05

Silt 0.05 to 0.002

Clay < 0.002

Table 4.
Size range of soil particles.

136

Surfactants and Detergents - Updates and New Insights



3.2 Field estimate assessment

A rough estimate of a soil textural class can be obtained by the method of feel.
This method is used by environmental scientists and engineers in preliminary site
reconnaissance, detailed site and contaminant characterization, sampling for trans-
port and fate modeling, risk assessment, and in remediation selection and design.
Development and execution of textural field program is relatively simple and inex-
pensive. In conjunction, overall project costs may be reduced as field method pro-
vides a more efficient alternative to other more complex and expensive methods.
However, when dealing with a contaminated site, safety requires that one should
wear gloves and avoid direct contact with contaminated soil material being
assessed.

The method of feel is based on visual and tactile observations. This technique
involves working a wet soil sample between the thumb and fingers to estimate the
amount of sand, silt, and clay. Rarely, if ever, does a particular soil consists wholly
of one soil separate or size fraction. General properties of the three major soil
separates are reported in Table 5. The method by feel requires some practice to
acquire a high level of proficiency.

Soil
separate

Diameter of
particles

General characteristics

Sand 2–0.05 mm Individual particles feel gritty when the soil is rubbed between fingers.
Not plastic or sticky when moist. Moist sample collapses after squeezing.

Silt 0.05–
0.002 mm

Feels smooth like flour or corn starch and powdery when rubbed between
the fingers. Not plastic or sticky when moist.

Clay Less than
0.002 mm

Feels smooth, sticky, and plastic when moist. Forms very hard clods when
dry. Particles may remain suspended in water for a very long period of

time.

Table 5.
Basic characteristics of soil separates.

Figure 4.
Modified textural triangle for determining soil texture by the feel method.
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3.2.1 Modified textural triangle

It can be used on contaminated soils when the conditions and context favor its
use. Clay content is estimated by the length of the soil ribbon formed and is referred
in Figure 4. Both, Figure 4 and Table 5 can be used to estimate the textural class
name for a contaminated soil.

3.2.2 The unified soil classification system

The Unified Soil Classification System (USCS) established in 1942 is also com-
monly used in contaminated site environmental investigation. Each type of soil is
given a two-letter designation based on its texture, atterberg limit and organic
matter content (Table 6). Since every soil contains a blend of soil separates, the

USDA modified textural triangle USCS letter symbols

Loam: ML:

• Has a good blend of silt and clay, moderate looseness
• Forms short ribbons
• Sand is noticeably felt but does not dominate

As per Loam clues

Sandy loam: SM:

• Forms very poor ribbons, good looseness
• Enough silt and clay to give the sample body
• Sand presence dominates
• Moist soil does not crumble entirely after squeezing

As per Sandy Loam clues

Silt loam: ML:

• Forms short, broken ribbons, average to moderate looseness
• Not sticky when moist
• Fells smooth, powdery

As per Silt Loam clues

Clay loam: CL:

• Forms medium, broken ribbons, poor looseness
• Noticeably plastic and sticky
• A great amount of girt
• Relatively hard to work between thumb and forefinger

As per Clay Loam clues

Sandy clay loam: SC:

• Forms short medium, broken ribbons, moderate looseness
• Feels gritty and sticky

As per Sandy Clay Loam clues

Silty clay loam: MH:

• Forms high to medium, broken ribbons, moderate looseness
• Feels smooth and sticky
• Does not feel very gritty

As per Silty Clay Loam clues

Sandy clay: MH or CH:

• Forms relatively long, broken ribbons, poor to average looseness
• Feels unequivocally sandy and vary gritty
• Sample very hard to work between thumb and forefinger
• A lot of water is needed to wet a dry sample before it can be worked

As per Sandy Clay clues

Silty clay: CH:

• Forms relatively long, broken ribbons, poor looseness
• Feels very velvet smooth, very sticky, hard to break
• Dry sample takes a lot of water to wet

As per Silty Clay clues

Table 6.
Tactile and observational clues related to textural classes for USCS and USDA.
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possibility of soil that contains only sand or clay is not realistic. For additional
information on soil classification by feel, the reader is referred elsewhere [19, 20].

4. Behavior of surfactants at soil/liquid interface

Surfactants at very low concentration can solubilize HOCs by reducing surface
and interfacial tensions of the soil water solution. Surfactants will typically consist
of a strongly hydrophobic group (water hating) referred to as the tail of the mole-
cule and a strongly hydrophilic group (water loving), which is the head. Owing to
the hydrophilic portion, surfactants can exhibit high solubility in water, while the
hydrophobic portion causes part of the molecule to reside in an insoluble phase.
Hydrogen bonding property and Van deer Waals forces between water molecules
are the main reasons for preventing HOCs to form aqueous solutions in a soil
system. Therefore, their mass distribution is primarily confined to the solid phase of
the contaminated soil. However, at a specific, higher concentration of surfactant,
commonly known as the critical micelle concentration (CMC), molecular aggre-
gates are formed. The CMC is a specific property of a surfactant. In technical term,
the CMC value represents the concentration of maximum solubility of a surfactant
at 25°C in a particular aqueous soil solution. It should be noted that the effectiveness
of CMC at a contaminated site may be affected by temporal and seasonal variations
exhibited by the soil solution properties. It is through micellar solubilization, the
process by which aggregations of surfactant monomers form micelles that HOCs
canbecome solubilized. The solubilization process dictates the suitable approach in
relation to remedial options and site-specific characteristics. The presence of sur-
factants in the soil solution will be accompanied by an interplay between the soil
solution and concentration of surfactant. An adaptation of the interplay is depicted
in Figure 5. Therefore, surface activity of surfactants should be viewed as a
dynamic phenomenon. The solubilization of HOCs in the soil solution is accompa-
nied by an increase in the Gibbs energy transfer which results in a decrease in
entropy. This thermodynamic process is believed to to be the result of the break-
down of hydrogen bonding in the water molecule. Generally, the lower the CMC of
a surfactant molecule in a soil system, the more stable will be the micelles and
correspondingly the mass transfer process. The most commonly held view of key

Figure 5.
Illustration of various interplays at the soil water-interface and HOCs. (Reproduced with permission from [1].)
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factors affecting micellar solubilization of HOCs in soil by nonionic, ionic, and
biosurfactants are the following: soil moisture, sorption, soil moisture, salinity,
surfactant hydrophobic properties, texture, organic carbon, pH, and interfacial
energy [1].

The effectiveness of a particular surfactant in solubilizing a specific HOC can be
determined through the molar solubilization ratio (MSR) and micelle-water parti-
tion coefficient (Kmc). The MSR is the number of solute molecules solubilized per
surfactant molecule. Namely the MSR can be calculated according to Eq. (1):

MSR ¼ S–SCMCð Þ= Cs–CMCð Þ (1)

where
MSR = moles of organic contaminant solubilized per mole of surfactant added to

the aqueous phase
S = apparent solubility of organic contaminant at a given surfactant

concentration.
SCMC = CMC point of surfactant.
Cs = apparent solubility of organic contaminant at CMC (i.e., Cs > CMC).
CMC = critical micelle concentration
Studies on mixed surfactant systems competitive effects on hydrophobic con-

taminants solubilization has been investigated and reported elsewhere [21–23]. In
mixed surfactants, the MSR for the HOC can be estimated using the MSR obtained
in single-surfactant solutions assuming the ideal mixing rule [24] and can be
represented by Eq. (2):

MSRm ¼ Y1MSR1 þ Y2MSR2 (2)

where
MSRm = moles of surfactant solubilized in mixed surfactants
Y1 and Y2 = molar fractions of the two surfactants
MSR1 and MSR2 = molar solubilization ratios for the HOC
A plot of the aqueous HOC concentration solubility versus surfactant concen-

tration, MSR and Kmc can be determined from the slope of the linearly fitted
regression equation, respectively.

The Kmc can be obtained from Eq. (3):

Kmc ¼ MSR
1þMSRð ÞVw SCMC

(3)

where the variables are as previously defined.
It is suggested that the greater the values of MSR and Kmc the larger the solubi-

lization capacity of the surfactant in the soil micellar solution.
The micelle-aqueous phase partition coefficient (Km) is often used as another

approach to quantify the solubilization capacity of a single surfactant [14]. Eq. (4)
can be used to obtain Km:

Km ¼ Xm=Xa (4)

where
Xm = the mole fraction of hydrophobic compounds encapsulated in the micellar

phase given by {MSR / (1+ MSR)}.
Xa = the mole fraction of hydrophobic compounds in the aqueous phase
The soil-water partition coefficient Kd is a parameter commonly used to deter-

mine the relative affinity of a contaminant for the solid phase, Cs, and aqueous
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phase, Cw. The greater the Kd value means that a contaminant tends to accumulate
onto the soil matrix. Kd can be obtained from Eq. (5):

Kd ¼ Cs

Cw
(5)

The apparent soil-water partition,, K,
d, can be determined from adsorption

equilibrium and we get Eq. (6):

K,
d ¼

Kd þ Csorbed Kpsf

1þ Cmicelle kmc
(6)

where
Csorbed = the amount of surfactant sorbed onto the soil
Kpsf = the partition coefficient of the HOCs in the sorbed surfactant
Cmicelle = concentration of micelle in soil solution
Kmc = micelle-water partition coefficient
For in-situ soil washing and surfactant-enhanced bioremediation, the solubiliza-

tion potential of the HOC should be optimized. Basic information on the soil
properties regarding range and distribution pattern of pH, texture, organic carbon,
and salinity should be determined. Strategic adjustments in the delivery and
concentration of the surfactant solution can be made.

5. Environmental risks and toxicity of surfactants

Surfactants are economically important and vital to our economy. They are a
diverse group of chemicals, widely used by society and continue to be part of our
daily life. However, as new surfactants are synthesized annually and surfactants
production overall continue to rise, concerns about their impact on the environ-
ment and human health have been raised and studied [25–27]. Achieving high
contaminant removal and mass transfer without causing any negative effects on the
soil system are the primary considerations in the application of surfactants. Toxicity
and biodegradability of surfactants are typically tested under different environ-
mental conditions based on the intended application. Typically, most surfactants
are not considered acutely toxic to organisms at concentrations typically encoun-
tered in the environment. Toxicity is measured in terms of effective concentration
(EC50) or lethal concentration (LC50). EC50 represents the surfactant concentration
(mg L�1) that results in a 50% reduction in a microbial population or a biological
community. LC50 refers to the concentration of a surfactant that causes the death of
the microbial soil community or living organisms after 96 hours of exposure. Sur-
factants, including their metabolites, that have a toxic effect on a soil microbial
community is referred to as xenobiotic surfactants. The harmful effects of xenobi-
otic surfactants occur through the rupture and penetration of the cellular mem-
brane by interacting with lipids and proteins [28]. Nonetheless, the relationship
between surfactants chemical structure, physicochemical parameters, biological
activity and environmental impact is still ambiguous. Even less studied and under-
stood are the comingling effects of multiple surfactants on the soil ecosystem. It can
be hypothesized while a single surfactant may have minimal adverse impact on the
environment. In the presence of other surfactants, it may have antagonistic effects
in the soil and other terrestrial ecosystems.

In general, the two main challenges related to surfactant-enhanced soil remedi-
ation are their toxicity and biodegradability. Surfactants are considered to be
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biodegradable if its molecular structure can be mineralized by the soil natural
microbes through metabolic activities. On the other hand, toxicity reflects the
adverse impact created by surfactants on the soil biota. Generally, the order of
surfactants toxicity are biosurfactants < nonionic < anionic < cationic. Toxicity
effects of surfactants may occur when a surfactant coats, sorbs onto soil particles
and accumulate to toxic level. This leads to the formation of a hydrophobic layer
around the soil aggregates which modifies the soil hydrophobicity. The effects are
destruction of soil ability to absorb water, reduction of water infiltration into the
soil. If surfactants accumulate in soils to toxic level around the plants rhizosphere,
the phytotoxicity effects of the surfactant will lead to growth reduction and crops
yield or death of vegetation. Most synthetic surfactants used in soil remediation are
not readily biodegraded by the soil microbes and can result in toxic adverse effects
on the soil ecosystem [29]. Ionic surfactants such as SDS and CATB are highly
biodegradable, but exhibits high toxicity. In contrast, the nonionic surfactant
Tween [30] and the biosurfactant Rhamnolipid [31] are highly biodegradable and
has low toxic. Surfactants used in soil remediation and their degradation products
may leach into the aquifer or enter other components of the terrestrial system. The
endocrine system is a network of glands and organs that produce, store, and secrete
hormones. If exposed to these substances, they would have the potential to disrupt
the normal functioning of endocrine system in wildlife and human beings [32].

6. Mechanisms of surfactant-enhanced solubilization

The typical soil system will consist of five distinct phases represented by solid,
solution, organic, and gaseous. When HOCs are released in a soil system, the natural
dynamic processes of immobilization and demobilization, and mobilization pro-
cesses occur without solubilization enhancement (Figure 6A). Immobilization or
sorption is the dominant process and implies the removal of HOCs from the soil
solution and the soil gaseous phase leading to retention on the soil solid phase.
When the system becomes surfactant-enhanced, demobilization or desorption
dominates and as a result, the HOC is released from the solid phase into the solution
phase (Figure 6B). Mobilization or migration which refers to transport of HOCs in
the soil porous media is also significantly enhanced by increasing solubilization
HOC. These processes interact to influence surfactant-enhanced soil remediation.
Studies have shown that mobilization or emulsification and solubilization are the
two main mechanisms by which surfactants enhance the mass transfer solubiliza-
tion of hydrophobic organic contaminants sorbed onto the soil organic matter and
sediments in the soil aqueous phase. Mobilization takes place at concentrations of
surfactant below CMC, whereas emulsification allows for dispersion of one phase
into the other. Surfactant monomers accumulate at the soil-HOC and soil-water
interfaces. This has for effect to change the wettability of the soil system by maxi-
mizing the contact angle between the HOC and the soil. A repulsion effect between
the hydrophobic groups of the surfactant moiety and the rest of the surfactant
molecule is caused by surfactant molecules retained on the surface of the HOC,
thereby further enhancing the desorption of the contaminant from the soil particles
[33]. The solubilization process occurs at concentrations above the surfactant CMC.
At the same time, more sorbed HOCs are partitioned in the soil solution phase
leading to more contaminant being solubilized and bioavailable. It is inevitable that
a certain amount of surfactant will be sorbed onto the soil system and will be
ineffective. Sorbed surfactant does not contribute to the mobilization and solubili-
zation dynamism. Mobilization effect results in enhancing soil flushing remediation
through transport and leaching of the HOC in the soil porous media and increased
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bioavailability for biodegradation. Basically, solubilization effect of surfactant
increases the apparent solubility of HOCs in a contaminated soil.

7. Field strategy and design of surfactant-enhanced remediation

It is important to characterize and delineate the HOC in the soil in order to
successfully implement a surfactant-enhanced remedial program. In this review, a

Figure 6.
Illustration of the enhancement effects of surfactant on the solubility of HOCs in a soil system: (A) no
surfactant-enhancement, (B) surfactant-enhancement effects. (Arrows indicate intensity of equilibrium
between HOC phases).
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simplified overview of the main components at a specific contaminated site inves-
tigation approach is illustrated in Figure 7. The site investigation will begin with a
site reconnaissance and inspection. Then, representative intrusive judgmental sam-
pling as the primary approach, field screening, borehole logging as per USCS,
sample collection, and analysis. A variety of field testing methods are often used by
field investigators to aid in the preliminary site assessment delineation program and
to facilitate selection of samples. Soil gas surveys are frequently used in the field as a
means of detecting the presence of volatile organics (VOCs) in the soil. Headspace
vapor analysis, this field testing method is commonly used for assessing conditions
of the soil samples during a drilling and sampling program. The last stage of the soil

Figure 7.
General procedure of investigating HOC in soils.
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investigation and surfactant-enhanced remediation program is the collection of
confirmatory samples to determine whether or not the target clean-up goal has been
achieved.

The mostly widely remedial methods for surfactant-enhanced remediation are
in-situ flushing (washing), phytoremediation, ex-situ soil washing and ex situ bio-
remediation. All methods require solubilization of the contaminant to be effective.
However, in situ flushing solubilization must be accompanied with migration of the
contaminant in the soil porous medium for collection, removal, and treatment. Each
of these aforementioned methods is briefly discussed in the next sections.

7.1 In-situ flushing

In-situ soil flushing remediation method is a process that uses a flushing aqueous
solution of surfactant to extract HOC by flooding the surface of a contaminated site
or injection through vertical wells into a contaminated zone. Through continuous
injection of the surfactant solution via the injection wells, contaminants partition
into the flushing solution and leached into the soil. The mobilized contaminant-
leaching solution flows through the contaminated zone and is extracted by
downgradient extraction wells (Figure 8). The contaminant-flushing solution mix-
ture is separated and treated or disposed of, or the treated effluent is reinjected. The
physical and chemical properties of a soil, and the amount and type of surfactant
solution are key factors in determining the efficiency of soil flushing [34]. However,
some nonscientific factors including the cost of surfactant, dosage of surfactant
solution, and the size of the contaminated site should be considered in order to
ensure the economy of the remediation project.

Figure 8.
Schematic of an in-situ flushing system for soil remediation.
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7.2 In-situ phytoremediation

Phytoremediation remediation is a green technology technique that makes the
use of plants as natural agents to absorb, degrade and/or sequester HOC over time
in a contaminated soil. However, it can be slow and strategically should be used in a
treatment train approach with in-situ flushing when feasible. Plants take up
chemicals when their roots take dissolved chemicals and nutrients from the soil
aqueous solution and additionally, HOC can be biodegraded by micro-organisms
found in the plants rhizosphere. Efficacy of phytoremediation will depend on a
combination multiple mechanisms in relation to specific plant species. The mecha-
nisms may involve phytoremediation capacity, phytoaccumulation, phytovolati-
lization, rhyzodegradation, and phytodegradation. Crucial is optimizing surfactant-
enhanced mass transfer of sorbed HOC in the aqueous soil solution particularly in
the presence of multiple contaminants. Various contaminants may have different
affinity for the soil sorbing sites which in return will affect the strength and mech-
anism of retention. When choosing plant species for a phytoremediation project,
several relevant factors should be examined including type of plant root system,
above ground biomass, depth of roots penetration, toxicity tolerance to the con-
taminants and surfactant, plant hardiness, depth of vertical contamination, adapt-
ability to prevailing climatic conditions, resistance to diseases and pests, plant
growth rate, nutrients requirement, and time required to achieve the desired level
of cleanliness.

7.3 Ex-situ soil washing

Ex-situ soil washing is a mechanical process that involves delineating the areal
extent of contamination, excavating the contaminated soil, pretreat it as necessary
and then treat it with a surfactant solution. The soil washing can be performed in
batch or continuous modes. The main steps are schematically depicted in Figure 9.

Figure 9.
Schematic diagram of ex-situ soil washing.
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In practical term, ex-situ soil washing is considered a time-efficient and all-around
technique, and a media transfer technology. It allows to treat a broad range of
contaminant types and concentrations. Removal of coarse fractions is a key step and
they can be reused on site as clean fill. However, there is a general held view that
this technique is only cost efficient for coarse and granular soils where the clay and
silt content make up less than 30% of the soil matrix. Factors that may limit the
effectiveness and applicability of this method include effective removal of HOC
sorbed onto clay-size particles by a surfactant, high soil humic content, and ambient
temperature at treatment time.

7.4 Ex-situ surfactant enhanced bioremediation

Ex-situ surfactant enhanced bioremediation method refers to the biostimulation
of soil natural biodegraders and increasing contaminant bioavailability. Two main
prerequisites for biodegradation to take place are carbon source as electron donors
and nutrients, as amendment. HOC contaminants in soils exhibit no or very low
solubility at all and thermodynamically tend to partition to the soil solid phase. The
concomitant effect is the level of hydrophobicity displays limits dissolved mass
transfer phase and bioavailability, thereby limiting its biotic degradation in the soil
system. Optimizing nitrogen and phosphorous status in the contaminated soil can
have direct impact on contaminants biodegradation and microbial activity. This
technique can be performed in various configurations which include windrow and
various types of bioreactors. The general procedure of an ex-situ soil bioremediation
is illustrated in Figure 10. Regardless of the system configuration and design
emphasized, the treatment process must be optimized. Aqueous slurry conditions
range from 20 to 40% w/v and should be not toxic to the soil microbial population.
The slurry bioreactor sometimes may operate in sequencing batch reactors to
achieve a desired treatment train objective (Figure 10). In this regard,
dehalogenation conducted under anaerobic conditions is a prerequisite prior to

Figure 10.
Illustration of a typical batch sequencing slurry bioreactor (adapted with permission from [1]).
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aerobic treatment. If dehalogenation is not required, the biodegradation treatment
process can be performed under aerobic conditions only. Aerobism can be
maintained during treatment by performing slurry mixing with mechanical or
pneumatic devices in a rather intermittent than continuous mode. Mechanical
mixing homogenizes the contaminant in the slurry bioreactor. A matrix summary of
critical success factors for ex-situ surfactant enhanced bioremediation can be found
elsewhere [1].

8. Mixing surfactants for their enhancement effect

Remediation of contaminated with mixed HOCs is generally very challenging
and compounded due sorption on the soil matrix and different solubility properties.
The strategy of mixing different classes of surfactants is to achieve a synergistic
solubilization effect for the extracting solution. For example, when ionic and non-
ionic surfactants are combined, the mixed surfactants solution results in a stronger
solubilization effect than single surfactant solution. The reason is that nonionic
surfactants diffuse the ionic surfactants and to some degree, reduce the influence of
electrostatic repulsion between affecting the ionic surfactant molecules [35]. It has
been reported that appropriate combination of several surfactants could inhibit the
respective sorption of individual surfactant onto the soil. So, the loss of surfactant
resulting from sorption is reduced and thereby increases the capability of mixed
surfactants for HOC desorption in soils [36–39]. Synergistic effects of mixed sur-
factants in the binary blends can be best attributed to a decrease of CMC of the
surfactant solutions, larger amount of available micelles formation, increase of
MSR, lower polarity and higher aggregation of number of the mixture micelles.

9. The future of surfactants application for site clean-up

The potential adverse impact of HOC in soil has been a significant concern
around the world for the public, policy makers, environmental regulators, and
scientists. Even at very low concentrations and low solubility, these contaminants
are generally considered highly toxic, mutagenic as well as carcinogenic, or can pose
some other harm to humans and other ecological receptors. Costly site-specific
remediation strategies have often been employed and too often with limited suc-
cess. In many instances, site-specific remediation strategies are designed towards
partial mass removal, plumes containment, source zone stabilization, relative to a
formulated acceptable risk-management objective. The use of surfactants-aided soil
remediation represents a technically attractive, cost-effective, and promising tech-
nology for reclaiming and rehabilitating contaminated sites. As a remediation tech-
nology, it is becoming well established because of its effectiveness and its promising
results to retain the original nature of soil. Ideally, the primary goal of surfactant-
aided remediation is to achieve 100% bioavailability and removal of contaminants
with minimal xenobiotic effects and toxicity. Current research activities are very
promising in this regard and continue to make more efficient synthetic and
biosurfactants. However, there is an urgent need for both theoretical and
empirical research on tertiary blends of surfactants-aided soil remediation and
with additives mixed. More elaborative research works is also needed to elucidate
the potential fate, characterization of soil and environmental interaction
properties, health and ecological risks that may arise from surfactants entering the
environment.
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10. Conclusions

Surfactants-enhanced soil remediation represents an effective alternative to tra-
ditional remedial framework and has been successfully incorporated into various
ex-situ and in-situ remediation technologies. There is a great potential to develop
novel synthetic and biosurfactants that will exhibit higher biodegradability, less
toxic, higher removal efficiency, more economical and more recyclable. Notewor-
thy are the prospects of the development and commercial production of mixed
surfactants with low CMC containing additives mixed that will reduce remediation
cost and increase remedial performance.
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