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Chapter 1

Suitability and Assessment of
Surface Water for Irrigation
Purpose
Ammar Tiri, Lazhar Belkhiri, Mammeri Asma
and Lotfi Mouni

Abstract

Surface water is an important resource that can create tensions between
different countries sharing the same water sources to know that the agriculture is
considered as the last sector that exploits less water compared to the industry which
uses very large water quantities. The future strategies of agricultural development
in the most of these countries depend on the ability to maintain, improve and
expand irrigated agriculture. In this light, this chapter is written in the way to show
some steps of the evaluation of surface water for irrigation purpose. The results
obtained from this research make it possible to evaluate the suitability of surface
water for irrigation and to draw useful recommendations for dam managers
and farmers.

Keywords: surface water, hydro chemical analysis, irrigation purpose,
water quality index

1. Introduction

Surface water is an essential natural resource that plays a vital role in human life
and has an important role in drinking, irrigation and economic sectors. According to
FAO statistics, 20% of the land is irrigated but produces 40% of the crops [1].
Irrigation is an effective way to improve productivity significantly. However, there
are environmental risks associated with irrigation, especially water stagnation and
increased salinity. Agricultural irrigation is a factor of increase and diversification of
crops. This is why its development must be encouraged in the world through
agricultural, international, national and community policies [2]. For this reason,
that successive governments have so far sought to harden the right to water while
protecting the interests of irrigators. This strategy, if explained by the social con-
tract that binds the state to farmers, is nonetheless debatable [3]. The priority is no
longer today to increase yields among the highest in the world, but to ensure the
continuity of drinking water supply services, the preservation of aquatic ecosystems
and sufficient water levels to respond industrial needs. The salinity of water has
increased in many watersheds around the world and the use of non-traditional
resources, bet on the use of available resources, increases efficiency, waste reduc-
tion and water maintenance quality establishing surveillance networks, developing
and setting standards, and enacting the necessary laws to protect them from
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pollution [4, 29]. The importance of developing a comprehensive strategy for water
demand management appears to be a consequence of the exacerbation of the prob-
lem of scarcity of water resources due to drought, which has become more frequent
with a longer duration [5]. Therefore, the main goal of this chapter is to evaluate
suitability of surface water for irrigation purpose by appropriate parameters and
indices in Koudiate Medouar dam in northeast of Algeria.

2. Descriptive of the study area

Koudiate Medouar dam built in 1994 on Oued Reboa is located 7 km north-east
of Timgad and 35 km from Batna in Algeria (Figure 1). The dam is located at the
east longitude 6°30048″ and north latitude 35°30057″. It is a reservoir dam that
mobilizes the surface waters of Reboa river whose watershed covers 59,000 km2.

Figure 1.
Location of the study area.
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About 48.72% of the population of Batna Wilaya, or 682,000 inhabitants, drink
water from this dam that supplies the cities of Batna, Tazoult, Timgad, Ain Touta,
Barika, Arris and Ouled Reach in the Wilaya of Khenchela. The climate of the
study area is semi-arid, characterized by high temperatures and low rainfall. The
average annual rainfall is about 370 mm, while the annual average temperature is
around 15°C [6].

3. Methodology

3.1 Water sampling and analysis

Surface water samples collected from the dam basin during a year from Febru-
ary 2017 to January 2018. During water sampling, all samples were filtered on-site
by 0.45-μm filter. The water samples were stored in 500-ml high-density polyeth-
ylene bottles (HDPE) for laboratory analyses. All water samples were kept at 4°C
until they were analyzed with using standard methods APHA [7]. Measurements of
pH and electrical conductance (EC) were carried out in field with the use of a
portable multi-parameter analyzer Hem [8]. Major cations and anions including
calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate (SO4), bicar-
bonate (HCO3), chloride (Cl) and nitrate (NO3) were measured in laboratory. Total
hardness (TH) and Ca were volumetrically analyzed using standard EDTA. Mg was
calculated by taking the difference between TH and Ca. A flame photometer was
used to estimate Na and K. HCO3 and Cl were analyzed by titration with standard
HCl and AgNO3, respectively. SO4 was determined using a turbidimetric procedure.
NO3 was analyzed using the colorimetric method. The reliability of the data set
generated was verified through electrical neutrality by the following equation:

Error of ion balance ¼ ∑Cations�∑Anions
∑Cationsþ∑Anions

� 100 (1)

The analytical data were considered doubtful beyond an error of �5% [9].

4. Results and discussion

4.1 Descriptive statistics

The statistical summary of the data used in this study is represented in Table 1.
The results show that pH values varied from 7.4 to 7.8 with a mean of 7.5, indicating
that the water is consider as a slightly alkaline water [10]. Electrical conductivity
values express the amount of dissolved solids in the water sample. Water samples
has EC values that ranged from 1040 to 1800 μS/cm with an average of 1349 μS/cm.
EC of the surface water samples was above the fixed value of 1000 μS/cm by WHO
[11]. The average values of Ca, Mg, Na and K are 94.04, 42.72, 93.92 and 1.01 mg/L,
respectively. The order abundance of the major cations as follows Ca > Na > Mg > K,
where the calcium and sodium are the dominate cations in surface water. The
calcium values are generally upper than the limits set in WHO guides [11]. The high
concentrations of Ca and Na are explained by the ion exchange process between
sodium and calcium elements which leads to the precipitation of CaCO3 in the soil
profile. The order abundance of the major anion from the highest to the lowest is
HCO3 > Cl > SO4 > NO3, indicating that bicarbonate and chloride are the dominants
anions in the surface water. The concentration of HCO3 is varied from 134.2 to
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201.3 mg/L with an average of 173.21 mg/L, high concentration of this element
related to the water-rock interaction process.

4.2 Determination of the origin of dissolved solids

In order to determine the origin of the highest values of some parameters in
surface water the relationships between some parameters are studied.

Figure 2 shows the relationship between total cations and Ca + Mg, we see that
all sample points are located below the equilibrium line 1/1 which confirms the
alteration process and the exchange of alkaline ions [13].

Total cations versus Na + K is presented in Figure 3, we see that the samples are
located below the equilibrium line 1/1, indicating that the excessive concentrations
of Na and K are due to the accumulated salts in the soil during the evaporation
process [13].

Na versus HCO3 plot shows that there is a distribution of samples below and
above the equilibrium line 1/1 indicating the presence of dissolution of the rocks
during the infiltrations (Figure 4).

The chloride versus sodium plot (Figure 5) is employed to verify the relation-
ship and sources of the ions in surface water. A Cl/Na ratio equal one is typically
characteristic of halite dissolution, whereas values <1 implies the alkali metal is
released from silicate weathering reactions [12, 13].

4.3 Suitability of surface water for irrigation

The evaluation of the water surface suitability of the study area for irrigation
was carried out using total dissolved solids (TDS), total hardness (TH), electrical
conductivity (EC), the sodium adsorption rate (SAR), the percentage of sodium
(%Na), residual sodium carbonate (RSC), the permeability index (PI), the salinity

Valid N pH EC
(μS/cm)

TDS
(mg/L)

Na K Ca Mg HCO3 Cl SO4 NO3

1 7.50 1080 691.20 103.30 1.26 88.18 45.48 195.22 106.50 90.00 0.6

2 7.40 1060 678.40 98.30 1.29 88.18 43.08 183.00 88.75 92.00 0.2

3 7.50 1040 665.60 95.70 1.01 88.18 45.49 183.00 88.75 91.00 0.3

4 7.40 1060 678.40 87.30 0.99 96.19 45.48 201.30 124.25 90.00 0.2

5 7.50 1100 704.00 99.50 1.00 96.19 43.08 183.00 88.75 90.00 0.3

6 7.80 1500 960.00 92.80 0.90 94.60 41.64 170.80 82.75 82.00 0.5

7 7.50 1500 960.00 92.20 0.81 93.20 42.48 170.80 80.75 78.00 0.3

8 7.40 1300 832.00 93.60 0.92 95.20 41.28 168.80 75.25 80.00 0.6

9 7.60 1800 1152.00 80.00 0.96 96.40 40.56 144.40 81.25 83.00 0.3

10 7.50 1600 1024.00 95.20 0.94 98.40 39.36 134.20 88.25 85.00 1.2

11 7.80 1800 1152.00 95.25 1.00 99.70 42.00 170.80 88.25 82.50 2.5

M 7.54 1300 832.00 95.20 0.99 95.20 42.48 170.80 88.50 85.00 0.3

SD 0.14 302 193.56 6.22 0.15 4.14 2.07 19.87 13.73 4.96 0.681

CV 1.90 22.48 22.41 6.62 14.40 4.40 4.85 11.47 15.21 5.79 107.1

M, mean; SD, standard deviation; CV, coefficient of variation (%).

Table 1.
Summary of the statistical analyses of the physicochemical parameters.
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index (PS), the soluble sodium percentage (SSP), the magnesium adsorption rate
(MAR), and Kelly’s ratio (KR). The results are presented in Tables 2–4.

4.3.1 Total dissolved solids (TDS)

Total dissolved solids (TDS) is calculated by the following equations:

Figure 2.
Relations between the total cations and Ca2+ with Mg2+.

Figure 3.
Relations between the total cations and Na+ with K+.
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201.3 mg/L with an average of 173.21 mg/L, high concentration of this element
related to the water-rock interaction process.
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SD 0.14 302 193.56 6.22 0.15 4.14 2.07 19.87 13.73 4.96 0.681

CV 1.90 22.48 22.41 6.62 14.40 4.40 4.85 11.47 15.21 5.79 107.1

M, mean; SD, standard deviation; CV, coefficient of variation (%).

Table 1.
Summary of the statistical analyses of the physicochemical parameters.
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TDS ¼ 640� EC for EC< 5 dS=mð Þ (2)

TDS ¼ 640� EC for EC>5 dS=mð Þ (3)

The results showed that the values of TDS varied from 665 to 1152 mg/L with an
average 863 mg/L (Table 2). This large variation of TDS values in surface water
samples is classified in the high saline water zone and the water samples contain

Figure 4.
Relation between: Na+ versus HCO3

�.

Figure 5.
Relation between: Cl� versus Na+.
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different amounts of major ions [14] (Table 4). The large variation of TDS values
can be attributed to the variation in the hydrological processes and geological
formations in the study area. 36.36% of the total water samples are classified in the
good water class while 63.63% of the total samples are represented a permissible
water quality with an estimated SD value of 193.53 (Table 4). No prescribed value
limits the threshold for TDS in irrigation waters (Table 3).

4.3.2 Total hardness (TH)

Total hardness is defined as the sum of calcium and magnesium using the
following equation:

TH ¼ 2� Ca2þ

40

� �
þ 2�Mg2þ

24

� �� �
� 50 (4)

where Ca and Mg concentrations are in meq/L.
The values of TH varied from 399 to 429.97 mg/L with an average of 413 mg/L

(Table 2) where the maximum value is below the prescribed limit for irrigation
water of 712 mg/L (Table 3). The majority of water samples showed TH values are
below the standard values used for drinking and irrigation suitability BIS [15] and
FAO [16]. The low values of TH are probably due to the presence of alkaline earth
ions (Ca and Mg) of weak acids (HCO3 and CO3) and strong acids (Cl, SO4 and
NO3) [30, 31]. Therefore, low alkalinity values reflect immature hydrochemistry of

Parameters Mean Median Minimum Maximum Std. dev. Coef. var.

TDS 863.418 832.0100 665.600 1152.000 193.561 22.418

TH 413.098 410.000 399.950 429.975 8.348 2.021

%Na 40.942 40.917 37.152 43.893 1.918 4.685

RSC 37.889 36.220 �1.560 62.960 20.109 53.075

SAR 4.017 4.006 3.418 4.468 0.286 7.128

KR 0.687 0.686 0.584 0.773 0.054 7.795

MH 31.260 30.933 28.571 34.033 1.807 5.782

PI 46.382 46.223 42.412 49.490 1.958 4.222

PS 99.576 97.470 84.194 133.737 13.901 13.961

MAR 31.260 30.933 28.571 34.033 1.807 5.782

SSP 68.241 68.123 58.003 76.563 5.265 7.715

Table 2.
Summary of the statistical analyses of the irrigation parameters.

Parameters Desirable permissible [15] Irrigation [16]

EC – 1000

TDS 500–2000 –

TH 300–600 712

All major ions and TDS are expressed in mg/l while pH on scale and EC in μS/cm.

Table 3.
Standards used for drinking and irrigation suitability and relative weight for each parameter.
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Classification scheme Categories Range
(mg/L)

Percentage Number of
samples

Total dissolved solid (TDS) Excellent <450 0 0

Good 450–750 4 36.36

Permissible 750–2000 7 63.63

Unsuitable >2000 0 0

Total handers (TH) Soft <75 0 0

Moderately hard 75–150 0 0

Hard 150–300 0 0

Very hard >300 11 100

Electrical conductivity (EC) in μS/
cm

Excellent <250 0 0

Good 250–750 0 0

Permissible 750–2250 11 100

Unsuitable >2250 0 0

Permeability index (PI) Excellent >75 0 0

Good 25–75 11 100

Unsuitable <25 0 0

Salinity potential (SP) Excellent to good <5 0 100

Good to injurious 5 10 0 0

Injurious to
unsatisfactory

>10 11 0

Magnesium absorption ratio (MAR) Acceptable <50 11 100

Non-acceptable >50 0 0

Kelly’s ratio (KR) Suitable <1 11 100

Unsuitable >1 0 0

Sodium absorption (SAR) Excellent <10 11 100

Good 10–18 0 0

Fair >18–26 0 0

Poor >26 0 0

Hard >200–300 0 0

Very hard >300 0 0

Sodium percentage (%Na) Excellent Up to 20 0 0

Good >20–40 1 9.09

Permissible >40–60 10 90.9

Doubtful >60–80 0 0

Unsuitable >80 0 0

Residual sodium carbonate (RSC) in
meq/L

Good <1.25 1 100

Medium 1.25–2.5 0 0

Bad >2.5 10 0

Soluble sodium percentage (SSP) Excellent 0–20 0 0

Good 20–40 0 0

Permissible 40–60 0 100

Doubtful 60–80 11 0

Unsuitable >80 0 0
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surface water during seepage and hypodermic flow [17]. The water of the Dam is
classified as a very hard water (Table 4).

4.3.3 Electrical conductivity (EC)

Wilcox [18] proposed a diagram with respect to a combination of EC and %Na
for judging suitability of water quality for irrigation. The diagram is divided into
five zones, which are excellent to good, good to permissible, permissible to doubt-
ful, doubtful to unsuitable and unsuitable, with increasing salinity hazard and
sodium hazard for irrigation.

The results show that EC values of the most water samples represented high
saline water for irrigation use which are due to the high concentrations of ions in
surface water (Tables 3 and 4). Moreover, the EC value which 100% of the surface
water in the study area represents permissible water and greater than the value
fixed by FOA for irrigation water (EC > 1000 μS/cm).

4.3.4 Sodium adsorption ratio (SAR)

The United States Soil Laboratory Staff (USSLS)’s diagram in Richards [19]
illustrates the combined effect of EC, SAR and percent sodium (%Na), residual
sodium carbonate (RSC) in the classification of irrigation water quality which,
divided into four shared areas between EC and SAR: C1S1 to C1S4, C2S1 to C2S4,
C3S1 to C3S4 and C4S1 to C4S4. The salinity hazard classes that have been
classified into four classes: low salinity hazard class (C1) with an EC value less than
250 μS/cm; medium salinity risk class (C2) with EC value between 250 and
750 μS/cm; high salinity risk class (C3) with EC value between 750 and 2250 μS/cm;
and a very high salinity risk class (C4) with an EC value greater than 2250 μS/cm.

The SAR values varied from 3.41 to 4.46 mg/L with an average of 4.01 mg/L
where the water samples are classified in the excellent class of water suitable for
irrigation according to the Richard andWilcox irrigation water quality classification
(Tables 2 and 4).

The result of the effect of ion exchange processes on soil quality and its capacity
in terms of sodium uptake is expressed by the SAR which is calculated by the
following equation:

SAR ¼ Naþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ca2þþMg2þ

2

q (5)

where all ions concentration is in meq/L.

Classification scheme Categories Range
(mg/L)

Percentage Number of
samples

Irrigation water quality index
(IWQI)

Excellent 85–100 0 0

Good 70–85 11 100

Poor 55–70 0 0

Very poor 40–55 0 0

Unsuitable for
irrigation use

0–40 0 0

Table 4.
Classification schemes for surface water quality indicators.
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The calculated SAR value expresses that all water samples are classified in the
best water range. Figure 6 shows that all surface water samples are located in the
C3S1 zone.

Figure 7 illustrates theWilcox diagram [18] which highlights the combination of
EC and %Na for judging suitability of water quality for irrigation. The diagram is
divided into five zones, which are excellent to good, good to permissible, permissi-
ble to doubtful, doubtful to unsuitable and unsuitable, with increasing salinity
hazard and sodium hazard for irrigation. From Figure 7, we see that all water
samples are classified in the good to permissible water categories, which is reflected
by the EC value which shows more than 100%. Water from the study area is
permissible distributed between 750 and 2250 μS/cm (Table 4).

Figure 6.
Classification of Richards [19]. EC versus SAR.

Figure 7.
Classification of Wilcox [18]. EC versus %Na+.
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4.3.5 Parentage sodium (%Na)

The values of %Na varied from 37.15 to 43.89 mg/L with an average of
40.94 mg/L (Table 2). The water samples are classified in the class good to per-
missible for irrigation water (Figure 6). This variation could be due to the size of
the samples, the geological factor, the type of soil, the anthropic activities and the
addition of chemical fertilizers, the climatic factor, and the dissolution of the min-
erals of the lithological composition [20].

Therefore, Eq. (6) shows another way to determine the sodium risk ratio when
calculating the sodium ratio (%Na) in order to determine the water quality for
irrigation uses.

%Na ¼ Naþ þ Kþð Þ � 100
Ca2þ þMg2þ þNaþ þ Kþ� � (6)

The values of %Na express that 9.09% of the total water samples are classified in
the good water category and 90.9% in the permissible water category (Table 4).

4.3.6 Residual sodium carbonate

RSC is a very important parameter in the study of suitability water for irrigation.
The RSC is calculated using the equation given below in Eston [21]:

RSC ¼ HCO�
3 þ CO2�

3

� �� Ca2þ þMg2þ
� �

(7)

where the concentrations are reported in meq/L.
The values of RSC varied from �2.33 to �4.68 meq/L with an average of

�3.50 meq/L (Table 2). The water samples are classified in the category of good
water irrigation according to the recommendations of Eaton [21] and Arslan [22]. In
addition, the values of RSC calculated by Eq. (7) for all samples are classified in the
good zone (Table 4).

4.3.7 Permeability index (PI) and salinity index (PS)

The permeability index (PI) of surface water for irrigation, which in turn is
influenced by Na, Ca, Mg and HCO3 concentration. PI is defined by the following
equation:

PI ¼ Naþ þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HCO�

3

p

Ca2þ þMg2þ þNaþ
� 100 (8)

The salinity index (PS) is defined as the chloride concentration plus half of
the sulfate concentration [33]. PS is computed using the equation bellow:

PS ¼ Cl� þ
ffiffiffiffiffiffiffiffiffiffiffi
SO2�

4

q
(9)

where the concentrations are reported in meq/L.
The values of PI and PS ranged from 42.41 to 49.49 and 84.19 to 133.73 mg/L

with an average of 46.38 and 99.57 mg/L, respectively (Table 2). The PI and PS for
all water samples are classified in the type of water good to excellent and good,
respectively (Table 4).
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4.3.8 Soluble sodium percentage (SSP)

Soluble sodium percentage (SSP) is an important parameter to assess the hazard
towards irrigation. SSP is defined by Todd [23] as shown below:

SSP ¼ Naþ

Ca2þ þMg2þ þ Kþ� �� 100 (10)

where the concentrations are reported in meq/L.
The values of soluble sodium percentage (SSP) varied between 58 and 76.56 mg/

L with an average 68.24 mg/L. The calculation of SSP using Eq. (10) reflects that all
water samples are classified in the permissible waters area (Table 4).

4.3.9 Magnesium adsorption rate

The magnesium adsorption rate (MAR) is expressed in terms of magnesium
hazard (MH), which is computed by Eq. (11) in Raghunath [24], using the values of
ions in meq/L.

MAR ¼ Mg2þ

Ca2þ þMg2þ
� 100 (11)

The computed values of magnesium hazard from the surface water of the study area
are in between 28.57 and 34.03 mg/L (Table 2). The majority of the water samples of
the study area are less than 5 and hence they are safe for irrigation purpose (Table 4).

4.3.10 Kelly ratio

The Kelly’s ratio (KR) indicates the degree and the potential effect of sodium on
water quality for irrigation.

KR ¼ Naþ

Ca2þ þMg2þ
(12)

where the concentrations are reported in meq/L.
The results show that the values of Kelly ratio varied from 0.58 to 0.77 mg/L

with an average of 0.68 mg/L (Table 2).
Kelly ratio of more than 1 indicates an excess level of Na in water. Kelley [25]

suggested that the ratio for irrigation water should not exceed 1. All water samples
in the study area fall in suitable water type, indicating that there is no significant
excess of sodium in the surface water [29] (Table 4).

4.4 Irrigation water quality index (IWQI)

The surface water quality index method for irrigation is a very important tool in
determining the overall impact of the various parameters that are used as a single
variable. In addition, the method of the surface water quality index for irrigation is
considered a very satisfactory way to measure and classify the adequacy of surface
water quality for irrigation as unique parameters. Taking into account various water
quality variables. In this study, the IWQI model was developed by combining the
eight water quality parameters (SAR, RSC, %Na, EC, pH, TDS, Na and Cl), which is
based on the recommendations of Amanuel Gidey [26], Meireles et al. [27] and
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Hussain et al. [28]. The irrigation water quality index is calculated by the following
equations:

Qrv ¼
Cv

RSv
� 100 (13)

Qrv represents the quality rating values, Cv stand for the observed concentration
values.

Wcv ¼ 1
RSv

(14)

Wcv represents the stands for the relative weight coefficient of the parameters,
RSv stands for the recommended standards values of the water quality variable.

IWQI ¼ ∑n
i¼1Wcv � Qrv

∑n
i¼1Wcv

(15)

where IWQI represent for water quality index, is a dimensionless parameter
ranging from 0 to 100, and n stands for the number of water quality variables.

The Irrigation Surface Water Quality Index was calculated by Eqs. (13)–(15) and
these values are shown in Tables 4 and 5 and are compared to the irrigation water
quality parameters proposed by University of California Committee of Consultants,
Meireles et al. [27], and Mohamed et al. [32]. The values of IWQI ranged between 85
and 100 have no restriction for irrigation water, so values between 70 and 85 have
low water, and 55–70 reflects the moderate water area, 40–55 high tolerance crops
can grow, and 0–40 this unsuitable for all for all crops.

The IWQI values ranged between 70 and 85 with an average of 78.11 indicating
the good waters area.

5. Conclusion

In this chapter, surface water quality and its suitability for irrigation in Koudiate
Medouar dam as an example were examined. All samples are suitable for irrigation,

Parametres Wcv Qrv Wcv � Qrv

EC 0.000444444 59.95555556 0.026646914

pH 0.117647059 88.58823529 10.42214533

TDS 0.0005 43.1705 0.02158525

%Na 0.011111111 45.48888889 0.505432099

SAR 0.038461538 15.38461538 0.591715976

RSC (meq/L) 0.005882353 21.76470588 0.128027682

Cl 0.01 90.31 0.9031

Na 0.014285714 134.1714286 1.916734694

HCO3 (meq/L) 0.001639344 28.39508197 0.046549315

Total 0.199971564 14.56193726

IWQI 72.82003972

Table 5.
The relative weight of hydrochemical parameters in the study area.
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and appropriate management measures are suggested to safeguard this resource and
improve its quality.

6. Recommendation

Surface water represents a very important source for all consumptions, however
it must be preserved, for the moments of crisis especially during the dry years, so
it should not be used by farmers and industries, a better management by rational
and optimal use must be taken into account by future generations.

In this perspective, the following suggestions have been made:

• Uncontrolled use of agricultural chemicals by farmers where stricter controls
are needed to prevent contamination of surface water which in turn affects
groundwater during of infiltrations.

• Improved soil texture, soil and water salinity are key factors that need to be
controlled and monitored accordingly improvements require deep soil
drainage, leaching and drip irrigation.

• Periodic sampling allows taking adequate, appropriate, and consistent
measures at the appropriate time to deal with any possible contamination.

• Dam managers must make the public and all farmers aware of water quality
forget to implement the appropriate management measures to improve the
quality of groundwater.
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Chapter 2

Water Chemical Remediation 
for Simultaneous Removal of 
Phosphate Ion and Blue-Green 
Algae From Anthropogenically 
Eutrophied Pond
Hideaki Nakamura

Abstract

Recent organic pollution is caused primarily by the decay of blue-green algae, 
Microcystis aeruginosa, which is seriously multiplied due to phosphorus-based 
anthropogenic eutrophication. In eutrophic water, the phenomenon of pH rising 
in the surface water occurs due to photosynthesis by M. aeruginosa (rising over pH 
10). Such pH value is enough to produce calcium phosphate precipitation. The M. 
aeruginosa cells form colonies and have the outer layer of which is surrounded by 
a gelatinous sheath. Thus, we considered simultaneous removal of phosphate ion 
and blue-green algae using calcium chloride from water surface of eutrophic pond. 
In the present chapter, a simultaneous removal method employing water chemical 
remediation (WCR) is described. In this method, a flow system was constructed 
by equipment of a calcium chloride injector and a sand filtration column. As a 
result, both calcium phosphate and agglutinated algae could be removed from the 
eutrophic pond water. These water nutrients are removed, phosphorus is concerned 
about exhaustion as a resource, and the collected algae can be used in various ways 
as biomass resources. Thus, our system showed the future ability to improve water 
quality, to remove contaminants, and to recover nutrients from eutrophic water.

Keywords: resource removal, calcium chloride, phosphorus, water bloom, 
anthropogenic eutrophication, organic pollution

1. Introduction

Anthropogenic eutrophication is caused by the release of nutritive salts, such 
as phosphates and nitrates from effluents after sewage treatment of domestic and 
industrial wastewater. The impact of these effluents on the water environment is 
likely to escalate, especially in closed waters such as ponds, lakes, and dams. In the 
conventional activated sludge method (ca. 50%) or advanced treatment method 
(ca. 75%), the nutrient contained in the effluent is not completely removed because 
only heterotrophic microorganisms, i.e., ecological decomposers, are employed [1].

Excessive influx of nutrient salts into the closed water causes intense growth 
of blue-green algae (cyanobacteria), and their remains cause organic pollution as 
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as phosphates and nitrates from effluents after sewage treatment of domestic and 
industrial wastewater. The impact of these effluents on the water environment is 
likely to escalate, especially in closed waters such as ponds, lakes, and dams. In the 
conventional activated sludge method (ca. 50%) or advanced treatment method 
(ca. 75%), the nutrient contained in the effluent is not completely removed because 
only heterotrophic microorganisms, i.e., ecological decomposers, are employed [1].

Excessive influx of nutrient salts into the closed water causes intense growth 
of blue-green algae (cyanobacteria), and their remains cause organic pollution as 
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excess organic matters [2] (Figure 1). When the decomposition of excess organic 
matter changes from aerobic to anaerobic, anaerobic substances such as hydrogen 
sulfide and methane are generated, and elution of heavy metal ions occurs. In 
Japan, it is known that the main species of blue-green algae is Microcystis aeruginosa 
[3, 4]. During daytime, dissolved carbon dioxide (CO2) is taken by the active photo-
synthesis of phytoplankton. When a lot of blue-green algae occur, bicarbonate ion 
(HCO3

−) and carbonate ion (CO3
2−) take precedence in the afternoon on a clear day. 

Then, the pH of the surface water rises to around pH 10. Such water environment 
is more severe for other algae that rely on dissolved CO2 than algae that consume 
HCO3

−. In other words, in both light and carbon environments, blue-green algae are 
less likely to be limited by environmental changes as a result of growth.

M. aeruginosa that makes the water blooms has a kind of floating bag called gas 
vesicle inside the cell. M. aeruginosa floats on the water surface with the gas vesicles 
and looks like a green powder called “Aoko” [3]. The inside of the gas vesicles 
contains a gas with a composition similar to air [5]. The gas vesicle does not always 
expand, and it collapses when the osmotic pressure in the cell is high. When photo-
synthesis is actively conducted, there are many low-molecular-weight compounds 
that are the initial products, and the osmotic pressure in the cell is increased. 
However, when the initial products are consumed at night or in deep layer for 
polymer synthesis such as cell structures and stored products, permeation occurs. 
When the osmotic pressure in the cells decreases, the gas vesicles expand again and 
increase their buoyancy. Thus, the cells rise to the water surface with light. By the 
growth cycle, the number of the M. aeruginosa cells is increased (Figure 2).

When intensely grown, the blue-green algae of M. aeruginosa produce cyano-
toxins known as microcystins [6]. There are about 50 derivatives of microcystins, 
which have hepatotoxicity to mammalians. In particular, microcystin-LR is the most 
toxic substance in microcystins (LD50 in mice and rats of 36–122 μg/kg) [7]. The 
toxic effects of potential human carcinogen microcystin-LR are also investigated 
[8]. In Japan, the water supply law was defined in 1957, and the concentration of 

Figure 1. 
Influences of blue-green algae on anthropogenically eutrophied water.
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microcystin-LR in raw water and purified drinking water has been determined. 
Although microcystin-LR has been detected in raw water, it has not been detected 
in drinking water. This indicates that microcystin-LR has been removed or degraded 
in the water purification system [9–11]. In fact, in Japanese water purification sys-
tem, there is no report of health hazard of microcystins caused by drinking water, 
although problems such as offensive odor of drinking water occasionally occur [12].

The mechanism of anthropogenic eutrophication in closed water body is illus-
trated in Figure 3. By continuous influx of nutrient salts from anthropogenic source 
to closed water body, its water quality is gradually eutrophied [1]. In the steps from 
oligotrophic to eutrophic, the aquatic ecosystem continues to increase biomass such 
as algae, hydrophytes, and fishes. However, in the final step of hypertrophic, its 
productive ecosystem is rapidly declining, and blue-green algae become dominant 
species in the water environment. During daytime, the photosynthetic activity by 
blue-green algae is greatly enhanced, the pH of surface water is increased, and the 
concentration of dissolved oxygen becomes supersaturated [13]. And since sunlight 
is absorbed by the thick layer of the water bloom on the surface water, it becomes 
difficult for the sunlight to reach the water, making it difficult to grow aquatic plants. 
Similarly, the growth of fish also becomes a difficult situation due to the production 

Figure 2. 
Circadian rhythm of blue-green algae.
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of microcystins by blue-green algae and the reduced substances generated by the 
anaerobic decomposition of organic matters [14–16]. Especially in the case of small 
fishes, excessive consumption of oxygen by nighttime algae causes a deficiency of 
dissolved oxygen, which makes survival more difficult compared to large fishes.

As mentioned above, it can be seen that the progress of eutrophication in closed 
waters has a serious impact on the aquatic ecosystem. Various environmental 
remediation technologies have been developed to improve the situation of such 
water environment. Among them, one of the surest methods is one of the physical 
remediation methods. However, this method has problems such as being limited to 
the place where heavy equipment can be introduced for dredging and high cost of 
dredging. Therefore, studies on bioremediation that can be performed more easily 
are actively conducted [17]. As for bioremediation, soil or grand water quality 
improvement using plants (phytoremediation) or microorganisms (bioaugmenta-
tion or biostimulation) has been developed. In particular, the bioaugmentation for 
sea pollution such as crude oil spill is well-known. But also in water environment, 
active studies have been made on water quality improvement using plants or algae 
as a sustainable and environmental friendly method.

Employing plants, the hydroponic phytoremediation using floating raft for 
water quality improvement has been studied for wastewater treatment [18]. This 
remediation method has also been developed into an “aquaponics” that applies 
nutrients contained in aquaculture wastewater to hydroponic cultivation of the 
plants such as agricultural products [19]. Employing algae, the so-called phycore-
mediation has also been studied for the improvement of water quality in the eutro-
phic water body [17, 20]. Algae are highly adaptive and can grow autotrophically, 
heterotrophically, or mixotrophically in any environment. In the ecosystem, algae as 
the autotrophic organism belong to the producer; therefore, they intake mineralized 
substances. The feature can be applied to cost-effective nutrient removal processes 
[21] and also be applied to a synergistic approach for simultaneous bioremediation 
and biomass generation [22]. The biomass produced by the algae is energy-rich 

Figure 3. 
Mechanism of anthropogenic eutrophication in closed water body.
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which can be further processed to make biofuel, biodiesel, and other bio-hydro-
carbons. Further, the algae biomass can also be used to obtain a product called as a 
bio-based product such as bioplastic, fertilizer, animal food, and many more [23].

The phycoremediation employing cyanobacteria calls microalgal remediation 
or cyanoremediation [24]. The M. aeruginosa cells form colonies and have the outer 
layer of which is surrounded by a gelatinous sheath with a well-defined boundary. 
The gelatinous sheath adsorbs nutrients [3]. The adsorptive property of the gelatinous 
sheath has another property as the remediation tools, i.e., it can remove pollutants 
such as heavy metal ions, nutrients salts, and other chemical and organic contami-
nants from the water environment and CO2 from air. In detail, the gelatinous sheath 
of M. aeruginosa is thought to play a role such as maintenance of colony formation, 
adsorption and concentration of ions, protection against predation, protection against 
bacterial attack, and relationship with sink-float. The sheath materials were mainly 
composed of 35.4–47.0% of polysaccharides with uronic acids and 18.2–24.5% of pro-
tein [25]. In particular, M. aeruginosa is intensively an intake phosphate ion as limiting 
factor of the water environment and produces polyphosphates and stores them in the 
cell [3]. Such property of M. aeruginosa is also suitable as one of the remediation tools.

Chemical remediation which uses chemicals has been studied especially for 
soil and grand water. For water quality improvement in the aquatic environment, 
heavy metal ions, organic contaminants, and radionuclides have been removed by 
polymeric membranes, microporous solids, and hybrid chemoenzymatic materi-
als [26]. For phosphate removal, calcium compounds such as calcium hydroxide 
(lime), calcium carbonate, and calcium silicate have been used [27–29]. However, 
these calcium compounds have low solubility to fresh water; therefore, these 
compounds are not suitable for effective removal of phosphate ion which dissolved 
in fresh water. On the other hand, the chemical remediation for blue-green algae 
has been performed using algaecides (permanganate, aluminum chloride, sodium 
chloride, acid-soluble cuprous chloride, etc.) [30]. However, the use of the algae-
cides is concerned about the influences on the aquatic ecosystem. To recover the 

Figure 4. 
Principle of our water chemical remediation method.
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blue-green algae, iron salt, aluminum salt, permanganate potassium composite, or 
calcium phosphate precipitation was employed as a coagulation reagent [31–34]. In 
the calcium phosphate precipitation method, phosphate ion was intensively pre-
cipitated with calcium ion by addition of sodium hydroxide [34]. Blue-green algae 
are coagulated by calcium phosphate precipitation due to that the algae cell surface 
is negatively charged [35, 36]. The coagulate substance is suitable for algae biomass 
production due to contain calcium phosphate precipitation as nutrient salt.

As described above, most of chemical remediation methods have problems as 
the environmentally friendly method. In the present study, we propose a water 
chemical remediation (WCR) system for simultaneous removal of phosphate ion 
and blue-green algae from the surface water of the anthropogenically eutrophied 
pond [37]. The system employs calcium chloride dihydrate for both precipitation 
with phosphate ion and coagulation with blue-green algae (Figure 4). The calcium 
chloride dihydrate has no ecotoxicity, low toxicity reagent (LD50 2045 mg/kg, rat 
male/oral), and widely used as food additive and snow-melting agent in Japan. 
Further, calcium chloride has high water solubility (74.5 g/100 mL at 20°C); the 
feature is able to reduce the amount of the reagent. For the study, we had been 
investigating the water quality of the anthropogenically eutrophied pond from 
2006 to 2009 [38]. The results are also shown in the present study.

2. Experimental

2.1 Reagent and algae cell culture

Calcium chloride dihydrate was purchased from Wako Chemicals, and the other 
chemicals were used for analytical grade. The growth of M. aeruginosa NIES-87 as a 
model of blue-green algae: M. aeruginosa NIES-87 was purchased from the National 
Institute for Environmental Studies and grown by two-step incubations. As prein-
cubation, M. aeruginosa was grown in a test tube with 10 mL of MA medium until 
reaching stationary phase (120 rpm, 27°C, light-dark cycle of 12 h) [39]. As present 
incubation, the growth medium of the preincubation was added to a glass incuba-
tion bottle containing 700 mL of MA medium and grown under 27°C for 2 weeks.

2.2 Instruments and methods for water quality monitoring

Concentration of phosphate ion (PO4-P) was determined by the molybdenum blue 
method (JIS K-0102). Inorganic nitrogen (inorganic-N) value was calculated from 
sum the of NH4

+, NO2
−, and NO3

− concentrations. The pH value was measured using 
a pH electrode (model, IOL-50, DKK, Japan). Dissolved oxygen (DO) was measured 
using a DO meter (model, MM-60R, TOA-DKK, Japan). Chemical oxygen demand 
(COD) was measured by a potassium permanganate method. Total organic carbon 
(TOC) was measured using a TOC meter (model, TOC-5000A, Simadzu, Japan).

3. Results and discussion

3.1 Backgrounds of the present study

When the author was a doctoral student, the author studied on enzyme biosen-
sors for phosphate ion in the reserved water for drinking [40, 41]. Then after, the 
author had interests to the phenomenon of anthropogenic eutrophication [38] and 
subsequent organic pollution [1] and also had interests to environmental protection 

27

Water Chemical Remediation for Simultaneous Removal of Phosphate Ion and Blue-Green Algae…
DOI: http://dx.doi.org/10.5772/intechopen.88490

using biosensors [2, 42] and remediation techniques for closed water quality [43]. 
The present study was carried out based on these backgrounds.

3.2 Investigation of aquatic ecosystem

The pond investigated in this time is on the site of the university and is an 
adjustment reservoir with an area of 20,000 m2, an average depth of ca. 1 m, a 
maximum depth of ca. 3 m, and a storage capacity of about 20,000 kL. Most of the 
pond water is the inflow of rainwater that has fallen into the university. In addi-
tion, the surplus of the treated sewage that is not used for the regeneration of toilet 
flushing water is discharged to the pond as drainage. In addition, the pond bottom 
is covered with a rubber sheet to prevent the penetration of the pond water [38].

In this pond, water blooms were often observed by the rise of the water tem-
perature (Figure 2d). In 2006, the thick layer of the water bloom on the surface 
water had been seen at the corner of the pond (Figure 5). Using a microscope, two 
types of blue-green algae in the form of spherical Microcystis sp. and filamentous 
Planktothrix sp. were observed from the surface water. Subsequently, the ecology of 
aquatic animals was investigated. In the case of hypertrophic water body, DO is con-
sumed by aerobic respiration of blue-green algae at night, and then the water body 
changes to reductive environment [14]. In such reductive condition, survival of 
small fishes becomes more difficult than that of large fishes. In fact, only large carps 
and large turtles were observed by visual observation of the water surface. Then, 
we tried to capture small aquatic organisms such as small fishes using a cell bottle, 
a four-way net, and casting net. As a result, small fishes such as Cyprinus carpio 
and Carassius were observed. Therefore, it was found that the pond maintained the 
water quality necessary for the small aquatic organisms to survive.

3.3 Periodic monitoring of water quality

Periodic monitoring was conducted twice a month to examine several items 
related to weather conditions, basic properties of water quality, eutrophication, and 
organic pollution. Water sampling was conducted by collecting reservoir water with 
a depth of about 10 cm at 10:30 am.

Figure 5. 
Photograph of thick-layered water bloom on the surface water of the pond (2006).
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In the indications of the basic water quality, the values of both pH and DO 
are influenced by the intensive photosynthesis of blue-green algae (Figure 6). 
The annual average values of both pH and DO were pH 9.2 ± 0.32 and 
14.2 ± 4.4 mg O2/L, respectively. The pH value was above the environmental 
standard, and the DO value indicated that it was supersaturated. It was speculated 
that these water quality conditions were caused by intensive photosynthesis of the 
blue-green algae [13].

In the indications of eutrophication, the concentrations of phosphate ion 
(PO4-P) and inorganic nitrogen (inorganic-N) exceeded each environmental 
standard value in most cases (Figure 7). In general, intensive growth of blue-green 
algae consumes these nutrient salts [44]. Nevertheless, such reduction of nutrient 
salt concentrations was not observed in this pond. The results supported that the 
treated sewage flowing into this pond always supplies these nutrients.

Figure 7. 
Periodic monitoring for indications of eutrophication (fiscal years between 2006 and 2009) [38]. a) Phosphate 
ion and b) inorganic nitrogen. *The Ministry of the Environment (Japan), water-pollution standard, 
Appendix 2.

Figure 6. 
Periodic monitoring for indications of basic water quality (2008) [38]. *The Ministry of the Environment 
(Japan), water-pollution standard, Appendix 2.
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In the indications of organic pollution, the values of COD and TOC did not 
exceed each environmental standard value in most cases (Figure 8). The results 
showed that the organic substances did not suspend so much in the surface water, 
although measurement sample was filtrated using 0.45 μm filter as pretreatment. 
However, it was found that sludge had been accumulated on the bottom of the pond 
(data not shown).

3.4 Coagulation test and simultaneous removal tests

A coagulation test was performed using growth medium of M. aeruginosa 
NIES-87. CaCl2 solution (0.1 M) of 250 mL and was added to 600 mL of the growth 
medium, and distilled water was finally added to become 1 L in a measuring 

Figure 8. 
Periodic monitoring for indications of organic pollution (2008) [38]. *The Ministry of the Environment 
(Japan); water-pollution standard, Appendix 2.

Figure 9. 
Constitution of a sand filter for pre-examination. (a) Growth medium of M. aeruginosa NIES-87, (b) 
coagulation of M. aeruginosa using CaCl2, (c) enlarged view of the coagulation, (d) micrograph of  
M. aeruginosa coagulated (×20), (e) M. aeruginosa filtered, and (f) filtrate.
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In the indications of the basic water quality, the values of both pH and DO 
are influenced by the intensive photosynthesis of blue-green algae (Figure 6). 
The annual average values of both pH and DO were pH 9.2 ± 0.32 and 
14.2 ± 4.4 mg O2/L, respectively. The pH value was above the environmental 
standard, and the DO value indicated that it was supersaturated. It was speculated 
that these water quality conditions were caused by intensive photosynthesis of the 
blue-green algae [13].

In the indications of eutrophication, the concentrations of phosphate ion 
(PO4-P) and inorganic nitrogen (inorganic-N) exceeded each environmental 
standard value in most cases (Figure 7). In general, intensive growth of blue-green 
algae consumes these nutrient salts [44]. Nevertheless, such reduction of nutrient 
salt concentrations was not observed in this pond. The results supported that the 
treated sewage flowing into this pond always supplies these nutrients.

Figure 7. 
Periodic monitoring for indications of eutrophication (fiscal years between 2006 and 2009) [38]. a) Phosphate 
ion and b) inorganic nitrogen. *The Ministry of the Environment (Japan), water-pollution standard, 
Appendix 2.

Figure 6. 
Periodic monitoring for indications of basic water quality (2008) [38]. *The Ministry of the Environment 
(Japan), water-pollution standard, Appendix 2.
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cylinder (P:Ca = 1:100 in molar ratio). Then, M. aeruginosa was coagulated immedi-
ately (Figure 9). After leaving for half a day, the medium was used for subsequent 
simultaneous removal tests.

A medium of 100 mL flowed into a sand filtration column which was prepared for 
three columns (Figure 10). The column was designed for reverse cleaning to recover 
both phosphate ion and M. aeruginosa from the sample. The results showed the possibil-
ity as a simultaneous removal of phosphate ion and M. aeruginosa (Table 1). Next, we 
examined using the pond water in the same way. As a result, phosphate ion in the pond 
water (adjusted to pH 10.5) could be removed 65.8% from 0.719 to 0.246 ± 0.0023 mg/L 
(n = 3). Based on these results, we next constructed a simultaneous removal system.

3.5 Construction of a simultaneous removal system and removal tests

The illustration image of the present system is shown in Figure 11. Figure 12 
shows a photograph of the system constructed. This system is a flow type and con-
sists of a surface water inlet, a pump, a photosynthesis enhancer, a calcium chloride 
injector, a reaction bath for both precipitation and coagulation, a mixing pump, and 
a sand filtration column. The surface water inlet and the pump were set in a bath 
that is assumed as pond. Figure 13 shows a photograph of each part in this system. 
Using a sand filtration column of the present system, the pond water was treated. 
As a result, the blue-green algae were removed between 63 and 85%, and phosphate 
ion was removed between 43 and 69% (Table 2). These results were very primitive; 
however, there must be basic and promising important findings.

Figure 10. 
Constitution of a sand filter for reverse cleaning (not in scale). Sponge is made with nonwoven fabric of nylon 
and polyester (3M company, USA).
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 *Cell concentration was calculated from the value obtained by optical density at 600 nm (OD600).

Table 1. 
Sand filtration of algae-growth medium after CaCl2 addition (n = 3).

Figure 11. 
Schematic design of a simultaneous phosphate ion and blue-green algae removal system.

Figure 12. 
Photograph of a simultaneous phosphate ion and blue-green algae removal system.
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4. Conclusion

In the present study, we observed the aquatic ecosystem and investigated the water 
quality of anthropogenically eutrophied pond between 2006 and 2009. As a result, it 
was found that in this pond, it was easy for blue-green algae to grow intensively, and 
it was easy for the pH of the surface water to rise by photosynthesis of the blue-green 
algae (pH 9.2 ± 0.32, n = 24, in 2008). By utilizing these features, we considered to 
develop a simultaneous recovery system of phosphate ion and blue-green algae using 
calcium chloride. As the pre-examinations using a growth medium, we observed the 
phenomenon that the precipitation of calcium phosphate and the coagulation of M. 
aeruginosa occurred simultaneously. The growth medium of 100 mL was filtrated using 
a prototype sand filtration column which was fabricated to be symmetric for reverse 
cleaning and to simultaneously recover both phosphate ion and blue-green algae. As a 

Figure 13. 
Parts of a simultaneous phosphate ion and blue-green algae removal system. (a) Surface water inlet and pump 
in pond water bath, (b) side view of surface water inlet, (c) inside of photosynthesis enhancer, (d) lighting of 
photosynthesis enhancer, (e) calcium chloride injector, (f) piping structure of calcium chloride injector, (g) 
reaction bath, (h) structure of sand filtration column, and (i) treated water.

Table 2. 
Simultaneous removal test of both blue-green algae and phosphate ion from pond water (n = 1).
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result, from the growth medium, phosphate ion and M. aeruginosa could remove 97.4 
and 99.6%, respectively. Based on the results, we next constructed a simultaneous phos-
phate ion and blue-green algae removal system which consisted of a calcium chloride 
injector and a sand filtration column. Using the sand filtration column of this system, 
pond water of 7 L was treated, and phosphate ion of 53% and M. aeruginosa of 85% 
were removed, respectively. Our results obtained in the present study were very primi-
tive comparing with the preexamination results using the prototype sand filtration 
column. However, we believe that our WCR system can be improved to recover both 
phosphate ion and blue-green algae simultaneously as biomass resources by subsequent 
studies and applied to remediate hypertrophic water body.
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Pollution of Water Sources from 
Agricultural and Industrial 
Effluents: Special Attention to 
NO3ˉ, Cr(VI), and Cu(II)
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Abstract

One of the most important challenges facing humanity today is to conserve 
and sustain water resources (either surface water or groundwater). This challenge 
became more pronounced with the increase of urban, agricultural, and industrial 
activities that discharge a considerable amount of wastewater. Therefore, the pres-
ervation of water sources from pollutants is a major concern, shared by all, public, 
industrial, scientific, researchers, and decision-makers. This chapter analyzes 
in more detail the pollution and pollutants caused by agricultural and industrial 
activities. Particular attention is given to pollution via nitrogen and heavy metals 
(NO3

−, Cr(VI), and Cu(II)) in either international or national level. The effect of 
these pollutants on human health and environment, their standards/regulations, 
and the different current methods used for their detection and treatment are all 
discussed in the chapter.

Keywords: water chemistry, pollution, pollutants, nitrate, copper, chromium, 
detection methods, treatment methods

1. Introduction

One of the most important challenges facing humanity today is to conserve and 
sustain natural resources, including water, in order to increase economic and social 
development along with environment protection. However, urban and industrial 
sectors not only use the available water but also discharge a considerable amount of 
wastewater. The impact of these effluents on living organisms may be harmful due 
to the direct or chronic toxicity of these substances or the products of their deg-
radation. Significant efforts are being made to control the use and spread of these 
substances. These topics are addressed more thoroughly in this chapter. Particular 
attention is given to pollution via NO3

− and heavy metals. Besides the various 
activities that lead to the pollution of our freshwater bodies and the effect of these 
pollutants on human health and environment, the chapter also discusses the differ-
ent methods used for water pollutant detection, standards/regulations, and some of 
the used treatment methods to protect water bodies.
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2. Water quality

Water availability not only depends on the quantity of water, but also on the 
water quality, the physical structures, laws, regulations, and socioeconomic fac-
tors that control its demand and use [1]. The quality of water is defined by a set 
of general parameters, such as dissolved oxygen (DO), alkalinity, pH, hardness, 
conductivity, salinity, turbidity, etc. These properties are mostly linked to the 
geological and ecological characteristics of the water body basin, and although they 
have a large spatial variability, they are maintained within certain ranges in each 
specific water body [2, 3]. In fact, degradation in quality of water bodies (surface 
or underground) has become more apparent because of the increase of economic 
activity as well as the insufficiency of proper sanitation. This increase is generating 
a significant number of pollutants.

2.1 Water pollution and pollutants

Water pollution happens when the amounts of pollutants (chemical, physical, 
or biological) discharged into the water body can no longer be contained by the 
natural ecosystem. Furthermore, two types of water pollution can be identified:  
(i) accidental pollution that is punctual and often of large scale and (ii) chronic 
pollution corresponding to the discharge of permanent pollutants with low doses. 
The European water framework directive (2000/60/EC) has defined “pollutant” 
as any artificial substance made by man and dispersed in environment and which 
is likely able to generate an impact [4]. In addition, water pollutants are those 
that make water unfit for consumption or degrade some of its properties [5, 6]. 
However, it seems difficult to define “pollutant” while knowing that the environ-
mental fate of numerous chemicals reveals that most are causing severe to moderate 
health hazards and are significantly harmful to the environment [26].

2.1.1 Classification of water pollutant

Water pollutants are divided into various categories; each category of pollut-
ants has its own proper means of entering the environment and its own particular 
hazards. In general, pollutants present in water/wastewater are dissolved or undis-
solved substances (as illustrated in Figure 1). Dissolved pollutants are all substances 
that are dissociable and transformed into cations and anions. These pollutants are 
divided in two categories, organic and inorganic substances, while undissolved 
pollutants are precipitated components, suspended solids (SS), colloidal materials, 
floating materials, oil, grease, foams, clay minerals, and others.

Figure 1. 
Classification of water pollutants as dissolved and undissolved substances.
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2.1.1.1 Organic pollutants

Organic compounds accommodate carbon and commonly other elements such 
as hydrogen, oxygen, nitrogen, sulfur, and others. Diverse organic matters occur 
naturally in water or from anthropogenic sources. These organic compounds may be 
considered contaminants if their concentrations adversely affect an aquatic system 
[7]. Furthermore, the organic matter is divided into two types (dissolved and par-
ticulate organic matter) depending on their origin and solubility [8]. Organic pollut-
ants can be further divided into (i) oxygen-demanding contaminants, (ii) synthetic 
organic contaminants, and (iii) crude oil and various petroleum products.

2.1.1.2 Inorganic pollutants

Inorganic contaminants (IOCs) are non-biodegradable pollutants and persist 
in the environment. IOCs in waters can as well be classified into categories accord-
ing to nature (as demonstrated in Figure 2). The toxicity of a pollutant is directly 
proportional to its concentration and the presence of other compounds. Metals in 
high concentration can be toxic which is aggravated when reacting with organic 
compounds to form organometallic compounds.

2.1.1.3 Suspended solids and sediments

SS appear in the water via the runoff of surface and through municipal sewers. 
Moreover, the presence of SS in hydrosphere can block the sunlight penetration 
in water, which is necessary for the vegetation photosynthesis. In addition, if the 
deposited solids are organic in nature, they increase the growth of anaerobic condi-
tions [10].

2.2 Water pollutants according to activity

As already mentioned, human activities threaten water quality by generating 
a wild variety of pollutants based on the type of industrial activity. Some of these 
activities have occurred over several generations, and some have started more 
recently. In the following section, urban, agricultural, and industrials activities in 
relation to specific contaminants, their sources, and their effects on water quality in 
the environment are discussed.

2.2.1 Urban pollution

Population growth and urbanization do have important roles in enhancing 
water pollution. Urbanization generally leads to higher phosphorus and NO3

ˉ 

Figure 2. 
Classification of inorganic pollutants [9].
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concentrations in urban catchments [11, 12]. Urban runoff is the greatest cause of 
surface water pollutants in numerous parts of the world; according to Singh and 
Gupta [13], urbanization is second to agriculture as the primary cause of water 
degradation.

2.2.2 Agricultural pollution

Agriculture is perchance the primeval contribution of man for the survival and 
prosperity of human kind [14]. Just as agriculture has comprehensively changed 
the face of the Earth, its impacts have equally profoundly re-wrought the nature 
of its waters (by degrading both surface and groundwater resources) [15]. These 
impacts implicate effects on water chemistry, alteration of the hydrological cycles, 
suspended loads from soil erosion, biocide leaching, and others. Indeed, agriculture 
can be both cause and victim of water pollution. Since 1990, the connection that 
exists between land and water use in the agricultural activity is recognized by 
the Food and Agriculture Organization (FAO) of the United Nations, by its clear 
requirement “appropriate steps must be taken to ensure that agricultural activities 
do not adversely affect water quality so that subsequent uses of water for different 
purposes are not impaired” [16]. The sources of agricultural pollutants could be 
“point” or “nonpoint” [11, 14, 17, 18]. In fact, water pollution caused by agricultural 
sources, as nonpoint sources, are hard to supervise and regulate, giving the dif-
fusive nature of agricultural sources. According to Chen et al. [17] the nonpoint 
source water pollution from agriculture has exceeded that from industry and has 
become the largest source of nonpoint pollution in China.

2.2.2.1 General information on agricultural pollutants

In 2011, pollutant emissions from the different agricultural sources were firstly 
considered in the Chinese national wastewater pollutant inventory [6]. These 
pollutants are organic and/or inorganic coming from large quantities of agrochemi-
cals products, such as insecticides, pesticides, herbicides, fungicides, fertilizers, 
and veterinary products. According to the Chinese Ministry of Environmental 
Protection (CMEP) [19], agricultural sources were found to release a total of 11.86 
million tons of chemical oxygen demand (COD), accounting for 47.4% of the total 
COD wastewater from all sources in 2011. Meanwhile, a total of 0.83 million tons 
of NH4

+–N was also released from agricultural sources, which represents 31.8% of 
the total NH4

+–N wastewater from all sources. In general, agriculture is responsible 
for the release of four categories of water pollutants into the water environment as 
follows: (i) nutrients, (ii) pathogens, (iii) pesticides, and (iv) silts.

2.2.2.1.1 Nutrients

Animal wastes and chemical fertilizers are applied to soil to provide the nitro-
gen, phosphorus, and trace elements necessary for crop growth. When applied, 
these fertilizers are either taken up by crops, remain in the soil, or enter the aquatic 
environments. Nitrogen (N) compounds can accumulate in soil crust and vadose 
zone for years. Furthermore, N in the presence of oxygen is transformed either to 
N gases, nitrite (NO2ˉ), or NO3ˉ. The fundamental paths of N cycle include nitrogen 
fixation, nitrification, denitrification, ammonification, volatilization, and atmo-
spheric deposition. In addition to the natural complexity of the N cycle, N fluxes 
continue to be substantially modified by human activities especially by agriculture 
and burning of fossil fuels [20]. Figure 3 shows a simplified N cycle diagram of 
nitrogen [21].
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2.2.2.1.1.1 Nitrate

NO3ˉ is a naturally occurring ion in the nitrogen cycle that is the stable form of 
N for oxygenated systems; it is of prime concern on a global scale. Nitratation is the 
conversion of NO2ˉ by nitrite-oxidizing bacteria (e.g., Nitrobacter spp.) to NO3ˉ as in 
Eq. (1):

  Nitratation  NO  2  −  +  1 ⁄ 2   O  2   →  NO  3  −   (1)

The resulting NO3ˉ ion is stable in oxic conditions and can remain in the aquifer 
for a long time. NO3ˉ can be reduced by microbial action into NO2ˉ (also called 
nitritation) or other forms. Nitritation is the ammonia oxidation by ammonia-oxi-
dizing bacteria (Nitrosomonas spp.) under aerobic conditions into NO2ˉ, according 
to Eq. (2):

  Nitritation  NH  4  +   +  1 ⁄ 2   O  2   →  NO  2  −  + 2  H   +  +  H  2   O  (2)

According to Rivett et al. [22] conditions under which denitrification will 
occur require the presence of NO3ˉ, denitrifying bacteria, oxygen concentrations 
(1–2 mg/L), electron donor, favorable conditions of temperature (25–35°C), pH 
(from 5.5 to 8.0), and other trace nutrients. Chemical and biological processes 
can further reduce NO2ˉ to various compounds or oxidize it to NO3ˉ. Due to its 
high water solubility [23], nitrate is regarded as one of the most widespread 
groundwater pollutant in the world, imposing a significant hazard to drinking 
water supplies and thus human health. The movement of NO3ˉ into water sources 
is related to concentration in the soil; this concentration is directly related to the 
total amount of N [16]. In addition and according to many researches, natural 
attenuation by denitrification is minimal in aquifers in semiarid areas which 
allows N to remain as NO3ˉ [11].

Figure 3. 
Simplified nitrogen cycle showing the principal anoxic and oxic paths influencing groundwater N in arid and 
semiarid areas [21].
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concentrations in urban catchments [11, 12]. Urban runoff is the greatest cause of 
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degradation.

2.2.2 Agricultural pollution

Agriculture is perchance the primeval contribution of man for the survival and 
prosperity of human kind [14]. Just as agriculture has comprehensively changed 
the face of the Earth, its impacts have equally profoundly re-wrought the nature 
of its waters (by degrading both surface and groundwater resources) [15]. These 
impacts implicate effects on water chemistry, alteration of the hydrological cycles, 
suspended loads from soil erosion, biocide leaching, and others. Indeed, agriculture 
can be both cause and victim of water pollution. Since 1990, the connection that 
exists between land and water use in the agricultural activity is recognized by 
the Food and Agriculture Organization (FAO) of the United Nations, by its clear 
requirement “appropriate steps must be taken to ensure that agricultural activities 
do not adversely affect water quality so that subsequent uses of water for different 
purposes are not impaired” [16]. The sources of agricultural pollutants could be 
“point” or “nonpoint” [11, 14, 17, 18]. In fact, water pollution caused by agricultural 
sources, as nonpoint sources, are hard to supervise and regulate, giving the dif-
fusive nature of agricultural sources. According to Chen et al. [17] the nonpoint 
source water pollution from agriculture has exceeded that from industry and has 
become the largest source of nonpoint pollution in China.

2.2.2.1 General information on agricultural pollutants

In 2011, pollutant emissions from the different agricultural sources were firstly 
considered in the Chinese national wastewater pollutant inventory [6]. These 
pollutants are organic and/or inorganic coming from large quantities of agrochemi-
cals products, such as insecticides, pesticides, herbicides, fungicides, fertilizers, 
and veterinary products. According to the Chinese Ministry of Environmental 
Protection (CMEP) [19], agricultural sources were found to release a total of 11.86 
million tons of chemical oxygen demand (COD), accounting for 47.4% of the total 
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environments. Nitrogen (N) compounds can accumulate in soil crust and vadose 
zone for years. Furthermore, N in the presence of oxygen is transformed either to 
N gases, nitrite (NO2ˉ), or NO3ˉ. The fundamental paths of N cycle include nitrogen 
fixation, nitrification, denitrification, ammonification, volatilization, and atmo-
spheric deposition. In addition to the natural complexity of the N cycle, N fluxes 
continue to be substantially modified by human activities especially by agriculture 
and burning of fossil fuels [20]. Figure 3 shows a simplified N cycle diagram of 
nitrogen [21].
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2.2.2.1.1.2 Nitrate sources

One of the main sources of NO3ˉ is the intensive use of fertilizers in agriculture 
activity, as already mentioned [23, 24]. It is worth mentioning that in some cases, 
especially in aquifers of arid and semiarid areas, agricultural and domestic wastes 
are commonly found mixed together and they both contribute in increasing NO3ˉ 
concentration [25]. According to Paschke et al. [26], an increase in NO3ˉ concentra-
tion after a 10-year period (1990–2000) is simultaneously related with a decrease of 
the herbicide atrazine and its degradation product desethylatrazine. NO3ˉ has a high 
mobility and low affinity for adsorbing onto clay particles, which facilities its pas-
sage into groundwater [27]. However, despite its high solubility, it is not distributed 
homogeneously within the aquifer [28]. Indeed, Zhang et al. [29] confirmed the 
distinctively higher concentration in shallow depths compared with deeper parts of 
an aquifer. Gutiérrez et al. [21] identified some of the groundwater of aquifers with 
NO3ˉ contamination depending on the type of area, aquifers of semiarid, arid and 
hyperarid areas (Table 1).

The impact of NO3ˉ pollution on surface water and groundwater has been the 
focus of several studies on many sites all over Morocco. According to Menkouchi 
et al. [30] the pollution of the groundwater by NO3ˉ affects nearly all the Moroccan 
territory with approximately 6% of resources having NO3ˉ content more than the 
national standard. Furthermore, Menkouchi demonstrated the contamination of 
Boujaad center with NO3ˉ (exceeded 80 mg/L). According to the spatial distribution 
of NO3ˉ contents made by Tagma et al. [31], the groundwater in Souss plain is less 
polluted than Chtouka-Massa plain. In fact, 36% of Chtouka-Massa’s wells exceed 
the regulatory NO3ˉ limit while only 7% in Souss plain. Maria Calvache et al. [32] 
confirmed the highly presence of NO3ˉ in Chtouka Ait Baha, Massa, and Tiznit. 
Recently, Malki et al. [33] has studied and confirmed the NO3ˉ contamination 
of Belfaa and the irrigated area along Massa River. Hydrogeochemical results on 
groundwater samples collected in 2010 show that the Bou-Areg aquifer is vulnerable 
to NO3ˉ contamination [34]. The contamination of the Loukkos basin, Essaouira, 
and the basin of Triffa plain in northeast Morocco was confirmed.

2.2.2.1.1.3 Nitrate effects on human health and environment

Results of many studies suggest that ingestion of relatively high levels of NO3ˉ 
could cause health problems. The toxic action of NO3ˉ exposure, through diet or 
drinking water, can be divided into acute (short-term) effects and chronic (long-
term) effects [35]. The main concern of an acute toxicity is the capacity of NO3ˉ 
to cause methemoglobinemia (known as blue baby disorder) after oral ingestion. 
In fact, in the gastrointestinal tract, the ingested NO3ˉ is reduced to NO2ˉ that 
binds to hemoglobin to form methemoglobin. In the case of infants, it only takes 
a 10 mg/L N-NO3ˉ to cause methemoglobinemia [21, 36]. For chronic toxicity, the 
consumption of NO3ˉ at levels higher than 50 ppm has been associated with (i) 
increased thyroid volume and subclinical thyroid disorders, (ii) increased incidence 
of goiter in children, (iii) carcinogenicity due to the conversion of NO3ˉ to NO2ˉ and 
formation of genotoxic/carcinogenic N-nitroso compounds, such as N-nitrosamines 
and N-nitrosamides, some of which are known carcinogens [23, 35].

Additionally, when N is present in overabundance of the requirements of the 
biological system, it increase NO3ˉ leaching which results in water eutrophication 
and acidification of sensitive soils [36]. This acidification involves changes in river 
and lake chemistry that produces secondary changes in the aquatic biota. The 
United States Environmental Protection Agency (USEPA) identifies eutrophica-
tion as the critical problem in those US surface waters with impaired water quality, 
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whereas the United Nations Environment Programme (UNEP) states that eutro-
phication is “probably the most pervasive water quality problem on a global scale” 
(UNEP 1991). High NO3ˉ concentrations are known to stimulate heavy blue-green 
algal growth (such as Cyanobacteria), which produce poisonous toxins to fish and 
mammals simultaneously.

2.2.2.1.1.4 Standards and regulations for nitrates

In order to restore the quality of water and deter hazards to humankind, vari-
ous approaches have been targeted in terms of standards and legislation. In many 
countries, there are strict limits on the permissible concentration of NO3ˉ in 

Areas Region Land use, crops % >50, N Range of 
NO3ˉ values

Semiarid Gaza Strip, 
Palestine

U, recovery 58%, N = 12 2–185

Semiarid Rio Grande Valley, 
USA

A, U 6%, N = 587 0.1–61

Semiarid Basin and Range, 
USA

A, U 8%, N = 3539 0.1–130

Semiarid Andhra Pradesh, 
India

A, U, sweet lime, 
cotton

18%, N = 496 0.1–896

Semiarid North China Plain A, wheat, maize 9.5%, N = 295 Ave. 45.3

Semiarid Dakar, Senegal U 61%, N = 36 0.3–1390

Semiarid Southwest Niger Land clearing 25%, N = 28 0.2–176

Semiarid Seville, Spain A, cotton, potato ~70%, N = 16 35–630

Semiarid La Mancha, Spain A, corn, wheat, 
barley

18%, N = 684 <0.5–125

Chihuahua, Mexico A, U, alfalfa 40%, N = 45 2.2–266

Semiarid Livermore CA, USA A, L, vineyard 17%, N = 35 5.2–60.2

Semiarid Osona, Spain L, pigs 82%, N = 60 10–529

Semiarid South Platte River, 
USA

A, G, corn 47%, N = 30 0.7–229

Semiarid Grombalia, Tunisia A, U, citrus trees Shallow 73%, 
N = 26

40%, N = 25

0.5–514
2–231

Semiarid Arava Valley, Israel A, U, flowers, 
palms, vine

30%, N = 53 1–330

Arid/hyperarid Monte Desert, 
Argentina

G 0%, N = 29 0.3–49.2

Arid/hyperarid NW China G, subsistence 
farming

32%, N = 52 <0.1–113

Arid/hyperarid Central Iran U, A, almonds, 
alfalfa

0%, N = 120 5–40

Arid/hyperarid Southern Iran A, wheat 5.9%, N = 34 1.5–70.7

Major land use: A = agricultural, L = livestock, G = grazing, U = urban. With N = number of samples exceeding 
50 mg(NO3ˉ)/L [21]

Table 1. 
NO3ˉ concentration (mg(NO3ˉ)/L) and % samples exceeding 50 mg(NO3ˉ)/L in some aquifers from semiarid, 
arid, and hyperarid areas.
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drinking water and in many surface waters. The USEPA [37] has set an enforceable 
standard called maximum contaminant level (MCL) in water for NO3ˉ at 10 parts 
per million (ppm) (10 mg/L) and for NO2ˉ at 1 ppm (1 mg/L), [59] and this is for 
all public water supplies. A summary of water quality guidelines for N-NO3ˉ, made 
by the USEPA, is reported in Table 2 [39]. Furthermore, the intake limits for NO3ˉ 
in foods were set by the joint expert committee on food additives of the FAO/WHO 
and the European commission’s scientific committee on food, at an acceptable daily 
intake for NO3ˉ of 0–3.7 mg (NO3ˉ)/kilogram (kg) body weight [40]. The same goes 
for Canada that set a MCL at 10 mg/L for NO3ˉ as N and 1 mg/L for NO3ˉ as N. For 
Morocco, the quality limits imposed by Order No. 1277-01 of 10 Shaaban 1423  
(17 October 2002) setting quality standards for surface water used for the produc-
tion of drinking water, has also set a MCL at 50 mg/L for NO3ˉ [41].

2.2.2.1.1.5 Nitrate detection methods

NO3ˉ ions can be detected through laboratory-based methods or in situ sensor-
based methods. In general, they are two techniques for NO3ˉdetection, direct and 
indirect methods. While comparing the two methods, the major disadvantage 
of using a direct method is measurement errors due to interference from other 
contaminants [38, 42, 43]. Many methods are currently available to the laboratory 
technicians for the detection and analysis of NO3ˉ in a variety of sample matrices. 
The most commonly used techniques are (i) spectroscopic detection, (ii) electro-
chemical detection, and (iii) chromatography detection.

2.2.2.1.1.6 Nitrate removal techniques

There are a number of popular and conventional treatment methods available 
for reduction or removal of NO3ˉ in water bodies. In addition, several technologies 
are being investigated or proposed as denitrification methods. Figure 4 presents an 
overview of some of the techniques used for NO3ˉ removal from water [23]. Reverse 
osmosis (RO) is considered as an ex situ and in situ application for the reduction 
of NO3ˉ from water. The efficiency of the process depends on the used pressure; 
this later should be sufficient to overcome the osmotic pressure [44]. According to 
Harries et al. [47], RO works well with NO3ˉ and NO2ˉ. Rejection of 96–98% was 

Water use NO3ˉ mg/L as 
nitrogen

NO2ˉ mg/L as nitrogen

Drinking water 10 (maximum) 1 (maximum)

Freshwater aquatic 
life—acute

32.8 (maximum) 0.06 (maximum) when the chloride is less than or 
equal to 2

Freshwater aquatic 
life—chronic

3.0 (30-d average) 0.02 (30-d average) when the chloride is less than 
or equal to 2

Marine aquatic life—acute None proposed None proposed

Marine aquatic 
life—chronic

3.7 (30-d average) None proposed

Livestock watering 100 (maximum) 10 (maximum)

Wildlife 100 (maximum) 10 (maximum)

Recreation and esthetics 10 (maximum) 1 (maximum)

Table 2. 
Summary of water quality guidelines for nitrogen.
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found for monovalent ions, while 98–99% was found for divalent ions. In addition, 
ion exchange membranes (IEMs) have great potential in water denitrification. In 
fact, ion exchange is a reversible reaction between an electrolyte and a complex, 
where NO3ˉ and NO2ˉ, which have a negative ionic charge, will bind to the positively 
charged sites on the anion exchange beads of IEMs [44, 45]. For electrodialysis 
(ED), according to Mohsenipour et al. [46], the feed water supplied should have 
a turbidity that is lower than 2.0 nephelometric turbidity units. Furthermore, the 
concentration of free chlorine in water should be less than 0.5 mg/L, while these 
of hydrogen sulfide and manganese levels should be lower than 0.3 mg L. With 
electrodialysis systems about 70–85% of the water that is supplied to the system is 
available for use as low NO3ˉ water [47].

One of the common and promising purification methods is the biological 
treatment of wastewaters operated by denitrifying bacteria. The idea of using 
this process to remove NO3ˉ from drinking water has gained ground, especially 
in Europe [44]. Biological denitrification is mostly advised for the removal of 
relatively low concentration of N components. Furthermore, NO3ˉ are efficiently 
removed when an external organic carbon source, generally methanol, ethanol, or 
acetic acid, is added [48]. The rate of denitrification also depends on the type and 
concentration of carbon as well as carbon to nitrogen (C/N) ratio. The reduction of 
NO3ˉ to nitrogen is done in four steps as shown in Eq. (3).

   NO  3  −  →  NO  2  −  → NO →  N  2   O →  N  2    (3)

Mohsenipour et al. [46] also reported the efficiency of NO3ˉ removal by a 
biological denitrification method using Pseudomonas bacteria and carbon source 
(starch of 1%) for initial NO3ˉ concentrations of 500 and 460 mg/L; the denitrifica-
tion rates were respectively equal to 86 and 89% [49]. Furthermore, various con-
ventional and nonconventional materials from different origins have been studied 
and conceived, as adsorbents, to limit the harmful effects of NO3ˉ [23]. Huang and 
Cheng [50] used powdered activated carbon (PAC) and carbon nanotubes (CNTs) 
for pollution reduction of NO3ˉ and demonstrated that the adsorption capacity of 
CNTs was found to be higher than PAC and decreased for pH higher than 5. Bamboo 
powder charcoal and nonactivated granular carbon (from coconut shells activated 
with zinc chloride) demonstrate good removal efficiency in NO3ˉ removal [51]. 
Natural adsorbents such as clay, zeolite, bentonite, and others were also studied 
[46, 52]. The effect of various variables such as pH, temperature, adsorbent dos-
age, other ions, and the amount of surfactant was tested on NO3ˉ removal, and it 
been demonstrated that except pH and temperature, the other variables are found 
to have a marked effect on NO3ˉ removal. It is should be noted that the removal 
of NO3ˉ has been conducted using modified and unmodified agricultural waste 
[74]. Mizuta [51] summarized the various sorbents which have been used so far 

Figure 4. 
Nitrate removal techniques.
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drinking water and in many surface waters. The USEPA [37] has set an enforceable 
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all public water supplies. A summary of water quality guidelines for N-NO3ˉ, made 
by the USEPA, is reported in Table 2 [39]. Furthermore, the intake limits for NO3ˉ 
in foods were set by the joint expert committee on food additives of the FAO/WHO 
and the European commission’s scientific committee on food, at an acceptable daily 
intake for NO3ˉ of 0–3.7 mg (NO3ˉ)/kilogram (kg) body weight [40]. The same goes 
for Canada that set a MCL at 10 mg/L for NO3ˉ as N and 1 mg/L for NO3ˉ as N. For 
Morocco, the quality limits imposed by Order No. 1277-01 of 10 Shaaban 1423  
(17 October 2002) setting quality standards for surface water used for the produc-
tion of drinking water, has also set a MCL at 50 mg/L for NO3ˉ [41].

2.2.2.1.1.5 Nitrate detection methods

NO3ˉ ions can be detected through laboratory-based methods or in situ sensor-
based methods. In general, they are two techniques for NO3ˉdetection, direct and 
indirect methods. While comparing the two methods, the major disadvantage 
of using a direct method is measurement errors due to interference from other 
contaminants [38, 42, 43]. Many methods are currently available to the laboratory 
technicians for the detection and analysis of NO3ˉ in a variety of sample matrices. 
The most commonly used techniques are (i) spectroscopic detection, (ii) electro-
chemical detection, and (iii) chromatography detection.

2.2.2.1.1.6 Nitrate removal techniques

There are a number of popular and conventional treatment methods available 
for reduction or removal of NO3ˉ in water bodies. In addition, several technologies 
are being investigated or proposed as denitrification methods. Figure 4 presents an 
overview of some of the techniques used for NO3ˉ removal from water [23]. Reverse 
osmosis (RO) is considered as an ex situ and in situ application for the reduction 
of NO3ˉ from water. The efficiency of the process depends on the used pressure; 
this later should be sufficient to overcome the osmotic pressure [44]. According to 
Harries et al. [47], RO works well with NO3ˉ and NO2ˉ. Rejection of 96–98% was 

Water use NO3ˉ mg/L as 
nitrogen

NO2ˉ mg/L as nitrogen

Drinking water 10 (maximum) 1 (maximum)

Freshwater aquatic 
life—acute

32.8 (maximum) 0.06 (maximum) when the chloride is less than or 
equal to 2

Freshwater aquatic 
life—chronic

3.0 (30-d average) 0.02 (30-d average) when the chloride is less than 
or equal to 2

Marine aquatic life—acute None proposed None proposed

Marine aquatic 
life—chronic

3.7 (30-d average) None proposed

Livestock watering 100 (maximum) 10 (maximum)

Wildlife 100 (maximum) 10 (maximum)

Recreation and esthetics 10 (maximum) 1 (maximum)

Table 2. 
Summary of water quality guidelines for nitrogen.
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found for monovalent ions, while 98–99% was found for divalent ions. In addition, 
ion exchange membranes (IEMs) have great potential in water denitrification. In 
fact, ion exchange is a reversible reaction between an electrolyte and a complex, 
where NO3ˉ and NO2ˉ, which have a negative ionic charge, will bind to the positively 
charged sites on the anion exchange beads of IEMs [44, 45]. For electrodialysis 
(ED), according to Mohsenipour et al. [46], the feed water supplied should have 
a turbidity that is lower than 2.0 nephelometric turbidity units. Furthermore, the 
concentration of free chlorine in water should be less than 0.5 mg/L, while these 
of hydrogen sulfide and manganese levels should be lower than 0.3 mg L. With 
electrodialysis systems about 70–85% of the water that is supplied to the system is 
available for use as low NO3ˉ water [47].

One of the common and promising purification methods is the biological 
treatment of wastewaters operated by denitrifying bacteria. The idea of using 
this process to remove NO3ˉ from drinking water has gained ground, especially 
in Europe [44]. Biological denitrification is mostly advised for the removal of 
relatively low concentration of N components. Furthermore, NO3ˉ are efficiently 
removed when an external organic carbon source, generally methanol, ethanol, or 
acetic acid, is added [48]. The rate of denitrification also depends on the type and 
concentration of carbon as well as carbon to nitrogen (C/N) ratio. The reduction of 
NO3ˉ to nitrogen is done in four steps as shown in Eq. (3).

   NO  3  −  →  NO  2  −  → NO →  N  2   O →  N  2    (3)

Mohsenipour et al. [46] also reported the efficiency of NO3ˉ removal by a 
biological denitrification method using Pseudomonas bacteria and carbon source 
(starch of 1%) for initial NO3ˉ concentrations of 500 and 460 mg/L; the denitrifica-
tion rates were respectively equal to 86 and 89% [49]. Furthermore, various con-
ventional and nonconventional materials from different origins have been studied 
and conceived, as adsorbents, to limit the harmful effects of NO3ˉ [23]. Huang and 
Cheng [50] used powdered activated carbon (PAC) and carbon nanotubes (CNTs) 
for pollution reduction of NO3ˉ and demonstrated that the adsorption capacity of 
CNTs was found to be higher than PAC and decreased for pH higher than 5. Bamboo 
powder charcoal and nonactivated granular carbon (from coconut shells activated 
with zinc chloride) demonstrate good removal efficiency in NO3ˉ removal [51]. 
Natural adsorbents such as clay, zeolite, bentonite, and others were also studied 
[46, 52]. The effect of various variables such as pH, temperature, adsorbent dos-
age, other ions, and the amount of surfactant was tested on NO3ˉ removal, and it 
been demonstrated that except pH and temperature, the other variables are found 
to have a marked effect on NO3ˉ removal. It is should be noted that the removal 
of NO3ˉ has been conducted using modified and unmodified agricultural waste 
[74]. Mizuta [51] summarized the various sorbents which have been used so far 

Figure 4. 
Nitrate removal techniques.
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for the elimination of NO3ˉ and demonstrated that hydrotalcite-type compounds/
layered double hydroxides and chemically modified adsorbents are found promis-
ing sorbents for enhanced removal of NO3ˉ from water. Tyagi et al. [53] made a 
summary of relevant published data with some of the latest important findings on 
the use of nanomaterials as NO3ˉ adsorbents. These nanoparticles can be metallic, 
semiconductor, or polymeric. Table 3 reports some of the different nanomaterials 
used for NO3ˉ removal along with their experimental working parameters such as 
pH, adsorbent dose, initial NO3ˉ concentration, and temperature.

2.2.3 Industrial pollution

Industrial wastewater is a generic term involving a wide array of wastewater 
discharged out of various industries [54]. Indeed, there are many kinds of industrial 
wastewater, with complex composition, because water fulfills several roles and 
functions in all types of industries. Measurements of parameters like biochemical 
oxygen demand (BOD), COD, pH, and alkalinity can allow to classify industrial 
pollution [55]. Indeed, industrial effluents can be classified according to the 
dominant nature of pollution, and it may be characterized by a high concentration 
of organic/inorganic compounds [56]. It should be noted that among the industries 
generating waste, certain of the most dangerous wastewater comes from sec-
tors such as refineries, mining, tanneries, pharmaceuticals, pulp mills, and sugar 
production/distillery [57]. The food and agriculture industries generate wastewa-
ters with high BOD, which is estimated to 0.6–20 m3 wastewater/ton of product 
(such as bread/butter/milk or fruit juice). For instance, the conventional process 
in distillery industry generates ~15 L of wastewater per liter of alcohol with a BOD 
level of about 90,000 mg/L [57]. The most important contributor of wastewater 
volume (18%), COD (23%), and a major source of NH4

+–N is the paper and paper 
products industry, while the raw chemical material and chemical products industry 
is the dominant source of NH4

+–N (35.3%) and an important source of COD and 
petroleum hydrocarbons [59]. Around 80% of the heavy metal discharges into 
water sources come from four industries, namely, the nonferrous metal manufac-
turing and processing industry (27.5%), the fur and leather products manufactur-
ing industry (19.4%), the metal product manufacturing industry (17.7%), and the 
nonferrous metal ore mining industry (14.0%). This is also true for the Moroccan 
industrial activities and its discharges. According to the Moroccan federation of 
metallurgical, mechanical, and electromechanical industries, this industrial sector 
includes more than 1000 companies divided into four main sub-sectors, includ-
ing iron and steel, metal transformation, coating, surface treatment, and services 
related to the metallurgical, mechanical, and electromechanical industries.

2.2.3.1 General information on metal pollutants

Although metals are natural components of the Earth’s crust and contribute in 
various physiological processes of living organisms, their elevated concentrations 
(above the level of homeostatic regulation) produced by industrial activity [58] can 
be toxic to human and ecological receptors. The majority of elemental metals and 
their compounds and complexes are extremely stable in the environment [59]. Most 
metals are extremely soluble in circumneutral waters (as in Figure 5) [60].

Furthermore, metals are excellent conductors of electricity and mostly enter 
chemical reactions as positive ions. These metals are often involved in electron 
transfer reactions involving oxygen and leads to the formation of toxic oxyradicals 
[61]. The metals’ fate and toxicity are highly dependent on their speciation or the 
form in which they exist in a given aquatic system [7]. An example of the importance 
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for the elimination of NO3ˉ and demonstrated that hydrotalcite-type compounds/
layered double hydroxides and chemically modified adsorbents are found promis-
ing sorbents for enhanced removal of NO3ˉ from water. Tyagi et al. [53] made a 
summary of relevant published data with some of the latest important findings on 
the use of nanomaterials as NO3ˉ adsorbents. These nanoparticles can be metallic, 
semiconductor, or polymeric. Table 3 reports some of the different nanomaterials 
used for NO3ˉ removal along with their experimental working parameters such as 
pH, adsorbent dose, initial NO3ˉ concentration, and temperature.

2.2.3 Industrial pollution

Industrial wastewater is a generic term involving a wide array of wastewater 
discharged out of various industries [54]. Indeed, there are many kinds of industrial 
wastewater, with complex composition, because water fulfills several roles and 
functions in all types of industries. Measurements of parameters like biochemical 
oxygen demand (BOD), COD, pH, and alkalinity can allow to classify industrial 
pollution [55]. Indeed, industrial effluents can be classified according to the 
dominant nature of pollution, and it may be characterized by a high concentration 
of organic/inorganic compounds [56]. It should be noted that among the industries 
generating waste, certain of the most dangerous wastewater comes from sec-
tors such as refineries, mining, tanneries, pharmaceuticals, pulp mills, and sugar 
production/distillery [57]. The food and agriculture industries generate wastewa-
ters with high BOD, which is estimated to 0.6–20 m3 wastewater/ton of product 
(such as bread/butter/milk or fruit juice). For instance, the conventional process 
in distillery industry generates ~15 L of wastewater per liter of alcohol with a BOD 
level of about 90,000 mg/L [57]. The most important contributor of wastewater 
volume (18%), COD (23%), and a major source of NH4

+–N is the paper and paper 
products industry, while the raw chemical material and chemical products industry 
is the dominant source of NH4

+–N (35.3%) and an important source of COD and 
petroleum hydrocarbons [59]. Around 80% of the heavy metal discharges into 
water sources come from four industries, namely, the nonferrous metal manufac-
turing and processing industry (27.5%), the fur and leather products manufactur-
ing industry (19.4%), the metal product manufacturing industry (17.7%), and the 
nonferrous metal ore mining industry (14.0%). This is also true for the Moroccan 
industrial activities and its discharges. According to the Moroccan federation of 
metallurgical, mechanical, and electromechanical industries, this industrial sector 
includes more than 1000 companies divided into four main sub-sectors, includ-
ing iron and steel, metal transformation, coating, surface treatment, and services 
related to the metallurgical, mechanical, and electromechanical industries.

2.2.3.1 General information on metal pollutants

Although metals are natural components of the Earth’s crust and contribute in 
various physiological processes of living organisms, their elevated concentrations 
(above the level of homeostatic regulation) produced by industrial activity [58] can 
be toxic to human and ecological receptors. The majority of elemental metals and 
their compounds and complexes are extremely stable in the environment [59]. Most 
metals are extremely soluble in circumneutral waters (as in Figure 5) [60].

Furthermore, metals are excellent conductors of electricity and mostly enter 
chemical reactions as positive ions. These metals are often involved in electron 
transfer reactions involving oxygen and leads to the formation of toxic oxyradicals 
[61]. The metals’ fate and toxicity are highly dependent on their speciation or the 
form in which they exist in a given aquatic system [7]. An example of the importance 
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of metal speciation and redox conditions is hexavalent chromium (Cr(VI)). Many 
of metals are transition metals (such as cadmium and Cu) or heavy metals (such as 
lead and silver) that can form metalloids which bond to organic compounds to form 
lipophilic substances that are often highly toxic. Metals are also lost from solution 
by precipitation as the pH changes [7, 60, 61]. Table 4 shows the ranking of these 
metals according to their toxicity through biological and carcinogenicity tests [62].

2.2.3.1.1 Heavy metal pollutants

Any metallic element with relatively high density as compared to water and toxic 
even at low concentrations is termed as “heavy metal” [63, 64]. Among these met-
als, Cr is one of the top 16 major toxic contaminants that have detrimental effects 
on human health [64, 65]. Besides Cr, Cu is generally considered as a highly harmful 
metal at high concentration [66]. Accordingly, the following section discusses and 
summarizes relevant information about Cr and Cu.

Cr as a metallic element was first discovered and isolated in 1797 by the French 
chemist Nicolas-Louis Vauquelin [35, 67]. The world resources of Cr exceed 10.9 bil-
lion metric tons of shipping-grade chromite [67]. Ferric chromite (FeCr2O4) is the 
principal Cr ore, found mostly (with 96% of the world’s reserves) in South Africa. 
Minor common sources include chrome ochre (Cr2O3), and crocoite (PbCrO4) are 
also present [58]. Cr is widely used in engineering and chemical industries because 
of its durability and esthetic quality. The principal uses for Cr are metallurgical 
(67%), refractories (18%), and chemical (15%). In addition, Cr exits in three stable 
forms in the environment with different oxidation states and ionic nature [65]. The 
physicochemical properties of Cr are presented in Table 5 [67].

Figure 5. 
Solubility curves for common metals in freshwater with pH [60].
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of metal speciation and redox conditions is hexavalent chromium (Cr(VI)). Many 
of metals are transition metals (such as cadmium and Cu) or heavy metals (such as 
lead and silver) that can form metalloids which bond to organic compounds to form 
lipophilic substances that are often highly toxic. Metals are also lost from solution 
by precipitation as the pH changes [7, 60, 61]. Table 4 shows the ranking of these 
metals according to their toxicity through biological and carcinogenicity tests [62].

2.2.3.1.1 Heavy metal pollutants

Any metallic element with relatively high density as compared to water and toxic 
even at low concentrations is termed as “heavy metal” [63, 64]. Among these met-
als, Cr is one of the top 16 major toxic contaminants that have detrimental effects 
on human health [64, 65]. Besides Cr, Cu is generally considered as a highly harmful 
metal at high concentration [66]. Accordingly, the following section discusses and 
summarizes relevant information about Cr and Cu.

Cr as a metallic element was first discovered and isolated in 1797 by the French 
chemist Nicolas-Louis Vauquelin [35, 67]. The world resources of Cr exceed 10.9 bil-
lion metric tons of shipping-grade chromite [67]. Ferric chromite (FeCr2O4) is the 
principal Cr ore, found mostly (with 96% of the world’s reserves) in South Africa. 
Minor common sources include chrome ochre (Cr2O3), and crocoite (PbCrO4) are 
also present [58]. Cr is widely used in engineering and chemical industries because 
of its durability and esthetic quality. The principal uses for Cr are metallurgical 
(67%), refractories (18%), and chemical (15%). In addition, Cr exits in three stable 
forms in the environment with different oxidation states and ionic nature [65]. The 
physicochemical properties of Cr are presented in Table 5 [67].

Figure 5. 
Solubility curves for common metals in freshwater with pH [60].
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The oxidation states of Cr can go from −2 to +6; however, only the +6 and +3 
oxidation states are commonly encountered in the environment. Cr(III) is highly 
insoluble, relatively immobile, and most thermodynamically stable [58], while 
Cr(VI) has high water mobility and solubility and can be easily reduced. Cr(VI) is 
recognized to be more poisonous (100 times more toxic than Cr(III)), mutagenic, 
and carcinogenic in nature [68].

2.2.3.1.1.1 Chromium VI sources

To date, naturally occurring Cr(VI) in groundwater has been detected in the 
following geologic environments: (i) chromite ore bodies, (ii) arid alluvial basins 
in the southwest United States, (iii) saline brines in evaporate basins, and (iv) 

Bioaccumulative character Chemical elements

Very bioaccumulative Pb, Zn, Cu

Relatively bioaccumulative Hg, Ni, Cd

Slightly bioaccumulative As, Cr

Carcinogenicity

Strong carcinogenicity As, Pb

Non-carcinogenic Cr, Ni, Cd, Zn, Cu

Toxicity

Group of highly toxic elements Cd, Hg

Relatively toxic elements Pb, Ni, As, Cu, Cr(VI)

Slightly toxic elements Cr(III), Zn

Table 4. 
Classification of metals according to their toxicity [62].

Physical and chemical properties of Cr

Atomic number 24

Atomic mass 51.996

Atomic radius (pm) 185

Main oxidation state(s) +2, +3, +6

Ionic radius (pm) 87–94 (+2), 75.5 (+3), 55–69 (+4), 48.5–71 (+5), 40–58 (+6)

Electronegativity (pauling) 1.66

Density (g/cm3) 7.19

Melting/boiling point (°C) 1.907/2.671

Isotopes 4 stable + 17 unstable

Acid/base of oxide Strong acid

State (st 27 °C, 1 atm) Solid

Metallic character Metal

Element group(s) Transition element

Affinity Lithophile

Table 5. 
Physical and chemical properties of Cr [67].
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serpentinite ultramafic terrains [67], while the major industrial source of Cr(VI) 
emissions are (i) chemical manufacturing industry, (ii) metal finishing industry, 
(iii) manufacturers of pharmaceuticals, (iv) electrical and aircraft manufactur-
ers, (v) cement-producing plants (as cement contains Cr), and (vi) production of 
wood, stone, glass, and clay products. Owlad et al. [69] reported the concentration 
of Cr(VI) in the wastewater of several industries (as in Table 6) and estimated 
the concentration of Cr(VI) in wastewater caused by industries between 0.1 and 
200 mg/L.

2.2.3.1.1.2 Speciation of Cr(VI)

In aqueous solution, Cr(VI) may exist in a variety of oxospecies (viz., dichro-
mates (Cr2O7

2−), chromates (CrO4 2−), H2CrO4, and acid chromates (HCrO4
−)) 

depending on pH of the solution, total Cr concentration, the presence of oxidizing 
and reducing compounds, the redox potential, and kinetics of the redox reactions 
[64, 70]. At pH < 1, the predominant species is H2CrO4, while as the pH is raised 
from pH 2 to 6, the HCrO4

− and Cr2O7
2− anions prevail.

According to Palmer and Puls [71] under pH 6.5, HCrO4
− dominates when the 

Cr(VI) concentrations are low (<30 mM), but Cr2O7
2− becomes significant when 

concentrations are greater than 1 mM, or it may even dominate when the total 
Cr(Vl) concentrations are greater than 30 mM. At a pH > 8 only the yellow ion 
CrO2

− exists. Cr2O7
2− dominates in acidic solution at Cr(VI) concentration above 

0.01 M, while CrO4
2− dominates in basic solutions independently of Cr(VI) con-

centration, and H2CrO4 is a very strong acid [70]. The chemical equilibria which are 
involved for Cr(VI) dissociation are as in Eqs. (4)–(6):

   H  2    CrO  4  +   ↔  H   +  +  HCrO  4     (4)

  H  CrO  4  −   ↔  H   +  +  CrO  4  2−    (5)

                                              2  HCrO  4  −   ↔  Cr  2    O  7  2−  +  H  2   O                                           (6)

2.2.3.1.1.3 Cr(VI) effects on human health and environment

Ingesting large quantity of Cr(VI), either by human or animal, can be corrosive 
to the skin and eyes and causes stomach upsets and ulcers, convulsions, kidney and 
liver damage [72, 73]. Allergic reactions consisting of severe redness and swelling 
of the skin have been noted. Some evidence on animal studies show that Cr(VI) 
compounds can cause cancer in various tissues due to the low water insolubility  
[35, 67, 72]. Indeed, due to the fact that Cr(VI) is unstable in the body, easy to dif-
fuse across the membrane, and is reduced intracellularly, it can provide very reac-
tive pentavalent Cr and trivalent Cr which can alter DNA. Ingestion of 1.0–5.0 g of 
Cr(VI) as chromate results in severe acute gastrointestinal disorders, hemorrhagic 
diathesis, and convulsions [74]. In 1998, Dartsch et al. [75] noticed that 5 mmol/L 
Cr(VI) resulted in 50% cell death.

Furthermore, Cr(VI) compounds at high concentration are extremely toxic to 
plants and retard their growth. Cr and Cr(VI) compounds can cause severe phy-
totoxicity which may result in reduction of seed germination, nutrient imbalance, 
degradation of pigments, decrease of antioxidant and enzyme concentration, and 
oxidative stress [76]. Indeed, Rout et al. [77] demonstrated a 25% reduction in seed 
germination in the presence of 200 μM Cr(VI). According to Davies et al. [78] Cr 
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serpentinite ultramafic terrains [67], while the major industrial source of Cr(VI) 
emissions are (i) chemical manufacturing industry, (ii) metal finishing industry, 
(iii) manufacturers of pharmaceuticals, (iv) electrical and aircraft manufactur-
ers, (v) cement-producing plants (as cement contains Cr), and (vi) production of 
wood, stone, glass, and clay products. Owlad et al. [69] reported the concentration 
of Cr(VI) in the wastewater of several industries (as in Table 6) and estimated 
the concentration of Cr(VI) in wastewater caused by industries between 0.1 and 
200 mg/L.

2.2.3.1.1.2 Speciation of Cr(VI)

In aqueous solution, Cr(VI) may exist in a variety of oxospecies (viz., dichro-
mates (Cr2O7

2−), chromates (CrO4 2−), H2CrO4, and acid chromates (HCrO4
−)) 

depending on pH of the solution, total Cr concentration, the presence of oxidizing 
and reducing compounds, the redox potential, and kinetics of the redox reactions 
[64, 70]. At pH < 1, the predominant species is H2CrO4, while as the pH is raised 
from pH 2 to 6, the HCrO4

− and Cr2O7
2− anions prevail.

According to Palmer and Puls [71] under pH 6.5, HCrO4
− dominates when the 

Cr(VI) concentrations are low (<30 mM), but Cr2O7
2− becomes significant when 

concentrations are greater than 1 mM, or it may even dominate when the total 
Cr(Vl) concentrations are greater than 30 mM. At a pH > 8 only the yellow ion 
CrO2

− exists. Cr2O7
2− dominates in acidic solution at Cr(VI) concentration above 

0.01 M, while CrO4
2− dominates in basic solutions independently of Cr(VI) con-

centration, and H2CrO4 is a very strong acid [70]. The chemical equilibria which are 
involved for Cr(VI) dissociation are as in Eqs. (4)–(6):

   H  2    CrO  4  +   ↔  H   +  +  HCrO  4     (4)

  H  CrO  4  −   ↔  H   +  +  CrO  4  2−    (5)

                                              2  HCrO  4  −   ↔  Cr  2    O  7  2−  +  H  2   O                                           (6)

2.2.3.1.1.3 Cr(VI) effects on human health and environment

Ingesting large quantity of Cr(VI), either by human or animal, can be corrosive 
to the skin and eyes and causes stomach upsets and ulcers, convulsions, kidney and 
liver damage [72, 73]. Allergic reactions consisting of severe redness and swelling 
of the skin have been noted. Some evidence on animal studies show that Cr(VI) 
compounds can cause cancer in various tissues due to the low water insolubility  
[35, 67, 72]. Indeed, due to the fact that Cr(VI) is unstable in the body, easy to dif-
fuse across the membrane, and is reduced intracellularly, it can provide very reac-
tive pentavalent Cr and trivalent Cr which can alter DNA. Ingestion of 1.0–5.0 g of 
Cr(VI) as chromate results in severe acute gastrointestinal disorders, hemorrhagic 
diathesis, and convulsions [74]. In 1998, Dartsch et al. [75] noticed that 5 mmol/L 
Cr(VI) resulted in 50% cell death.

Furthermore, Cr(VI) compounds at high concentration are extremely toxic to 
plants and retard their growth. Cr and Cr(VI) compounds can cause severe phy-
totoxicity which may result in reduction of seed germination, nutrient imbalance, 
degradation of pigments, decrease of antioxidant and enzyme concentration, and 
oxidative stress [76]. Indeed, Rout et al. [77] demonstrated a 25% reduction in seed 
germination in the presence of 200 μM Cr(VI). According to Davies et al. [78] Cr 
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is mostly toxic to higher plants at 100 μg/kg dry weights. Sinha et al. [79] reported 
that Cr is toxic for most agronomic plants at a concentration of about 0.5–5.0 mg/L 
in nutrient media and of 5–100 mg/g under soil condition. The Cr toxicity in plants 
affects photosynthesis in terms of CO2 fixation, photophosphorylation, electron 
transport, and enzyme activities as reported by H. Oliveira [76, 80].

2.2.3.1.1.4 Cr(VI) detection methods

Given the different chemistries and malignity of Cr(III) and Cr(VI) complexes, 
the concentration determination of each chemical speciation rather than the total Cr 
concentration is often desired [81]. Indeed, Cr(VI) is mainly analyzed, and various 
methods to prevent its reduction have been developed. There are two main groups 
of Cr speciation methods: off- and online techniques [82]. The off-line methods use 
pretreatment techniques for separation and concentration of specific Cr species (in 
the samples) before its insertion into detection instruments. These pretreatment 
techniques can be (i) colored complex formation methods, (ii) soluble membrane 
filter techniques, (iii) chromatographic methods, (iv) electrochemical methods, 
(v) coprecipitation techniques, (vi) ion exchange techniques, (vii) separation using 
chelating resins, and (viii) solvent extraction. In the online methods, the separation 
system is coupled with detection system. These methods include (i) flow injection 
analysis, and (ii) high-performance liquid chromatography (HPLC) that includes ion 
chromatography (IC), (iii) ion pair chromatography (IPC), and (iv) reversed-phase 
chromatography.

The globally acknowledged standard methods for selective Cr(VI) detection 
are spectroscopic techniques using diphenyl carbazide (DPC) method with a limit 
of detection (LOD) of 0.12 mg/L [83]. In general, the DPC spectrophotometric 
determination is an inexpensive and sensitive procedure that also permits the spe-
ciation of Cr. It is worth mentioning that de Andrade et al. [84, 85] have employed 
DPC for the flow injection spectrophotometric determination of Cr(VI). In this 
work, the authors combined the spectrophotometric procedure with the column 
preconcentration procedure. New reagents are used for Cr(VI) spectrophotometric 
determination. Andrle and Broekaert [86] suggested the selective determination of 
Cr(VI) based upon the formation of a complex between ammonium pyrrolidinedi-
thiocarbamate and Cr(VI). To overcome ion interferences, Pyrzynska [83] proposed 
a new analysis based on the reaction of Cr(VI) with chromotropic acid (in acidic 

Industry Cr(VI) concentration (mg/L)

Hardware factory 60.0

Chrome tanning plant 3.7

Electroplating plant 1.0

Electropolishing plant 42.8

Tannery plant 3950.0

Tannery plant 100.0

Tannery plant 1770.0

Tannery plant 8.3

Electroplating plant 20.7

Electroplating plant 75.4

Table 6. 
Industrial wastewater containing Cr(VI) [69].
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medium) along with the presence of NaF as a masking agent for iron. In fact, Bu 
et al. [87] indirectly determined Cr(VI) by the use of carbimazole based on the 
redox reaction of carbimazole with Cr(VI). In the same path, Fan et al. [88] devel-
oped a new method for Cr(VI) determination based on the reaction of Cr(VI) and 
ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate)). Moreover, the selective 
detection of Cr(VI) is relatively easier based on electrochemical techniques due to 
the different reduction potentials of Cr(VI) and Cr(III) [89]. Electrochemically 
cleaned Au electrode is useful for the detection of Cr. Polymer-based electrochemi-
cal sensor are also used for Cr(VI) detection. In 2013, Susan and Aziz reported a 
screen-printed carbon electrode modified with quercetin to detect Cr(VI) in the 
water, while Welch et al. [90] studied and confirmed the electrochemical detection 
of hexavalent Cr species at Au, glassy carbon electrode, and boron-doped diamond 
electrodes. Chen et al. [91] realized trace detection of Cr(VI) in aqueous mediums 
using electro-adsorption-assisted laser-induced breakdown spectroscopy.

2.2.3.1.1.5 Standards and regulations for Cr(VI)

According to the USEPA water standards, the maximum limit of Cr in 
drinking water is 0.1 mg/L which is based on the total Cr (EPA, 1990) [92]. 
Also, the allowable concentration of dischargeable Cr(VI) into surface water is 
below 0.05 mg/L; however, the permissible concentration of total Cr (Cr(VI), 
Cr(III) and other forms) is equal to 2 mg/L [93]. The American conference of 
governmental industrial hygienists’ threshold limit time-weighted averages for 
Cr(VI) is 0.01 mg/m3. In addition, the Canadian guidelines has indicated a limit 
of 0.05 mg/L for total Cr concentration in drinking water [94]. Krishnani et al. 
[95] reported that the maximum permissible limits of Cr(VI) to discharge into 
potable water, in land surface water, and industrial wastewater are 0.05, 0.1, 
and 0.25 mg/L, respectively. According to the Moroccan official bulletin (NM 
03.7.001), the Russian federation [73], and the Indian standard [65, 94], the 
maximum allowable limits for Cr in drinking and domestic water are 0.05 and 
0.5 mg/L for Cr(VI) and Cr(III), respectively.

2.2.3.1.2 Copper

From the most common heavy metals that are often present in industrial waste-
water, Cu is usually found at high concentrations in industrial discharges (Figure 6) 
[96]. Cu is an abundant trace element found in a variety of rocks and minerals. Over 
90% of modern industrial enterprises need Cu products.

The Cu reserves and production (mines and concentrates) in major countries in 
2014 are reported in Table 7 [97]. Cu is involved in reduction, oxidation processes, 
adsorption/desorption, and dissolution processes which lead to many changes in its 
speciation. Cu is a transitional metal and appears in nature in four oxidation states: 
elemental copper Cu(0) (solid metal), Cu(I) cuprous ion, Cu(II) cupric ion, and 
rarely Cu(III). However in natural water systems, Cu can exist only in two different 
oxidation states, Cu(I) and Cu(II) [87]. The oxidation states of Cu depend on the 
concentration of oxygen.

In its oxidation state, Cu forms very stable complexes with both organic and 
inorganic ligands. The toxicity of serine and citrate is enhanced in case of estuarine 
bacteria, while Cu-amino acid and Cu-citrate are enhanced in case of Daphnia 
and algae, respectively [99]. In its pure form, Cu has outstanding criteria such 
as electrical and thermal conductivity, strong chemical stability, good corrosion 
resistance, and high plasticity and malleability, which makes it so attractive for 
industries.
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DPC for the flow injection spectrophotometric determination of Cr(VI). In this 
work, the authors combined the spectrophotometric procedure with the column 
preconcentration procedure. New reagents are used for Cr(VI) spectrophotometric 
determination. Andrle and Broekaert [86] suggested the selective determination of 
Cr(VI) based upon the formation of a complex between ammonium pyrrolidinedi-
thiocarbamate and Cr(VI). To overcome ion interferences, Pyrzynska [83] proposed 
a new analysis based on the reaction of Cr(VI) with chromotropic acid (in acidic 

Industry Cr(VI) concentration (mg/L)

Hardware factory 60.0

Chrome tanning plant 3.7

Electroplating plant 1.0

Electropolishing plant 42.8

Tannery plant 3950.0

Tannery plant 100.0

Tannery plant 1770.0

Tannery plant 8.3

Electroplating plant 20.7

Electroplating plant 75.4

Table 6. 
Industrial wastewater containing Cr(VI) [69].

55

Pollution of Water Sources from Agricultural and Industrial Effluents: Special Attention…
DOI: http://dx.doi.org/10.5772/intechopen.86921

medium) along with the presence of NaF as a masking agent for iron. In fact, Bu 
et al. [87] indirectly determined Cr(VI) by the use of carbimazole based on the 
redox reaction of carbimazole with Cr(VI). In the same path, Fan et al. [88] devel-
oped a new method for Cr(VI) determination based on the reaction of Cr(VI) and 
ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate)). Moreover, the selective 
detection of Cr(VI) is relatively easier based on electrochemical techniques due to 
the different reduction potentials of Cr(VI) and Cr(III) [89]. Electrochemically 
cleaned Au electrode is useful for the detection of Cr. Polymer-based electrochemi-
cal sensor are also used for Cr(VI) detection. In 2013, Susan and Aziz reported a 
screen-printed carbon electrode modified with quercetin to detect Cr(VI) in the 
water, while Welch et al. [90] studied and confirmed the electrochemical detection 
of hexavalent Cr species at Au, glassy carbon electrode, and boron-doped diamond 
electrodes. Chen et al. [91] realized trace detection of Cr(VI) in aqueous mediums 
using electro-adsorption-assisted laser-induced breakdown spectroscopy.

2.2.3.1.1.5 Standards and regulations for Cr(VI)

According to the USEPA water standards, the maximum limit of Cr in 
drinking water is 0.1 mg/L which is based on the total Cr (EPA, 1990) [92]. 
Also, the allowable concentration of dischargeable Cr(VI) into surface water is 
below 0.05 mg/L; however, the permissible concentration of total Cr (Cr(VI), 
Cr(III) and other forms) is equal to 2 mg/L [93]. The American conference of 
governmental industrial hygienists’ threshold limit time-weighted averages for 
Cr(VI) is 0.01 mg/m3. In addition, the Canadian guidelines has indicated a limit 
of 0.05 mg/L for total Cr concentration in drinking water [94]. Krishnani et al. 
[95] reported that the maximum permissible limits of Cr(VI) to discharge into 
potable water, in land surface water, and industrial wastewater are 0.05, 0.1, 
and 0.25 mg/L, respectively. According to the Moroccan official bulletin (NM 
03.7.001), the Russian federation [73], and the Indian standard [65, 94], the 
maximum allowable limits for Cr in drinking and domestic water are 0.05 and 
0.5 mg/L for Cr(VI) and Cr(III), respectively.

2.2.3.1.2 Copper

From the most common heavy metals that are often present in industrial waste-
water, Cu is usually found at high concentrations in industrial discharges (Figure 6) 
[96]. Cu is an abundant trace element found in a variety of rocks and minerals. Over 
90% of modern industrial enterprises need Cu products.

The Cu reserves and production (mines and concentrates) in major countries in 
2014 are reported in Table 7 [97]. Cu is involved in reduction, oxidation processes, 
adsorption/desorption, and dissolution processes which lead to many changes in its 
speciation. Cu is a transitional metal and appears in nature in four oxidation states: 
elemental copper Cu(0) (solid metal), Cu(I) cuprous ion, Cu(II) cupric ion, and 
rarely Cu(III). However in natural water systems, Cu can exist only in two different 
oxidation states, Cu(I) and Cu(II) [87]. The oxidation states of Cu depend on the 
concentration of oxygen.

In its oxidation state, Cu forms very stable complexes with both organic and 
inorganic ligands. The toxicity of serine and citrate is enhanced in case of estuarine 
bacteria, while Cu-amino acid and Cu-citrate are enhanced in case of Daphnia 
and algae, respectively [99]. In its pure form, Cu has outstanding criteria such 
as electrical and thermal conductivity, strong chemical stability, good corrosion 
resistance, and high plasticity and malleability, which makes it so attractive for 
industries.
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2.2.3.1.2.1 Copper (II)

As stated before, Cu is a redox-active element meaning it can easily go back and 
forth between the oxidized Cu(II) state and the reduced Cu(I) state [100]. The 
following Eqs. (7)–(9) represent the reduction processes for Cu ions:

Figure 6. 
Ecology of Cu. Colored arrows represent various aspects, namely, orange, elemental Cu fluxes; blue, human Cu 
interventions; green, human Cu intake; red, contamination [96].

Country Reserves/
(ten 

thousand 
tons)

Percentage 
of global 

reserves/(%)

Cu mine 
production /(ten 
thousand tons)

Cu concentrate 
production /(ten 
thousand tons)

Chile 20,900 29.86 575.0 274.7

Australia 9300 13.29 97.0

Peru 6800 9.71 138.0

Mexico 3800 5.43 51.4

The United 
States

3500 5.00 138.3 108.6

Russia 3000 5.00 72.0 87.4

China 3000 4.29 192.3 764.9

Poland 2800 4.00

Indonesia 2500 3.58

Zambia 2000 2.58 75.6 70.9

Table 7. 
Cu reserves and production (mines and concentrates) in major countries [97].
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   Cu   2+  + 2  e   −  ↔  Cu   0    (7)
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Cu(II) is suggested to be the primary species in nearly all natural waters. In this 
oxidation state, Cu forms very stable complexes with both organic and inorganic 
ligands [101]. Cu2(OH)2

2+ is believed to be the principal cationic hydrolysis product. 
In contrast, Cu(I) is unstable in aqueous solution and tends to change rapidly to 
Cu(II). Cu(II) forms strong complexes with the electron donor groups in organic 
compounds (O, N, and S) [102].

2.2.3.1.2.2 Cu(II) effects on human health and environment

Many studies confirmed that an increased concentration of Cu(II) in the body 
leads to serious health problems [96, 98, 103]. Cu and Cu(II) is absorbed in the 
intestine and then transported to the liver and binds to albumin [96]. Due to its 
catalytic role, Cu can reduce human immunodeficiency and leads to symptoms of 
anemia, vomiting, neutropenia, hypopigmentation, bone abnormalities, and growth 
disorders. It was also related to abnormalities in the metabolism of glucose and cho-
lesterol. Brewer et al. [100] also studied the many roles of Cu in human metabolisms 
and explained properly the different genetic diseases caused by this metal, namely, 
Wilson’s disease, Menkes disease, and Alzheimer’s disease. From an environmental 
point of view, the high concentration of Cu with an extreme acidity inhibits the ordi-
nary development of plants and animals, reduce the biodiversity, contaminate water 
reservoirs, and even corrode infrastructure. Generally, sheep suffer plenty from Cu 
poisoning, because of the effects of Cu that manifest at fairly low concentrations [103].

2.2.3.1.2.3 Cu detection methods

The development of analytical methods for the selective detection and visualiza-
tion of Cu(II) is significant. The common methods for the detection of Cu(II), as 
for Cr(VI), include liquid chromatography, electrochemical detection, spectro-
photometry, solid-phase extraction coupled with atomic absorption spectroscopy, 
potentiometric techniques, X-ray fluorescence, atomic emission spectroscopy, 
and inductively coupled plasma mass spectrometry [104, 105]. According to 
Ramanjaneyulu et al. [106, 107], the existing reagents for the photometric determi-
nation of Cu permit the detection of 0.025–30 μg/mL Cu. For instance, the dieth-
yldithiocarbamate reagent is considered one of the most frequently used reagents 
for Cu(II) determination with a LOD of 0.1 μg/L. Zagurskaya et al. [107] developed 
a spectrophotometric method of determination of Cu(II) with a ligand for a new 
coordination compound, the sodium salt of 4-phenylsemicarbazone 1,2-naphtho-
quinone-4-sulfonic acid (L). The formation of this new complex is accompanied by 
a color change and LOD of 0.012 mg/L.

2.2.3.1.2.4 Standards and regulations for Cu and its derivative

The maximum permissible limits (MPL) for Cu in water are listed in Table 8. 
Furthermore, the USEPA has set a MPL for Cu discharges either in the soil or in 
wastewater. The MPL in the soil is equal to 100 mg/L, while the limit for wastewater 
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2.2.3.1.2.1 Copper (II)

As stated before, Cu is a redox-active element meaning it can easily go back and 
forth between the oxidized Cu(II) state and the reduced Cu(I) state [100]. The 
following Eqs. (7)–(9) represent the reduction processes for Cu ions:

Figure 6. 
Ecology of Cu. Colored arrows represent various aspects, namely, orange, elemental Cu fluxes; blue, human Cu 
interventions; green, human Cu intake; red, contamination [96].
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that can be discharged into the public sewage system is 1 and 0.1 mg/L, respectively, 
for wastewater that can be discharged into public wastewater and which can be 
discharged into the recipient (surface and groundwater) [108].

2.2.3.1.2.5 Heavy metal (namely Cr and Cu) removal techniques

Faced with more and more stringent regulations, nowadays heavy metals are the 
environmental priority pollutants. In this regard, a wide range of removal technolo-
gies, such as chemical precipitation, ion exchange, adsorption, membrane filtra-
tion, and electrochemical, have been the subject of research nowadays.

In precipitation processes, chemicals react with heavy metal ions to form insol-
uble precipitates (such as hydroxide, sulfide, carbonates, etc.) by pH adjustment. 
The forming precipitates can be removed by physical means such as sedimentation, 
flotation, or filtration. Table 9 reports some of the recent research in Cu(II) and 
Cr(VI) removal by chemical precipitation. It should be mentioned that Davarnejad 
and Panahi [110] reported that the adsorption method is considered to be the most 
common process used to remove different Cu ions from industrial wastewater. The 
efficiency of adsorption depends on many parameters; high surface area, pore size 
distribution, functional groups, and the polarity of the adsorbent determines the 
efficiency of adsorption process [66].

Many different cheap adsorbents have been developed and used for the removal 
of both Cu and Cr ions from metal-contaminated wastewater. Recently, acti-
vated carbons, agriculture byproducts, zeolites, and industrial wastes are widely 
employed to remove Cr(VI) from waters and industrial wastewaters [113]. Iftikhar 
et al. [114] investigated the use of rose waste biomass in Cr(III) and Cu(II) removal. 
In this study, the capacity of adsorption of Cu(II) and Cr(III) by rose biomass varies 
with temperature, and the maximum adsorption capacities of 55.79 and 67.34 mg/g, 
respectively, for Cu(II) and Cr(III) were found at 303 ± 1 K, with adsorption over 
98% of Cu(II) and Cr(III). Natural zeolites are the most studied natural materi-
als for the adsorption of heavy metals [115]. Ali and Yaşar [116] show the zeolite’s 
high selectivity for Cu ions. In the same context, Barakat [117] studied the effect of 
pH on Cu adsorption and demonstrate that A4 zeolite is efficiently used to adsorb 
Cu(II), at natural and alkaline pH. At the same time, Francis et al. [115, 118] studied 
activated phosphate, zirconium phosphate, and calcined phosphate at 900°C, as 
net adsorbents to remove Cu(II). In addition, many researchers have reported that 
electrocoagulation (EC) is a suitable technology for heavy metal removal. The 
efficiency of this method in removing Cr(VI), Cu(II), and Ni from wastewater of 
an electroplating plant was investigated by Akbal and Camcidotless [119]. These 
authors achieved 100% Cu, 100% Cr, and 100% Ni removal at an EC time of 20 min 
with the use of Fe-Al electrode pair. Table 10 resumes some of the electrochemical 
studies on Cr(VI) removal.

International standard organizations

WHO USEPA ISI CPCB ICMR BIS EU NM

Cu permissible 
limit (mg/L)

1.0 1.3 0.05 1.5 1.5 1.3 2 2

*WHO; USEPA, United States Environmental Protection Agency; ISI, Indian Standard Institution; CPCB, Central 
Pollution Control Board; ICMR, Indian Council of Medical Research; BIS, Bureau of Indian Standards; EU, European 
limits via Directive 98/83/EC on the quality of water intended for human consumption; NM, the Moroccan official 
bulletin (NM 03.7.001).

Table 8. 
Permissible limits of drinking water quality [104, 105, 109].
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3. Conclusion

Widespread pollution of surface and underground water resulted largely 
from increased pollutant discharges from industrial (specially the heavy metals), 
municipal, and agricultural sources (nutriments such as N and P), excessive water 
abstraction from the environment, and poor water resource management and 
enforcement of pollution control regulations. The preservation of water sources 
from pollutants, NO3ˉ, Cr and Cu, is a major concern, shared by all, public, indus-
trial, scientific, researchers, and decision-makers. Over the past two decades, 
environmental regulations have become more stringent and require an improved 
quality of the treated effluents. Consequently, wide ranges of treatment technolo-
gies have been developed to remove agricultural and industrial pollutants. The 

Species Initial metal 
concentration

Precipitant Optimum 
pH

Removal 
efficiency 

(%)

Cu(II), Zn(II), 
Cr(III), Pb(II)

100 mg/L CaO 7–11 99.37–99.6

Cu(II), Zn(II), 
Pb(II)

0.018, 1.34, 
2.3 mM

H2S 3.0 100, >94, >92

Cr(III) 5363 mg/L CaO and MgO 8.0 >99

Cr(VI) 30 mg/L FeSO4 8.7 >99

Cu(II), ZN 100 mg/L Lime (Ca(OH)2),  
Soda ash (Na2CO3),

Sodium sulfide (Na2S)

10–11 >99

Table 9. 
Heavy metal removal using chemical precipitation [111, 112].

Concentration pH Anode-cathode Removal Reference

Electrocoagulation 
Cr(VI)

5 mg/L 7.0 Al alloy-Fe 98.2% [113]

1,000 mg/L 1.2 Carbon steel 100% [113]

100 mg/L 2 Fe-Cu 100% [113]

1,000 mg/L 4.5 Fe 100% [113]

— 4 Al–Al 99% [113]

Electrochemical Cr(VI) Concentration pH Electrodes Removal

3–50 mg/L 2 Carbon felt 100% [113]

12 mg/L 3 CNTs 96% [113]

50 mg/L 0.5 Polyaniline ~70% [113]

350 mg/L 0.7 Polypyrrole-
coated Al3

100% [113]

20 mg/L 11 Au 
nanoparticle-

decorated TiO2 
nanotube array

100% [113]

1470 mg/L 1.84 Stainless steel 100 [112]

8 mg/L 2.0 Carbon aerogel 98.5 [69]

Table 10. 
Cu(II) and Cr(VI) removal electrochemical methods.
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objective is to show the diversity of techniques used for NO3ˉ and heavy metal 
(Cu(II) and Cr(VI)) removal. The choice of one technique over the others depends 
on several factors such as the cost of processing, ease of reproducing, and the added 
value, along with the mode of use of the obtained treated water and the occurrence, 
or lack thereof, of harmful side products. Consequently, the development of new 
treatment methods is always a topical research topic.
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Chapter 4

Modeling Accumulated
Evapotranspiration Over Time
Omar Cléo Neves Pereira and Altair Bertonha

Abstract

The knowledge of accumulated evapotranspiration by seasonal vegetation crops
throughout their life cycle can be an important tool in decision-making when
considering the economic viability of the crop. This knowledge can help understand
how much the plants, subject to specific management, can evapotranspirate at the
end of their cycle. This information assists in estimating the quantity of a produc-
tion variable, for example, the mass of shoot fresh matter, besides indicating a more
interesting period for its harvest. The objective of this chapter is, from the daily
evapotranspiration estimative throughout the cycle, to model the accumulated
evapotranspiration over the entire growth period of the crop. In order to do so, we
must understand that the behavior of the response variable, i.e., the accumulated
evapotranspiration, over time is not linear and keep in mind that the several obser-
vations performed in the same experimental unit have correlations and these cor-
relations are more intense the closer temporally the measurements are. This
understanding leads us to the analysis of longitudinal data from the nonlinear
mixed effect models perspective.

Keywords: longitudinal data, nonlinear mixed effect model, growth curve,
correlation structure, irrigation

1. Introduction

With available water in the soil, the water flow through the plants depends only
on atmospheric demand. Therefore, physical variables as temperature, relative air
humidity, and wind and solar radiation affect directly the evapotranspiration (ET)
of a vegetated surface [1]. Besides that, the plants development state may also
affect the ET.

Seasonal vegetation crops present a small demand for water, while their root
system is small, reaching maximum rates in full growths and decreasing in the final
stages of development. For these species, the accumulated ET over the plant cycle is
directly related to its productivity. In other words, the greater the accumulated
amount of evapotranspirated water, the greater the quantity of the production
variables as shoot fresh and dry matter masses, number of leaves, and leaf
area [2, 3].

The objective of this chapter is to illustrate the use of nonlinear mixed effect
models to fit accumulated ET over time in seasonal vegetation crops.
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models to fit accumulated ET over time in seasonal vegetation crops.

69



2. Response profile

Figure 1 presents the accumulated ET from a single lettuce plant over 23 con-
secutive days, being the first day equivalent to the 35th day after seeding. Through-
out this period, the plant’s daily ET was measured. Hence, the first day in the graph
presents the ET value from the last 24 h, the second day refers to the last 48 h, and
so on. The daily ET must be understood as the rate at which the accumulated ET
occurs over time. In mathematical terms, the daily ET can be understood as an
approximation of the derivative (rate) of the accumulated ET with respect to time.

We wish to describe the behavior of our variable of interest or response variable,
the accumulated ET over time for seasonal vegetation crops. As the amount of
evapotranspirated water in 1 day is added to the accumulated ET from previous
days, its values over time are equal (in case ET from a whole day is null) or greater
than the immediately preceding value.

Observations from the response variable in more than one moment in the same
experimental unity constitute what we call as response profile. Therefore, Figure 1
presents the response profile of a lettuce plant over time. This profile, apparently,
presents an S-shaped format.

At the first days of observations (Figure 1), the accumulated ET is small because
the plant is at the beginning of its growth. As the days go by, the daily ET values
increase successively approximately until the 20th day. After the 20th day, the daily
ET, i.e., the rate of change of the accumulated ET, begins to decrease. This causes
the accumulated ET, which has been growing exponentially, to have a less vigorous
growth and, therefore, tending slowly to a maximum value.

3. A model for growth data

In order to describe the behavior of the accumulated ET over time, we also need
an S-shaped function. In addition, it is expected that the chosen model will be
interpretable and parsimonious in the parameters. An empirical option is the poly-
nomial model, which has linear parameters. This type of model can promote good

Figure 1.
Response profile of the accumulated ET for a single lettuce plant over 23 consecutive days.
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statistical adjustments and be computationally simpler but does not add any theo-
retical consideration to the physical and/or biological mechanisms that generated
the data. On the other hand, a nonlinear model is associated with some theoretical
knowledge regarding the studied phenomenon. Besides the interpretability, these
models use few parameters when compared to linear models, thus configuring a
more parsimonious description of the data [4].

Regarding the accumulated ET over time, we have some physical and biological
aspects that we can use to choose a proper model. A function that describes this
response variable needs parameters that delimit it between a minimum and a
maximum value. In other words, the minimum value should be really close to zero
and indicate the beginning of the plant’s growth, and the maximum should be a
value to which the accumulated ET tends asymptotically as the end of the life cycle
approaches. Another aspect to highlight is that the model should present an inflec-
tion point, which indicates the day that the accumulated ET rate (daily ET) reaches
its maximum value.

There are several functions capable of characterizing the accumulated ET over
time in the sense we just described. For example, we will use the four-parameter
logistic function (4PL) to describe our response variable. This function is widely
used to fit growth or decay data. There are some parametrizations for this function
in the literature, but we are using the one given by [4]

ET tð Þ ¼ ϕ1 þ
ϕ2 � ϕ1

1þ exp ϕ3 � tð Þ=ϕ4½ � (1)

with ET tð Þ being the accumulated ET over time and ϕ1�4 the model parameters
(Figure 2). ϕ1 is the inferior horizontal asymptote which gives the accumulated ET
value when t ! �∞. Biologically, this parameter does not have a consistent inter-
pretation, but it is important in the fitting because it ensures the accumulated ET, in
times close to zero, to be very small [2, 3]. ϕ2 is the superior horizontal asymptote
and gives the accumulated ET value when t ! ∞. This parameter can be

Figure 2.
Graphical representation of the 4PL parameters (Eq. (1)). Figure adapted from [4].
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interpreted as the maximum accumulated ET estimative that the plant can reach in
its final life cycle. ϕ3 is the curve’s inflection point and indicates the day (time) in
which the daily ET reaches a maximum value. The corresponding time to ϕ3 results
in an accumulated ET between ϕ1 and ϕ2. More precisely, the accumulated ET until
time ϕ3 is the mean value of both asymptotes, i.e., ϕ1 þ ϕ2ð Þ=2. ϕ4 is the scale
parameter. The day (time) corresponding to ϕ3 þ ϕ4 gives � 0:75 ϕ2 � ϕ1ð Þ of the
accumulated ET. Therefore, ϕ4 indicates how quickly the accumulated ET leaves
the proximity of ϕ1 until it reaches values close to ϕ2. The greater the ϕ4, the slower
this occurs.

To better understand what we have said, let’s observe Figure 3. It brings the
observed data shown in Figure 1 represented by the black dots and two other curves
representing two different fits made from this data. The first is a fifth-degree
polynomial model, and the second is given by Eq. (1). The graph in this figure was
extended until the 40th day in order to present the behavior of these fittings over
time.

Both the fifth-degree polynomial and the nonlinear 4PL models have fitted well
with the data. However, the polynomial model goes to zero after the 30th day, which
physically is impossible. Besides that, this model presents five parameters without
any physical and/or biological explanation for the phenomenon in this study. The
4PL nonlinear model is a strictly increasing function, being compatible with a
variable which is accumulated over time. Nevertheless, this fitting does not allow
the infinite growth of the accumulated ET as time grows larger and larger. It limits
the accumulated ET to a value which can be understood as a maximum amount in
which this plant can evapotranspirate throughout its life cycle.

We also see that, from approximately the 20th day, the accumulation of evapo-
transpiration water is decreasing. This indicates that this day is the inflection point
of the nonlinear 4PL model. For a practical example of the model’s inflection point
regarding seasonal vegetation crops, suppose that the commercial product of a
given crop plant is its leaves. It is known that the production variables present a
positive correlation with the amount of total evapotranspired water throughout the

Figure 3.
Accumulated ET response profile for a single lettuce plant over 23 consecutive days. The graph was extended
until the 40th day to present the behavior of two fittings made for this data, a fifth-degree polynomial and a
nonlinear model given by Eq. (1).
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plants’ life cycle. That is, the larger the total evapotranspiration water, the higher
the values of the production variables [2, 3]. Hence, the inflection point can indicate
the proximity of the harvest day. From this point, the ET rates decrease, and
therefore, the plants start to accumulate less quantities of shoot fresh matter over
time. Thus, this point can be considered when thinking in terms of the economic
viability of the crop.

Another important aspect, besides the parameter interpretability, is that the
nonlinear 4PL model is more parsimonious than the linear model. In general,
nonlinear models use a small number of parameters than the linear ones, which
grant them more parsimony. Besides that, as can be observed in Figure 3, in regions
outside the data interval, the nonlinear model gives a more trustworthy prediction
for the response variable [4].

4. Longitudinal data

Clearly, in order to make sense, an experiment must provide data from more
than one experimental unit. In our case, more than one plant should be observed
over time, i.e., we must obtain more than one response profile. Studies in which the
response variable is observed repeatedly throughout time in the experimental units
are called longitudinal studies. This kind of work is common in agriculture when
analyzing the increase or decrease of the response variable over time [2, 3, 5–8].

Measurements performed in the same experimental unit are most likely to be
correlated. Suppose two plants which its ET is registered daily. If all covariables
(fertilization, cultivate, planting season, soil water, and so on) were kept constant
over time, plants with high rates of ET in a given day will most likely also have high
rates of ET in the next day, the same for plants with smaller ET rates. If in a day the
rate is small, probably in the next day it will also be small. In other words, mea-
surements performed in the same experimental unit tend to be similar over time. It’s
the individual expression of each plant.

Besides the correlation between the observations within the same experimental
unit, we must consider that, most likely, these correlations are greater for observa-
tions performed between neighboring times than those performed between more
distant times.

5. Mixed effect model

In a longitudinal study, the monitoring of the experimental units over time
generates correlated dataset. As mentioned, these correlations within the same
experimental unit are stronger among neighboring observations. The greater the
time distance between two measures, the weaker the correlation between them.
Besides that, when we observe experimental units which received the same condi-
tions regarding growth over time and are part of the same treatment, we have a
variability among them that we attribute to chance. The treatment effects, the
correlations, and the variabilities in a longitudinal study indicate that we need a tool
that, in addition to being flexible in specifying a mathematical model, also empha-
sizes each experimental unit.

In mixed effect models, we select an ordinary function to describe the response
variable regarding the studied covariables, that is, the responses of the experimental
units in a population. Besides that, specific coefficients of this function can be
unique for each experimental unit. In a mixed effect model, we assume that the
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experimental units of a population have the same functional form, but the function
parameters may vary among the units.

The namemixed model comes from the fact that this model combines fixed effects
and random effects. A mixed effect model is a parametric model which describes the
relations between the response variable and the covariables (fixed effects) and takes
into account the individual responses of each experimental unit (random effects).
In other words, the fixed effects parameters describe the relations of the response
variable and the covariables in an entire population, and the random effects specify
the contribution of each individual within the population [4, 9–12].

To illustrate how to write a 4PL nonlinear model with mixed effect, let’s assume
that we are studying the accumulated ET regarding four levels of water in the soil,
W1, W2, W3, and W4 (there could be more levels of water in the soil or less, but to
exemplify, let’s assume four treatments). We will consider that the response vari-
able, the accumulated ET, has a normal probability distribution. Consider ETij as
the accumulated ET at the j situation, for plant i, with j ¼ 1, 2,⋯, ni e i ¼ 1, 2,⋯, N,
where ni is the number of observations for the i-th plant and N is the total number
of plants. The nonlinear 4PL mixed effect model can be expressed by [2, 3]

ETij ¼ ϕ1i þ
ϕ2i � ϕ1i

1þ exp ϕ3i � tj
� �

=ϕ4i
� �þ εij (2)

being

ϕi ¼

ϕ1i

ϕ2i

ϕ3i

ϕ4i

2
6664

3
7775 ¼

β1 þ γ1x1i þ δ1x2i þ ζ1x3i
β2 þ γ2x1i þ δ2x2i þ ζ2x3i
β3 þ γ3x1i þ δ3x2i þ ζ3x3i
β4 þ γ4x1i þ δ4x2i þ ζ4x3i

2
6664

3
7775þ

b1i
b2i
b3i
b4i

2
6664

3
7775 (3)

¼ βþ γx1i þ δx2i þ ζx3i þ bi, (4)

with the parameters β, γ, δ, ζ representing the fixed effects and bi the random
effects in the model. xki with k ¼ 1; 2; 3 are indicative covariables of treatments or
groups and may have values zero or one. The parameter β is the reference level in
the study. When x1i ¼ x2i ¼ x3i ¼ 0, thus, ϕi ¼ βþ bi and the i-th plant belongs to
the treatment W1. When x1i ¼ 1 and x2i ¼ x3i ¼ 0, ϕi ¼ βþ γ þ bi and the i-th
plant belongs to the treatment W2. If x2i ¼ 1 and x1i ¼ x3i ¼ 0, ϕi ¼ βþ δþ bi and
the i-th plant belongs to the treatment W3. And lastly, if x3i ¼ 1 and x1i ¼ x2i ¼ 0,
ϕi ¼ βþ ζ þ bi and the i-th plant belong to the treatment W4. The random effects
bi are considered independent among the plants and are normally distributed with
mean zero and covariance matrix Ψ (bi � N 0;Ψð Þ). In this case, the covariance
matrix is given by

Ψ ¼

σ21 σ12 σ13 σ14

σ12 σ22 σ23 σ24

σ13 σ23 σ23 σ34

σ14 σ24 σ34 σ24

2
6664

3
7775 (5)

with σ21, σ
2
2, σ

2
3, and σ24 being the variances of random effects b1i, b2i, b3i, and b4i,

respectively, and σ12, σ13, σ14, σ23, σ24, and σ34 are the covariances between them.
The variances of the random effects indicate how a model parameter varies between
the experimental units. Frequently, we suppose that the errors within the groups εij
are independent between the observations of the same experimental unit and that
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they are distributed the same way among the experimental units. For a given sample
unit i, we can describe the error εij as the time j indexed vector, i.e.,

εi ¼

ε1i

ε2i

⋮
εnii

2
6664

3
7775,

where each vector εi has ni observations throughout time and we assume that
they follow a normal multivariate distribution with mean zero and covariance
matrix Λi, i.e.,

εi � N 0;Λið Þ: (6)

Most of the times, we consider Λi ¼ σ2I, being σ2 a constant variance for all j
times.

By using nonlinear mixed effect models, we must consider the technical diffi-
culty in the parameter estimation. In a mixed effects linear model, the derivative of
the logarithmic of the likelihood function allows, in a simple way, the algorithm
implementation, like Newton-Raphson, to obtain the estimative of the models
parameters. Nonlinear models can, however, present nonlinear random coefficients
which make it impossible to directly explain the parameters from the likelihood
function. Methods that depend on linear approximations such as the first-order
Taylor approximation can be used to estimate the model.

Nonlinear mixed effect model analysis can be, preferably, made by the R soft-
ware [13] with the package name [14], also, at the SAS software using PROC
NLMIXED. An excellent text to learn how to use these skills is given in [4].

6. Covariance structure of Λi

Mixed effect model allows the dependence between the observations to
be specified in the model parameters through random effects. In other words,
the experimental unit responses from a population tend to follow a nonlinear
growth path; however, each experimental unit has its own growth path, and the
mixed effect model allows the inclusion of specific coefficients to obtain fitted
growth curves that align better with the individual responses of these
experimental units.

Thus, mixed models allow relevant flexibility for the specification of the random
effects correlation structure. However, the dependence structure of the observa-
tions within the experimental units Λi until now has been considered independent,
identically distributed with mean zero and constant variance. Depending on the
chosen model, the growth responses can be explained just by including specific
coefficients for the experimental units. However, this may not be enough, and, in
this case, modeling the residual dependence of the data becomes important.

There are cases where dependence on observations not accommodated by the
growth function is not well understood or, sometimes, additional covariables that
could explain this dependences are absent from the model. Thus, an important
resource to model this dependence is to identify the covariance structure that allows
correlation between the residuals in different occasions. Then, let us relax on the
assumption that the errors are independent and allow them to have heterosce-
dasticity and/or are correlated within the experimental units.
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� �þ εij (2)
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ϕ1i

ϕ2i

ϕ3i

ϕ4i

2
6664

3
7775 ¼
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2
6664

3
7775þ

b1i
b2i
b3i
b4i

2
6664

3
7775 (3)

¼ βþ γx1i þ δx2i þ ζx3i þ bi, (4)
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Ψ ¼

σ21 σ12 σ13 σ14

σ12 σ22 σ23 σ24

σ13 σ23 σ23 σ34

σ14 σ24 σ34 σ24

2
6664

3
7775 (5)

with σ21, σ
2
2, σ

2
3, and σ24 being the variances of random effects b1i, b2i, b3i, and b4i,

respectively, and σ12, σ13, σ14, σ23, σ24, and σ34 are the covariances between them.
The variances of the random effects indicate how a model parameter varies between
the experimental units. Frequently, we suppose that the errors within the groups εij
are independent between the observations of the same experimental unit and that
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There are several covariance structures for the residues available in the software
to help model longitudinal data. However, in our text, we will highlight only two
that we consider more important for these studies, the covariance structure with
heterogeneous variance and the first-order auto-regressive.

6.1 Heterogeneous variance

The first covariance structure we will consider for Λi is the one that admits
heterogeneity of the ni residual variances. In this structure, which has ni parame-
ters, we assume that the residuals associated with the observed values at the ni
occasions for the i-th experimental unit are independent:

Λi ¼

σ21 0 ⋯ 0

0 σ22 ⋯ 0

⋮ ⋮ ⋱ ⋮
0 0 ⋯ σ2ni

2
6664

3
7775: (7)

Other variables, besides time, can also be considered with heterogeneous vari-
ance in the model. For example, there are cases in which it is important to model the
heterogeneity of the treatments, and we can do it by using mixed models.

6.2 First-order auto-regressive

Another covariance structure for Λi which is widely used for longitudinal data is
the first-order auto-regressive, also called AR 1ð Þ:

Λi ¼ σ2

1 ρ ⋯ ρni�1

ρ 1 ⋯ ρni�2

⋮ ⋮ ⋱ ⋮
ρni�1 ρni�2 ⋯ 1

2
6664

3
7775: (8)

This structure has only two parameters, the variance parameter σ2, always
positive, and the covariance parameter ρ, which may vary between �1 and 1. This
kind of structure allows the residues associated with the observations in neighbor-
ing occasions to be more correlated than those whose observations are further apart.
The AR 1ð Þ is preferred for datasets in which the longitudinal observations are
equally spaced.

7. Real data example

To exemplify what we have done so far, let’s work with some real data of the ET
from lettuce plants grown in pots. A total of N ¼ 12 were completely randomized
into three levels of water in the soil. At the first treatment, W1, the water level for
the plant were kept between 50.0 and 75.0% of the substrate’s retention capacity. In
the other two treatments, W2 and W3, the water level in the substrate was kept
between 50.0 and 87.5% and between 50.0 and 100.0%, respectively. When the
retention capacity of the substrate reached 50.0%, the pots were irrigated until their
maximum level regarding each treatment.

The profile graphs from the accumulated ET for all pots in each treatment are
shown in Figure 4. Note that the inferior asymptote, when t ! �∞, is apparently
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the same for all plants, i.e., the individual and treatment effects do not seem to be
important for this parameter.

We model this data using Eq. (2) and considering treatment W1 as baseline. The
random effects were added to the parameters ϕ2i, ϕ3i, and ϕ4i, and the treatments
were important to explain the parameters ϕ2i e ϕ3i. Besides that, we consider the
heterogeneity in the treatments and an AR(1) correlation structure for Λi. The
parameter estimative of the model is presented in Table 1.

The parameter ϕ2i seems to be influenced by the other treatments, and its value
was estimated in � 2:44 kg for W1, � 2:44þ 0:94 ¼ 3:38 kg for W2, and
� 2:44þ �0:27ð Þ ¼ 2:17 kg for W3. The inflection point, i.e., the day the accumu-
lated ET rate was maximum, also seems to be influenced by the treatments.W1 and
W2 were not statistically different for the parameter ϕ3i, butW3, with estimative of
� 14 days, appears to be statistically different from W1 (� 17 days).

The first graph presented in Figure 5 brings the accumulated ET mean in each
day of the four plants in each treatment. The solid lines are fitting for the treatments

Figure 4.
Response profile for the accumulated ET of the lettuce plants over 23 consecutive days for the soil water levels
W1, W2, and W3.

Parameters β̂ (W1) γ̂ (W2) δ̂ (W3)

ϕ1 �0.133363 — —

ϕ2 2.439746 0.935210 �0.272847

ϕ3 16.648272 0:405882NS �2.302124

ϕ4 5.765065 — —

The only nonsignificant parameter NS
� �

was ϕ3i for the treatment W2 with p-value >0:34. The other parameters
presented p-value <0:001.

Table 1.
Estimative for the models fixed effects parameters.
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made by Eq. (2). The other graphs present all values observed for the four plants in
each treatment, and the solid lines indicate the individual model for each plant.
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Chapter 5

Sustainability Assessment of
Wastewater Treatment Plants
Başak Kiliç Taşeli

Abstract

It is thought that this chapter will make a significant contribution to the litera-
ture or at least will fill the space on the wastewater treatment plant’s effect on
climate change. It demonstrates the potential climate change impact of a sequential
batch reactor (SBR) and constructed wetland on treating domestic wastewater by
giving methods for calculation of their greenhouse gas emissions in terms of N2O
and CH4. Are wastewater treatment plants sustainable? What aspects determine
sustainability? Do tertiary wastewater treatment plants and constructed wetlands
(CWs) have less global warming potential (CO2 emissions) and less energy use than
conventional treatment? In accordance with the literature, greenhouse gas calcula-
tions of this study showed that CWs and SBR WWTPs do not contribute to global
warming negatively.

Keywords: wastewater treatment, sequential batch reactor, greenhouse gas,
constructed wetlands, methane, nitrous oxide, sustainability

1. Introduction

Wastewater treatment plants are generally capable of reaching hygienic and
environmental standards; however, these were not designed for zero discharge
principle in which nutrients, organic matter, and water are recycled and nutrient,
organic and water cycles are closed. Are wastewater treatment plants (WWTPs)
sustainable? What aspects determine sustainability? Do tertiary wastewater
treatment plants and constructed wetlands (CWs) have less global warming
potential (CO2 emissions) and less energy use than conventional treatment?

Since sequential batch reactor (SBR) system sequentially removes carbon,
nitrogen, and phosphorous in a single reactor by maintaining anoxic and aerobic
stages, it recently has attracted a great deal of interest. High nitrogen and phospho-
rus removal are achieved by a series of steps, namely, fill, react, settle, draw, and
idle steps, as shown in Figure 1. Denitrification occurs at the beginning of the fill
step taking usually 25% of the total cycling time where raw wastewater is added to
the reactor. The step taking up 35% of the total cycle time is called react step where
the reactions were finalized. The main purpose of the third step (settle) is to allow
solid separation and provide a supernatant ready to be discharged as effluent. The
purpose of the fourth step (draw step) ranging from 5 to 30% of the total cycle time
is to remove clarified treated water from the reactor. The purpose of last step,
“idle,” is to provide time for one reactor to complete its fill cycle before switching to
another unit.
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In wastewater treatment technologies like activated sludge, membrane methods
are not feasible enough for widespread application in rural areas [2]. Constructed
wetlands however are attracting great concern due to lower cost, easy operation,
and less maintenance requirements as a reasonable option for treating wastewater
in rural areas. They are designed and constructed to mimic natural wetland systems
for removing contaminants which are basically composed of vegetation, substrates,
soils, microorganisms, and water, utilizing complex processes involving physical,
chemical, and biological mechanisms (e.g., sedimentation, filtration, precipitation,
volatilization, adsorption, plant uptake, and various microbial processes) [3].

While the treatment performance of CWs is critically dependent on the optimal
operating parameters (water depth, hydraulic retention time and load, feeding
mode and design of setups, etc.) which could result in variations in the removal
efficiency of contaminants, plant species and media types are crucial influencing
factors for the treatment in CWs as they are considered to be the main biological
component of CWs. Emergent, submerged, floating-leaved, and free-floating plants
are commonly planted among 150 macrophyte species. The most common used
emergent species reported are Phragmites spp. (Poaceae),Typha spp. (Typhaceae),
Scirpus spp. (Cyperaceae), Iris spp. (Iridaceae), Juncus spp. (Juncaceae), and
Eleocharis spp. (Spikerush) [3].

The greenhouse effect of major greenhouse gases, carbon dioxide (CO2), meth-
ane (CH4), and nitrous oxide (N2O) all produced in wastewater treatment opera-
tions, is weighted by their global warming potentials (GWP). Over a period of
100 years, 1 ton of methane and nitrous oxide will have a warming effect equivalent
to 25 and 298 ton of CO2, respectively [4]. In the same direction, it is stated that

Figure 1.
Operation sequence for sequential batch reactor [1].
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nitrous oxide is a significant greenhouse gas with a lifetime of 114 years with a 298-
fold stronger effect of global warming than carbon dioxide and is also responsible
for ozone depletion in the stratosphere [5].

In SBR processes, ammonium is transformed into N2 gas via nitrification and
denitrification. N2O is generated as a by-product or an intermediate due to insuffi-
cient oxygen during nitrification in the aeration step and due to insufficient carbon
during denitrification in settling and decanting steps [6]. Wastewater treatment
facilities are anthropogenic sources of N2O to the atmosphere, taking account of
3.2–10% of the total emission [7]. Practically, only methane and nitrous oxide are
calculated since carbon that is present in wastewater is biogenic and it is assumed
that it is returning the carbon to the atmosphere as CO2 representing no net flux to
the system [8].

Based on field measurements, the maximum methane flux occurred in sludge
screw conveyor with 823 g/m2/d, and CH4 emission occurred in every processing
unit [9]. Methane is produced by methanogens due to low O2 and nitrate/nitrite
concentration during the anaerobic and anoxic processes. In the same direction,
more than 50% of global methane emissions are related to human-related activities
like landfill, wastewater treatment, agriculture, and certain industrial process [10].

Are constructed wetlands sustainable? It is reported that constructed wetlands
have less global warming potential (CO2 emissions) and less energy use than con-
ventional treatment [11]. Wetlands also reduced aquatic toxicity and eutrophication
compared to conventional activated sludge wastewater treatment [12]. A sustain-
able solution means minimized costs; minimized energy use; minimized land area
required; minimized loss of nutrients; minimized waste production; maximized
products like clean water, biogas, biomass, fertilizers, and compost; and maximized
qualitative sustainability indicators like social acceptance, institutional require-
ments, etc. But it is not always possible to design a wastewater treatment that
minimizes cost, energy use, and land area, while maximizing performance.

The greenhouse gas emissions measured in N2O, CO2, and CH4 for horizontal
flow constructed wetlands (HFCWs) were 3, 1400 and 5 mg/m2/d, respectively
[13]. Moreover, vertical flow constructed wetlands (VFCWs) had significantly
higher areal gaseous emissions than HFCWs, and gas emissions were correlated to
temperature, substrate supply (influent N and C concentrations), and degree of
oxidation in the wetland [14]. The quantity and impact of CH4 and N2O are impor-
tant since CH4 has 25 times and N2O has 298 times the global warming potential of
CO2 [4].

The CO2, CH4, N2, and N2O fluxes in both horizontal and vertical subsurface flow
constructed wetlands in Estonia were measured and reported that the global influ-
ence of constructed wetlands is not significant, that is, even if all global domestic
wastewater were treated by constructed wetlands, the emitted GHG would be <1%
of total anthropogenic emissions [15]. They also reported the averaged experimental
data of 788.33 mg CO2/m

2 h, 4 mg CH4/m
2 h, and 0.79 mg N2O/m2 h.

The following section will represent CH4, N2O, and CO2 emission calculating
principles for both SBR and CW WWTPs.

2. Emission calculating principles for wastewater treatment plants

2.1 Methane (CH4) emission calculating principles

Estimation of organically degradable material in domestic wastewater,
estimation of methane emission factor (EF) for domestic wastewater, and
estimation of CH4 emissions from domestic wastewater are steps for calculating
CH4 emissions.

85

Sustainability Assessment of Wastewater Treatment Plants
DOI: http://dx.doi.org/10.5772/intechopen.88338



In wastewater treatment technologies like activated sludge, membrane methods
are not feasible enough for widespread application in rural areas [2]. Constructed
wetlands however are attracting great concern due to lower cost, easy operation,
and less maintenance requirements as a reasonable option for treating wastewater
in rural areas. They are designed and constructed to mimic natural wetland systems
for removing contaminants which are basically composed of vegetation, substrates,
soils, microorganisms, and water, utilizing complex processes involving physical,
chemical, and biological mechanisms (e.g., sedimentation, filtration, precipitation,
volatilization, adsorption, plant uptake, and various microbial processes) [3].

While the treatment performance of CWs is critically dependent on the optimal
operating parameters (water depth, hydraulic retention time and load, feeding
mode and design of setups, etc.) which could result in variations in the removal
efficiency of contaminants, plant species and media types are crucial influencing
factors for the treatment in CWs as they are considered to be the main biological
component of CWs. Emergent, submerged, floating-leaved, and free-floating plants
are commonly planted among 150 macrophyte species. The most common used
emergent species reported are Phragmites spp. (Poaceae),Typha spp. (Typhaceae),
Scirpus spp. (Cyperaceae), Iris spp. (Iridaceae), Juncus spp. (Juncaceae), and
Eleocharis spp. (Spikerush) [3].

The greenhouse effect of major greenhouse gases, carbon dioxide (CO2), meth-
ane (CH4), and nitrous oxide (N2O) all produced in wastewater treatment opera-
tions, is weighted by their global warming potentials (GWP). Over a period of
100 years, 1 ton of methane and nitrous oxide will have a warming effect equivalent
to 25 and 298 ton of CO2, respectively [4]. In the same direction, it is stated that

Figure 1.
Operation sequence for sequential batch reactor [1].

84

Water Chemistry

nitrous oxide is a significant greenhouse gas with a lifetime of 114 years with a 298-
fold stronger effect of global warming than carbon dioxide and is also responsible
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oxidation in the wetland [14]. The quantity and impact of CH4 and N2O are impor-
tant since CH4 has 25 times and N2O has 298 times the global warming potential of
CO2 [4].
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CH4 emissions.
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The direct methane emissions are a function of the amount of degradable carbon
in the wastewater and sludge and an emission factor. As can be seen from Eq. (1)
(Eq. (1): Eq. 6.2 of IPCC, 2006:CH4 emission factor for each domestic wastewater
treatment/discharge pathway or system), the emission factor is a function of the
maximum CH4 producing potential (Bo) and the methane correction factor (MCF).
The Bo value of 0.6 kg CH4/kg BOD removal, the uncertainty range of �30%, and
the MCF value of 0.05 are recommended [4].

Total organics in wastewater (TOW) (in inventory year, kg BOD/year) is a
function of human population and BOD generation per person, and it is expressed
in terms of biochemical oxygen demand (kg BOD/year). TOW was calculated by
using Eq. (2) (Eq. (2): Eq. 6.3 of IPCC, 2006: total organically degradable material in
domestic wastewater) [4].

CH4 emission factor for each domestic wastewater treatment=

discharge pathway or system EFj
� � ¼ B0∙MCFj

(1)

where Fj emission factor, kg CH4/kg BOD; j each treatment/discharge pathway
or system; B0 maximum CH4 producing capacity, kg CH4/kg BOD; MCFj methane
correction factor (fraction).

Total organically degradable material in domestic wastewater

TOWð Þ ¼ P∙BOD∙0:001∙I∙365
(2)

where TOW, total organics in wastewater in inventory year, kg BOD/year; P,
country population in inventory year (person); BOD, country-specific per capita
BOD in inventory year, g/person/day; 0.001, conversion from gram BOD to kg
BOD, I, correction factor for additional industrial BOD discharged into sewers (for
collected the default is 1.25; for uncollected the default is 1.00).

The general equation for estimating CH4 emissions from domestic wastewater
was calculated by using Eq. (3) (Eq. (3): Eq. 6.1 of IPCC, 2006: total CH4 emissions
from domestic wastewater).

Total CH4 emissions from domestic wastewater

CH4 emissionsð Þ ¼
X
ij

Ui � Tij � EFj
� �

∙ TOW� Sð Þ � R

"
(3)

where CH4 emissions, CH4 emissions in inventory year, kg CH4/year; TOW,
total organic wastewater in inventory year, kg BOD/year; EFj, emission factor, kg
CH4/kg BOD; S, organic component removed as sludge in inventory year, kg BOD/
year; Ui, fraction of population in income group i in inventory year; Ti,j, degree of
utilization of treatment/discharge pathway or system, j, for each income group
fraction i in inventory year; i, income group: rural, urban high income and urban
low income; j, each treatment/discharge pathway or system; R, amount of CH4

recovered in inventory year, kg CH4/year.

2.2 Nitrous oxide (N2O) emission calculating principles

Estimation of nitrogen in effluent, estimation of emission factor, and emissions
of indirect N2O emissions from wastewater are steps for calculating N2O emissions.
It is associated with the microbial conversion of nitrogen compound in the waste-
water. It occurs as emissions from treatment plants or from wastewater after
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disposal of effluent into waterways, lakes, or the sea. The emission factor (0.005) is
taken for domestic wastewater nitrogen effluent, referring to the default value
recommended by IPCC [4]. The factor 44/28 is the conversion of kg N2O-N into kg
N2O. A simplified equation is given in Eq. (5). Emission factors of N2O were
evaluated by incorporating N loads in influent of the SBR WWTP.

Total nitrogen in the effluent

NEFFLUENTð Þ ¼ P∙Protein∙FNPR∙FNON�CON∙FIND�COMð Þ �NSLUDGE
(4)

where NEFFLUENT, total annual amount of nitrogen in the wastewater effluent,
kg N/year; P, human population; Protein, annual per capita protein consumption,
kg/person/year; FNPR, fraction of nitrogen in protein, default = 0.16, kg N/kg
protein; FNON-CON, factor for non-consumed protein added to the wastewater;
FIND-COM, factor for industrial and commercial co-discharged protein into the sewer
system; NSLUDGE, nitrogen removed with sludge (default = zero), kg N/year.

N2O emissions from wastewater effluent

N2O emissionsð Þ ¼ NEFFLUENT∙EFEFFLUENT∙44=28
(5)

where N2O emissions, N2O emissions in inventory year, kg N2O/year;
NEFFLUENT, nitrogen in the effluent discharged to aquatic environments, kg N/year,
EFEFFLUENT, emission factor for N2O emissions from discharged to wastewater, kg
N2O-N/kg N; 44/28, the factor 44/28 is the conversion kg N2O-N into kg N2O.

2.3 Carbon dioxide (CO2) emission calculating principles

The two main factors causing CO2 production from wastewater treatment plants
are the type of treatment process and electricity consumption. During anaerobic
treatment, the BOD5 in the wastewater is either converted to CO2 or CH4, or some
of it enters the biomass and is also converted to CO2 and CH4 by endogenous
respiration. Other sources of carbon dioxide emissions are caused by sludge
digesters and digestion gas combustion. In aerobic process, CO2 is produced by
decomposition of organic substances. Since CO2 emissions from the wastewater
treatment plant are biogenic, they are not included in the national total emissions
and are not considered in the IPCC Guidelines. Biogenic origin means that it is part
of the natural carbon cycle and the food chain passing from plants to animals and
humans, or natural atmospheric CO2 source.

3. Emission calculating principles for constructed wetlands

3.1 Methane (CH4) emission calculating principles

The direct methane emissions are the function of the amount of degradable
carbon in the wastewater and sludge, and an emission factor. The emission factor
is a function of the maximum CH4 producing potential (Bo) and the methane
correction factor (MCF) for the wastewater treatment and discharge system. The Bo

value of 0.6 kg CH4/kg BOD removal and the uncertainty range of �30% is
recommended by IPCC [16]. The MCF indicates that the extent to which the CH4

producing capacity is realized in each type of treatment and discharge pathway and
system. The CH4 emissions from constructed wetlands and CH4 emission factors
for constructed wetlands are given in Eq. (6) (Eq. (6): Eq. 6.1 of IPCC, 2014: CH4
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treatment, the BOD5 in the wastewater is either converted to CO2 or CH4, or some
of it enters the biomass and is also converted to CO2 and CH4 by endogenous
respiration. Other sources of carbon dioxide emissions are caused by sludge
digesters and digestion gas combustion. In aerobic process, CO2 is produced by
decomposition of organic substances. Since CO2 emissions from the wastewater
treatment plant are biogenic, they are not included in the national total emissions
and are not considered in the IPCC Guidelines. Biogenic origin means that it is part
of the natural carbon cycle and the food chain passing from plants to animals and
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The direct methane emissions are the function of the amount of degradable
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value of 0.6 kg CH4/kg BOD removal and the uncertainty range of �30% is
recommended by IPCC [16]. The MCF indicates that the extent to which the CH4

producing capacity is realized in each type of treatment and discharge pathway and
system. The CH4 emissions from constructed wetlands and CH4 emission factors
for constructed wetlands are given in Eq. (6) (Eq. (6): Eq. 6.1 of IPCC, 2014: CH4
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emissions from constructed wetlands) and Eq. (7) (Eq. (7): Eq. 6.2 of IPCC, 2014:
CH4 emission factor for constructed wetlands), respectively.

CH4 emissions from constructed wetlands

CH4 emissionsð Þ ¼
X
j

TOWj � EFj
� �þ

X
ij

TOWij � EFj
� � (6)

where CH4 emissions, CH4 emissions in inventory year, kg CH4/year; TOWj,
total organics in wastewater entering CW in inventory year, kg BOD/year or kg
COD/year; EFj, emission factor, kg CH4/kg BOD (for domestic wastewater only) or
kg CH4/kg COD (for domestic and industrial wastewater). If more than one type
of CW is used in an industrial sector, this factor would need to be a TOWij weighted
average: i, industrial sector; j, type of CW.

CH4 emission factor for constructed wetlands EFj
� � ¼ B0∙MCFj (7)

where EFj, emission factor, kg CH4/kg BOD or kg CH4/kg COD; j, type of CWs;
B0, maximum CH4 producing capacity, kg CH4/kg BOD or kg CH4/kg COD; MCFj,
methane correction factor (fraction).

3.2 Nitrous oxide (N2O) emission calculating principles

Nitrogen oxides are associated with microbial conversion of nitrogen compound
in wastewater and emerge as emissions from wastewater discharge to waterways,
lakes, or seas and treatment plants or wastewater. The emission factor (0.005) is
taken for domestic wastewater nitrogen effluent, referring to the default value
recommended by IPCC [16]. The factor 44/28 is the conversion of kg N2O-N into kg
N2O. A simplified equation is given in Eq. (8).

N2O emissions from constructed wetlands

N2O emissionsð Þ ¼
X
j

Nj � EFj � 44=28
� �þ

X
i, j

Ni, j � EFj � 44=28
� � (8)

where N2O emissions, N2O emissions in inventory year, kg N2O/year; Nj, total
nitrogen in domestic wastewater entering CWs in the inventory year, kgN/year;
Ni,j, total nitrogen in industrial wastewater entering CWs in the inventory year,
kgN/year; EFj, emission factor, kg N2O-N/kg N. If more than one type of CW is
used in an industrial sector, this factor would need to be a Ni,j weighted average:
i, industrial sector; j, type of CW; 44/28, the factor 44/28 is the conversion of kg
N2O-N into kg N2O.

4. Results

4.1 SBR wastewater treatment plant’s GHG emissions

Eqs. (1)–(3) and default maximum CH4 producing capacity for domestic
wastewater of 0.6 kg CH4/kg BOD and 0.25 kg CH4/kg COD and (Ti,j) values
given in Table 6.5 of IPCC, “Suggested values for urbanization and degree of
utilization of treatment discharge pathway or method (Ti,j) for each income group
for selected countries,” are used for the calculation of methane emissions from
SBR WWTP [4].
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Eqs. (4) and (5) and the values given in Table 1 are used for N2O emission
calculations. Finally, indirect GHG emissions from the consumption of
electricity are calculated by the use of emission factor of 0.91 tCO2e Mwh�1 [4].
Total emissions of full-scale SBR WWTP operated from 2012 to 2015 are given
in Table 2 [17].

4.2 Horizontal subsurface constructed wetland’s GHG emissions

Eight-month average (April–December) methane and nitrous oxide emissions at
the outlet of full-scale constructed wetland were calculated by using Eqs. (6)–(8).
Table 3 gives the calculated GHG emissions in terms of CH4 and N2O [18].

Definition Default value Range

EFEFFLUENT Emission factor (kg N2O-N/kg-N) 0.005 0.0005–0.25

P Number of people in country Country specific �10%

Protein Annual per capita protein consumption Country specific �10%

FNPR Fraction of nitrogen in protein 0.16 0.15–0.17

FNON-CON Non-consumed protein adjustment factor 1.1 for countries with no
garbage disposals1.4 for
countries with garbage

disposals

1.0–1.5

FIND-COM Co-discharge factor for industrial
nitrogen into sewers. Higher for

countries with significant fish processing
plants

1.25 1.0–1.5

Table 1.
N2O methodology default data [4].

Year CH4 (tCO2e) N2O (tCO2e) Electricity usage (tCO2e Mwh�1) Total (tCO2e)

2012 74.87 0.0143 69.34 144.22

2013 248.99 0.0143 69.34 318.34

2014 87.68 0.0143 387.1 474.79

2015 68.41 0.0143 928.2 996.62

Table 2.
Total emissions of the SBR wastewater treatment plant.

Parameter (kg/d) 2012 2013 2014 2015

BOD 312 406 292 224

TN 45 67 23 346

CH4 emission 18.72 24.36 17.52 13.44

N2O emission 0.56 0.83 0.29 4.30

Table 3.
Horizontal subsurface constructed wetland’s GHG emissions.
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kgN/year; EFj, emission factor, kg N2O-N/kg N. If more than one type of CW is
used in an industrial sector, this factor would need to be a Ni,j weighted average:
i, industrial sector; j, type of CW; 44/28, the factor 44/28 is the conversion of kg
N2O-N into kg N2O.

4. Results

4.1 SBR wastewater treatment plant’s GHG emissions

Eqs. (1)–(3) and default maximum CH4 producing capacity for domestic
wastewater of 0.6 kg CH4/kg BOD and 0.25 kg CH4/kg COD and (Ti,j) values
given in Table 6.5 of IPCC, “Suggested values for urbanization and degree of
utilization of treatment discharge pathway or method (Ti,j) for each income group
for selected countries,” are used for the calculation of methane emissions from
SBR WWTP [4].
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Eqs. (4) and (5) and the values given in Table 1 are used for N2O emission
calculations. Finally, indirect GHG emissions from the consumption of
electricity are calculated by the use of emission factor of 0.91 tCO2e Mwh�1 [4].
Total emissions of full-scale SBR WWTP operated from 2012 to 2015 are given
in Table 2 [17].

4.2 Horizontal subsurface constructed wetland’s GHG emissions

Eight-month average (April–December) methane and nitrous oxide emissions at
the outlet of full-scale constructed wetland were calculated by using Eqs. (6)–(8).
Table 3 gives the calculated GHG emissions in terms of CH4 and N2O [18].

Definition Default value Range

EFEFFLUENT Emission factor (kg N2O-N/kg-N) 0.005 0.0005–0.25

P Number of people in country Country specific �10%

Protein Annual per capita protein consumption Country specific �10%

FNPR Fraction of nitrogen in protein 0.16 0.15–0.17

FNON-CON Non-consumed protein adjustment factor 1.1 for countries with no
garbage disposals1.4 for
countries with garbage

disposals

1.0–1.5

FIND-COM Co-discharge factor for industrial
nitrogen into sewers. Higher for

countries with significant fish processing
plants

1.25 1.0–1.5

Table 1.
N2O methodology default data [4].

Year CH4 (tCO2e) N2O (tCO2e) Electricity usage (tCO2e Mwh�1) Total (tCO2e)

2012 74.87 0.0143 69.34 144.22

2013 248.99 0.0143 69.34 318.34

2014 87.68 0.0143 387.1 474.79

2015 68.41 0.0143 928.2 996.62

Table 2.
Total emissions of the SBR wastewater treatment plant.

Parameter (kg/d) 2012 2013 2014 2015

BOD 312 406 292 224

TN 45 67 23 346

CH4 emission 18.72 24.36 17.52 13.44

N2O emission 0.56 0.83 0.29 4.30

Table 3.
Horizontal subsurface constructed wetland’s GHG emissions.
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5. Conclusions

This review chapter demonstrates the potential climate change impact of a
sequential batch reactor and constructed wetland treating domestic wastewater by
giving methods for calculation of their greenhouse gas emissions in terms of N2O
and CH4.

If methane is to be recovered for energy use, the net emission of methane should
be calculated by subtracting the recovered and flared amount of methane from the
gross methane emission. In other words, methane that is not released is calculated as
the amount used for biogas (and is thus included in CO2 emissions from energy
production).
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Chapter 6

The Use of Industrial Waste for the 
Bioremediation of Water Used in 
Industrial Processes
Rosa Hernández-Soto, José A. Hernández,  
Alba N. Ardila-Arias, Mercedes Salazar-Hernández 
and María del Carmen Salazar-Hernandeza

Abstract

Recently the interest in the remediation of liquid effluents from industries such 
as paint manufacturing, leather tanning, etc. has increased, because the quality of 
the water used in these processes is highly compromised and is generally discarded 
without any process of purification, causing an inadequate use of water and con-
tributing to the hydric stress of the planet. Therefore, it is necessary to find alterna-
tives for the remediation of water used in industrial processes; one of the methods 
that has been widely accepted given its high efficiency, low cost, and versatility 
compared to others is the bioadsorption using materials derived from various 
processes used for the elimination of metals such as Cr, Co, Cu, Ni, etc. from liquid 
effluents. Among the materials used for this purpose are rice husk, orange, and 
wheat as well as apatite (hydroxyapatite and brushite), derived from animal bones, 
which have shown good capacity (>90%) to adsorb metals from aqueous solutions. 
Through the characterization by DRX, FTIR, and SEM, of the brushite and studies 
in equilibrium and kinetics of adsorption, it has been demonstrated that this mate-
rial has a good capacity to remove metals present in water.

Keywords: brushite, removal, isotherm, kinetics, metals

1. Introduction

The contamination of water bodies due to the presence of heavy metals is a seri-
ous problem, because every day this vital resource is scarce and because of the high 
toxicity of these compounds for the health of living beings. The metals present in 
water are a risk factor for the development of diseases such as cancer and dermatitis; 
in addition, they may be accumulated in the human body because they cannot be 
metabolized [1–7]. Solid-liquid removal processes such as chemical precipitation, 
filtration, and adsorption, among others, have been widely used for the removal 
of metals such as nickel (Ni), iron (Fe), copper (Cu), zinc (Zn), cobalt (Co), and 
chromium (Cr) of liquid effluents [8–11]; however, some of these methods have 
disadvantages such as high operating cost and low efficiency; however, methods such 
as coagulation and precipitation are already used in various industrial processes for 
the removal of metals from industrial effluents [12]. In recent years, adsorption has 
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1. Introduction

The contamination of water bodies due to the presence of heavy metals is a seri-
ous problem, because every day this vital resource is scarce and because of the high 
toxicity of these compounds for the health of living beings. The metals present in 
water are a risk factor for the development of diseases such as cancer and dermatitis; 
in addition, they may be accumulated in the human body because they cannot be 
metabolized [1–7]. Solid-liquid removal processes such as chemical precipitation, 
filtration, and adsorption, among others, have been widely used for the removal 
of metals such as nickel (Ni), iron (Fe), copper (Cu), zinc (Zn), cobalt (Co), and 
chromium (Cr) of liquid effluents [8–11]; however, some of these methods have 
disadvantages such as high operating cost and low efficiency; however, methods such 
as coagulation and precipitation are already used in various industrial processes for 
the removal of metals from industrial effluents [12]. In recent years, adsorption has 
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been one of the most used metal ion removal techniques, since it is a simple, effective, 
and inexpensive process compared to other methods [13–17]. Adsorption processes 
have been experimented with an extensive amount of materials such as adsorbents, 
among which activated carbon stands out due to its high capacity for capturing metal 
ions; however, this material has the disadvantage of generating large quantities of 
sludge, since the removal of metals trapped in activated carbon can only be done 
with processes that are often expensive such as leaching [5, 9, 18, 19]. For this reason, 
the use of different materials that are economical, are easy to obtain, and have high 
efficiency in the removal of metal ions has been investigated. In recent decades, these 
studies have focused on the waste derived from the agricultural industry that produces 
large amounts of waste such as biomass, wheat husks, rice, orange, etc. [2, 4, 8, 9, 16, 
18–30]; the use of residues from other industries has also been investigated, such as 
the case of apatites derived from the bone tissue of animals, which have been used 
for removal of dyes and metal ions obtaining promising results. The use of apatites in 
particular hydroxyapatite and brushite for the adsorption of heavy metals such as Cd, 
Cu, Ni, Pb, Co, Mn, and Fe, to name a few, has already been reported [31–35]; how-
ever, in most of the studies carried out, only the process of adsorption of metallic solu-
tions of a single component has been analyzed, so the objective of the present work is 
to evaluate the capacity of brushite (nDCPD), obtained from bovine bone to remove 
Ni (II), Co (II), and Cu (II) of aqueous solutions, analyzing the selectivity of removal 
of metal ions in aqueous solutions with two or three different metals, determining the 
kinetic models and in equilibrium in which the removal of metals takes place and the 
structural changes suffered by nDCPD during the development of the different tests.

2. Experimental

2.1 Reagents

All the reagents that were used were of analytical grade. The water used for 
the preparation of solutions in the experiment was deionized. The solutions to be 
evaluated were prepared by dissolution of salts of nickel (Ni(NO3)2 6H2O), cobalt 
(Co(NO3)2⋅6H2O), and copper (Cu(NO3)2) in concentrations from 0 to 1,000 ppm.

2.2 Preparation of the adsorbent

Brushite natural (nDCPD) was obtained from bovine bone, which was washed with 
hot water several times to remove tissue debris, and then it was dried at 353 K for 24 h. 
Next, the bones were crushed and sieved to obtain a particle size of 150 mesh (104 μm). 
Then, the powder obtained was treated with HCl and NaOH solution, 10−2 M, respec-
tively, using a ratio of 30% w/v. Finally nDCPD was stored until its use [1].

2.3 Characterization of natural brushite

The X-ray diffraction patterns (XRD) were obtained in a Rigaku diffractom-
eter (Ultima IV). The Fourier transform infrared studies of the samples were 
performed in an IR 100 Analyzer spectrophotometer (PerkinElmer), in a range of 
400–4000 cm−1. The scanning electron microscopy (SEM) images were obtained in 
a JOEL equipment (6510-Plus).

2.4 Co, Cu, and Ni adsorption isotherm

The different isotherm models used to describe the adsorption of Ni, Co, and 
Cu are concentrated in Table 1, for each one of the regression coefficients was 
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calculated to evaluate the adjustment of each nonlinear model and the separation 
factor, RL, which allows to predict the affinity between the adsorbent and adsor-
bate, using Eq. 1 [5]:

   R  L   =   1 ______ 1 +  K  L    C  0      (1)

where KL is the constant of the Langmuir model and C0 is the initial concentra-
tion of Ni, Co, and Cu ions. To know the thermodynamics of the adsorption pro-
cess, the free-energy parameters of apparent Gibbs were determined. ΔG (kJ/mol),  
ΔH (kJ/mol), and ΔS (kJ/mol K), which are directly related to changes in tempera-
ture, and help to understand the mechanism of adsorption of metal ions, by using 
Eqs. 2, 3, and 4 [27, 36]:

  ∆ G = − RTln (k)   (2)

  k = 55.5  K  L    (3)

  ln  (k)  = −   ∆ H ____ RT   +   ∆ S ___ R    (4)

where KL is the constant of the Langmuir model (L/mol), R is the constant of the 
ideal gases, and T is the absolute temperature (K). The values of ΔH and ΔS can be 
determined with the slope and ordered to the origin of the graph ln k as a function 
of 1/T.

For the study of the adsorption isotherms of the different metals in nDCPD, 
1 g of sorbent was put in contact with 50 ml of the aqueous solution of the metal 
ions Co, Cu, and Ni, varying the concentration between 0 and 1000 ppm in a 
shaker (ZHWY-200D) with an agitation of 200 rpm at 25, 35, and 45°C for 24 h of 
contact time.

2.5 Batch removal kinetics

The experiments to establish the kinetics of metal ion removal in nDCPD and 
to know the evolution of the adsorption of Ni, Co, and Cu ions in the biomaterial 
were carried out in batches. They were carried out varying the concentration of 
nDCPD (Cads), from 0 to 40 g/L, during 24 h at a speed of 200 rpm and at 25, 35, 
and 45°C. At specific times aliquots of aqueous solution were taken to separate the 
adsorbent material and the liquid supernatant by centrifugation at 10,000 rpm. The 
supernatant was analyzed with the help of a spectrophotometer (JENWAY 6705) to 
know the concentration of the different ions present in the solution. The amount of 
ions removed (qe) by nDCPD was obtained by applying Eq. 5 [4]:

   q  e   =   V ( C  0   − C)  ________ m    (5)

where C0 and C represent the initial concentration and the concentration at time 
t or in equilibrium (mg/L), V is the volume of solution (L), and m is the mass of 
nDCPD (g).

The percentage of removal (%R) was calculated as Eq. 6 [5]:

   %R =    ( C  0   −  C  e  )  _______  C  0     × 100                                 (6)
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3. Results and discussion

3.1 Adsorption isotherms

Adsorption data obtained at different temperatures help to understand the inter-
action between nDCPD and Ni, Co, and Cu ions; analyzing the data with different 
adsorption models, the model with better fit is obtained. In Table 1, the most used 
isotherm models are described according to the literature, and in Figures 1–3 for 
Ni, Co, and Cu, respectively, the behavior of the removal of metal ions at different 
temperatures is shown. The parameters derived from the adjustments together with 
the coefficient of determination, R2, are shown in Tables 2–4, for Ni, Co, and Cu, 
respectively, using the SigmaPlot software (®Version 11) at a temperature of 15, 
30, and 45°C. Based on the results obtained, it is observed that the most appropriate 
models to adjust the adsorption in nDCPD of Ni metal ions, in the three tempera-
tures analyzed (Figure 1 and Table 2), are SIPS, Redlich-Peterson, and Langmuir 
and Freundlich, suggesting that Ni ions are adsorbed on the surface of nDCPD 
causing the formation of a monolayer and that the adsorption process is physical. 
On the other hand, the results obtained in the removal of Co ions (Figure 2 and 
Table 3), show that the models with the best fit of the data are SIPS, Redlich-
Peterson and Langmuir in the three temperatures analyzed, which implies that the 
cobalt ions are adsorbed on the surface of nDCPD, in a physical process indepen-
dent of temperature. Finally, in the removal of Cu ions (Figure 3 and Table 4), 
only an appropriate fit was obtained with the SIPS model, which suggests that the 
removal of copper ions in equilibrium is carried out by a physisorption process on 
the surface of the adsorbent. The obtained results also show that the removal of all 
the ions analyzed using nDCPD is favored given that the RL values are between 0 
and 1, which indicates that the adsorption is favorable; this tendency can be seen 
independently of the temperature used. The results of metal ion removal obtained 
in the present study using nDCPD are comparable with those obtained using 
other agroindustrial residues, since for Ni, removals between 6.88 and 120 mg/g 
have been obtained, while the value obtained in this work was of 22.48 mg/g. In 
the case of Co, a removal range of 2.55–45.44 mg/g has been reported, and in our 
case a value of 41.81 mg/g was obtained, finally, for Cu, removal values have been 
reported in the range of 0.98–163.01 mg/g, while in the present study a value of 
41.88 mg/g of adsorbent was obtained [3–5, 13, 20–23, 26]. On the other hand, 
when comparing the results obtained with those reported by other authors who also 
used hydroxyapatites and brushite as adsorbent material, it was observed that the 

Model Equation

SIPS   q  e   =    q  m     ( K  s    C  e  )     n  s    _________ 
1 +   ( K  s    C  e  )     n  s   

   

Redlich-Peterson (R-P)   q  e   =    K  R    C  e   ______ 
1 +  a  R    C  e  β 

   

Langmuir   q  e   =    q  m    K  L    C  e   _______ 1 +  K  L    C  e  
   

Temkin   q  e   = A + Bln ( C  e  )  

Freundlich   q  e   =  K  F    C  e   
1 ⁄ n   

SIPS: KS (L/mg), qm (mg/g), nS (dimensionless); Redlich-Peterson: KR (L/g), aR (L/mg)β, β (dimensionless); Langmuir: 
KL (L/mg), qm (mg/g), RL (dimensionless); Freundlich: KF [(mg/g)(L/mg)]1/n, n (dimensionless); Temkin: A (L/mg), 
B (kJ/mol).

Table 1. 
Nonlinear adsorption isotherm models [40, 41].
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model that was best adjusted was that of Langmuir, with a capacity of Ni adsorption 
reported between 9.9 and 40.0 mg/g, these data are comparable with those obtained 
in the present work. In the case of Co, an adsorption with apatites of 8.8–20 mg/g 
has been reported, a value lower than that obtained with natural nDCPD obtained 
in the present study, which is 41.8 mg/g. Finally, in the case of Cu ions, a range of 
adsorption has been documented in this type of materials of 26.6–343.64 mg/g, a 
value comparable to that obtained in the present work with nDCPD [7, 15, 32–35]. 
From the results obtained, it can be inferred that brushite is a material with good 
characteristics for the removal of metals from wastewater; it could also be observed 
that nDCPD favors the adsorption of Cu over Co and Ni.

Figure 1. 
Adjustment of the experimental data of Ni adsorption using the different models of isotherms at different 
temperatures.

Figure 3. 
Adjustment of the experimental data of Cu adsorption using the different models of isotherms at different 
temperatures.

Figure 2. 
Adjustment of the experimental data of Co adsorption using the different models of isotherms at different 
temperatures.
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3.2 Effect of temperature on the removal of metal ions

In the literature it has been widely reported that one of the most important 
variables in the process of solid-liquid removal is temperature, since it directly 
influences some thermodynamic parameters (Table 5) of great interest in the 
removal process. The negative values of ΔG indicate that the removal processes of 
the metal ions of the aqueous solutions are carried out spontaneously; the increase 
of the value in the negative scale parallel to the increase of the temperature shows 
the direct dependence with this variable. The positive value of the ΔS indicates 
that the sites of the solid-liquid interface during the uptake of metal ions increase 
due to the randomness in the adsorbent [4, 5, 13, 34, 37], while the positive value 
of ΔH reveals that the process has an endothermic nature, which will influence 
the increase in ion removal as the temperature increases, which makes the process 
feasible and spontaneous at temperatures above room temperature [27, 36, 37]. 
Several reports indicate that the metal adsorption process in brushite is spontane-
ous; however, some authors indicate that the heat of adsorption in this process is 
negative, therefore, as the temperature increases, the removal capacity decreases. 

Models Parameters

15°C 30°C 45°C

SIPS

KS 0.005 0.016 0.0020

qm 18.2426 20.6152 22.4789

nS 1.1611 0.8644 1.3671

R2 0.9969 0.9985 0.9974

Redlich-Peterson

KR 0.0191 0.2423 0.2024

aR 0.007 0.0240 0.0078

β 1.0 0.9046 1.0

R2 0.9943 0.9990 0.9913

Langmuir

KL 0.0007 0.0078 0.0105

qm 27.7198 18.9551 25.9445

R2 0.9962 0.9975 0.9913

RL 0.588–0.935 0.114–0.562 0.087–0.488

Freundlich

KF 0.0552 1.6384 1.5515

n 1.2921 2.7263 2.3854

R2 0.9923 0.9869 0.9980

Temkin

A 1.873 × 10−8 2.683 × 10−8 2.3779 × 10−10

B 1.0213 2.3617 2.8940

R2 0.6402 0.9078 0.8337

Table 2. 
Equilibrium parameters of adsorption models at different temperatures for Ni ions.
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[4, 5, 13], However, other authors agree with that found in this work, where the 
heat of adsorption is positive and, as the temperature of the process increases, the 
adsorption of the ions in the material increases [32].

3.3 Effect of contact time and amount of adsorbent

In the process of solid-liquid adsorption, it is convenient to know the necessary 
contact time between the adsorbent and the adsorbate to achieve a maximum inter-
action between both and get removed as much metal ions as possible. Figures 4–6 
show the adsorption curves of each metal ion, where it is observed that about 10 h 
after the start of the process, the adsorption speed is high and that after this time 
the rate of removal of the ions. It decays, probably, because the sites where the 
capture of the ions is carried out are saturated, and therefore the balance is reached 
regardless of the concentration of absorber that has been used. This type of behav-
ior is common among various adsorbent materials [37]. Also, it is observed that 
the adsorption capacity of the adsorbent material decreases significantly with the 

Models Parameters

15°C 30°C 45°C

SIPS

KS 0.0470 0.0208 0.0117

qm 23.8607 30.1446 41.8104

nS 1.1294 0.8178 0.9105

R2 0.9895 0.9958 0.9895

Redlich-Peterson

KR 0.1884 0.4259 0.3462

aR 0.0073 0.0326 0.0089

β 1.0 0.8886 1.0

R2 0.9980 0.9953 0.9891

Langmuir

KL 0.0073 0.0089 0.0124

qm 25.6863 26.5263 39.0000

R2 0.9980 0.9933 0.9891

RL 0.121–0.578 0.101–0.529 0.075–0.447

Freundlich

KF 1.3457 2.2983 2.1685

n 2.2770 2.6411 2.2291

R2 0.9723 0.9773 0.9753

RL

Temkin

A 2.0398 × 10−8 1.8935 × 10−8 4.696 × 10−8

B 2.8230 3.3781 −6.3526 × 10−6

R2 0.8390 0.9084 0.4984

Table 3. 
Equilibrium parameters of adsorption models at different temperatures for Co ions.
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Metal T (K) -ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol K)

Ni 288.15 18.52 69.63 308.53

303.15 25.56

318.15 27.62

Co 288.15 24.15 13.39 130.08

303.15 25.91

318.15 28.07

Cu 288.15 20.20 131.74 572.27

303.15 ND

318.15 36.02

Table 5. 
Thermodynamic parameters for the equilibrium adsorption process of Ni, Co, and Cu ions.

Models Parameters

15°C 30°C 45°C

SIPS

KS 1.396 × 10−5 ND 0.2080

qm 41.4493 41.3266

nS 2.3971 1.1676

R2 0.9980 0.9200

Redlich-Peterson

KR 0.2036 ND 9.9421

aR 0.0013 0.2322

β 1.0 1.0

R2 0.9632 0.9170

Langmuir

KL 0.0013 ND 0.2322

qm 154.8825 42.8164

R2 0.9632 0.9170

RL 0.435–0.885 0.004–0.041

Freundlich

KF 0.2914 ND 14.5249

n 1.1274 4.7001

R2 0.9548 0.7741

Temkin

A 2.9527 × 10−8 ND 10.1004

B 4.5983 6.7337

R2 0.5789 0.8472

Table 4. 
Equilibrium parameters of adsorption models at different temperatures for Cu ions.

101

The Use of Industrial Waste for the Bioremediation of Water Used in Industrial Processes
DOI: http://dx.doi.org/10.5772/intechopen.86803

increase in the concentration of absorbent independent of the temperature at which 
the removal process is carried out, so that the adsorption potential of the Ni ions 
decreases from 25.8 to 7.78 mg/g at 15°C, while at 30 and 45°C, it decreases from 
20.6 to 7.78 and 20.6 to 8.6 mg/g, respectively. In the case of Co ions, the adsorption 
capacity decreases from 28.4 to 10.4 mg/g, from 31.04 to 11.97 mg/g, and from 31.04 
to 10.4 mg/g at 15, 30, and 45°C, respectively. Finally, in the case of Cu ions, the 
decrease in the adsorption capacity at 15, 30, and 45°C was 49.9–11.0, 56.8–12.4, 
and 61.2–12 mg/g, respectively. This type of behavior is observed in the adsorption 
of metals [1, 26, 28, 29].

In the aqueous solutions with the three metal ions present, a behavior similar 
to that observed in the solutions prepared with a single metal compound was 
observed; however, the time necessary to reach equilibrium was around 5 h, and 
the adsorption capacity of the ions in solution was also significantly decreased by 
increasing the concentration of sorbent in the solution. The adsorption capacity 
achieved (Figure 7), for Ni ions, was from 32.4 to 6.2 mg/g, for Co ions from 41.9 
to 10 mg/g, and for Cu ions from 59.9 to 12.1 mg/g at 45°C, which indicates that 

Figure 4. 
Behavior of the removal of Ni ions at different temperatures and concentrations of adsorbent: (a) 15, (b) 30 
and (c) 45°C.

Figure 5. 
Behavior of the removal of Co ions at different temperatures and concentrations of adsorbent: (a) 15, (b) 30 
and (c) 45°C.

Figure 6. 
Behavior of the removal of Cu ions at different temperatures and concentrations of adsorbent: (a) 15, (b) 30 
and (c) 45°C.
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and (c) 45°C.
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it is not necessary to saturate the solution with nDCPD to achieve greater metal 
uptake [32–34]. On the other hand, in the analysis of the Co-Cu binary solution, 
a behavior similar to the previous cases was observed, achieving a greater adsorp-
tion capacity with less amount of absorbent, so that at a temperature of 45°C 
(Figure 8), for Co ions, it was possible to adsorb 32–9.9 mg/g and for Cu ions from 
57 to 11.8 mg/g.

In the removal of ions in solutions, it was observed that the percentage of 
removal increases with the increase in the amount of nDCPD used, achieving 
removal percentages close to 100% for Cu ions and 95% for Co ions; however, for 
Ni about 70% removal was only achieved (Figure 9), suggesting that sites available 
for nickel capture are quickly saturated due to the large amount of chromium in 
the effluent. The changes caused by the variation of the temperature depend on the 
metal ion, since the maximum removal of the Ni ions is between 15 and 30°C, while 
for the Cu and Co ions, it is given at 30°C. Similar observations have been reported 
in adsorption studies conducted with other biomaterials [29, 38]. The selectivity 
shown in the present study was the following: Cu > Co > Ni, with percentages of 
removal in solutions composed of the three ions of 96% (Cu), 83% (Co), and 59% 
(Ni). Additionally, in Figure 10, it is observed that in the solutions composed only 
by Co or Cu, the time necessary to reach the equilibrium decreases considerably; in 
addition, the selectivity is maintained toward the removal of Cu compared to the 
Co, having a percentage of removal of 95–79%, respectively. Finally, the changes 
caused by the variation of the temperature depend on the metal ion, since the 
maximum removal of the Ni ions is between 15 and 30°C, while for the Cu and Co 
ions, it was at 30°C (Figure 11).

3.4 Kinetic study

To understand the process of removal of the different metal ions in aque-
ous solution, as well as the relationship that occurs between the metals and the 
interaction of the metal ions with the adsorbent material, the data obtained in 
the experimentation was evaluated at different temperatures and with different 
concentrations of adsorbents with the adsorption models that are concentrated 
in Table 6 [6]. The kinetic parameters calculated with the different models 
(Table 1), were used to adjust the experimental adsorption values obtained for the 
three metal ions with the different concentrations of adsorbent and temperatures 
utilized, by using SigmaPlot software (Version 11®). Based on the obtained values, 
it is distinguished that the models that present the best adjustments to the obtained 
data are pseudo first order, Elovich and pseudo-second order, so it can be inferred 
that the removal mechanism is due to the ions being adsorbed in one or two sites 
on the surface that is heterogeneous since each site has different adsorption energy 

Figure 7. 
Behavior of the different metallic ions of Ni, Co, and Cu found in the solution at 45°C.
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[1, 4, 5]. Similarly, it can be noticed that the models that do not adequately describe 
the process of metal removal in nDCPD are those that are related to the mass trans-
fer both external and internal, independent of the temperature, the concentration 
of the adsorbent material, and the presence of another metal ion in the same solu-
tion; so it can be inferred that the removal process of these metals does not present 
problems of mass transfer.

Figure 8. 
Behavior of the different metal ions of Co and Cu found in the solution at 45°C.

Figure 9. 
Removal of the different metals in aqueous solution at 15, 30, and 45°C.

Figure 10. 
Removal of Cu, Co, and Ni ions that are in the same solution at 45°C.
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3.5 Characterization of nDCPD

Figure 12 shows the SEM image of the nDCPD doped with the Ni, Co, and 
Cu ions, where the main characteristics of nDCPD (Figure 12a), monoclinic 
disk morphology [1, 15, 29, 39], which does not present significant changes in the 
presence of Ni (Figure 12b), Co (Figure 12c), and Cu (Figure 12d) ions can be 
observed, probably because the vast majority of metal ions are adsorbed on the 
surface of nDCPD. The XRD patterns of nDCPD doped with Ni, Co, and Cu are 
shown in Figure 13, and according to the International Center of Diffraction Data 
Chart (JCPDS) database, some changes are observed in the samples with metal ions 
compared to that of nDCPD without doping [1]. The peaks at ∽32° and 40° increase 
in intensity, while at ∽34°, the intensity of the peaks directly related to the presence 
of Ni, Co, and Cu ions decreases. While at 26, 29, and 53°, new peaks appear in the 
doped brushite samples, which also caused a decrease in the network parameter 
of 4.99 nm, a value lower than the 5.77 nm obtained for nDCPD, without doping, 
together with the particle size from 9.26 to 4.45, 4.08, and 4.35 Å, for Ni, Co, and 
Cu, respectively, which was determined with the Scherrer Equation [39, 40]. This 
may be due to the fact that the Ca ions of nDCPD without doping (1.12 Å) are 
replaced during the adsorption process by the ions of Ni (0.78 Å), Co (0.63 Å), and 
Cu (0.69 Å), which implies that part of the ions are retained inside the structure of 
nDCPD [40].

Figure 11. 
Removal of Cu and Co ions in the aqueous solution at 45°C.

Model Equation Ref.

Pseudo-first order    dq ___ 
dt

   =  k  1   ( q  e   − q)  [35]

Pseudo-second order    dq ___ 
dt

   =  k  2     ( q  e   − q)    2  

Elovich    dq ___ 
dt

   = α  e   −𝛽𝛽q  

Intraparticle diffusion (DI)  q =  k  id    t   0.5  

External diffusion (DE)  ln  (  C ___  C  0    )  = −  k  ext   t [37]

Table 6. 
Adsorption isotherm models used for the analysis of experimental data.
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In Figure 14, the infrared spectra of nDCPD are presented, where the charac-
teristic peaks of the groups that make up apatite are observed, among which the 
presence of a doublet stands out at 577 and 526 cm−1, characteristic of the vibra-
tions of flexing of the phosphate groups; while the signal at 790 cm−1 is due to 
bending out of the P-O-H plane; at 987 and 873 cm−1, there are peaks related to 

Figure 12. 
Micrographs obtained in SEM: (a) brushite, (b) Ni, (c) Co, and (d) Cu.

Figure 13. 
X-ray diffraction patterns of nCDPD doped with the different metal ions.
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the stretching of P-O (H) in the HPO−2
4. On the other hand, the signals found at 

1138, 1120, 1065, and 1004 cm−1 are attributed to the stretching of the P-O link. At 
1215 cm−1 the signal generated by the flexion of the O-H group plane is presented, 
and the peaks observed at 665 and 1651 cm−1 are related to the binding vibrations 
and physical vibrations of the water molecule. Additionally, a shoulder at 1725 cm−1 
was observed, which is related to the flexural stress of the water molecule, and the 
signals obtained at 3548, 3484, 3278, and 3166 cm−1 are related to the extension of 
the water molecule in the apatite. Finally, a band at 2944 cm−1 was also observed, 
directly related to the stretching of PO-H that occurs in HPO [1, 41, 42]. In the case 
of the nDCPD spectra with the different metal ions, it was observed that several 
peaks decrease in intensity or disappear as a result of the presence of Ni, Co, and Cu; 
these signals are related to the PO3−4 and OH groups, with which it can be inferred 
that the groups present on the surface of this apatite participate in the adsorption of 
metals directly.

4. Conclusion

Based on the thermodynamic parameters obtained at different temperatures and 
concentrations of brushite (nDCPD), used as an adsorbent material in the removal 
of different heavy metals (Ni, Co, and Cu), from aqueous solutions, it can be 
concluded that the adsorption of heavy metals with nDCPD is feasible and that the 
adsorption capacity of nDCPD increases at a higher temperature. The percentages 
of removal achieved show that nDCPD has a higher affinity for adsorbing Cu and 
Co compared to Ni. From the data obtained from the adsorption isotherms, it can 
be inferred that the process of removing the metal ions in solution on the surface 
of nDCPD is carried out, forming a heterogeneous monolayer since the model that 
best fits to the data obtained in the SIPS is a combination of the Langmuir and 
Freundlich models. The experimental data obtained also show that there are differ-
ent models to describe the kinetic process of adsorption, such as the pseudo-first-
order model, which suggests that only one surface site is needed for adsorption to 
take place, as well as the pseudo-second-order model which indicates that two sites 
are needed for each ion molecule and that each site requires different adsorption 

Figure 14. 
Infrared spectrum of pure nCDPD doped with Ni, Co, and Cu.
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energies as described by the Elovich model, which confirms the heterogeneity of 
the nDCPD surface determined from of the adsorption isotherms generated. The 
surface changes of nDCPD, evidenced by the XRD and FTIR analyses, suggest that 
the HPO− and PO3−

4 are directly involved in the Ni, Co, and Cu adsorption process, 
which allows us to conclude that nDCPD is an appropriate candidate to be used in 
the removal of heavy metals present in wastewater from different industries.
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Abstract

Food dyes comprise different groups which impart color to a wide range of food 
products. Food products are mainly purchased and consumed by people because 
they are nutritive and flavorsome and have an attractive color. Food color stimulates 
appetite and enhances its esthetic appeal of food on table for customer. With sky 
rocketing industrialization and modernization, the worldwide production of dyes 
in 2010 was forecasted to be 2.1 metric tons. It has been estimated that 15% of total 
dyes produced worldwide are discharged to water bodies which adversely affect 
aquatic ecosystem. Dyes in water reduces its transparency, thereby declining light 
penetration in the water, hence influencing photosynthesis which consequently 
reduces dissolved oxygen which is an alarming situation for both aquatic flora and 
fauna. Dyes wastewater discharged from huge number of industries like textile, 
leathers, paint, food, pharmaceutical etc. and deteriorating the aquatic environ-
ment and pose threat to living organism. The presence of dye molecules in water 
channels is an emerging alarm to an environmental scientist. An environmental 
friendly and self-sustainable treatment method should be explored to address this 
problem. Therefore, this work elaborates the various methods used for removal and 
degradation of dyes in water, although some processes have a common shortcoming 
like production of secondary pollution to the environment. This chapter have tried 
to highlight the important application of food dyes, their contamination and their 
toxic effect. Herein we also focus on remediation techniques like separation (adsorp-
tion, filtration, etc.) and degradation (chemical, biological and electrochemical 
oxidation) of dyes in aqueous solution. The mechanism and pros and cons of differ-
ent methods are explored and discussed briefly.

Keywords: food dyes, degradation, wastewater, contamination

1. Introduction

1.1 Pollution caused by dyes and their harmful effects on aquatic environment

Food dyes are promising colorants globally used to color a broad spectrum of 
food products. Food dyes not only impart color to food but also boost up appetite 
and promote attractiveness and esthetic appeal of food for consumer. According 
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to recent financial reports, 7 x 105 tons of 10,000 different dyes and pigments are 
produced worldwide, and its market is skyrocketing each year and has exceeded 
over US $11 billion by 2008 [1]. Approximately 1-2% of dyes stuffs are lost during 
production and about 10-15% of dyes are discharge as effluent during dye applica-
tions [2]. From an environmental perspective, the discharge of dye effluents from 
dye manufacturing or consuming units into the water bodies poses potential threats 
to the quality of water and induces serious health problems to human, plants and 
animal life in particular and aquatic biota in general. The presence of dyes in waste-
water even in trace amounts (less than 1 mg/dm3 for few dyes) is remarkably objec-
tionable and undesirable [3]. Most of the organic dyes used to color food products, 
for example, azo dyes, have aromatic centres in their molecular structures, and their 
metabolic and degradation products like aromatic amines (anilines), benzidines 
and benzene sulphonic acids are well-established carcinogens, mutagens and DNA 
adducts and hence induces subsequent deadly effects on cells [4]. Moreover dyes 
can make water colored, thereby reducing the transparency (sunlight penetration) 
and aeration of water body, which badly affects the efficacy of crucially important 
photosynthesis, consequently reducing significantly the dissolved oxygen (DO) 
levels in water. The discharge of dye effluents in water bodies poses direct and 
indirect consequences to aquatic ecosystem. The direct effects includes depletion 
of dissolved oxygen levels, decreased reoxygenation potential, leaching of dyestuff 
from soil into groundwater, reduced light penetration into water which hinders 
photosynthesis (which gives red signal to aquatic flora and fauna) and esthetic 
issue of water downstream [5, 6]. The bird’s eye view of indirect effects caused by 
dye effluents includes death of aquatic organisms, genotoxicity and microtoxicity 
imposed by colored allergens, depression of human immune system, allergic reac-
tions, hyperactivity in kids (ADHD), bladder cancer in humans and deadly process 
of water eutrophication [7].

1.2 Application of dyes

Both natural and synthetic dyes have indeed revolutionized the modern world 
both at domestic and industrial sectors. More recent and independent reviews 
have reported that over 100,000 different dyes and pigments are in practice, 
and their annual production has exceeded over 7 × 107 tons. Nowadays the use of 
dyes is indispensable because dyes are widely used in electronics; textile; rubber; 
food; leather; cosmetics; paper and pulp; photography; solar cells/solar penal, i.e. 
dye-sensitized solar cells; pharmaceuticals; pigment; agriculture research; paints; 
printing inks; cosmetics; coloring of plastics products; and many other fields of 
domestic and industrial interest [8, 9]. Similarly dyes are also used to assess the 
efficacy of sewage and wastewater treatment plants as well as agriculture research. 
Textile industries consume more than 70% of total dyes produced worldwide [10]. 
Dyes in textile, food or in any other industries are used in minute quantities; for 
instance, it has been reported that one ton of textile dye is more than enough to 
color 42,000 clothes/suits [11].

2. Techniques incorporated for dye removal from wastewater

Purification of water from dyes tuff is of tremendous importance from 
both perspectives, i.e. water purification and its reusability. Pollution caused 
by dyes has attracted the attention of environmental chemists worldwide more 
specifically in developed countries like the USA, United Kingdom, Germany, 
China, Japan, Scandinavian countries, etc., which have incorporated rapid 
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industrializations and are more vulnerable to dye pollution. Nevertheless dyes 
cause severe water pollution; hence these dyes need to be eventually removed 
to minimize or eliminate their dreadful impacts. Consequently the worldwide 
environmental standards so far have turned more stringent, seeking more precise 
technological tools to cope with this global environmental issue, and that is 
why it has attracted the attention of environmental scientists worldwide from 
past two decades. Various techniques like physicochemical methods, enzymatic 
degradation, microbiological treatment, chemical methods and advanced 
oxidation techniques have been developed so far [12–14]. But unfortunately 
most of the organic dyes are non-biodegradable, thermally stable and refractory 
with respect to biochemical oxidation due to their large/complex sizes and inert 
nature. These characteristics have rendered organic dyes reluctant with respect 
to decolourization by using conventional methods of wastewater treatment like 
filtration, coagulation, biochemical and physicochemical techniques. Thus from 
the last two decades, research for more efficient and sophisticated techniques 
for removal of these dyes from wastewater to minimize or eliminate the water 
pollution has been turned the core interest to environmental scientists worldwide 
[15]. The dye abatement techniques in water are broadly classified into two 
principal types.

2.1 Segregation techniques

Segregation techniques involve separation of dyes pollutants via multiple 
physical techniques like adsorption, filtration/nanofiltration or coagulation 
processes. These traditional water purification methods like filtration, ion 
exchange, coagulation by lime or by using salts of iron/aluminium, adsorption 
over activated carbon and other low-cost adsorbents have been proven to be very 
effective decolourization methods. Among techniques decontamination of dyes 
by adsorption offer the most promising, simple and efficient technique. Similarly 
the use of low-cost adsorbents such as vegetable matter, saw dust, fruits peels, 
hen feathers, other carbonaceous materials, etc. make the dye removal process 
more economical and feasible [16, 17], but their utility is limited by production 
of associated hazardous sludge which poses an another issue of their disposal at 
suitable safe site. Similarly the use of adsorption and coagulations techniques for 
decolourization of wastewater is limited by regular regeneration of adsorbent and 
coagulant materials after dye adsorption and coagulation, respectively, which is 
much needed (to make the process economical and efficient), so this in turn gives 
rise to other issues [18, 19].

2.2 Degradation techniques

2.2.1 Chemical techniques

Over the past two decades, chemical techniques are also withdrawing the 
attention of environmental chemists; these techniques include chemical oxidation 
by using hypochlorite (OCl−1), chlorine dioxide or ozone which has always shown 
high efficiency and reproducibility. But this technique has a major disadvantage 
with respect to relatively high prices and production of secondary pollutants like 
chlorinated hydrocarbons which are known carcinogens; similarly the difficulty in 
storage and transportation of reactants causes a substantial inconvenience for safe 
operation [20]; thus environmental scientists are looking for more, convenient, 
advanced, safe, efficient and sophisticated techniques which must be incorporated 
for removal of dyes from wastewater [12] .
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to recent financial reports, 7 x 105 tons of 10,000 different dyes and pigments are 
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production and about 10-15% of dyes are discharge as effluent during dye applica-
tions [2]. From an environmental perspective, the discharge of dye effluents from 
dye manufacturing or consuming units into the water bodies poses potential threats 
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efficacy of sewage and wastewater treatment plants as well as agriculture research. 
Textile industries consume more than 70% of total dyes produced worldwide [10]. 
Dyes in textile, food or in any other industries are used in minute quantities; for 
instance, it has been reported that one ton of textile dye is more than enough to 
color 42,000 clothes/suits [11].

2. Techniques incorporated for dye removal from wastewater

Purification of water from dyes tuff is of tremendous importance from 
both perspectives, i.e. water purification and its reusability. Pollution caused 
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industrializations and are more vulnerable to dye pollution. Nevertheless dyes 
cause severe water pollution; hence these dyes need to be eventually removed 
to minimize or eliminate their dreadful impacts. Consequently the worldwide 
environmental standards so far have turned more stringent, seeking more precise 
technological tools to cope with this global environmental issue, and that is 
why it has attracted the attention of environmental scientists worldwide from 
past two decades. Various techniques like physicochemical methods, enzymatic 
degradation, microbiological treatment, chemical methods and advanced 
oxidation techniques have been developed so far [12–14]. But unfortunately 
most of the organic dyes are non-biodegradable, thermally stable and refractory 
with respect to biochemical oxidation due to their large/complex sizes and inert 
nature. These characteristics have rendered organic dyes reluctant with respect 
to decolourization by using conventional methods of wastewater treatment like 
filtration, coagulation, biochemical and physicochemical techniques. Thus from 
the last two decades, research for more efficient and sophisticated techniques 
for removal of these dyes from wastewater to minimize or eliminate the water 
pollution has been turned the core interest to environmental scientists worldwide 
[15]. The dye abatement techniques in water are broadly classified into two 
principal types.

2.1 Segregation techniques

Segregation techniques involve separation of dyes pollutants via multiple 
physical techniques like adsorption, filtration/nanofiltration or coagulation 
processes. These traditional water purification methods like filtration, ion 
exchange, coagulation by lime or by using salts of iron/aluminium, adsorption 
over activated carbon and other low-cost adsorbents have been proven to be very 
effective decolourization methods. Among techniques decontamination of dyes 
by adsorption offer the most promising, simple and efficient technique. Similarly 
the use of low-cost adsorbents such as vegetable matter, saw dust, fruits peels, 
hen feathers, other carbonaceous materials, etc. make the dye removal process 
more economical and feasible [16, 17], but their utility is limited by production 
of associated hazardous sludge which poses an another issue of their disposal at 
suitable safe site. Similarly the use of adsorption and coagulations techniques for 
decolourization of wastewater is limited by regular regeneration of adsorbent and 
coagulant materials after dye adsorption and coagulation, respectively, which is 
much needed (to make the process economical and efficient), so this in turn gives 
rise to other issues [18, 19].

2.2 Degradation techniques

2.2.1 Chemical techniques

Over the past two decades, chemical techniques are also withdrawing the 
attention of environmental chemists; these techniques include chemical oxidation 
by using hypochlorite (OCl−1), chlorine dioxide or ozone which has always shown 
high efficiency and reproducibility. But this technique has a major disadvantage 
with respect to relatively high prices and production of secondary pollutants like 
chlorinated hydrocarbons which are known carcinogens; similarly the difficulty in 
storage and transportation of reactants causes a substantial inconvenience for safe 
operation [20]; thus environmental scientists are looking for more, convenient, 
advanced, safe, efficient and sophisticated techniques which must be incorporated 
for removal of dyes from wastewater [12] .
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2.2.2 Advanced oxidation processes (AOPs)

The term advanced oxidation processes is actually coined to address the pro-
cess of oxidation of organic pollutants primarily via in situ generations of highly 
reactive hydroxyl free radicals (*OH) from H2O2. These hydroxyl free radicals are 
strong oxidizing species by virtue of powerful oxidation potential of (2.80 V) 
vs. SHE. Different advanced oxidation processes are ozonation; photocatalytic 
methods using O3/UV, TiO2/UV and H2O2/UV; and Fenton’s reagent (H2O2/Fe+2). 
Fenton’s reagent offers a novel dye degradation technique [21]. The phenomenal 
Fenton’s reagent was named after Fenton who introduced it for the first time almost 
100 years ago in 1884. Fenton’s reagent is a precursor of hydroxyl free radicals; these 
madly reactive hydroxyl free radicals attack dye substrate molecules at the sites of 
multiple bonds and carry out either excessive hydroxylation of dye contaminants 
or causes dehydrogenation of dye molecules, hence producing stable inorganic 
materials directly or indirectly converting the dye pollutant into biodegradable and 
safe materials. Fenton’s processes offer a remarkable efficiency and can be extended 
to much broader spectrum of dyes due to its fabulous non-selectivity [22]. Recently 
photo-Fenton’s process, i.e. Fenton’s coupled with light (UV or visible), electro-
Fenton, sono-Fenton and sono-electro-Fenton are emerging water treatment 
techniques.

Ozonation is also reliable, safe and effective wastewater treatment tool which 
utilizes ozone gas as a strong oxidant usually used to disinfect water in swimming 
pools. In aqueous medium the mode of action of ozone is quite complicated. 
Molecular ozone can also oxidize the dyestuff in water by virtue of selective, direct 
or by indirect decomposition through a chain reaction mechanism by generating in 
situ free hydroxyl radicals (OH*) [23]. AOPs show a tremendously high degree of 
decolourization efficiency with associated photocatalytic degradation of dyestuff 
[24]. But their sky kissing prices and operational difficulties put a question 
mark and limit the use of these photocatalytic techniques for decolourization of 
wastewater.

2.2.3 Microbiological and enzymatic degradation techniques

On the contrary to AOPs microbiological methods like activated sludge process, 
aerobic and anaerobic decomposition of pure and mixed cultures using fungi 
and bacteria and enzymatic degradation techniques have so far shown excellent 
decolourization and degradation efficiencies of dyes in wastewater; furthermore 
these methods are gaining popularity by virtue of their simplicity, ease of operation 
and applicability [25]. Biodegradation processes may be aerobic and anaerobic, 
and sometimes the combinations of both aerobic and anaerobic biological 
treatments are used for dye removal from water [26]. The main mechanism of 
dye removal in biological treatment is the adsorption of dyestuff on to biomass, 
but at saturation point, the adsorption potential of dyes by biomass drops [27]. 
Unfortunately the utility of these microbiological methods is quite inadequate 
because most of the dyes are stable and resistant towards biodegradation due to 
their huge sizes, complicated and conjugated benzenoid structures with extensive 
electron delocalization and high degree of stability. Similarly due to high degree of 
specificity and sensitivity of the enzymes of the microorganisms, these techniques 
cannot be extended over a broader spectrum of dyes and needs an extensive 
study and homework of enzymes, their nature, selection and applicability. Thus 
biological abatement of dyes in wastewater has become difficult owing to the 
bio-refractory nature and stability of dyes. That is why environmental chemists 
were chewing their nails to explore more advanced, effective and non-selective 
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techniques to achieve dye abatement goals. Thanks to electrochemical techniques 
which have taken the bull of organic pollutants by horns and have controlled the 
aquatic pollution to a great extent [22].

2.2.4 Catalytic degradations

Catalytic degradations assisted by suitable promoter and coupled techniques like 
photocatalytic, sonocatalytic and photoelectrocatalytic degradations of dyes have so 
far shown excellent efficiencies. But here again catalytic poisoning and recovery of 
catalyst materials causes issues.

2.2.5 Electrochemical techniques

The term electrochemical techniques refers to application of DC current 
from a suitable source and carrying out an entire degradation of pollutants by 
electro-oxidation or reduction processes to inorganic materials. The main pollut-
ants for electrochemical methods are not only dyes, but also other pollutants like 
pharmaceuticals, pesticides, herbicides, herbicides, detergents and many other 
harmful contaminants are the subjects of investigation. Electrochemical techniques 
usually incorporated for wastewater abatements are electrochemical reduction, 
electrochemical oxidation, electrocoagulation methods, photoelectrocatalytic and 
photo-assisted Fenton’s oxidation techniques. Electrochemical oxidation techniques 
are further subdivided into two types which include direct and indirect oxidation 
techniques [28]. Over the past 10 years, the electrochemical methods have received 
a remarkable attention. This is because these methods have promising water decon-
tamination potentials, have shown great novelty due to their versatility and poten-
tial cost-effectiveness and offer the most promising, clean, safe, efficient and green 
technologies for the decolourization of wastewater. Wastewater abatement using 
electrochemical methods has a fantastic advantage of environmental compatibility 
because its sole reagent, i.e. the electron, is a safe, clean and green reagent produced 
in situ and works most efficiently. Furthermore these methods are gaining atten-
tion of environmental chemists due to their excellent efficiencies, flexibility of 
automation and safe applicability over a broad spectrum of organic dyes [28]. These 
techniques need mild conditions for their operation, no heating of the samples are 
required and work under ambient conditions of both parameters, i.e. temperature 
and pressure. Nowadays a vast variety of electrochemical techniques are in practice 
such as electrochemical oxidation (EO), electrocoagulation (EC) using a variety of 
anodes, active chlorine indirect oxidation, etc. Recently emerging techniques which 
utilize twin technologies of both electrochemical cells and suitable light like UV 
light or sono-electrochemical degradations of dyes in wastewater are gaining much 
attention and appreciation [29, 30]. These photo- and sono-assisted electrochemi-
cal setups have been categorized as electrochemical advanced oxidation processes 
(EAOPs) [21]. The use of electrochemical methods for abatement of contaminants 
in wastewater was pioneered by Nilsson et al. 1973 [31] by electrochemical oxida-
tion of phenolic-based wastes; later in the early 1980s, these studies were proceeded 
in collaboration with Chettier and Watkinson [32].

Over the past two decades, much of the research regarding decolourization of 
wastewater by electrochemical oxidation has been focused on the use of different 
anodic materials, their relative efficiencies, exploration of various factors affecting 
process efficiency (like PH, temperature, nature and concentration of electrolytes, 
etc.), kinetics and mechanism of oxidation of a variety of pollutants in water. The 
electrochemical oxidation is of two types, the first type is direct oxidation also 
called anodic oxidation by using suitable anode material. Direct oxidation is carried 
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or by indirect decomposition through a chain reaction mechanism by generating in 
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wastewater.
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Unfortunately the utility of these microbiological methods is quite inadequate 
because most of the dyes are stable and resistant towards biodegradation due to 
their huge sizes, complicated and conjugated benzenoid structures with extensive 
electron delocalization and high degree of stability. Similarly due to high degree of 
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cannot be extended over a broader spectrum of dyes and needs an extensive 
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techniques to achieve dye abatement goals. Thanks to electrochemical techniques 
which have taken the bull of organic pollutants by horns and have controlled the 
aquatic pollution to a great extent [22].

2.2.4 Catalytic degradations

Catalytic degradations assisted by suitable promoter and coupled techniques like 
photocatalytic, sonocatalytic and photoelectrocatalytic degradations of dyes have so 
far shown excellent efficiencies. But here again catalytic poisoning and recovery of 
catalyst materials causes issues.
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The term electrochemical techniques refers to application of DC current 
from a suitable source and carrying out an entire degradation of pollutants by 
electro-oxidation or reduction processes to inorganic materials. The main pollut-
ants for electrochemical methods are not only dyes, but also other pollutants like 
pharmaceuticals, pesticides, herbicides, herbicides, detergents and many other 
harmful contaminants are the subjects of investigation. Electrochemical techniques 
usually incorporated for wastewater abatements are electrochemical reduction, 
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photo-assisted Fenton’s oxidation techniques. Electrochemical oxidation techniques 
are further subdivided into two types which include direct and indirect oxidation 
techniques [28]. Over the past 10 years, the electrochemical methods have received 
a remarkable attention. This is because these methods have promising water decon-
tamination potentials, have shown great novelty due to their versatility and poten-
tial cost-effectiveness and offer the most promising, clean, safe, efficient and green 
technologies for the decolourization of wastewater. Wastewater abatement using 
electrochemical methods has a fantastic advantage of environmental compatibility 
because its sole reagent, i.e. the electron, is a safe, clean and green reagent produced 
in situ and works most efficiently. Furthermore these methods are gaining atten-
tion of environmental chemists due to their excellent efficiencies, flexibility of 
automation and safe applicability over a broad spectrum of organic dyes [28]. These 
techniques need mild conditions for their operation, no heating of the samples are 
required and work under ambient conditions of both parameters, i.e. temperature 
and pressure. Nowadays a vast variety of electrochemical techniques are in practice 
such as electrochemical oxidation (EO), electrocoagulation (EC) using a variety of 
anodes, active chlorine indirect oxidation, etc. Recently emerging techniques which 
utilize twin technologies of both electrochemical cells and suitable light like UV 
light or sono-electrochemical degradations of dyes in wastewater are gaining much 
attention and appreciation [29, 30]. These photo- and sono-assisted electrochemi-
cal setups have been categorized as electrochemical advanced oxidation processes 
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in collaboration with Chettier and Watkinson [32].

Over the past two decades, much of the research regarding decolourization of 
wastewater by electrochemical oxidation has been focused on the use of different 
anodic materials, their relative efficiencies, exploration of various factors affecting 
process efficiency (like PH, temperature, nature and concentration of electrolytes, 
etc.), kinetics and mechanism of oxidation of a variety of pollutants in water. The 
electrochemical oxidation is of two types, the first type is direct oxidation also 
called anodic oxidation by using suitable anode material. Direct oxidation is carried 
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out by physically adsorbed hydroxyl free radical (*OH) or chemisorbed active 
oxygen in oxide lattice. The second type of electrochemical oxidation is indirect 
oxidation using appropriate oxidant material such as hypochlorite (OCl−1) which 
is formed anodically [33, 34]. The main degradation products of electrochemical 
oxidation of organic pollutants are CO2 and water; thus during electrochemical 
oxidation of dyes, neither sludge formation occurs nor further treatment of deg-
radation product is required; moreover no harmful by-products are formed; this is 
one of the greatest superiorities of electrochemical oxidation over other methods 
used for decolourization of wastewater [35]. A flow sheet representation of various 
techniques utilized for dyes abatement is shown below (Figure 1).

2.2.6 Electrochemical oxidation and its types

Environmental chemists took a long comfortable breath when they incorporated 
electrochemistry for removal of organics from wastewater. Electrochemical 
oxidation effectively degrades organics in wastewater. Electrochemical oxidation 
may be either indirect or direct oxidation processes. Indirect electro-oxidation also 
called mediated oxidation involves electro-generations of oxidizing species (EOS) 
in water at electrodes (anode) like active chlorine species, physisorbed hydroxyl 
free radicals or chemisorbed active oxygen atoms (in metal oxide anode lattice) 
which are very efficient, and oxidation mediated by these EOS gives rise to partial 
or complete decontamination of organics. Indirect oxidation processes can be 
elaborated by twin approaches:

1. Electrochemical transformation

2. Electrochemical combustion

During electrochemical transformation, the stable and refractory organic 
contaminants are converted into biodegradable materials (most often in 
to carboxylic acids) by chemisorbed active oxygen atoms. Then during 
electrochemical combustion which is also called electrochemical incineration, the 
organic contaminants are entirely mineralized to CO2, water and inorganic ions by 
virtue of physisorbed hydroxyl free radicals   ( OH ̇  )  . These hydroxyl free radicals are 
potentially strong oxidants with a powerful oxidation potential of (Eo = 2.80 V) vs. 
SHE; that is why this radical has been ranked as second most powerful oxidizing 
agent after fluorine in electrochemical series. The   ( OH ̇  )   radicals induce excessive 
dehydrogenation and hydroxylation of organic contaminants which ultimately 
oxidizes to yield CO2. The mechanism of indirect oxidation of a dye pollutant at a 
metal oxide (MOx) anode can be summarized as follows [36, 37]:

Figure 1. 
Different methods used to remove dyes from wastewater.

119

Contamination of Water Resources by Food Dyes and Its Removal Technologies
DOI: http://dx.doi.org/10.5772/intechopen.90331

First of all water is electrolyzed at metal oxide interface generating physically 
adsorbed (physisorbed) hydroxyl free radicals   ( O   

.

  H)   as shown below;

   MO  x   +  H  2   O →  MO  x   ( O   
.
  H)  +  H   +1  + 1  e   −1   (1)

Now the next step is a crucial one which entirely depends on selection of anode 
material; moreover this step exclusively differentiates between two limiting classes 
of electrode (anode) materials, i.e. active and non-active electrodes.

3. Active anodes like DSA types of anodes which carry out indirect oxidation 
of organics through formation of strong oxidants like hydroxyl free radicals, 
aqueous chlorine, i.e., Cl2(aq), hypochlorous acid (HOCl) or hypochlorite 
ion (OCl−), ClO2

−1, ClO3
−1, ClO4

−1, etc. Now at active electrodes like DSA 
where higher oxidation states of metal electrode atoms (M) are available, 
the physically adsorbed hydroxyl free radicals undergoes transformation to 
chemically adsorbed (Chemisorbed) active oxygen with increase in oxidation 
state of metal atom (M) to form higher oxide (MOx + 1) accompanied by 
liberation of a proton and an electron as shown below:

   MO  x    ( O   
.
  H)  →  MO  x+1    O   

. 
 +  H   +1  + 1  e   −1   (2)

This surface redox couple  M  O  x   /  MO  x+1   O ̇    also called chemisorbed active oxygen 
atoms, i.e.   ( MO  x+1   O ̇  )  , selectively attack dye molecule (R) and partially oxidize it 
to intermediate compounds (RO), while the metal oxide anode (MOx)   (M  O  x  )   is 
regenerated as shown below:

   MO  x+1    O   
.
  + R →  MO  x  + RO  (3)

As in active electrodes like DSA, the chemisorbed active oxygen atoms are 
chemically bonded to electrode surface; they do not have full freedom to attack dye 
molecules; that is why they carry out very poor oxidation of dyes in the presence 
of supporting electrolytes like Na2SO4 in the absence of chloride medium, but in 
the presence of NaCl as supporting electrolytes, the situation is entirely different. 
The second reason for decreased efficiency of DSA and likewise active electrodes 
have low oxygen evolution overpotentials (they start the unlikely Oxygen Evolution 
Reaction easily at low voltages).

4. At non-active anodes such as BBD and PbO2 where the possibility of higher 
oxidation states for anode are entirely excluded (e.g. in PbO2 electrode, the lead 
atom has oxidation state equal to +4, and it does not show oxidation state greater 
than +4), the physisorbed hydroxyl free radicals, i.e.   MO  x   ( O   

.
  H)   , attack dye 

pollutant “R” non-selectively and completely mineralizes dye contaminants into 
organic species like CO2 and H2O, while the metal oxide anode (MOx) is regener-
ated as shown below.

  αM  O  x  ( O   
.
 H) + R → αM  O  x   + m C  O  2   + n  H  2   O + x  H   +1  + y  e   −1     (4)

As these *OH radicals are physisorbed (i.e. not chemically bonded but are attached 
to electrode surface through weak Van der Waals forces which breaks easily) and *OH 
free radicals enjoy full freedom of attack on dye contaminants, these electrodes show 
greater degradation of dye contaminants. The second reason is that the non-active 
anodes have higher oxygen evolution over potentials (do not start OER easily).
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out by physically adsorbed hydroxyl free radical (*OH) or chemisorbed active 
oxygen in oxide lattice. The second type of electrochemical oxidation is indirect 
oxidation using appropriate oxidant material such as hypochlorite (OCl−1) which 
is formed anodically [33, 34]. The main degradation products of electrochemical 
oxidation of organic pollutants are CO2 and water; thus during electrochemical 
oxidation of dyes, neither sludge formation occurs nor further treatment of deg-
radation product is required; moreover no harmful by-products are formed; this is 
one of the greatest superiorities of electrochemical oxidation over other methods 
used for decolourization of wastewater [35]. A flow sheet representation of various 
techniques utilized for dyes abatement is shown below (Figure 1).

2.2.6 Electrochemical oxidation and its types

Environmental chemists took a long comfortable breath when they incorporated 
electrochemistry for removal of organics from wastewater. Electrochemical 
oxidation effectively degrades organics in wastewater. Electrochemical oxidation 
may be either indirect or direct oxidation processes. Indirect electro-oxidation also 
called mediated oxidation involves electro-generations of oxidizing species (EOS) 
in water at electrodes (anode) like active chlorine species, physisorbed hydroxyl 
free radicals or chemisorbed active oxygen atoms (in metal oxide anode lattice) 
which are very efficient, and oxidation mediated by these EOS gives rise to partial 
or complete decontamination of organics. Indirect oxidation processes can be 
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Figure 1. 
Different methods used to remove dyes from wastewater.
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First of all water is electrolyzed at metal oxide interface generating physically 
adsorbed (physisorbed) hydroxyl free radicals   ( O   

.

  H)   as shown below;

   MO  x   +  H  2   O →  MO  x   ( O   
.
  H)  +  H   +1  + 1  e   −1   (1)

Now the next step is a crucial one which entirely depends on selection of anode 
material; moreover this step exclusively differentiates between two limiting classes 
of electrode (anode) materials, i.e. active and non-active electrodes.

3. Active anodes like DSA types of anodes which carry out indirect oxidation 
of organics through formation of strong oxidants like hydroxyl free radicals, 
aqueous chlorine, i.e., Cl2(aq), hypochlorous acid (HOCl) or hypochlorite 
ion (OCl−), ClO2

−1, ClO3
−1, ClO4

−1, etc. Now at active electrodes like DSA 
where higher oxidation states of metal electrode atoms (M) are available, 
the physically adsorbed hydroxyl free radicals undergoes transformation to 
chemically adsorbed (Chemisorbed) active oxygen with increase in oxidation 
state of metal atom (M) to form higher oxide (MOx + 1) accompanied by 
liberation of a proton and an electron as shown below:

   MO  x    ( O   
.
  H)  →  MO  x+1    O   

. 
 +  H   +1  + 1  e   −1   (2)

This surface redox couple  M  O  x   /  MO  x+1   O ̇    also called chemisorbed active oxygen 
atoms, i.e.   ( MO  x+1   O ̇  )  , selectively attack dye molecule (R) and partially oxidize it 
to intermediate compounds (RO), while the metal oxide anode (MOx)   (M  O  x  )   is 
regenerated as shown below:

   MO  x+1    O   
.
  + R →  MO  x  + RO  (3)

As in active electrodes like DSA, the chemisorbed active oxygen atoms are 
chemically bonded to electrode surface; they do not have full freedom to attack dye 
molecules; that is why they carry out very poor oxidation of dyes in the presence 
of supporting electrolytes like Na2SO4 in the absence of chloride medium, but in 
the presence of NaCl as supporting electrolytes, the situation is entirely different. 
The second reason for decreased efficiency of DSA and likewise active electrodes 
have low oxygen evolution overpotentials (they start the unlikely Oxygen Evolution 
Reaction easily at low voltages).

4. At non-active anodes such as BBD and PbO2 where the possibility of higher 
oxidation states for anode are entirely excluded (e.g. in PbO2 electrode, the lead 
atom has oxidation state equal to +4, and it does not show oxidation state greater 
than +4), the physisorbed hydroxyl free radicals, i.e.   MO  x   ( O   

.
  H)   , attack dye 

pollutant “R” non-selectively and completely mineralizes dye contaminants into 
organic species like CO2 and H2O, while the metal oxide anode (MOx) is regener-
ated as shown below.

  αM  O  x  ( O   
.
 H) + R → αM  O  x   + m C  O  2   + n  H  2   O + x  H   +1  + y  e   −1     (4)

As these *OH radicals are physisorbed (i.e. not chemically bonded but are attached 
to electrode surface through weak Van der Waals forces which breaks easily) and *OH 
free radicals enjoy full freedom of attack on dye contaminants, these electrodes show 
greater degradation of dye contaminants. The second reason is that the non-active 
anodes have higher oxygen evolution over potentials (do not start OER easily).
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Both physisorbed and chemisorbed active oxygen atoms undergo a simultaneous 
undesirable and unlikely competitive side reaction which is called oxygen evolution 
reaction (OER). This reaction substantially reduces the efficiency of electrodes for 
electrochemical oxidation of organics. Now as a general rule, the anode materials 
like active electrodes (DSA and others) have low oxygen evolution over potentials 
(i.e. they are excellent electro-catalysts for undesirable process of oxygen evolution 
reaction, i.e. OER; that is why they are active anodes) and hence carryout partial 
oxidation of organics. On the contrary the non-active anodes such as BDD and 
PbO2 anodes have high oxygen evolution over potentials (i.e. they are poor electro-
catalysts for OER; that is why they are termed as non-active anodes), and they carry 
out complete mineralization of organics to inorganic species like CO2 and H2O. The 
oxygen evolution potential of DSA (RuO2) is 1.47 volts (Vs SHE in 0.5 M H2SO4), 
while that of BDD is 2.3 volts (Vs SHE in 0.5 M H2SO4). That is why non-active 
electrodes are most widely used anodes for elimination of organic contaminants 
during wastewater treatment in the absence of chloride medium [38–40].

The well-known *OH free radical is a powerful oxidant (Eo = 2.80 V vs. SHE), 
but it is unstable and has much shorter life than HClO (Eo = 1.49 V vs. SHE); 
therefore in the dye decontamination from wastewater which is heavily loaded with 
inorganic salts like chlorides, the indirect electrochemical oxidation mediated by 
active chlorine species in situ provides an excellent tool for such wastewater abate-
ment. The non-active electrodes like BDD, PbO2 and SnO2 are more active with 
respect to generation of physisorbed *OH free radicals for wastewater abatement; 
however they cannot be utilized for generation of active chlorine species because 
they preferably generate *OH free radical along with other mild oxidants like 
peroxo-diphosphate, peroxodicarbonate, peroxodisulphate, etc. On the contrary the 
active anode materials like platinum and DSA have remarkably high efficiency for 
oxidation of chloride ion, thereby generating active chlorine oxidants rather than 
generating physisorbed *OH free radicals at their surfaces [41].

When NaCl is used as supporting electrolyte with active electrodes like Ti-based 
DSA (which has been selected as model anode in this study), then chloride ions 
(Cl−) undergo oxidation at anodes to produce a very strong dye killing oxidants in 
situ, i.e. aqueous chlorine (i.e. Cl2 (aq)), HOCl, OCl−, ClO2

−1, ClO3
−1 and ClO4

−1 
[30, 42, 43]. These species mediates the oxidation of organics as shown below.

Reaction at anode:

  2  Cl   −1  →  Cl  2    (aq)  + 2  e   −1    (5)

Reaction at cathode:

  2  H  2   O + 2  e   ‐  →  H  2   + 2  OH   −1    (6)

Reaction at bulk:

   Cl  2   (aq)  +  H  2   O → HOCl +  H   +1  +  Cl   −1    (7)

   HOCl →  OCl   −1  +  H   +1   ( pK  a   = 7.54)    (8)

HOCl has greater oxidation potential (1.49 V) than OCl−1 (0.94 V). The type of 
active chlorine species in water depends upon pH solution, for example, at pH less 
than 03, dissolved chlorine (Cl2) gas exists in water in the form of aqueous chlorine, 
i.e. Cl2 (aq). At pH range of 03–7.5, Cl2 undergoes self-oxidation/self-reduction 
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reaction (disproportionation reaction) and forms HOCl, while at PH greater than 
7.5, hypochlorite ions (OCl−) exist in solution which is a much weaker oxidizing 
agent than HOCl [44].

Bonfatti has presented an alternative approach to electrochemical oxidation of 
organics; the schematic sketch of electrochemical oxidation at non-active oxide 
electrode (MOx) and with associated CER is shown in Figure 2. Here “R” represents 
a dye pollutant molecule [45].

Figure 2 shows that in the first step, the hydroxide from solution adsorbs on 
metal oxide to form MOx (٭OH) (see reaction 05 given below), and then it reacts with 
chloride ions (Cl−1) to yield adsorbed hypochlorous acid radical, i.e.   MO  X   ( HO   

.
  Cl)   

(see reaction 10); this adsorbed hypochlorous radical attacks organic pollutant (R) 
and degrades it to CO2 and H2O, and chloride ions are regenerated (see reaction 11). 
This degradation reaction proceeds simultaneously with chlorine evolution reaction 
(CER) to produce Cl2, some of which Cl2 gas evolves (if applied current density is 
very high), while some chlorine gas dissolve in water in the form of aqueous chlorine 
Cl2 (aq). This aqueous chlorine reacts with hydroxide ions to generate HOCl, OCl−1, 
ClO3

−1,   ClO  3  −1  , etc. (depending on pH of solution), which are active chlorine species 
and oxidize organic pollutants in situ.

   MO  x   +  O   
.
  H →  MO  x   ( O   

. 
 H)    (9)

   MO  x   ( O   
.
  H)  +  Cl   −1  →  MO  x     ( O   

.
  Cl)   ads   + 1  e   −1   (10)

   MO  x   ( O   
. 
 Cl)  + R →  MO  x   +  CO  2   +  H  2   O +  Cl   −1   (11)

The oxidation of organic compounds via active chlorine species had a serious 
concern about the formation of chlorinated organic compounds in water which are 
known as carcinogens, but Panizza and Bonfatti successfully demonstrated that 
by selecting optimal experimental conditions, the generations of toxic chlorinated 
compounds can be totally avoided in aqueous medium [46, 47]. For example, 

Figure 2. 
Mechanism of electrochemical degradation of pollutants in chloride medium.
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oxidation of organics. On the contrary the non-active anodes such as BDD and 
PbO2 anodes have high oxygen evolution over potentials (i.e. they are poor electro-
catalysts for OER; that is why they are termed as non-active anodes), and they carry 
out complete mineralization of organics to inorganic species like CO2 and H2O. The 
oxygen evolution potential of DSA (RuO2) is 1.47 volts (Vs SHE in 0.5 M H2SO4), 
while that of BDD is 2.3 volts (Vs SHE in 0.5 M H2SO4). That is why non-active 
electrodes are most widely used anodes for elimination of organic contaminants 
during wastewater treatment in the absence of chloride medium [38–40].

The well-known *OH free radical is a powerful oxidant (Eo = 2.80 V vs. SHE), 
but it is unstable and has much shorter life than HClO (Eo = 1.49 V vs. SHE); 
therefore in the dye decontamination from wastewater which is heavily loaded with 
inorganic salts like chlorides, the indirect electrochemical oxidation mediated by 
active chlorine species in situ provides an excellent tool for such wastewater abate-
ment. The non-active electrodes like BDD, PbO2 and SnO2 are more active with 
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however they cannot be utilized for generation of active chlorine species because 
they preferably generate *OH free radical along with other mild oxidants like 
peroxo-diphosphate, peroxodicarbonate, peroxodisulphate, etc. On the contrary the 
active anode materials like platinum and DSA have remarkably high efficiency for 
oxidation of chloride ion, thereby generating active chlorine oxidants rather than 
generating physisorbed *OH free radicals at their surfaces [41].

When NaCl is used as supporting electrolyte with active electrodes like Ti-based 
DSA (which has been selected as model anode in this study), then chloride ions 
(Cl−) undergo oxidation at anodes to produce a very strong dye killing oxidants in 
situ, i.e. aqueous chlorine (i.e. Cl2 (aq)), HOCl, OCl−, ClO2

−1, ClO3
−1 and ClO4

−1 
[30, 42, 43]. These species mediates the oxidation of organics as shown below.
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  2  Cl   −1  →  Cl  2    (aq)  + 2  e   −1    (5)

Reaction at cathode:
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   HOCl →  OCl   −1  +  H   +1   ( pK  a   = 7.54)    (8)

HOCl has greater oxidation potential (1.49 V) than OCl−1 (0.94 V). The type of 
active chlorine species in water depends upon pH solution, for example, at pH less 
than 03, dissolved chlorine (Cl2) gas exists in water in the form of aqueous chlorine, 
i.e. Cl2 (aq). At pH range of 03–7.5, Cl2 undergoes self-oxidation/self-reduction 
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reaction (disproportionation reaction) and forms HOCl, while at PH greater than 
7.5, hypochlorite ions (OCl−) exist in solution which is a much weaker oxidizing 
agent than HOCl [44].

Bonfatti has presented an alternative approach to electrochemical oxidation of 
organics; the schematic sketch of electrochemical oxidation at non-active oxide 
electrode (MOx) and with associated CER is shown in Figure 2. Here “R” represents 
a dye pollutant molecule [45].

Figure 2 shows that in the first step, the hydroxide from solution adsorbs on 
metal oxide to form MOx (٭OH) (see reaction 05 given below), and then it reacts with 
chloride ions (Cl−1) to yield adsorbed hypochlorous acid radical, i.e.   MO  X   ( HO   

.
  Cl)   

(see reaction 10); this adsorbed hypochlorous radical attacks organic pollutant (R) 
and degrades it to CO2 and H2O, and chloride ions are regenerated (see reaction 11). 
This degradation reaction proceeds simultaneously with chlorine evolution reaction 
(CER) to produce Cl2, some of which Cl2 gas evolves (if applied current density is 
very high), while some chlorine gas dissolve in water in the form of aqueous chlorine 
Cl2 (aq). This aqueous chlorine reacts with hydroxide ions to generate HOCl, OCl−1, 
ClO3

−1,   ClO  3  −1  , etc. (depending on pH of solution), which are active chlorine species 
and oxidize organic pollutants in situ.

   MO  x   +  O   
.
  H →  MO  x   ( O   
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 H)    (9)

   MO  x   ( O   
.
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  Cl)   ads   + 1  e   −1   (10)
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 Cl)  + R →  MO  x   +  CO  2   +  H  2   O +  Cl   −1   (11)

The oxidation of organic compounds via active chlorine species had a serious 
concern about the formation of chlorinated organic compounds in water which are 
known as carcinogens, but Panizza and Bonfatti successfully demonstrated that 
by selecting optimal experimental conditions, the generations of toxic chlorinated 
compounds can be totally avoided in aqueous medium [46, 47]. For example, 

Figure 2. 
Mechanism of electrochemical degradation of pollutants in chloride medium.
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Panizza investigated electrochemical oxidation of 2-naphthol which was associated 
with the formation of few chlorinated organic compounds initially, but later as 
these reactions proceeded, chlorinated compounds were either mineralized to CO2 
or converted to volatile CHCl3 which escaped off [48].

3. Conclusion

Advance oxidation process has a tremendous power to degrade dyes in aque-
ous solution. Some of these technologies like electro-Fenton, bio-electro-Fenton, 
photoelectrocatalytic and photocatalytic techniques and process based on per-
oxymonosulfate obtain good focus in the last decades. Moreover, the performance 
of some of these processes has been improved by coupling ultrasound, UV and 
biological process. The recent development of electrode materials and membranes 
enhances the efficiency of electrochemical process to remove dyes from wastewater. 
During the electrochemical process, the cathode also helps to generate active species 
(S2O8

2−, Cl−, HO•), depending on experimental conditions. Additionally, it has 
been shown that the integration of different technologies is a good alternative for 
the degradation of dyes. From our point of view, a lot research has been done, and 
now it is time to enlarge and apply at pilot and industrial scale. Similarly, reactor 
should be design to work batch and continues mode and industrial water reusable 
for different purposes.
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Chapter 8

Bi-Functionalized Hybrid
Materials as Novel Adsorbents for
Heavy Metal Removal from
Aqueous Solution: Batch and
Fixed-Bed Techniques
Yasser Hannachi, Afifa Hafidh and Salwa Ayed

Abstract

In this study, two new mesoporous hybrid gels were synthesized. The structural
order, morphology, and textural properties of the prepared hybrid materials have
been studied by 13C CPMAS NMR, SEM, FTIR, and nitrogen adsorption–desorption
analysis. The application for the heavy metal uptake from aqueous solution using
the as-synthesized hybrid materials as an adsorbent is explored. Operating parame-
ters influencing the adsorption procedure, for instance, solution pH, contact time,
and temperature are contemplated. In order to gain an insight into the adsorption
mechanism and reveal the rate-controlling steps, three models pseudo-first-order,
pseudo-second-order, and intra-particle diffusion have been studied to fit. Lang-
muir, Freundlich, and Dubinin-Radushkevich (D-R) models are assigned to portray
the adsorption isotherms. Besides, the feasibility of the synthesized adsorbents for a
continuous process in fixed-bed column was investigated. Prior tests produced on
electroplating effluents reveal that the as-prepared xerogel could be strongly used
for the heavy metal uptake from real wastewater.

Keywords: xerogels, adsorption, kinetic, fixed-bed studies, selectivity, reusability

1. Introduction

The prompt industrial development and ongoing urbanization have induced
growing problems relevant to waste output. Wastes are the generator of hazardous
substances which migrate unimpeded through the ecosystem posing severe jeop-
ardy to living organisms. Heavy metals are deemed as a standout among the most
toxic groups of inorganic pollutants. The principal origin sources of these heavy
metals are usually from electroplating, plastic manufacturing, mining, fertilizers,
etc. [1]. The excessive magnitude of these contaminants in industrial wastewaters
will severely devastate the ecosystem and human health via accumulation and
spreading in the environment and food chain [2]. Faced with the strict environ-
mental enactment, the treatment of wastewater before being discharged into the
environment becomes paramount topics worldwide. Diverse treatment processes,
for instance, coagulation, precipitation, ion-exchange, reverse osmosis, and
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environment becomes paramount topics worldwide. Diverse treatment processes,
for instance, coagulation, precipitation, ion-exchange, reverse osmosis, and
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electrolysis, are applied for the remediation of heavy metal ions from aqueous
solutions [3–5]. Notwithstanding, by far, the majority of these procedures are
restrained by both ecological and economic constraints. In contrast, adsorption has
been qualified to be the most relevant and promising method, on account of its low
cost, flexible operation, and reversibility. A wide variety of low-cost adsorbents, for
example, agricultural by-products, industrial wastes, and natural mineral materials,
were found to have good adsorption capacity [6]. However, these materials possess
weak resistance to abrasive forces in column apply and leaching of few organics
throughout retention process.

It is well known that the substantial factors affecting the adsorption process are
pore size distribution, specific surface areas, and pore surface chemistry. In this
endeavor, it is imperative to search materials with enormous porous structures,
high specific surface areas, and low density. In the last few decades, ordered
mesoporous silica has triggered a growing interest in the field of water treatment,
owing to its diverse outstanding properties. These enclose tunable pore-size, high
specific surface area, large pore volume, chemical inertness, thermal stability, and
the ability to attach a plethora of different functional groups [7–9].

One of the basic techniques applied for fabricating organic-inorganic hybrid
materials is the sol-gel method. Tetraalkoxysilanes (Si(OR)4) like tetraethyl
orthosilicate (TEOS) or tetramethyl orthosilicate (TMOS) are widely employed as
a precursor for preparing monolithic silica, owing to their hydrophobicity and
strong covalent Si-O bonding [10]. It is worthy to state that the as-prepared
hybrid materials by the sol-gel route are divided into two classes on account of the
interaction type between organic and inorganic components. In class I, organic
and inorganic components are strongly attached by covalent or dative covalent
bonds, while in the second, these two components are weakly bonded through
hydrogen or Van der Waals bonds. Indeed, these materials have generated con-
siderable interest for their potential application in multiple fields such as: adsorp-
tion [11], drug delivery systems [12, 13], biosensors [14], nanotechnology, and
nanomedicine applications [15, 16] and catalysis [17]. Organic-inorganic hybrid
materials displayed high efficiency and outstanding selectivity towards target
pollutant than the other silica gels. Nitrogen/thiol and magnetic functionalized
mesoporous silica have been at the foreground of these composites. In the same
vein, Benhamou et al. have shown that amine functionalized MCM-41 and MCM-
48 exhibited a higher adsorption capacity than pristine. They also evinced that
both hybrid materials have a higher affinity for Cu(II) and Pb(II) than for Cd(II)
and Co(II) in single and mixed cation solutions [18]. Shahbazi and co-workers
grafted aminopropyl (NH2) and melamine-based dendrimer amines (MDA) to
SBA-15 mesoporous silica. They observed that NH2–SBA-15 and MDA–SBA-15
were over ten-fold better than the pristine SBA-15 in the adsorption of Pb(II), Cu
(II), and Cd(II) [19]. Interestingly, they also showed that in column studies, the
adsorption yield was swayed by the flow rate. Apart from the fact that magnetic
silica-based materials exhibited excellent adsorption affinity towards heavy metal
ions, such adsorbents compared to the nitrogen and thiol designer silicates can be
easily removed from aqueous solution after adsorption. In the same context,
Wang et al. [20] synthesized an amino-functionalized core-shell magnetic
mesoporous SBA-15 silica composite which displayed a high adsorption capacity
for Pb(II) ions. This adsorbent can be readily removed and regenerated. Despite
the high adsorption capacity and the extra-ordinary selectivity towards target
metal, as well as the capacity for simultaneous removal of aqueous pollutants,
organic-inorganic hybrid materials are still not applied for a continuous process in
a fixed-bed column. Another challenge to overcome is the difficulty in their large-
scale production because of the complexity of synthesis methods and the control
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of the stability of the developed adsorbents. Therefore, great endeavors are
required for the synthesis of hybrid silicate adsorbents which meet the listed
challenges.

The main aims of the present study were the following:
Firstly, to synthesize and characterize new functionalized hybrid materials and

secondly, to assess their ability to remove Zn (II), Cd(II), and Cu(II) ions from
aqueous solution. To achieve these goals, experimental parameters affecting the
adsorption such as pH solution and contact time were determined. Kinetic data
were expressed by pseudo-first-order, pseudo-second-order, and intra-particle dif-
fusion models. Adsorption equilibrium isotherms were evaluated according to
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) models. In addition, the
thermodynamic parameters, selectivity, and the reusability have been determined
and extensively discussed. To the best of our knowledge, there are scant studies
dealing with the applicability of silica hybrid materials for a continuous process in a
fixed-bed column. Herein, we have successfully proven the feasibility of the
synthesized adsorbents for large volumes of discharges.

2. Materials and methods

2.1 Chemical reagents

All reagents were of analytical grade and used as received without further
purification. Hydrophobic tetraethyl orthosilicate (TEOS, 99%) was utilized as a
silica precursor, while ethanol was a bridging medium. Cd(NO3)2.4H2O, Cu(NO3)
2.3H2O, and Zn(NO3)2.6H2O were employed as metal sources for batch and col-
umn adsorption experiments. These reagents were supplied by Sigma-Aldrich,
USA. The organic precursors 1,3,4-thiadiazole-2,5-diamine and 1,3,4-thiadiazole-
2,5-dithiol were prepared according to the literature [21, 22].

2.2 Methods

2.2.1 Adsorbent synthesis

Pursuant to our foregoing studies, xerogels were synthesized using the following
process [Helali 15 et 16]: 10 ml of deionized water, 20ml of ethanol, and 22.8 mL of
TEOS were mixed under vigorous magnetic stirring. To the as-prepared mixture
was added a necessary amount of organic precursor (10�1 M, 11.6 g of 1,3,4-
thiadiazole-2,5-diamineor or 15 g of 1,3,4-thiadiazole-2,5-dithiol). Thereafter, the
reactant mixture was stirred for 6 h at 78°C and at the last ripened for 48 h at 100°C;
the resulting xerogels were labeled M1 and M2, and the synthesis mechanism is
represented in Figure 1.

2.2.2 Characterization

Xerogel morphology was carried out using a scanning electronic microscope
(Cambridge Instruments Stereoscan 120) operating at 15 kV. The textural proper-
ties of hybrid materials were determined from the N2 adsorption-desorption iso-
therms recorded at 77 K with a Micrometrics ASAP-2000 volumetric apparatus. The
specific surface areas were computed by the multi-point analysis (BET) (Brunauer
et al., 1938) in the relative pressure interval of 0.03˂P/P°˂0.3. Howbeit pore size
distribution was acquired from the adsorption-desorption branches of the isotherm
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Wang et al. [20] synthesized an amino-functionalized core-shell magnetic
mesoporous SBA-15 silica composite which displayed a high adsorption capacity
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through the BJH pattern. The total pore volume was evaluated at a relative pressure
of P/P° = 0.99.

The experimental parameters for the 13C CP MAS NMR were 9 KHz SPIN rate,
5 s pulse delay. NMR spectroscopy was carried out on an MSL 500 Bruker Spec-
trometer. FT-IR spectra were collected on 550 Nicolet Magana Spectrometer in KBr
pellets in the range of 4000–400 cm�1. X-ray photoelectron spectroscopy (XPS)
measurement was conducted on a VG ESCALAB MK II spectrometer in the pulse-
count mode at a pass energy of 50 eV employing a Mg Kα (1253.6 eV) achromatic
X-ray source. In order to evaluate the surface charges, the electro-kinetic potential
was performed by Malvern instrument Zeta Nano ZS.

2.2.3 Adsorption experiments

Stock solutions were set up by dissolving the required metal mass in 1 L of
double-distilled water. Aliquots were prepared by diluting standard stock solution
to the desired concentrations (5–400 mg.L�1). All experiments were done at room
temperature in triplicate, and the average values were utilized for further estima-
tion. For every essay, 0.01 g of xerogel was thoroughly blended in conical flasks
containing 25 ml of test solution with various metal concentrations at a required pH
adjusted prior to the experiment with 0.1 mol. L�1 of HNO3 or 0.1 mol. L�1 of
NaOH solution. The flasks were shaken for the coveted contact time in an electri-
cally thermostatic reciprocating shaker (Selecta multimatic-55, Spain) at 150 rpm.
The contact time for metal ions and the hybrid materials were ranged from
10 to 100 min.

For the adsorption isotherm contemplates, the initial metal concentration was
run from 10 to 400 mg. L�1. After each adsorption procedure, the gathered

Figure 1.
Synthesis mechanism of hybrid materials M1 and M2.
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examples were centrifuged at 12000 rpm for 20min with the end goal to separate
the solid from the liquid phase. The supernatant containing metal ions was evalu-
ated employing an atomic absorption spectrophotometer (SHIMADZU AA-680,
Japan). The percent adsorption of metal ion delineated is as follows (Eq. (1)):

adsorption %ð Þ ¼ Ci � Cf
� �

Ci
� 100 (1)

where Ci and Cf are the initial and final (or equilibrium) adsorbate concentra-
tions, respectively.

2.2.4 Fixed-bed column studies

Dynamic adsorption trial run in the fixed-bed column was conducted in a glass
column (3.5 cm length and 1.2 cm diameter), stuffed with 1 g of the xerogel. The
metal ion concentration (150 mg. L�1) was pumped in a down flow mode at a flow
rate of 20 mL min�1 by using a peristaltic pump (Flowtech India, model NFP01).
Samples were gathered at determined time interims, and the residual adsorbate
concentration (Ce) was measured spectrophotometrically (Eq. (2)). Column
exploitation was ceased when the adsorbate concentration attained 95% of its
initial concentration. The maximum column capacity (qc) can be reckoned as
follows Eq. (3):

qt ¼ A�Q � C� 1
1000

(2)

qe ¼
qtotal
M

(3)

where qtotal (mg) is the total quantity of adsorbed metal ions, A is the area
under breakthrough curve (Ce/(C0) versus time, Q (mL.min�1) is the flow rate,
C0 (mg.L�1) is the influent concentration, and M (g) is the mass of adsorbent.

2.2.5 Desorption studies

As a means to examine the regeneration of the synthesized hybrid materials, the
metal cation-loaded adsorbents are desorbed with 10 mL of HCl solution (0.5 M)
for 60 minutes. Afterwards, the recovered xerogel is flushed with deionized water

Parameters Values WHO Standard

pH 2.8 5.5–6.5

Temperature 40 20–30

TSS (mg.L�1) 720 20

COD (mg.L�1) 371 280

BOD (mg.L�1) 90 40

Zn (mg.L�1) 100 5

Pb (mg.L�1) 10 0.2

Cd (mg.L�1) 2 0.1

Table 1.
Physicochemical characterization of electroplating wastewaters.
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and parched in the air for the forthcoming experiment. Successive sorption-
desorption cycles are rehashed 10 times to build up the genuine application and the
high stability of the adsorbent.

2.2.6 Adsorption test with the electroplating wastewaters

The effluent specimens are gathered from the discharge exits of electroplating
plant, Yaroslavl, Russia. The physicochemical parameters of the electroplating
effluent are enlisted in Table 1.

Samples are stored in plastic bottles and cooled to 20°C; afterward, they are
diluted ten times and alkalized with 0.5 mol.L�1 of NaOH solution, and finally, are
filtered through a 0.35 μm membrane filter. All physicochemical features of the
effluent are determined by a conventional procedure [23].

3. Results and discussion

3.1 Characterization of adsorbents

The morphology of xerogel adsorbents was portrayed by SEM, and the images
are illustrated in Figure 2.

It very well may be obviously observed that all hybrid materials evinced wrin-
kled surface and irregular shaped particles with pore diameter over 1.5 nm, indicat-
ing the mesoporous structure. The textural properties of the synthesized materials,
including specific surface area, total mesoporous volume, and average pore diame-
ter were assessed by N2 adsorption-desorption isotherms and BJH method. Inter-
estingly, all samples recorded typical type IV adsorption-desorption isotherms
which is a characteristic pattern of mesoporous composites as stated in IUPAC
classification. Moreover, the hysteresis loop is of type H2 which is usually tied to the
ink-bottle pores with bulky orifice of the border inner parts (Figure 3).

A clearly defined step is eventuated roughly at P/P° = 0.4 characteristic of the
mesopore filling owing to capillary condensation [24]. Evenly, the pore size curve
obtained from the isotherm branch showed a tight distribution centered at about
3.5 nm.

Figure 2.
SEM micrographs of pristine adsorbents: (a) M1 and (b) M2.
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Based on data in Table 2, all xerogels showed relatively high specific surfaces
and pore volumes. More convincing underpins for the successful anchor of organic
moieties into the siliceous network emanate from the 13C CP MAS NMR analysis.

The 13C NMR spectra of the synthesized materials are shown in Figure 4. These
spectra recorded resonance peaks at 156.3–166.4 ppm (C=N) typical of sp2 carbon
atoms which characterized the cross links of the organic functional groups in the
inorganic network, providing the possibility of creating Si-N and Si-S covalent
bonds. The peaks at 13–58 ppm were attributed to CH3CH2O-Si- groups (TEOS).
This outcome portrayed the incorporation of the organic bi-functional compounds
in the inorganic network, providing the formation of Si-N and Si-S covalent bonds.

So as to confirm the attachment of the organic precursors onto the skeleton of
silica species, FT-IR spectroscopy was carried out.

The FT-IR spectra of all samples are depicted in Figure 5.
All samples showed a typical band related to Si-O bonds, at 434–440 cm�1,

bending of O-Si-O at 754–760cm�1, and strong bands at 1061–1134 cm�1 assigned to
the stretching vibration of Si-O-Si groups. Besides, the broad and strong bands
detected at 3383–3325 cm�1 were attributed to the stretching vibration of OH
groups which are associated to Si-OH groups ensuing from the TEOS hydrolysis.
The signals revealed at 1557–1576 cm�1 were ascribed to the stretching vibration of
C=N groups (heterocyclic part). Another indicative band of the covalent Si-N bond

Figure 3.
N2 absorption-desorption isotherms of (a) M1 and (b) M2 and BJH pore size distribution of (c) M1
and (d) M2.

Sample SBET (m2.g�1) Vpor (cm3.g�1) dmoy (Å)

M1 290 0.4 34.80

M2 310 0.2 20

Table 2.
BET surface area, pore volume, and average pore size of xerogels M1 and M2.
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created between 1,2,4-thiadiazole heterocyclic molecules and the polysiloxane
backbone emerged at 1175 cm�1. The bands located at 780 and 2680 cm�1, attrib-
uted to Si-S links and S-H groups, were observed in the M2 spectrum. In contrast,
the signals at 1614 and 3343 cm�1 recognize the presence of Si-N links, NH and NH2

groups, respectively, in M1 [7].

Figure 4.
13C NMR CP MAS spectra of M1 (a) and M2 (b).

Figure 5.
IR spectra of: (a) M1 and (b) M2.
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3.2 Effect of pH solution

The pH of the solution is regarded as one of the foremost adsorption factors,
since it has a prominent impact on the metal ion solubility, as well as on the
adsorbent surface metal binding sites.

The effect of pH on the removal efficiency of heavy metal ions by hybrid
materials was assessed inside a scope of 2–10. Zeta potential is the best and reliable
method to determine the adsorbent surface charge, which was characterized by
point of zero charge (pHpzc). The pH of zero charge (pHZps) of the as-prepared
xerogels M1 and M2 is recognized to be 4.6 � 0.2 and 4.2 � 0.2, respectively
(Figure 6).

As illustrated in Figure 6, when pH ˂ pHZps, the adsorbent surface charge is
positive by virtue of the amino and thiol group protonation. Therefore, electrostatic
repulsive force emerges between heavy metal ions and the adsorbent surface, incit-
ing abatement in the adsorption capacity. Be that as it may, at pH > pHZps, all
samples earn a negative surface charge, promoting electrostatic attraction between
metal cations and adsorbent and therefore, the absorption efficiency enhancement.
It ought to be stressed that beyond pH 5 [25], the uptake yield of heavy metal ions
diminishes through the metallic hydroxide precipitation which thwarts the diffu-
sion of the metal ions into the adsorbent active site. Therethrough, the pH at 7 was
selected as the ideal incentive in the resulting experiments (Figure 7).

Figure 6.
Zeta potential of xerogels at different pH values.

Figure 7.
Effect of pH on adsorption of metal ions onto both xerogels ((a)M1 and (b)M2) (metal concentration 20 mg.
L�1; adsorbent dosage 0.4 g.L�1, contact time 1 h).
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since it has a prominent impact on the metal ion solubility, as well as on the
adsorbent surface metal binding sites.

The effect of pH on the removal efficiency of heavy metal ions by hybrid
materials was assessed inside a scope of 2–10. Zeta potential is the best and reliable
method to determine the adsorbent surface charge, which was characterized by
point of zero charge (pHpzc). The pH of zero charge (pHZps) of the as-prepared
xerogels M1 and M2 is recognized to be 4.6 � 0.2 and 4.2 � 0.2, respectively
(Figure 6).

As illustrated in Figure 6, when pH ˂ pHZps, the adsorbent surface charge is
positive by virtue of the amino and thiol group protonation. Therefore, electrostatic
repulsive force emerges between heavy metal ions and the adsorbent surface, incit-
ing abatement in the adsorption capacity. Be that as it may, at pH > pHZps, all
samples earn a negative surface charge, promoting electrostatic attraction between
metal cations and adsorbent and therefore, the absorption efficiency enhancement.
It ought to be stressed that beyond pH 5 [25], the uptake yield of heavy metal ions
diminishes through the metallic hydroxide precipitation which thwarts the diffu-
sion of the metal ions into the adsorbent active site. Therethrough, the pH at 7 was
selected as the ideal incentive in the resulting experiments (Figure 7).

Figure 6.
Zeta potential of xerogels at different pH values.

Figure 7.
Effect of pH on adsorption of metal ions onto both xerogels ((a)M1 and (b)M2) (metal concentration 20 mg.
L�1; adsorbent dosage 0.4 g.L�1, contact time 1 h).
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3.3 Adsorption kinetics

The contact time is well recognized as the dwelling time of sorbate uptake at the
superficial adsorbent surface. To study the effect of contact time, 0.015 g of hybrid
materials was thoroughly mixed in 25 mL of initial metal concentration 20 mg.L�1

and was shaken at a rotational speed of 150 rpm.
As portrayed in Figure 8, the heavy metal adsorption onto the three xerogels

rapidly increased in the first 40 min; thereafter, it becomes slower and in the later
stage reaches to saturation (equilibrium). Further increase in contact time did not
ameliorate the uptake efficiency; this trend may be attributed to the fact that
padding of void active sites becomes impossible owing to the electrostatic repulsion
between the solute ions of the adsorbent and bulk phases [26]. Thus, 60 min is seen
fit to attain equilibrium in ulterior trials.

In order to acquire an insight into the adsorption mechanism and reveal the rate
controlling steps, three kinetic models including pseudo-first-order, pseudo-
second-order, and intra-particle diffusion were checked.

The adsorption rates were first examined by Lagergren’s pseudo-first-order [27]
and its linearized integral form is spoken to as follows in Eq. (4):

ln qe � qt
� � ¼ ln qe � k1t (4)

where qt and qe (mg.g�1) are the adsorption capacities at equilibrium (mg.g�1)
and t (min), respectively, and k1 is the rate constant of the equation (min�1). The
rate constant, k1, equilibrium adsorption capacity, qe, and the correlation coefficient
R2, are determined experimentally by plotting ln qe � qt

� �
versus t. The allied

parameters are listed in Table 1.
The pseudo-second-equation provided by Ho [28] can be stated by the pursuing

equation Eq. (5):

t
qt

¼ 1
k2q22

þ t
q2

(5)

where k2 (g.mg�1 min�1) is the rate constant and q2 is the amount of adsorption
equilibrium capacity (mg.g�1). The values of qe and k2 can be determined
graphically from the slope and the intercept of the plot t/qt versus t at different
temperatures.

The kinetic parameters gained from pseudo-first-order and pseudo-second-
order are introduced in Table 3. It is obvious that the theoretical adsorption

Figure 8.
Effect of contact time and temperature on adsorption of metal ions by the two adsorbents (metal concentration:
20 mg.L�1; adsorbent dosage: 0.4 g.L�1; pH: 5): (a) M1 and (b) M2.
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capacities ((qth)) evaluated from the pseudo-second-order equation were very close
to experimental (qe (ex)) values; besides, the correlation coefficients related to the
above-mentioned model were found to be higher than those ascertained from the
pseudo-first-order equation. These unequivocally propose that the pseudo-second-
order model, as opposed to the pseudo-first-order model, is more suitable to depict
the adsorption procedure.

By the by, the aforementioned kinetic models cannot identify the diffusion
mechanism and also, the rate controlling step of the adsorption kinetic process. In
this regard, it is important to apply the Weber and Morris intra-particle diffusion
model. This later assumes that the adsorption process might be controlled either by
one of the resulting steps, namely film diffusion, pore diffusion, and adsorption
onto the inner sites of adsorbent or a mix of a few stages (multi-step process) [29].
The rate parameter for intra-particle diffusion is displayed as follows Eq. (6):

qt ¼ Kidt0:5 þ C (6)

where Kid is the intra-particle rate constant (mg:g:min0:5Þ obtained from the
slope of the straight line qt versus t

0:5 and C is the intercept corresponding to the
boundary layer thickness. If the rate of adsorption is controlled only by the intra-
particle diffusion, the value of C should be zero (C = 0) and the plots of qt against
t0:5 provide a straight line passing through the origin.

As depicted in Figure 9, all the plots show multi-linear uptake revealing three
adsorption stages. The first steep-sloped portion corresponds to the transport of

Metal
ions

qe exp

(mg g�1)
Pseudo-first-order kinetic Pseudo-second-order kinetic

k1(min�1) qe cal (mg.g�1) r k2(g mg�1 min�1) qe cal (mg g�1) r

M1

Pb2+ 285 5.7.10�4 178 0.958 17.3.10�4 278 0.998

Cd2+ 234 2.8.10�4 167 0.953 8.02.10�4 38 0.999

Zn2° 410 7.5.10�4 249 0.936 19.9. 10�4 380 0.998

M2

Pb2+ 261 4.6.10�4 185 0,926 14.8.10�4 265 0.998

Cd2+ 214 2.4.10�4 150 0,942 7.3. 10�4 199 0.997

Zn2+ 360 6.6.10�4 210 0,912 17.8. 10�4 320 0.999

Table 3.
Pseudo-first-order and pseudo-second-order parameters for the adsorption of Pb (II), Cd (II), and Zn (II) onto
two adsorbents at different temperatures.

Figure 9.
Intra-particle diffusion plots model for metal ions adsorption onto (a) M1 and (b) M2.
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3.3 Adsorption kinetics
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materials was thoroughly mixed in 25 mL of initial metal concentration 20 mg.L�1
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capacities ((qth)) evaluated from the pseudo-second-order equation were very close
to experimental (qe (ex)) values; besides, the correlation coefficients related to the
above-mentioned model were found to be higher than those ascertained from the
pseudo-first-order equation. These unequivocally propose that the pseudo-second-
order model, as opposed to the pseudo-first-order model, is more suitable to depict
the adsorption procedure.

By the by, the aforementioned kinetic models cannot identify the diffusion
mechanism and also, the rate controlling step of the adsorption kinetic process. In
this regard, it is important to apply the Weber and Morris intra-particle diffusion
model. This later assumes that the adsorption process might be controlled either by
one of the resulting steps, namely film diffusion, pore diffusion, and adsorption
onto the inner sites of adsorbent or a mix of a few stages (multi-step process) [29].
The rate parameter for intra-particle diffusion is displayed as follows Eq. (6):

qt ¼ Kidt0:5 þ C (6)

where Kid is the intra-particle rate constant (mg:g:min0:5Þ obtained from the
slope of the straight line qt versus t

0:5 and C is the intercept corresponding to the
boundary layer thickness. If the rate of adsorption is controlled only by the intra-
particle diffusion, the value of C should be zero (C = 0) and the plots of qt against
t0:5 provide a straight line passing through the origin.

As depicted in Figure 9, all the plots show multi-linear uptake revealing three
adsorption stages. The first steep-sloped portion corresponds to the transport of
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Cd2+ 214 2.4.10�4 150 0,942 7.3. 10�4 199 0.997
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Table 3.
Pseudo-first-order and pseudo-second-order parameters for the adsorption of Pb (II), Cd (II), and Zn (II) onto
two adsorbents at different temperatures.
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metal ions from bulk solution to the adsorbent external surface via film diffusion.
The second stage describes the progressive adsorption step, indicating the diffusion
of adsorbate through the pores of xerogel (intra-particle diffusion). The third small-
sloped section corresponds to the final equilibrium stage where the intra-particle
diffusion commences progressively to slow down because of the quick abatement of
metal cation concentrations. Intra-particle diffusion model parameters are enrolled
in the Table 4.

The boundary layer parameter C was diverse to zero, showing that the intra-
particle diffusion ought not to be the sole rate limiting step [30]. Be that as it may, it
ought to be accentuated that the rate controlled step was governed by film-diffusion
towards the start and afterward followed by intra-particle diffusion.

3.4 Adsorption isotherms

Adsorption isotherm is viewed as a standout amongst the most critical elements
for determining the mechanism between adsorbent and adsorbate. In this research,
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherm models were
utilized to assess the equilibrium data.

The Langmuir isotherm model expects the formation of monolayer coverage of
adsorbate on the external surface of adsorbent and a finite number of equipotential
sites [31]. The Langmuir model can take the following linear form Eq. (7):

Ce

qe
¼ 1

qmaxKL
þ Ce

qmax
(7)

where qe is the amount of metal cations adsorbed by unit weight of adsorbent
(mg. g�1), Ce is the equilibrium concentration of adsorbate in the solution (mg.
L�1), qmax is the maximum adsorption capacity at monolayer coverage (mg.g�1),
and KL is the Langmuir adsorption constant (L.mg�1). Linear plots of Ce/qe against
Ce were used to determine the value of qmax (mg�g�1) and KL (L�mg�1). The data
obtained with the correlation coefficients (R2) are reported in Table 5.

The Freundlich isotherm is an experiential equation which presumes various
affinities for the binding sites on the surface of the adsorbent accompanied by the
interactions between adsorbed molecules. The linear form of the Freundlich
adsorption isotherm [32] can be communicated as follows Eq. (8):

log qe ¼ log kf þ 1
n
logCe (8)

where kf is a constant related to the bonding energy and n is a measure of the
deviation from linearity and the heterogeneity degree of adsorption sites. The

Sample K0
1 (mg.g�1.min�0.5) K 0

2 (mg.g�1.min�0.5) K0
3 (mg.g�1.min�0.5)

M1–Pb 10.252 4.792 2.103

M2–Pb 12.348 6.453 3.501

M1–Cd 11.457 5.395 3.424

M2–Cd 12.567 6.637 3.667

M1–Zn 10.684 5.138 2.735

M2–Zn 12.729 6.841 3.829

Table 4.
Intra-particle diffusion adsorption rate constants of metal ions onto the two adsorbents.
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Freundlich equilibrium constants kf and 1/n were determined from the slopes and
intercepts of the linear plot of log qe versus logCe . The values for Freundlich
constants and correlation coefficients (R2) for the adsorption process are also
recorded in Table 5.

As can be seen, the adsorption capacity is higher for M1 than M2. This pattern
could be related to the specific surface area as well as to the structure of the amino
groups which displayed a high chelating ability to heavy metal ions. However, the
isotherm parameters, together with the correlation coefficients showed that the
Langmuir model gives a good fit to the adsorption isotherm. Additionally, the
Freundlich adsorption capacity kf is higher for M1 than M2. The n values which
mirror the adsorption intensity also presented the same trend. The acquired values
n for both adsorbates model that the adsorption process onto mesoporous material
was favorable at considered conditions. However, compared to the R2 values, with
that obtained from the Langmuir model, it can be remarkably noted that the Lang-
muir isotherm model better fits the equilibrium data.

The Dubinin-Radushkevich (D-R) model is a semi-hypothetical equation which
is by and large allied to a sorption induced by a pore padding mechanism. This
model gives valuable information on the nature of the adsorption process (chemi-
sorption or physisorption) [33]. The linear presentation of the D-R isotherm equa-
tion [34] is granted as Eq. (9):

log qe ¼ log qm � β ε2 (9)

where qe is the adsorption capacity (mol.g�1), qm is the maximum adsorption
capacity (mol.g�1), β is the activity coefficient which gives an idea about the mean

free energy (mol2.J�2), and ε is the Polanyi potential [ε ¼ RTLn 1þ 1
Ce

� �
]. The values

of qm and β, can be generated from the slope and the intercept of the plot ln qe versus
ε2. The adsorption mean free energy (E, kJ.mol�1) can be calculated using Eq. (10):

E ¼ 1ffiffiffiffiffiffiffiffiffi�2β
p (10)

In addition, the magnitude of E (kJ.mol�1) value provided data about the type of
adsorption mechanism, either physical or chemical. The maximum adsorption

Langmuir parameters Freundlich
parameters

D-R parameters

qm (mg.g�1) KL(L mg�1) R2 KF 1/n R2 qm (mol.g�1) E(KJ mol�1) R2

M1

Pb2+ 523 0.07 0.998 75.85 0.38 0.845 3.73.10�4 13.1 0.993

Cd2+ 507 0.05 0.997 128 0.27 0.871 2.64.10�4 13 0.991

Zn2+ 578 0.1 0.999 149 0.42 0.832 4.69.10�4 13.63 0.994

M2

Pb2+ 509 0.09 0.997 135 0.27 0.836 4.51.10�4 12.82 0.995

Cd2+ 493 0.04 0.998 67 0.41 0.883 3.34.10�4 13.33 0.992

Zn2+ 549 0.09 0.998 140 0.37 0.842 4.57.10�4 13.22 0.993

Table 5.
Langmuir, Freundlich, and D-R parameters for Pb (II), Cd (II), and Zn (II) adsorption onto mesoporous
materials M1 and M2.
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metal ions from bulk solution to the adsorbent external surface via film diffusion.
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diffusion commences progressively to slow down because of the quick abatement of
metal cation concentrations. Intra-particle diffusion model parameters are enrolled
in the Table 4.

The boundary layer parameter C was diverse to zero, showing that the intra-
particle diffusion ought not to be the sole rate limiting step [30]. Be that as it may, it
ought to be accentuated that the rate controlled step was governed by film-diffusion
towards the start and afterward followed by intra-particle diffusion.

3.4 Adsorption isotherms

Adsorption isotherm is viewed as a standout amongst the most critical elements
for determining the mechanism between adsorbent and adsorbate. In this research,
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherm models were
utilized to assess the equilibrium data.

The Langmuir isotherm model expects the formation of monolayer coverage of
adsorbate on the external surface of adsorbent and a finite number of equipotential
sites [31]. The Langmuir model can take the following linear form Eq. (7):
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where qe is the amount of metal cations adsorbed by unit weight of adsorbent
(mg. g�1), Ce is the equilibrium concentration of adsorbate in the solution (mg.
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and KL is the Langmuir adsorption constant (L.mg�1). Linear plots of Ce/qe against
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obtained with the correlation coefficients (R2) are reported in Table 5.

The Freundlich isotherm is an experiential equation which presumes various
affinities for the binding sites on the surface of the adsorbent accompanied by the
interactions between adsorbed molecules. The linear form of the Freundlich
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where kf is a constant related to the bonding energy and n is a measure of the
deviation from linearity and the heterogeneity degree of adsorption sites. The
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Freundlich equilibrium constants kf and 1/n were determined from the slopes and
intercepts of the linear plot of log qe versus logCe . The values for Freundlich
constants and correlation coefficients (R2) for the adsorption process are also
recorded in Table 5.

As can be seen, the adsorption capacity is higher for M1 than M2. This pattern
could be related to the specific surface area as well as to the structure of the amino
groups which displayed a high chelating ability to heavy metal ions. However, the
isotherm parameters, together with the correlation coefficients showed that the
Langmuir model gives a good fit to the adsorption isotherm. Additionally, the
Freundlich adsorption capacity kf is higher for M1 than M2. The n values which
mirror the adsorption intensity also presented the same trend. The acquired values
n for both adsorbates model that the adsorption process onto mesoporous material
was favorable at considered conditions. However, compared to the R2 values, with
that obtained from the Langmuir model, it can be remarkably noted that the Lang-
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capacity qm, the adsorption free energy E, and the coefficients of linearity are
computed and spoken to in Table 5. As observed from the table, the high correla-
tion coefficients (≥ 0.99) propose that the adsorption equilibrium data fitted well
the D-R isotherm model. Moreover, the mean adsorption energy values were in the
range of 13–14 kJ�mol�1 for all samples. In perspective of the acquired outcomes, it
tends to be reasoned that the adsorption processes of metal ions onto the as-
prepared xerogels might be proceeded by chemisorption (binding surface func-
tional groups) [35].

4. Column studies

It is well known that the column trials were conducted to predict the necessary
residence time of effluent treatment with a specific flow rate and concentration
(Figure 10).

It ought to be stressed that the breakthrough curves characterize the dynamic
performance of saturated columns; delineated as the ratio of effluent concentration
to influent concentration over time. The time where the pollutant concentration in
effluent reached 5% is called breakthrough time (tb); however, the time taken for
the effluent concentration to attain 95% of initial pollutant concentration is
appealed exhaustion time. The Breakthrough curves for metal ion adsorption onto
both adsorbents are portrayed in Figure 6 and their column data are tabulated in
Table 6.

As portrayed in Figure 10, all breakthrough curves exhibited an S-shaped pro-
file; besides, earlier breakthrough and exhaustion times were observed for M2

Figure 10.
Breakthrough curves for metal ion adsorption onto mesoporous materials M1 (b) and M2 (a).

Metal Breakthrough time Exhaustion time Breakthrough capacity (mg.g�1)

M1 Zn (II) 45 185 442

Pb (II) 42 179 410

Cd (II) 40 175 403

M2 Zn (II) 38 175 420

Pb (II) 36 172 406

Cd (II) 35 170 394

Table 6.
Column data for metal ion adsorption.
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xerogel, while M1 displayed a longer breakthrough time. It is clear that break-
through capacities calculated from column studies were lesser than those settled
from the batch method. This pattern might be because of the impact of the
prolonged residence time of the sorbate as well as the agitation speed which
improve the adsorption in the batch technique. It is worthy to state that the grand
breakthrough capacity of M1 is related to its longer breakthrough time.

4.1 Column regeneration

The regeneration ability is an essential factor for metal recovery and the appli-
cability of adsorbents. The metal charged column was regenerated with 0.1 M HCl
(40 mL) and then with 0.5 M HNO3 (20 mL) at a flow rate of 7 mL.min�1.
Afterwards, each column was washed with 60 mL of hot deionized water and then
dried in an oven at 60°C. The adsorption efficiency of the exhausted column was
checked five times. The uptake yield decreased from 96%–94% to 90%–88% for
M1 and 93%–91% to 87%–86% for M2 after five adsorption-desorption cycles
(Figure 11). The acquired outcomes uncovered that the as-prepared xerogels could
be effortlessly regenerated and continuously used in the metal cation removal
process without an obvious decrease in the total adsorption performance.

4.2 Thermodynamic parameters

The mechanism of adsorption can be checked through determining thermody-
namic parameters like Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°).
These parameters can be determined from the following equations: Eqs. (11) and
(12):

LnKL ¼ ΔS
R

� ΔH
RT

Van’t Hoff equationð Þ (11)

ΔG° ¼ �RT LnKL (12)

where KL is the Langmuir constant (L.mol�1),T is the absolute temperature (K),
and R is the gas constant. By plotting LnKL against 1/T, it is possible to determine
graphically the value of ΔH° from the slope, and the value of ΔS° from the intercept
(Figure 12). The calculated parameters are given in Table 7.

The values of Gibbs free energy change ΔG° were negative at various tempera-
tures indicating that the adsorption of the two pollutants onto the as-synthesized
adsorbent was feasible and spontaneous. Notwithstanding, the abatement of ΔG°
values with temperature could be clarified by a diminishment in the mobility of the
metal and the adsorption driving force [36]. The negative value of ΔG° affirmed the

Figure 11.
Adsorption-desorption efficiency of xerogels after 5 cycles: (a) M1 and (b) M2.
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capacity qm, the adsorption free energy E, and the coefficients of linearity are
computed and spoken to in Table 5. As observed from the table, the high correla-
tion coefficients (≥ 0.99) propose that the adsorption equilibrium data fitted well
the D-R isotherm model. Moreover, the mean adsorption energy values were in the
range of 13–14 kJ�mol�1 for all samples. In perspective of the acquired outcomes, it
tends to be reasoned that the adsorption processes of metal ions onto the as-
prepared xerogels might be proceeded by chemisorption (binding surface func-
tional groups) [35].

4. Column studies

It is well known that the column trials were conducted to predict the necessary
residence time of effluent treatment with a specific flow rate and concentration
(Figure 10).

It ought to be stressed that the breakthrough curves characterize the dynamic
performance of saturated columns; delineated as the ratio of effluent concentration
to influent concentration over time. The time where the pollutant concentration in
effluent reached 5% is called breakthrough time (tb); however, the time taken for
the effluent concentration to attain 95% of initial pollutant concentration is
appealed exhaustion time. The Breakthrough curves for metal ion adsorption onto
both adsorbents are portrayed in Figure 6 and their column data are tabulated in
Table 6.

As portrayed in Figure 10, all breakthrough curves exhibited an S-shaped pro-
file; besides, earlier breakthrough and exhaustion times were observed for M2

Figure 10.
Breakthrough curves for metal ion adsorption onto mesoporous materials M1 (b) and M2 (a).

Metal Breakthrough time Exhaustion time Breakthrough capacity (mg.g�1)

M1 Zn (II) 45 185 442

Pb (II) 42 179 410

Cd (II) 40 175 403

M2 Zn (II) 38 175 420

Pb (II) 36 172 406

Cd (II) 35 170 394

Table 6.
Column data for metal ion adsorption.
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xerogel, while M1 displayed a longer breakthrough time. It is clear that break-
through capacities calculated from column studies were lesser than those settled
from the batch method. This pattern might be because of the impact of the
prolonged residence time of the sorbate as well as the agitation speed which
improve the adsorption in the batch technique. It is worthy to state that the grand
breakthrough capacity of M1 is related to its longer breakthrough time.

4.1 Column regeneration

The regeneration ability is an essential factor for metal recovery and the appli-
cability of adsorbents. The metal charged column was regenerated with 0.1 M HCl
(40 mL) and then with 0.5 M HNO3 (20 mL) at a flow rate of 7 mL.min�1.
Afterwards, each column was washed with 60 mL of hot deionized water and then
dried in an oven at 60°C. The adsorption efficiency of the exhausted column was
checked five times. The uptake yield decreased from 96%–94% to 90%–88% for
M1 and 93%–91% to 87%–86% for M2 after five adsorption-desorption cycles
(Figure 11). The acquired outcomes uncovered that the as-prepared xerogels could
be effortlessly regenerated and continuously used in the metal cation removal
process without an obvious decrease in the total adsorption performance.

4.2 Thermodynamic parameters

The mechanism of adsorption can be checked through determining thermody-
namic parameters like Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°).
These parameters can be determined from the following equations: Eqs. (11) and
(12):

LnKL ¼ ΔS
R

� ΔH
RT

Van’t Hoff equationð Þ (11)

ΔG° ¼ �RT LnKL (12)

where KL is the Langmuir constant (L.mol�1),T is the absolute temperature (K),
and R is the gas constant. By plotting LnKL against 1/T, it is possible to determine
graphically the value of ΔH° from the slope, and the value of ΔS° from the intercept
(Figure 12). The calculated parameters are given in Table 7.

The values of Gibbs free energy change ΔG° were negative at various tempera-
tures indicating that the adsorption of the two pollutants onto the as-synthesized
adsorbent was feasible and spontaneous. Notwithstanding, the abatement of ΔG°
values with temperature could be clarified by a diminishment in the mobility of the
metal and the adsorption driving force [36]. The negative value of ΔG° affirmed the

Figure 11.
Adsorption-desorption efficiency of xerogels after 5 cycles: (a) M1 and (b) M2.
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exothermic nature of the adsorption process; besides, its magnitude revealed the
type of adsorption mechanism (physisorption or chemisorption). Since the ΔH°
value was over 20 kJ.mol�1, this indicates that the adsorption process of metal ions
onto the xerogels occurred by means chemisorption [30]. The observed negative ΔS
° reflected a lessening in the randomness at the solid/solution interface during the
adsorption process [37].

Pb (II) T(K) ΔG0 kJ:mol�1Þ�
ΔH0 kJ:mol�1Þ�

ΔS0 J:mol�1:K�1Þ�

M1 293 �22.51 �74.67 �162 .3

303 �21.82

313 �20.94

M2 293 �23.92 �62.23 �143.31

303 �22 .89

313 �22.19

Cd(II) T(K) ΔG0 kJ:mol�1� �
ΔH0 kJ:mol�1� �

ΔS0 J:mol�1:K�1� �

M1 293 �22.08 �69.08 �157.71

303 �21.72

313 �21.55

M2 293 �20.72 �59.86 �131.34

303 �20 .53

313 �20.39

Zn(II) T(K) ΔG0 kJ:mol�1� �
ΔH0 kJ:mol�1� �

ΔS0 J:mol�1:K�1� �

M1 293 �23.16 �80.12 �172.35

303 �22.93

313 �22.75

M2 293 �21.87 �66.74 �152.27

303 �21 .64

313 �21.41

Table 7.
Thermodynamic parameters for heavy metal adsorption onto the two adsorbents M1 and M2.

Figure 12.
Determination of thermodynamic parameters for the adsorption of metal cations onto the two adsorbents:
(a) M1 and (b) M2.
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4.3 Adsorption mechanism

SEM, FTIR, and XPS analysis have been extensively used to identify the possible
metal cation-adsorbent interactions. In order to examine the morphology
structure of the adsorbents, SEMmicrographs were taken after metal ion adsorption
(Figure 13).

These micrographs indicated clearly the deformation and the presence of many
shiny small particles over the surface of both supports M1 and M2 after the adsorp-
tion process. Moreover, there was also a decrease in the pore sizes after metal
adsorption. This observation evidenced the surface coverage of adsorbents by
metal ions.

To gain further insights into the mechanism involved in the metal ions uptake
process, the FTIR spectra were analyzed, and the band positions for each adsorbent
exposed to metal ions are listed in Table 8.

In the M1 xerogel IR spectrum, the strong band that occurred at around
3325 cm�1 attributed to NH and NH2 stretching vibration was shifted and becomes
weaker after metal adsorption. This is likely due to the chelation between amino
groups and metal ions. Besides, the peak at about 1614 cm�1 ascribed to NH2 and
NH groups disappeared suggesting that the adsorption process is mainly dominated
by the coordination of nitrogen with metal cations. However, the characteristic
peak at 2680 cm�1 assigned to the stretching vibration of sulfhydryl group (S-H)
was disappeared. This result revealed that metal ions reacted with (S-H) groups on
the surface of M2 xerogel. No obvious shift of the Si-O group after lead adsorption
onto the two supports was observed.

To deepen the understanding of the mechanism of metal uptake, XPS analysis
before and after metal ion adsorption were performed.

Figure 13.
SEM micrographs of the two adsorbents after metal-ion adsorption.
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As displayed in Figure 14 a single peak was clearly observed at 398.2 eV,
corresponding to the presence of N atom in primary and secondary amine groups.
After metal ion adsorption, a new peak with higher binding energy was appeared at
about 400.2 eV which may be attributed to the complexation between NH2 and
metal ions (R-NH2—M2+). On the other hand, the S2p spectra exhibited a faint peak
at 167.3 eV assigned to oxidized sulfur. Another peak was observed at 162.6 eV
which corresponds to the unbounded S atom in thiol groups. After metal uptake, the
peak ascribed to oxidized sulfur becomes much stronger as well as its ratio area,
indicating the ion exchange reaction between (S-H) groups on the M2 xerogel
surface and metal ions. Additionally, the XPS spectra of Pb4f, Cd 3d, and Zn2p were
also obtained.

As portrayed in Figure 15, the binding energies for Pb 4f7/2, Cd 3d5/2, and Zn2p3/
2 were 137.9 eV, 404.7 eV, and 1021.1 eV, respectively. This result is in agreement
with the FTIR analysis which suggests that metal ions form a bidentate complex on
amino functionalized xerogel.

5. Performance of the synthesized adsorbents for treatment of
electroplating wastewater

The most important part of this work was to evaluate the potential use of both
synthesized adsorbents for the treatment of real effluent, via electroplating waste-
water. The whole analysis was conducted under the same predetermined conditions
(Figure 16). The treatment of paint wastewater utilizing hybrid material is
represented in Table 9.

It is obvious that the adsorption rate decreased from 94%–92% to 78%–76% for
M1 and 92%–92% to 75%–73% for M2. This pattern might be clarified by the way
that in real discharge, organic matter and other pollutants may rival metal ions
leading to lessening removal yield.

5.1 Selectivity of adsorbents

The selectivity of the adsorbent increases its interest for commercial use. In this
context, the selectivity of the two xerogels was carried out by removing an aqueous
solution containing a mixture of three metal ions (Pb (II), Cd (II), and Zn (II))
under the predetermined optimized conditions, that is, pH = 5, t = 60 min, adsor-
bent mass = 0.015 g, and T = 20°C.

It is apparent from Figure 17 that the adsorption efficiency of the two adsor-
bents towards different ions exposed the following order (Cd+2 ˂ Pb+2 ˂ Zn+2). The

ν (cm�1) OH and NH C=N Si▬N S▬H Si▬O

M1(pristine) 3343–3325 1557 1174 — 1058-951-460

Pb (loaded) 3303 1559 1170 — 1061-951-464

Cd (loaded) 3310 1561 — — 1060-948-462

Zn (loaded) 3307 1558 — — 1059-950-459

M2(pristine) 3383 1576 — 2680 1134-946-434

Pb (loaded) 3380 1572 — — 1131-947-430

Cd(loaded) 3383 1574 — — 1132-949-433

Zn (loaded) 3380 1577 — — 1135-944-436

Table 8.
Band positions before and after metal cation adsorption.
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great selectivity of both xerogels for Zn (II) ions could be ascribed to their low
hydrolysis constant and high covalent index. In this regard, the as-prepared adsor-
bents are relevant for practical application under industrial conditions.

5.2 Comparison with different adsorbents

The uptake efficiency of the as-prepared xerogels for the removal of three metal
ions (Pb (II), Cd (II), and Zn (II)) was compared with other stated adsorbents
(Table 10).

Figure 14.
XPS spectra of N1 s and S2p core level spectra before and after metal cation adsorption.
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Figure 15.
XPS spectra of Pb4f, Cd 3d, and Zn2p after metal ion adsorption.

Figure 16.
Efficiency of the as-prepared xerogels for metal ion removal from electroplating wastewater.

Parameters Values WHO standard

pH 5.8 5.5–6.5

Temperature 27 20–30

TSS (mg.L�1) 419 20

COD (mg.L�1) 320 280

BOD (mg.L�1) 78 40

Zn (mg.L�1) 4.5 5

Pb (mg.L�1) 0.15 0.2

Cd (mg.L�1) 0.08 0.1

Table 9.
Physicochemical characterization of treated electroplating wastewaters.
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It can be remarkably noted that the synthesized xerogels exhibited considerably
higher adsorption capacity for metal cations than other sorbents specified previ-
ously.

This pattern might be attributed to high specific surfaces as well as the number
of chelating fragments on the surface of the synthesized adsorbents. Besides, the
facility of the synthesis method and the lower adsorption parameters such as con-
tact time, pH solution, and adsorbent dosage made them more appropriate for
industrial utilization.

6. Conclusion

The primary targets of this work were to synthesize novel functional organic-
inorganic hybrid materials and to check their ability to remove metal ions from
aqueous solution. The structural order, morphology, and texture of the prepared

Figure 17.
Selectivity of M1 and M2 xerogels (adsorbent dosage: 0.4 g. L�1; contact time: 60 min; pH: 5; temperature:
20°C).

Adsorbent pH Metal ions qm (mg/g) References

SBA15-NH2 5 Pb2+ 54.6 [38]

PEG-S 6 Pb2+ 241.36 [39]

Amino xerogel 5 Pb2+ 523 This work

Sulfhydryl xerogel 5 Pb2+ 509 This work

MIONPs-NH2 6 Cd2+ 33.72 [40]

MC/Al2O3 3–6 Cd2+ 49.98 [41]

Amino xerogel 5 Cd2+ 507 This work

Sulfhydryl xerogel 5 Cd2+ 493 This work

SiNAL4 6 Zn2+ 86.51 [42]

SG-MCF 6 Zn2+ 39.96 [43]

Amino xerogel 5 Zn2+ 578 This work

Sulfhydryl xerogel 5 Zn2+ 549 This work

Table 10.
Comparison of adsorption capacity of both mesoporous materials M1 and M2 for Pb(II), Cd(II), and Zn (II)
with that of other adsorbents.
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hybrid gels were studied by FTIR, 13C CP MAS NMR spectroscopy, SEM, and
nitrogen adsorption-desorption analysis.

The adsorption kinetic studies abide by the pseudo second-order model and
exhibit a three-stage adsorption process. Moreover, the adsorption rate of metal
cation was controlled by the diffusion rate inside the pore. The Langmuir model
showed the best fit for the entire experimental data. The free energy values (E) of
metal ion adsorption onto M1 and M2 xerogels generated by the D-R equation
revealed that the adsorption proceeded principally by chemisorption. In column
studies, the breakthrough efficiencies of both xerogels were comparable to those
calculated from batch techniques and can be reused for at least 5 cycles with a slight
decrease in the uptake capacity.

Thermodynamic parameters depicted the spontaneity and the exothermic
nature of the adsorption process at 20–40°C. The FTIR and XPS analysis revealed
that the chelation between the metal ions and the ligating nitrogen atoms of amino
functionalized xerogel was the main mechanism involved in cadmium uptake.
Otherwise, the proposed mechanism for lead adsorption onto sulfhydryl xerogel
was probably through the ion exchange reaction between metal ions and (▬SH)
groups. Prior tests accomplished on electroplating wastewater evinced that the
xerogel adsorbents possess an exceptional performance in heavy metal uptake from
real wastewater. The findings reported in this work showed that the as-prepared
xerogels could be widely applied for treatment of industrial wastewater owing
to their cost-effectiveness, prominent reusability, good selectivity, and high
adsorption efficiency.
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hybrid gels were studied by FTIR, 13C CP MAS NMR spectroscopy, SEM, and
nitrogen adsorption-desorption analysis.

The adsorption kinetic studies abide by the pseudo second-order model and
exhibit a three-stage adsorption process. Moreover, the adsorption rate of metal
cation was controlled by the diffusion rate inside the pore. The Langmuir model
showed the best fit for the entire experimental data. The free energy values (E) of
metal ion adsorption onto M1 and M2 xerogels generated by the D-R equation
revealed that the adsorption proceeded principally by chemisorption. In column
studies, the breakthrough efficiencies of both xerogels were comparable to those
calculated from batch techniques and can be reused for at least 5 cycles with a slight
decrease in the uptake capacity.

Thermodynamic parameters depicted the spontaneity and the exothermic
nature of the adsorption process at 20–40°C. The FTIR and XPS analysis revealed
that the chelation between the metal ions and the ligating nitrogen atoms of amino
functionalized xerogel was the main mechanism involved in cadmium uptake.
Otherwise, the proposed mechanism for lead adsorption onto sulfhydryl xerogel
was probably through the ion exchange reaction between metal ions and (▬SH)
groups. Prior tests accomplished on electroplating wastewater evinced that the
xerogel adsorbents possess an exceptional performance in heavy metal uptake from
real wastewater. The findings reported in this work showed that the as-prepared
xerogels could be widely applied for treatment of industrial wastewater owing
to their cost-effectiveness, prominent reusability, good selectivity, and high
adsorption efficiency.
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Chapter 9

Formulation of Corrosion 
Inhibitors
Yun Chen and Wenzhong Yang

Abstract

Corrosion inhibitors are widely used in the production process due to their 
significant effect. In this chapter, the formulation of typical corrosion inhibitors in 
acid solution, near-neutral solution, alkaline solution, and oil and gas systems will 
be discussed, respectively. Firstly, the importance of pickling corrosion inhibitors 
for thermal equipment in industrial production in different situations is discussed 
in the “Inhibitors for acid solution” section, and the types of pickling inhibitors are 
mainly applied in different kinds of acid media, such as sulfuric acid, hydrochloric 
acid, nitric acid, phosphoric acid, hydrofluoric acid, citric acid, and sulfamic acid. 
Secondly, in the “Inhibitors for near-neutral solution” section, the cooling water 
inhibitors principally include chromate, stabilized phosphate, alkaline zinc/organic, 
molybdate, all organic, soft and lean water, and environmental and closed-loop 
programs. The hot-water inhibitor is also mentioned here. Then in the “Inhibitors 
for alkaline solution” section, boiler water inhibitor, oxygen scavenger, and corro-
sion inhibitors for condensate line are talked over. Finally, in the “Inhibition for oil 
and gas systems” section, drilling fluid, fracturing acidizing, oil and gas well, and 
oil field which produced water treatment inhibitors are introduced here. The corro-
sion inhibition mechanism and development trend of inhibitors are also discussed.

Keywords: inhibitors for acid solution, inhibitors for near-neutral solution, 
inhibitors for alkaline solution, inhibition for oil and gas systems

1. Introduction

Pickling is widely used in various production processes, such as for pickling 
and rust removal of metal pipes, plates, and wires, and products in the metal-
lurgical and mechanical industries, scale cleaning of heat exchange equipment, 
heat transfer equipment, and cooling equipment in various industrial sectors, 
especially for pickling of thermal equipment such as boilers in the electric power 
sector. It is meaningful using pickling, for example, from a socioeconomic point 
of view, fuel consumption due to fouling can be reduced; from the perspective of 
environmental protection, fuel exhaust and atmospheric pollution are reduced; 
from a safety point of view, thermal equipment such as boilers and heat exchang-
ers can be used well. As we know, various types of dirt are gradually formed in the 
process, and the poor thermal conductivity of the dirt causes the local temperature 
of the furnace tube to rise, which reduces the strength of the steel and often 
causes a pipe burst accident and affects the operation of the boiler. Therefore, 
pickling plays a very important role in the boiler operation of power plants. In 
addition, the use of industrial circulating cooling water technology to increase the 
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oil field which produced water treatment inhibitors are introduced here. The corro-
sion inhibition mechanism and development trend of inhibitors are also discussed.

Keywords: inhibitors for acid solution, inhibitors for near-neutral solution, 
inhibitors for alkaline solution, inhibition for oil and gas systems

1. Introduction

Pickling is widely used in various production processes, such as for pickling 
and rust removal of metal pipes, plates, and wires, and products in the metal-
lurgical and mechanical industries, scale cleaning of heat exchange equipment, 
heat transfer equipment, and cooling equipment in various industrial sectors, 
especially for pickling of thermal equipment such as boilers in the electric power 
sector. It is meaningful using pickling, for example, from a socioeconomic point 
of view, fuel consumption due to fouling can be reduced; from the perspective of 
environmental protection, fuel exhaust and atmospheric pollution are reduced; 
from a safety point of view, thermal equipment such as boilers and heat exchang-
ers can be used well. As we know, various types of dirt are gradually formed in the 
process, and the poor thermal conductivity of the dirt causes the local temperature 
of the furnace tube to rise, which reduces the strength of the steel and often 
causes a pipe burst accident and affects the operation of the boiler. Therefore, 
pickling plays a very important role in the boiler operation of power plants. In 
addition, the use of industrial circulating cooling water technology to increase the 
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concentration of running water can save a lot of industrial water. In circulating 
cooling water, in order to avoid corrosion and scaling of equipment, it is often 
necessary to add water stabilizer. Also, in the process of crude oil and natural gas 
collection, the current drilling and oil recovery technology requires fracturing and 
acidification of limestone oil and gas fields with high concentration of hydrochlo-
ric acid solution. As the 15–28% hydrochloric acid solutions are often used in the 
oil wells, the corrosion problem of tubing and oil production equipment is serious 
in deep well acidification technology due to the high temperature in the well. 
Therefore, metal materials and products are subjected to various environments 
during production, storage, transportation, and use. Metal products are easy to 
vary from different degrees of corrosion. Corrosion problems in tubing and oil 
production equipment are serious, sometimes causing fracture accidents, resulting 
in construction failure.

Corrosion inhibitor is an anticorrosion chemical; it can be added to the cor-
rosive environment to cause physical and chemical interaction with the metal 
surface, thereby significantly reducing the corrosion of the metal material. At 
the same time, the use of the corrosion inhibitor does not require special equip-
ment, nor does it need to change the properties of the metal. Compared with other 
anticorrosion methods, corrosion inhibitors are easy to use, cost-effective, and 
widely used in industrial production and social life. Therefore, it is widely used 
in various industrial processes, such as pickling, cooling water systems, acidifica-
tion of oil and gas wells, water injection in oil fields, storage and transportation of 
metal products, and so on. With the advancement of society and the enhancement 
of human environmental awareness, the development and application of corro-
sion inhibitors have received more and more attention. In recent years, countries 
around the world have paid great attention to the research and application of 
corrosion inhibitors, which can be used alone or in combination with other anti-
corrosion materials.

Herein, in view of the current requirements, the characteristic formulation of 
corrosion inhibitors in acid solution, near-neutral solution, alkaline solution, and 
oil and gas systems is discussed. The types of pickling inhibitors in different kinds 
of acid media, inhibitors for the cooling water, alkaline solution, and oil and gas 
systems are principally talked about in details, respectively.

2. Inhibitors for acid solution

In various corrosive media, acidic gases and liquids are of strong corrosive 
medium. The rate of metal corrosion in acidic medium is much faster than that in 
other media, especially in sulfuric acid, hydrochloric acid, nitric acid, phosphoric 
acid, hydrofluoric acid, citric acid, and sulfamic acid, which are commonly used 
in pickling and removing iron oxide, descaling and decontaminating of boiler 
equipment, and so on. In addition, high level of H2S and CO2 in oil and gas wells 
is also the corrosive acidic medium. Since acid has a corrosive effect on metal 
equipment, especially the corrosion effect of inorganic acid is more serious, 
and the released hydrogen will diffuse into the interior of the metal, causing 
hydrogen embrittlement of the equipment to be washed. In addition, as a large 
amount of acid gas will generate, it will deteriorate working conditions inevita-
bly. Therefore, a suitable corrosion inhibitor should be added during pickling to 
inhibit the corrosion of the metal in the acidic medium, reduce the amount of 
acid used, improve the pickling effect, and prolong the service life of the thermal 
equipment. Table 1 shows the commonly used corrosion inhibitors in corrosive 
acidic medium.
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concentration of running water can save a lot of industrial water. In circulating 
cooling water, in order to avoid corrosion and scaling of equipment, it is often 
necessary to add water stabilizer. Also, in the process of crude oil and natural gas 
collection, the current drilling and oil recovery technology requires fracturing and 
acidification of limestone oil and gas fields with high concentration of hydrochlo-
ric acid solution. As the 15–28% hydrochloric acid solutions are often used in the 
oil wells, the corrosion problem of tubing and oil production equipment is serious 
in deep well acidification technology due to the high temperature in the well. 
Therefore, metal materials and products are subjected to various environments 
during production, storage, transportation, and use. Metal products are easy to 
vary from different degrees of corrosion. Corrosion problems in tubing and oil 
production equipment are serious, sometimes causing fracture accidents, resulting 
in construction failure.

Corrosion inhibitor is an anticorrosion chemical; it can be added to the cor-
rosive environment to cause physical and chemical interaction with the metal 
surface, thereby significantly reducing the corrosion of the metal material. At 
the same time, the use of the corrosion inhibitor does not require special equip-
ment, nor does it need to change the properties of the metal. Compared with other 
anticorrosion methods, corrosion inhibitors are easy to use, cost-effective, and 
widely used in industrial production and social life. Therefore, it is widely used 
in various industrial processes, such as pickling, cooling water systems, acidifica-
tion of oil and gas wells, water injection in oil fields, storage and transportation of 
metal products, and so on. With the advancement of society and the enhancement 
of human environmental awareness, the development and application of corro-
sion inhibitors have received more and more attention. In recent years, countries 
around the world have paid great attention to the research and application of 
corrosion inhibitors, which can be used alone or in combination with other anti-
corrosion materials.

Herein, in view of the current requirements, the characteristic formulation of 
corrosion inhibitors in acid solution, near-neutral solution, alkaline solution, and 
oil and gas systems is discussed. The types of pickling inhibitors in different kinds 
of acid media, inhibitors for the cooling water, alkaline solution, and oil and gas 
systems are principally talked about in details, respectively.

2. Inhibitors for acid solution

In various corrosive media, acidic gases and liquids are of strong corrosive 
medium. The rate of metal corrosion in acidic medium is much faster than that in 
other media, especially in sulfuric acid, hydrochloric acid, nitric acid, phosphoric 
acid, hydrofluoric acid, citric acid, and sulfamic acid, which are commonly used 
in pickling and removing iron oxide, descaling and decontaminating of boiler 
equipment, and so on. In addition, high level of H2S and CO2 in oil and gas wells 
is also the corrosive acidic medium. Since acid has a corrosive effect on metal 
equipment, especially the corrosion effect of inorganic acid is more serious, 
and the released hydrogen will diffuse into the interior of the metal, causing 
hydrogen embrittlement of the equipment to be washed. In addition, as a large 
amount of acid gas will generate, it will deteriorate working conditions inevita-
bly. Therefore, a suitable corrosion inhibitor should be added during pickling to 
inhibit the corrosion of the metal in the acidic medium, reduce the amount of 
acid used, improve the pickling effect, and prolong the service life of the thermal 
equipment. Table 1 shows the commonly used corrosion inhibitors in corrosive 
acidic medium.
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2.1 Picking inhibitor in sulfuric acid

For the sulfuric acid solution, organic inhibitors are mainly organic amine, 
amide imidazoline quaternary ammonium salt, rosin amine, Mooney alkali, thio-
urea derivatives and acetylenic compounds, alkaloids, and so on.

In sulfuric acid solution, adding Cl−, Br−, or I− to acetylenic alcohol and pyridine 
sulfate inhibitors can significantly improve their corrosion inhibition efficiency. 
Compounds containing halides, such as alkylbenzylpyridine chloride, cetylpyri-
dinium chloride, urotropine and potassium iodide, and ethylquinoline iodide, are 
also the novel corrosion inhibitors. In addition, inorganic corrosion inhibitors such 
as arsenic acid and its salts, antimony trichloride, tin dichloride, and boron trifluo-
ride are also the preferred sulfuric acid pickling inhibitors. Animal protein (KC) 
and quinoline base (CHM) are sulfuric acid pickling inhibitors as well. Satpati and 
Ravindran [1] found that 1,2,3- benzotriazole can inhibit the SS304 stainless steel in 
sulfuric acid solution up to 97%.

2.2 Picking inhibitor in hydrochloric acid

Most of the corrosion inhibitors effective for carbon steel hydrochloric acid pick-
ling are organic heterocyclic compounds containing N, O, S, and P atoms, and most 
are used as nitrogen-containing compounds. There are three common hydrochloric 
acid pickling inhibitors:

1. Ammonia compound corrosion inhibitors, including alkyl amines and aro-
matic amines, saturated and unsaturated nitrogen ring compounds or niscine 
and quaternary ammonium, amide, polyamine, etc., prepared by ethylene 
nitride condensed polyamines, such as urotropine.

2. Sulfur-containing compound corrosion inhibitor thiourea and derivatives, in the 
acid wash, Fe3+ is a strong depolarizer, if accumulated more, it will aggravate the 
corrosion of the steel and cause pickling. The phenylthiourea and NH4HF3 com-
plex can form a complex with Fe3+ ions, thereby preventing over-pickling. In addi-
tion, rare earth thiourea compounds are also the effective corrosion inhibitors. 

3. Some phosphorus compounds, such as tributyl phosphate, can inhibit the 
corrosion of steel and hydrogen permeation to avoid over-pickling. It is also 
beneficial to the acid regeneration cycle.

Behpour et al. [2] studied 2-({-1-methyl-3-[(2-sulfoaminophenyl)imin]
butylene}amino)-1-thiophenol and 2-({-1,2-diphenyl-2-[(2-phospheophenyl)
imine]acetal}ammonia)-1-thiophenol for the corrosion inhibition properties of 
copper in 15% hydrochloric acid. The results show that both of them are mixed 
corrosion inhibitors. When the mass fraction of two Schiff bases is 500 μg/g, the 
inhibition efficiency is 95.94 and 96.75%, respectively. Bentiss et al. [3] found that 
the three 4-hydrogen-1,2,3-triazole derivatives have better corrosion inhibition 
performance on low carbon steel in hydrochloric acid solution. They are all mixed 
corrosion inhibitors, in which the corrosion inhibition efficiency of 3,5-bis(4-
methylthiophenyl)-4-hydrogen-1,2,4-triazole can be as high as 99.6%.

2.3 Picking inhibitor in nitric acid

Boiler scale and metal oxides are highly soluble in nitric acid, which sometimes 
replaces hydrochloric acid. Nitric acid is a very oxidizing acid, and as most of the 
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corrosion inhibitors are organic, thus they are prone to act as redox reactions. 
Therefore, there are fewer types of nitric acid pickling inhibitors. Commonly used 
for nitric acid pickling inhibitors is a mixture of thiourea and Na2S and a mixture of 
hydrazine (C8H7N) and NH4SCN or Na2S. The corrosion inhibition mechanism of 
thiourea is that it can decompose nitrous acid, thereby inhibiting the dissolution  
of metals in nitric acid. The significant inhibition of combining thiourea and Na2S is 
due to synergistic effect. There are better nitric acid pickling inhibitors as well, such as 
thiosulfate, aniline chloride, potassium thiocyanate, potassium dichromate, alkaloids, 
benzoquinone, etc.

2.4 Picking inhibitor in phosphoric acid

The development of phosphoric acid corrosion inhibitors began around the 
1930s. Most of the early products were inorganic salts. In the 1940s and 1950s, 
organic compounds were successively developed as corrosion inhibitors for metals 
in phosphoric acid solutions. Cu3(PO4)2, molybdate, tungstate, borate, nitrite and 
nitrate, sodium chromate, dichromate, ammonium hydrogen fluoride, basic salt of 
arsenic, iodine or bromine, are the inorganic corrosion inhibitors, dodecylamine or 
2-aminodicyclohexylamine and potassium iodide, iodoacetic acid, composite corro-
sion inhibitor compounded with acridine, urotropine and ammonium thiocyanate, 
oxazole compounds such as triazole and benzotriazole and thiourea, sulfonated 
imidazoline, polyvinylpyrrolidone (PVP), and polyethyleneimine (PEI); are the 
organic corrosion inhibitors, which are the typical corrosion inhibitors for carbon 
steel; sodium molybdate, ammonium chloride, sodium silicate, potassium chro-
mate, potassium dichromate, amine compound, aminophenol, pyridine, Tween-85, 
Tween-20, sodium lauryl sulfate, cetylpyridinium chloride, methylpyridine, and 
8-hydroxyquinoline are successfully used for inhibiting the corrosion of aluminum 
and aluminum alloy; for copper and copper alloy, mercaptobenzothiazole (MBT), 
benzotriazole, dextrin, tannin, agar, gum arabic, pyroic acid, gelatin, cinnamic 
acid, and its derivatives are the effective corrosion inhibitors.

2.5 Picking inhibitor in hydrofluoric acid

Hydrofluoric acid is a weak inorganic acid that volatilizes in the air, and its 
vapor is highly corrosive and toxic. However, it dissolves oxides at a high rate and 
has the special properties of dissolving silicon scale (silicon oxide). Hydrofluoric 
acid pickling was first successfully used in a post-operation supercritical pressure 
boiler in West Germany in 1968. Since then, 40% of the boilers in West Germany 
have been washed with hydrofluoric acid. Although the use of hydrofluoric acid 
pickling has the disadvantages of unsafe operation, high price and environmental 
pollution, considering the characteristics of hydrofluoric acid, its applica-
tion range is still extensive after the application of new corrosion inhibitors. 
Alkylthioureas, organic amines, benzotriazole, 2-mercaptobenzimidazole, and 
2-mercaptobenzothiazole are the characteristic corrosion inhibitors for stainless 
steel and carbon steel.

2.6 Picking inhibitor in citric acid

When citric acid pickling is selected, since the temperature during pickling is 
high and the circulation speed is fast, the corrosion inhibitor must be applied to 
such conditions when selecting citric acid pickling. The commonly used corrosion 
inhibitors are urotropine, thiourea, o-xylene thiourea, ruthenium, industrial xylene 
thiourea, and so on.
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2.1 Picking inhibitor in sulfuric acid

For the sulfuric acid solution, organic inhibitors are mainly organic amine, 
amide imidazoline quaternary ammonium salt, rosin amine, Mooney alkali, thio-
urea derivatives and acetylenic compounds, alkaloids, and so on.

In sulfuric acid solution, adding Cl−, Br−, or I− to acetylenic alcohol and pyridine 
sulfate inhibitors can significantly improve their corrosion inhibition efficiency. 
Compounds containing halides, such as alkylbenzylpyridine chloride, cetylpyri-
dinium chloride, urotropine and potassium iodide, and ethylquinoline iodide, are 
also the novel corrosion inhibitors. In addition, inorganic corrosion inhibitors such 
as arsenic acid and its salts, antimony trichloride, tin dichloride, and boron trifluo-
ride are also the preferred sulfuric acid pickling inhibitors. Animal protein (KC) 
and quinoline base (CHM) are sulfuric acid pickling inhibitors as well. Satpati and 
Ravindran [1] found that 1,2,3- benzotriazole can inhibit the SS304 stainless steel in 
sulfuric acid solution up to 97%.

2.2 Picking inhibitor in hydrochloric acid

Most of the corrosion inhibitors effective for carbon steel hydrochloric acid pick-
ling are organic heterocyclic compounds containing N, O, S, and P atoms, and most 
are used as nitrogen-containing compounds. There are three common hydrochloric 
acid pickling inhibitors:

1. Ammonia compound corrosion inhibitors, including alkyl amines and aro-
matic amines, saturated and unsaturated nitrogen ring compounds or niscine 
and quaternary ammonium, amide, polyamine, etc., prepared by ethylene 
nitride condensed polyamines, such as urotropine.

2. Sulfur-containing compound corrosion inhibitor thiourea and derivatives, in the 
acid wash, Fe3+ is a strong depolarizer, if accumulated more, it will aggravate the 
corrosion of the steel and cause pickling. The phenylthiourea and NH4HF3 com-
plex can form a complex with Fe3+ ions, thereby preventing over-pickling. In addi-
tion, rare earth thiourea compounds are also the effective corrosion inhibitors. 

3. Some phosphorus compounds, such as tributyl phosphate, can inhibit the 
corrosion of steel and hydrogen permeation to avoid over-pickling. It is also 
beneficial to the acid regeneration cycle.

Behpour et al. [2] studied 2-({-1-methyl-3-[(2-sulfoaminophenyl)imin]
butylene}amino)-1-thiophenol and 2-({-1,2-diphenyl-2-[(2-phospheophenyl)
imine]acetal}ammonia)-1-thiophenol for the corrosion inhibition properties of 
copper in 15% hydrochloric acid. The results show that both of them are mixed 
corrosion inhibitors. When the mass fraction of two Schiff bases is 500 μg/g, the 
inhibition efficiency is 95.94 and 96.75%, respectively. Bentiss et al. [3] found that 
the three 4-hydrogen-1,2,3-triazole derivatives have better corrosion inhibition 
performance on low carbon steel in hydrochloric acid solution. They are all mixed 
corrosion inhibitors, in which the corrosion inhibition efficiency of 3,5-bis(4-
methylthiophenyl)-4-hydrogen-1,2,4-triazole can be as high as 99.6%.

2.3 Picking inhibitor in nitric acid

Boiler scale and metal oxides are highly soluble in nitric acid, which sometimes 
replaces hydrochloric acid. Nitric acid is a very oxidizing acid, and as most of the 
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corrosion inhibitors are organic, thus they are prone to act as redox reactions. 
Therefore, there are fewer types of nitric acid pickling inhibitors. Commonly used 
for nitric acid pickling inhibitors is a mixture of thiourea and Na2S and a mixture of 
hydrazine (C8H7N) and NH4SCN or Na2S. The corrosion inhibition mechanism of 
thiourea is that it can decompose nitrous acid, thereby inhibiting the dissolution  
of metals in nitric acid. The significant inhibition of combining thiourea and Na2S is 
due to synergistic effect. There are better nitric acid pickling inhibitors as well, such as 
thiosulfate, aniline chloride, potassium thiocyanate, potassium dichromate, alkaloids, 
benzoquinone, etc.

2.4 Picking inhibitor in phosphoric acid

The development of phosphoric acid corrosion inhibitors began around the 
1930s. Most of the early products were inorganic salts. In the 1940s and 1950s, 
organic compounds were successively developed as corrosion inhibitors for metals 
in phosphoric acid solutions. Cu3(PO4)2, molybdate, tungstate, borate, nitrite and 
nitrate, sodium chromate, dichromate, ammonium hydrogen fluoride, basic salt of 
arsenic, iodine or bromine, are the inorganic corrosion inhibitors, dodecylamine or 
2-aminodicyclohexylamine and potassium iodide, iodoacetic acid, composite corro-
sion inhibitor compounded with acridine, urotropine and ammonium thiocyanate, 
oxazole compounds such as triazole and benzotriazole and thiourea, sulfonated 
imidazoline, polyvinylpyrrolidone (PVP), and polyethyleneimine (PEI); are the 
organic corrosion inhibitors, which are the typical corrosion inhibitors for carbon 
steel; sodium molybdate, ammonium chloride, sodium silicate, potassium chro-
mate, potassium dichromate, amine compound, aminophenol, pyridine, Tween-85, 
Tween-20, sodium lauryl sulfate, cetylpyridinium chloride, methylpyridine, and 
8-hydroxyquinoline are successfully used for inhibiting the corrosion of aluminum 
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benzotriazole, dextrin, tannin, agar, gum arabic, pyroic acid, gelatin, cinnamic 
acid, and its derivatives are the effective corrosion inhibitors.
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2-mercaptobenzothiazole are the characteristic corrosion inhibitors for stainless 
steel and carbon steel.
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When citric acid pickling is selected, since the temperature during pickling is 
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2.7 Picking inhibitor in sulfamic acid

Sulfamic acid is a powdery and moderately acidic mineral acid. In the pickling pro-
cess, it is stable and good soluble in water. It does not cause salt precipitation and pre-
cipitation and does not contain halogen ions. It is suitable for cleaning carbonates and 
hydroxides. However, it has poor ability to pickle iron oxide, and it decomposes above 
60°C. Therefore, it is rarely used for pickling of large boilers and is generally used for 
pickling of copper pipes. The sulfamic acid pickling inhibitors mainly contain organic 
amine, dibutylthiourea, dipropynyl sulfide, propargyl alcohol, quaternary ammonium 
salt, ethyl thiourea, and dodecylamine. The inhibitor of inorganic compound (potas-
sium iodide) also performs excellent performance. Table 2 is the corrosion inhibition 
effects of some organic and inorganic compounds in sulfamic acid.

3. Inhibitors for near-neutral solution

The neutral medium includes circulating cooling water, boiler water, heating 
water, washing water, oil and gas field injection water and neutral salt water, etc., 
and the application of corrosion inhibitor is mainly in circulating cooling water sys-
tem. During the operation of the cooling water in the circulating water system, the 
concentration of harmful ionic dissolved in the water increases with the continuous 
evaporation of water, which resulting in deterioration of the quality of the cycle 
water, and fouling and corrosion of the heat exchanger and the cooling tower. In 
the open circulating cooling water system, biological slime caused by the microbial 
growth can also accelerate the local corrosion of metal.

Compounds Inhibitor composition Concentration 
(mg/L)

Corrosion inhibition 
efficiency (%)

Organic 
amines

N-butyl amine 146 7.1

Twelve amine 380 81.7

Ethylene two amine 120 11.2

Quinoline 258 23.1

Quaternary ammonium salt 1130 91.1

Aliphatic amine fatty acid 
condensate

4000 84.5

Thiourea Thiourea 150 65.1

N-cyclohexyl thiourea 313 64.9

1,3-Diethyl thiourea 246 29.5

1,3-Dihexyl thiourea 487 88.0

Alkynes Methyl propargyl alcohol 112 81.2

Dipropargyl sulfide 168 80.5

Acetylene propyl disulfide 220 96.3

Inorganic salts Sodium chloride 117 17.3

Potassium bromide 180 14.6

Potassium iodide 330 79.7

Table 2. 
The corrosion inhibition effects of some organic and inorganic compounds in sulfamic acid.
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The washing water and the neutral salt water systems, which are similar to the 
circulating water, will not be introduced in this section. The corrosion inhibitors for 
boiler water and water injection of oil and gas fields will be introduced in Sections 4 
and 5, respectively.

3.1 Cooling water inhibitor

We can select water treatment agents according to the Ryznar index of cooling 
water or the possible problem. For example, zinc-phosphonate salts as water treat-
ment agents can be chosen for serious erosion in circulating cooling water system, 
while polyacrylic acid, hydrolyzed polymaleic anhydride, or phosphonate can be used 
when a large number of scaling has occurred. As the limited compounds in the figure, 
it cannot be used as a standard method for choosing the right agents. However, it 
provides the vital reference for the design of the cooling water treatment system.

The complex corrosion inhibitors used in the neutral medium include chromate, 
phosphate, alkaline zinc/organic, molybdate, silicate, and organic programs. 
Formulations and chemical programs of some examples are discussed in this section.

3.1.1 Chromate programs

The chromate programs are based primarily on the zinc and chromate mix-
ture, with the ratio of CrO4

2−: Zn2+ from 6:1 to 8:1, and the chromate reserve 
varies from 10 to 25 ppm. If low or ultralow chrome program is employed, the 
ratio of CrO4

2−:Zn2+ is typically 1:1, and the chromate reserve is from 3 to 8 ppm, 
respectively. In order to lower the health and environmental hazard by chromate, 
polyphosphate, phosphonate, or polyacrylate is often added as well. The level of 
zinc or other possible inhibitor is correspondingly raised for compensation.

A typical “standard” formulation for a chromate product that may be used as 
shown in Table 3, for example, in a large coastal petrochemical facility, is described 
here. This program formulation will tend to be dosed continuously to achieve a 
35–50 ppm product reserve in the recirculating cooling water. The pH of the cooling 
water is typically 6.0–7.0.

3.1.2 Stabilized phosphate programs

In essence, stabilized phosphate programs involve the treatment of controlling 
ratios of oxygen and phosphate or phosphorus and phosphate and also the other 
inhibitors combining with a suitable “stabilizing” polymer. Various halogen-stabi-
lized polymers are usually provided. Under prescribed operating conditions, this 
program can often provide excellent corrosion inhibition.

Chromate program formulation w/w %

Sodium dichromate, dihydrate 50

Chromic acid 1

H3PO4, commercial acid 8

ZnCl2 11

HEDP 14

Water 16

Total 100

Table 3. 
A typical “standard” formulation for a chromate product.
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The washing water and the neutral salt water systems, which are similar to the 
circulating water, will not be introduced in this section. The corrosion inhibitors for 
boiler water and water injection of oil and gas fields will be introduced in Sections 4 
and 5, respectively.

3.1 Cooling water inhibitor

We can select water treatment agents according to the Ryznar index of cooling 
water or the possible problem. For example, zinc-phosphonate salts as water treat-
ment agents can be chosen for serious erosion in circulating cooling water system, 
while polyacrylic acid, hydrolyzed polymaleic anhydride, or phosphonate can be used 
when a large number of scaling has occurred. As the limited compounds in the figure, 
it cannot be used as a standard method for choosing the right agents. However, it 
provides the vital reference for the design of the cooling water treatment system.

The complex corrosion inhibitors used in the neutral medium include chromate, 
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ture, with the ratio of CrO4
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varies from 10 to 25 ppm. If low or ultralow chrome program is employed, the 
ratio of CrO4

2−:Zn2+ is typically 1:1, and the chromate reserve is from 3 to 8 ppm, 
respectively. In order to lower the health and environmental hazard by chromate, 
polyphosphate, phosphonate, or polyacrylate is often added as well. The level of 
zinc or other possible inhibitor is correspondingly raised for compensation.

A typical “standard” formulation for a chromate product that may be used as 
shown in Table 3, for example, in a large coastal petrochemical facility, is described 
here. This program formulation will tend to be dosed continuously to achieve a 
35–50 ppm product reserve in the recirculating cooling water. The pH of the cooling 
water is typically 6.0–7.0.

3.1.2 Stabilized phosphate programs

In essence, stabilized phosphate programs involve the treatment of controlling 
ratios of oxygen and phosphate or phosphorus and phosphate and also the other 
inhibitors combining with a suitable “stabilizing” polymer. Various halogen-stabi-
lized polymers are usually provided. Under prescribed operating conditions, this 
program can often provide excellent corrosion inhibition.

Chromate program formulation w/w %

Sodium dichromate, dihydrate 50

Chromic acid 1

H3PO4, commercial acid 8

ZnCl2 11

HEDP 14

Water 16

Total 100

Table 3. 
A typical “standard” formulation for a chromate product.
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In most hard waters, the typical O:P ratio is 2:1, whereas in lower hardness 
waters it is 3:1. Typically, the total unfiltered O-PO4

3− reserve is at the concentration 
of 10–15 ppm. Some “stabilized phosphate” programs contain zinc, which may also 
be operated at higher pH levels. A formulation for a steelwork or fertilizer plant is 
shown in Tables 4 and 5, and the pH value of the cooling water is 6.5–7.0, perhaps 
up to pH 7.5.

This program formulation will tend to be dosed continuously to achieve a total 
phosphate reserve in the recirculating cooling water based on calcium hardness (as 
ppm CaCC3) as shown in Table 6.

3.1.3 Alkaline zinc/organic programs

With the growing concerns of the hazard of over phosphate levels in the 
environment, it has resulted in the development of many programs with lower 
concentration of PO4

3−, thus come out various combinations of zinc and polymers. 

The formulation of stabilizer program Β w/w %

NaOH, commercial solution 15

PCA 10

PAA 15

AA/AMPS 15

Water 45

Total 100

Table 5. 
A typical formulation of phosphate program B.

The formulation of phosphate program A w/w %

KOH, commercial solution 40

H3PO4, commercial acid 15

TKPP, commercial solution 15

TTA, commercial solution 1

AA/AMPS 7

Water 22

Total 100

Table 4. 
A typical formulation of phosphate program A.

Calcium hardness 
(ppm)

Product A required 
(ppm)

Product B required 
(ppm)

Total PO4
3− in system 

(ppm)

300 100 30 16

600 85–90 45 14

900 70–75 60 12

1200 60–65 75 10

Table 6. 
The requirement of product A and B for different concentrations of calcium hardness.

161

Formulation of Corrosion Inhibitors
DOI: http://dx.doi.org/10.5772/intechopen.88533

In addition, these low PO4
3− programs have been designed to operate at higher pH 

levels than that of the stabilized phosphate programs, which reduces the risk of pH 
upset and iron phosphate deposition. Thus, these treatments have been called alka-
line phosphate, alkaline zinc, or zinc/polymer phosphonate programs. The improved 
deposit control agents and phosphate/zinc stabilizers have promised these programs 
to operate with high levels of calcium (up to 1200 ppm) and high pH (up to 9.0).

Some key features of these programs are discussed here:

• Alkaline phosphate programs: These programs use the reverse ratios of phos-
phate compared with stabilized phosphate. Typically, the O/P ratio is 1:2, with 
about 5 ppm PO4

3− at 100 ppm alkalinity in the cooling water; it is also possibly 
down to 2 ppm PO4

3− at 300 ppm alkalinity.

• Alkaline zinc programs: These types of programs tend to combine O-PO4
3− and 

phosphonate, together with a good scale inhibitor (CaCC3)/dispersant and 
some zinc salt.

• Zinc/polymer/phosphonate programs: Here the PO4
3− is completely removed 

and substituted with additional organic compounds.

• Zinc/phosphate/organic programs: These types of formulations try to incorpo-
rate the best treatments and also to operate under more difficult and stressful 
conditions.

Some examples of formulations were designed to operate with the cooling 
water products reserving of around 100 ppm as shown in Tables 7 and 8, and the 
typical pH ranges of these programs are shown in Table 9. These types of formula-
tions were applied in a wide range of general industrial field and comfort cooling 
systems.

3.1.4 Molybdate programs

Most formulators combine molybdate with zinc, orthophosphate, or phos-
phonate to reduce the cost of sodium molybdate, which maintains the excellent 

Basic formulation materials Alkaline 
PO4

3− (%)
Alkaline Zn 

(%)
Zn/polymer/phosphonate (%)

H3PO4, commercial acid 5 10 —

H2SO4, commercial acid — — 4

TKPP 6 — —

ZnCl2 — 5 5

HEDP 5 5 10

SSMA 10 5 —

TTA, commercial solution 1 1 1

PAA — — 5

Water 73 74 75

Total 100 100 100

Table 7. 
The typical formulation of alkaline zinc/organic program.
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In addition, these low PO4
3− programs have been designed to operate at higher pH 

levels than that of the stabilized phosphate programs, which reduces the risk of pH 
upset and iron phosphate deposition. Thus, these treatments have been called alka-
line phosphate, alkaline zinc, or zinc/polymer phosphonate programs. The improved 
deposit control agents and phosphate/zinc stabilizers have promised these programs 
to operate with high levels of calcium (up to 1200 ppm) and high pH (up to 9.0).

Some key features of these programs are discussed here:

• Alkaline phosphate programs: These programs use the reverse ratios of phos-
phate compared with stabilized phosphate. Typically, the O/P ratio is 1:2, with 
about 5 ppm PO4

3− at 100 ppm alkalinity in the cooling water; it is also possibly 
down to 2 ppm PO4

3− at 300 ppm alkalinity.

• Alkaline zinc programs: These types of programs tend to combine O-PO4
3− and 

phosphonate, together with a good scale inhibitor (CaCC3)/dispersant and 
some zinc salt.

• Zinc/polymer/phosphonate programs: Here the PO4
3− is completely removed 

and substituted with additional organic compounds.

• Zinc/phosphate/organic programs: These types of formulations try to incorpo-
rate the best treatments and also to operate under more difficult and stressful 
conditions.

Some examples of formulations were designed to operate with the cooling 
water products reserving of around 100 ppm as shown in Tables 7 and 8, and the 
typical pH ranges of these programs are shown in Table 9. These types of formula-
tions were applied in a wide range of general industrial field and comfort cooling 
systems.

3.1.4 Molybdate programs

Most formulators combine molybdate with zinc, orthophosphate, or phos-
phonate to reduce the cost of sodium molybdate, which maintains the excellent 

Basic formulation materials Alkaline 
PO4

3− (%)
Alkaline Zn 

(%)
Zn/polymer/phosphonate (%)

H3PO4, commercial acid 5 10 —

H2SO4, commercial acid — — 4

TKPP 6 — —

ZnCl2 — 5 5

HEDP 5 5 10

SSMA 10 5 —

TTA, commercial solution 1 1 1
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Table 7. 
The typical formulation of alkaline zinc/organic program.
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corrosion inhibition properties of molybdate. Azole and polymers are also added for 
this purpose. The relatively high levels of azoles in these formulations are required 
to make sure that the finished products are strong alkaline. Typically, the reserve 
of molybdenum in recirculating cooling water for such blended products is on the 
order of 2–5 ppm. Molybdate has a comparatively low aquatic toxicity, and it is 
considered as a safe alternative to replace chromate. However, in the United States 
(partly in response to the possible pressures on the reduction of Mo in wastewater), 
new formulations have been developed in recent years that perform equally well but 
with <1.5 ppm Mo.

Two examples of traditional molybdate formulations are shown below. 
Formulation A is designed for lower hardness makeup waters (i.e., 50–100 ppm or 
thereabout). Formulation B is designed for higher hardness makeup waters (i.e., 
100–200 ppm or thereabout). Both of the formulations are designed to provide 
excellent corrosion inhibition and deposit control in comfort cooling systems, with 
a cooling water reserve of about 75–125 ppm. Formulation A will yield ~4.0 ppm 
Mo, and the operating pH is around 7.5–8.5, while Formulation B will yield 
~2.5 ppm Mo with the operation pH of 8.0–9.0 (Table 10).

For those closed circuits, which in reality are semi-open systems, good corrosion 
control has been obtained by changing from a nitrite-based program to a molybdate 
program and maintaining the Mo reserve of 8–10 ppm.

3.1.5 All organic programs

These programs have become popular and diverse since the presence of 
improved DCAs, phosphonates, HPA, and other organic inhibitors. They have 
been widely available since the mid-1980s. They can successfully operate under a 

Basic formulation materials Zn/phosphate organic compound (%)

H3PO4, commercial acid 10

ZnCl2 5

PBTC 5

AA/AMPS 5

TTA, commercial solution 1

PAA 6

MA/EA/VA 6

Water 62

Total 100

Table 8. 
The typical formulation of Zn/organic program.

Programs pH range

Alkaline phosphate 8.0–9.0

Alkaline zinc 7.0–8.0

Zinc/polymer/phosphonate 7.5–8.5

Zinc/phosphate/organic 7.5–9.0

Table 9. 
The typical pH ranges of these programs.
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variety of operating conditions at high pH level, without the need of acid dosing. 
It means the operators can increase the cycles of concentration. In addition, this 
kind of program type is suitable for employing in small industrial and comfort 
cooling systems, where acid or continual and precise analytical control is not 
involved.

An example of the all organic program is given below. Typically, this program 
would be used at the concentration of 75–125 ppm, depending on operating condi-
tions. The pH range is from 7.5 to 9.0, and this formulation is suitable for use with 
oxidizing biocides, such as bromine (Table 11).

There are numerous permutations of all organic formulations. Formulations 
containing 6–12% POCA perform good results at the presence of high chlorides. 
Some formulations also incorporate phosphate-polymer constituent.

3.1.6 Soft and lean water and environmental programs

Acceptable cooling water programs usually use either lean water, with very low 
natural hardness, or ion-exchange softened water as a makeup source. In order 
to minimize the deposits of calcium carbonate, it must require softened water, of 
which the total hardness (TH) should be <5–10 ppm, to act as the makeup water 

Basic formulation materials Formulation A (%) Formulation B (%)

NaOH, commercial solution 7 16

MA/EA/VA 6 6

ATMP 4 6

AA/AMPS — 6

TTA, commercial solution 4 4

PEG 2 2

Sodium molybdate solution 25 16

Water 52 44

Total 100 100

Table 10. 
Two examples of traditional molybdate formulations.

Basic formulation materials All organic formulation (%)

NaOH, commercial solution 17

POCA 6

HPA 6

MEA 1

HEDP 6

PAA 6

TTA, commercial solution 4

PEG 54

Total 100

Table 11. 
An example of the all organic program.
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according to some authorities. For comfort cooling systems, the presence of calcium 
carbonate deposits can in turn increase the risk of Legionella proliferation.

There is a tendency to operate cooling systems at high cycles of concentration 
with lean waters, perhaps 10–15 times COC, depending on the particular circum-
stances (including the limitation of COC for the cooling system). It is not only 
considering the economic benefits but also reducing the inherent highly corrosive 
nature in most low-calcium waters. A further benefit is that it may permit the 
presence of sufficient calcium to serve as a corrosion inhibitor in combination with 
a silicate, phosphate, or phosphonate formulation component with high COC.

Various programs exist to provide satisfactory corrosion inhibition and good 
deposit control. The formulations include the inhibitors noted previously. It is 
important that the selected type of formulation must match the operating condi-
tions because sludge may form in the cooling system with numerous cycles. Also, 
if bromine is used, certain organic inhibitors may be oxidized, thus compromising 
the program’s effectiveness with the long retention times. The formulations may 
also be modified to remove all metals and phosphorus-containing compounds. A 
typical formulation is shown in Table 12. This is designed to be used at 125–175 ppm 
reserve in a cooling water system operating at high COC.

3.1.7 Closed-loop programs

There is a wide range of metals used in the construction of closed-loop circuits, 
and the usual differences are the properties of the circulating water (ranging from 
deionized water to glycol mixtures to brine water). As a consequence, it is not pos-
sible to devise a single water treatment formulation that satisfies the requirements 
of all closed-loop circuits. In addition, some formulators add oxygen scavengers or 
indicator dyes in their blends additionally. An example of a formulation suitable for 
a closed-loop circuit, which is primarily for carbon steel construction, is as shown 
in Table 13. The minimal whole product reserve to be maintained in the closed-loop 
circuit ranges from 350 to 700 ppm (calculated as nitrite).

3.2 Hot-water inhibitor

The function of the oil well heat-tracing system is to prevent the oil temperature 
at the oil well exit from decreasing rapidly and to ensure that the oil production 

Basic materials Formulation (%)

NaOH, commercial solution 10

TKPP, commercial solution 5

Sodium silicate 25

EDTA, commercial solution 6

MA/EA/VA 4

PAA 5

TTA, commercial solution 3

PEG 2

Water 40

Total 100

Table 12. 
A typical formulation for soft and lean water.
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fluid flows normally to the gas collection station. Hot-water continuous circulation, 
many sources of water supply, and high operating temperature will cause severe 
corrosion and scaling in the heat-tracing system. In the most corrosive areas, some 
pipelines are even perforated once a week, which brings great hidden dangers to the 
normal production of oil wells and also causes a large energy waste.

Hot-water boilers and heating systems generally use alkaline chemicals for 
water treatment to prevent corrosion and fouling of boilers and heating systems. 
However, due to the increasing use of heating equipment made of copper and 
aluminum in heating systems, corrosion is very serious under alkaline water 
conditions. In particular, radiators made of aluminum are often perforated by alkali 
corrosion in less than one heating period. Therefore, if there is heating equipment 
made of copper or aluminum in the hot-water boiler and heating system, it is neces-
sary to add additional copper and aluminum corrosion inhibitor, which greatly 
increases the cost of water treatment.

4. Inhibitors for alkaline solution

4.1 Boiler water inhibitors

Supplemental water for boilers should be chemically treated in advance, for 
lowering the possibility of corrosion and scaling to increase the heat transfer effect. 
Steam is often needed for power generation, thus deposition of SiO2 on the turbine 
blades is inevitable if enough silicon component is contained in supplemental 
water. It is necessary to control the scaling by getting rid of the Ca2+ and Mg2+ with 
different kinds of methods, such as by ion-exchange resin and apposite precipitants. 
In order to control the corrosion process, the essential treatments include degassing, 
adding alkali and using corrosion inhibitor.

4.1.1 Extrude dissolved O2 and CO2

If residual dissolved O2 in the supplemental water obeys stoichiometric ratio 
with the metal ions in the boiler system under the conditions of high pressure, it 
will cause serious pitting of the metal tubes. Degassing of the supplemental water 
and then adding of appropriate scavenger, such as Na2SO3 and N2H4, is the effec-
tive method for deoxygenation. The acceptable concentration of O2 should be kept 
lower than 0.005 ppm. Degassing may cause the reduction of CO2 content, espe-
cially if the supplemental water is pre-acidified to release H2CO3 from the dissolved 

Basic materials Closed-loop formulation (%)

NaOH, commercial solution 15

Borax 6

Sodium silicate 8

Sodium nitrite 30

PAA 3

TTA, commercial solution 2

Water 36

Total 100

Table 13. 
A typical formulation for closed-loop program.



Water Chemistry

164

according to some authorities. For comfort cooling systems, the presence of calcium 
carbonate deposits can in turn increase the risk of Legionella proliferation.

There is a tendency to operate cooling systems at high cycles of concentration 
with lean waters, perhaps 10–15 times COC, depending on the particular circum-
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nature in most low-calcium waters. A further benefit is that it may permit the 
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a silicate, phosphate, or phosphonate formulation component with high COC.
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if bromine is used, certain organic inhibitors may be oxidized, thus compromising 
the program’s effectiveness with the long retention times. The formulations may 
also be modified to remove all metals and phosphorus-containing compounds. A 
typical formulation is shown in Table 12. This is designed to be used at 125–175 ppm 
reserve in a cooling water system operating at high COC.

3.1.7 Closed-loop programs

There is a wide range of metals used in the construction of closed-loop circuits, 
and the usual differences are the properties of the circulating water (ranging from 
deionized water to glycol mixtures to brine water). As a consequence, it is not pos-
sible to devise a single water treatment formulation that satisfies the requirements 
of all closed-loop circuits. In addition, some formulators add oxygen scavengers or 
indicator dyes in their blends additionally. An example of a formulation suitable for 
a closed-loop circuit, which is primarily for carbon steel construction, is as shown 
in Table 13. The minimal whole product reserve to be maintained in the closed-loop 
circuit ranges from 350 to 700 ppm (calculated as nitrite).

3.2 Hot-water inhibitor

The function of the oil well heat-tracing system is to prevent the oil temperature 
at the oil well exit from decreasing rapidly and to ensure that the oil production 
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fluid flows normally to the gas collection station. Hot-water continuous circulation, 
many sources of water supply, and high operating temperature will cause severe 
corrosion and scaling in the heat-tracing system. In the most corrosive areas, some 
pipelines are even perforated once a week, which brings great hidden dangers to the 
normal production of oil wells and also causes a large energy waste.

Hot-water boilers and heating systems generally use alkaline chemicals for 
water treatment to prevent corrosion and fouling of boilers and heating systems. 
However, due to the increasing use of heating equipment made of copper and 
aluminum in heating systems, corrosion is very serious under alkaline water 
conditions. In particular, radiators made of aluminum are often perforated by alkali 
corrosion in less than one heating period. Therefore, if there is heating equipment 
made of copper or aluminum in the hot-water boiler and heating system, it is neces-
sary to add additional copper and aluminum corrosion inhibitor, which greatly 
increases the cost of water treatment.

4. Inhibitors for alkaline solution

4.1 Boiler water inhibitors

Supplemental water for boilers should be chemically treated in advance, for 
lowering the possibility of corrosion and scaling to increase the heat transfer effect. 
Steam is often needed for power generation, thus deposition of SiO2 on the turbine 
blades is inevitable if enough silicon component is contained in supplemental 
water. It is necessary to control the scaling by getting rid of the Ca2+ and Mg2+ with 
different kinds of methods, such as by ion-exchange resin and apposite precipitants. 
In order to control the corrosion process, the essential treatments include degassing, 
adding alkali and using corrosion inhibitor.

4.1.1 Extrude dissolved O2 and CO2

If residual dissolved O2 in the supplemental water obeys stoichiometric ratio 
with the metal ions in the boiler system under the conditions of high pressure, it 
will cause serious pitting of the metal tubes. Degassing of the supplemental water 
and then adding of appropriate scavenger, such as Na2SO3 and N2H4, is the effec-
tive method for deoxygenation. The acceptable concentration of O2 should be kept 
lower than 0.005 ppm. Degassing may cause the reduction of CO2 content, espe-
cially if the supplemental water is pre-acidified to release H2CO3 from the dissolved 
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Borax 6

Sodium silicate 8

Sodium nitrite 30

PAA 3

TTA, commercial solution 2
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Total 100

Table 13. 
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carbonates. H2CO3 is aggressive to steel without dissolved O2, but adding of alkali 
into the boiler water will mitigate the corrosion raised by CO2.

Iron return pipe systems undergo critical corrosion; thus, if the concentration 
of CO2 in the boiler water is high enough, the iron carbonate will be formed, and 
it changes to ferrous hydroxide and CO2 further, which is the obvious corrosive 
medium. The Cu-Al cooling system also endures corrosion when both of the dis-
solved O2 and CO2 are together, but the Cu base alloys are not easily attacked when 
there is a lack of O2. As CO2 is not depleted at all during the corrosion stage, it will 
gather inevitably in the boiler during the process of adding supplemental water, and 
the concentration of CO2 may decrease if with occasional venting.

4.1.2 Adding alkali

Addition of alkali into boiler waters is a routine operation for many boilers 
under high pressure in the United States and abroad. Supplemental water for 
a boiler with high pressure is restricted to the minimal pH of 8.5 to reduce the 
corrosion of iron at room temperature, and the acceptable pH value should be 
at the range of 9.2–9.5. For Cu alloys, the optimal pH value is from 8.5 to 9.2. 
As both iron and Cu alloys are usually used in boiler systems, the balanced pH 
value range is suggested to be between 8.8 and 9.2. Adding buffer ions, such as 
phosphate, will restrict the rise of pH value. Such ions also have advantage of 
preventing high concentrations of hydroxide in the boiler waters, which can give 
rise to stress corrosion cracking of any section of the boiler under high external 
stress. It reported that when pH value of the boiler water is 9.5–10.0, phosphate 
with the concentration of 5–10 ppm was more efficient than either sodium 
hydroxide or ammonia in slowing down the corrosion rate of boiler tubes under 
high-pressure conditions.

4.1.3 Adding inhibitors

It is feasible to select suitable inhibitors for inhibiting two kinds of typical cor-
rosion in boiler systems, mainly stress corrosion cracking and return pipe systems 
corrosion, and the former can be restricted by supplement of phosphate. Corrosion 
raised by dissolved CO2 in steam condensate can be limited by supplying volatile 
amines for the boiler water. Two kinds of characteristic volatile amines are chosen 
for neutralizing amines and film formation. The former group species contain 
benzylamine, cyclohexylamine, or morpholine. When one provided into the boiler 
water with adequate amount, it can neutralize CO2 and alkalinize the steam con-
densate, thus dropping the corrosive rate of the condensate. The latter group species 
include volatile hexadecylamine, octadecylamine, or dioctadecylamine, which is 
the typical film-forming inhibitor, which prevents corrosion from constructing the 
stable protective film on the surface of the condenser. The film-forming amine is 
regarded as more apposite to the circumscription of the inhibitor, while others are 
only used mainly for neutralizing actually.

4.2 O2 scavenger

O2 scavengers are reagents which are often used to get rid of the dissolved O2 
from water through reduction reactions, thus prohibiting the corrosion ascribed to 
the O2 in water. For this purpose, the desirable characters of O2 scavengers should 
be (1) excellent reducing ability against O2, (2) no violently actions of the thermal 
decomposition products and the final reaction products with O2 countering the 
equipment.
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The species and reagent names of O2 scavengers are displayed in Table 14 [4]. 
The optimal reagent is hydrazine, but it is limited by its highly toxic properties. 
Thus, the replacement for hydrazine was inevitable.

4.3 Corrosion inhibitors for condensate line

As mentioned before, volatile amines for neutralizing and amines for film 
formation are also two kinds of classic corrosion inhibitors for prohibiting the cor-
rosion of condensate lines. Volatile amines prevent the erosion by adjusting the pH 
values of the condensates, while water barrier at the surface of metal can be formed 
attributed to the amines for film formation, which block the touching between 
metals and the aggressive substances, for example, O2 and CO2.

4.3.1 Inhibitors used in condensate lines of boilers under low pressure

Under low pressure, the main aggressive substances in the pipelines of boilers are 
O2 and CO2. The existence of slight CO2 in the condensation product will decrease the 
pH, which will accelerate metal corrosion. Thus, volatile amines for neutralizing and 
amines for film formation are provided as the suitable corrosion inhibitors. The use 
of volatile amines for neutralizing displays the wonderful inhibition effect, but the 
efficiency is discounted at the presence of O2. Amines for film formation can adsorb 
on the surface of the metal and then construct the hydrophobic protective film even 
on low concentration. However, once the corrosion products are covered on the 
surface of the metal, it will take long time to form the protective film. Therefore, the 
synergistic effect of using both of these two amines should be considered.

4.3.1.1 Neutralizing amines

Cyclohexyl amine (C6H13N), monoisopropanol amine [NH2CH2CH(CH3)OH], 
morpholine (C4H9NO), and ammonium hydroxide (NH3·H2O) are usually used for 
neutralization reaction in boiler systems. They are also dosage by dose for conden-
sate lines. The amine is complemented to the supplemental water and then mixed 
with the water vapor produced from the boiler. When the water vapor cools down in 
the condensate line, the amine will dissolve in condensation product and neutralize 
CO2 (H2CO3). Therefore, the pH value of the solution in the condensate line will be 
raised, and the crisis of metal corrosion will be eased. Table 15 displays the needed 

Species Reagent names

N2H4-based O2 scavengers N2H4·H2O
N2H4·H2SO4

Hydrazine phosphate

SO3
2−-based O2 scavengers Na2SO3

NaHSO3

Na2S2O5

Other O2 scavengers Saccharides
Tannins
Hydrazide
L-ascorbic acid
Hydroquinone
Alkanol amines

Table 14. 
Some species of O2 scavengers.
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carbonates. H2CO3 is aggressive to steel without dissolved O2, but adding of alkali 
into the boiler water will mitigate the corrosion raised by CO2.

Iron return pipe systems undergo critical corrosion; thus, if the concentration 
of CO2 in the boiler water is high enough, the iron carbonate will be formed, and 
it changes to ferrous hydroxide and CO2 further, which is the obvious corrosive 
medium. The Cu-Al cooling system also endures corrosion when both of the dis-
solved O2 and CO2 are together, but the Cu base alloys are not easily attacked when 
there is a lack of O2. As CO2 is not depleted at all during the corrosion stage, it will 
gather inevitably in the boiler during the process of adding supplemental water, and 
the concentration of CO2 may decrease if with occasional venting.

4.1.2 Adding alkali

Addition of alkali into boiler waters is a routine operation for many boilers 
under high pressure in the United States and abroad. Supplemental water for 
a boiler with high pressure is restricted to the minimal pH of 8.5 to reduce the 
corrosion of iron at room temperature, and the acceptable pH value should be 
at the range of 9.2–9.5. For Cu alloys, the optimal pH value is from 8.5 to 9.2. 
As both iron and Cu alloys are usually used in boiler systems, the balanced pH 
value range is suggested to be between 8.8 and 9.2. Adding buffer ions, such as 
phosphate, will restrict the rise of pH value. Such ions also have advantage of 
preventing high concentrations of hydroxide in the boiler waters, which can give 
rise to stress corrosion cracking of any section of the boiler under high external 
stress. It reported that when pH value of the boiler water is 9.5–10.0, phosphate 
with the concentration of 5–10 ppm was more efficient than either sodium 
hydroxide or ammonia in slowing down the corrosion rate of boiler tubes under 
high-pressure conditions.

4.1.3 Adding inhibitors

It is feasible to select suitable inhibitors for inhibiting two kinds of typical cor-
rosion in boiler systems, mainly stress corrosion cracking and return pipe systems 
corrosion, and the former can be restricted by supplement of phosphate. Corrosion 
raised by dissolved CO2 in steam condensate can be limited by supplying volatile 
amines for the boiler water. Two kinds of characteristic volatile amines are chosen 
for neutralizing amines and film formation. The former group species contain 
benzylamine, cyclohexylamine, or morpholine. When one provided into the boiler 
water with adequate amount, it can neutralize CO2 and alkalinize the steam con-
densate, thus dropping the corrosive rate of the condensate. The latter group species 
include volatile hexadecylamine, octadecylamine, or dioctadecylamine, which is 
the typical film-forming inhibitor, which prevents corrosion from constructing the 
stable protective film on the surface of the condenser. The film-forming amine is 
regarded as more apposite to the circumscription of the inhibitor, while others are 
only used mainly for neutralizing actually.

4.2 O2 scavenger

O2 scavengers are reagents which are often used to get rid of the dissolved O2 
from water through reduction reactions, thus prohibiting the corrosion ascribed to 
the O2 in water. For this purpose, the desirable characters of O2 scavengers should 
be (1) excellent reducing ability against O2, (2) no violently actions of the thermal 
decomposition products and the final reaction products with O2 countering the 
equipment.
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The species and reagent names of O2 scavengers are displayed in Table 14 [4]. 
The optimal reagent is hydrazine, but it is limited by its highly toxic properties. 
Thus, the replacement for hydrazine was inevitable.

4.3 Corrosion inhibitors for condensate line

As mentioned before, volatile amines for neutralizing and amines for film 
formation are also two kinds of classic corrosion inhibitors for prohibiting the cor-
rosion of condensate lines. Volatile amines prevent the erosion by adjusting the pH 
values of the condensates, while water barrier at the surface of metal can be formed 
attributed to the amines for film formation, which block the touching between 
metals and the aggressive substances, for example, O2 and CO2.

4.3.1 Inhibitors used in condensate lines of boilers under low pressure

Under low pressure, the main aggressive substances in the pipelines of boilers are 
O2 and CO2. The existence of slight CO2 in the condensation product will decrease the 
pH, which will accelerate metal corrosion. Thus, volatile amines for neutralizing and 
amines for film formation are provided as the suitable corrosion inhibitors. The use 
of volatile amines for neutralizing displays the wonderful inhibition effect, but the 
efficiency is discounted at the presence of O2. Amines for film formation can adsorb 
on the surface of the metal and then construct the hydrophobic protective film even 
on low concentration. However, once the corrosion products are covered on the 
surface of the metal, it will take long time to form the protective film. Therefore, the 
synergistic effect of using both of these two amines should be considered.

4.3.1.1 Neutralizing amines

Cyclohexyl amine (C6H13N), monoisopropanol amine [NH2CH2CH(CH3)OH], 
morpholine (C4H9NO), and ammonium hydroxide (NH3·H2O) are usually used for 
neutralization reaction in boiler systems. They are also dosage by dose for conden-
sate lines. The amine is complemented to the supplemental water and then mixed 
with the water vapor produced from the boiler. When the water vapor cools down in 
the condensate line, the amine will dissolve in condensation product and neutralize 
CO2 (H2CO3). Therefore, the pH value of the solution in the condensate line will be 
raised, and the crisis of metal corrosion will be eased. Table 15 displays the needed 
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concentrations of amines for the neutralization reaction when the concentration of 
CO2 is 1 mg/L. NH3·H2O is efficient for the neutralization reaction for CO2 revealed 
in Table 15; however, it is not appropriate for the copper condensate lines in boilers 
because it may accelerate copper corrosion.

4.3.1.2 Amines for film formation

Alkylamines (R-NH2), where R is alkyl group which contains 10–20 carbon 
in the alkyl chain, are considered as the film-forming corrosion inhibitors. 
Octadecylamine (ODA) has 18 carbon atoms in the alkyl chain and is the typical 
amine for film formation. As ODA cannot dissolve in water, emulsifiers are usually 
needed for dispersion. The -NH2 in ODA can adsorb on the surface of the metal 
and then construct single or several layer molecular adsorption coating, which is 
hydrophobic and can block the aggressive medium.

The influencing factors, such as the concentration of ODA, M-alkalinity of 
supplemental water, temperature of condensation product, and so on, will affect 
the corrosion inhibition effect of ODA. For instance, under the concentration of 
25 mg/L ODA in the supplemental water and in order to control the corrosion rate 
of iron lower than 10 mg/dm2·day, it will extend 1 day when the M-alkalinity of 
CaCO3/L raise from 50 mg (2 days) to 100 mg (3 days). Therefore, the beginning 
corrosion inhibition effect of ODA is affected as the increase of the M-alkalinity in 
the supplemental water. However, it will show slight influence after the ODA film 
is formed. In addition, it has also reported that ODA displays the superior corro-
sion inhibition effect lower than 45°C. ODA performs the wonderful inhibition 
effect when the dissolved O2 is as low as 0.2 mg O/L; however, the inhibition effect 
is obviously hazarded when the concentration of dissolved O2 is as high as 3 mg 
O/L. Therefore, minimizing transfer of dissolved O2 from boiler to the condenser 
by degassing and/or O2 scavengers is extremely important to enhance the corrosion 
inhibition effect of ODA.

4.3.1.3 Combined use of neutralizing amines and amines for film formation

A high amount of neutralizing amine is needed to prohibit the corrosion behavior 
of condensing pipes effectively if the M-alkalinity of supplemental water is high; 
amines for film formation demand a relatively long period to fabricate the hydropho-
bic deposited film for preventing the corrosion of the metal. Therefore, the combin-
ing of these two kinds of amines must improve the corrosion inhibition enormously.

Table 16 displays the corrosion inhibition synergistic effect by combining use 
of two kinds of the amines. With the treatment of neutralizing amine, the corro-
sion rate of iron drops accompanying the raise of the pH value; with the treatment 

Neutralizing reagent Needed concentrations of amines for the neutralization 
reaction for 1 mg/L CO2 (mg/L)

NH3·H2O 0.4

C6H13N 2.3

NH2CH2CH(CH3)OH 1.8

C4H9NO 2.0

Table 15. 
The species and amounts of amines for neutralizing CO2.
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of amines for film formation, the corrosion rate cut down when the pH value is 
reduced further. The collaborative processing outstandingly enhances the corrosion 
inhibition effect. Even with dissolved O2 in the condensing pipes, the combined 
treatment behaves the prior corrosion inhibition effect compared to the treatment 
of only with single filming amine.

4.3.2 Inhibitors used in condensate lines of boilers under moderate or high pressure

As softened water at low temperature is usually provided for boilers under 
moderate or high pressure, it is not easy to cause the corrosion problems in con-
densate lines before entering the deaerator. However, the piping and the auxiliary 
apparatus after the deaerator will erode sometimes as the ill control of water quality 
or operation of deaerator, which is due to the rise of temperature. Therefore, the 
pre-control of supplemental water pipeline is as important as that of the conden-
sate line. Neutralizing amines are then selected as the corrosion inhibitors for the 
supplemental water and stream condensing pipe because they are fit for pH value 
control and stable at high temperature under moderate or high pressure.

5. Inhibition for oil and gas systems

5.1 Drilling fluid inhibitor

As the high concentration of Cl− in the oil field sewage, and also the role of CO2, 
H2S, dissolved oxygen, oil stain and miscellaneous, it results the serious pitting 
problems. At present, organic amine, organic polyol phosphate complex, imidazo-
line, and their derivatives and long carbon chain amide carboxylate are well used in 
this field.

5.2 Fracturing acid inhibitor

If the gas field is dominated by carbonate fracture-porosity gas reservoirs, 
acid fracturing is an important stimulation method to increase the production for 
such gas reservoirs. Therefore, the corresponding research and application of acid 
chemical additives, pre-fracturing fluid chemical additives, and fracturing acid 
inhibitors have become important tasks in the gas field development.

The acid solution strongly corrodes the steel, and the corrosion inhibitor is 
the key to ensure the smooth operation of the acidification operation. According 
to the long-term acidification construction experience, the degree of corrosion 

Treatment pH 
value

Amount of the amines for 
film formation

Corrosion rate of iron (mg/
dm2·day)

None 5.3 0 124.5

Neutralizing amines 6.6
7.0

0
0

78.4
54.8

Amines for film formation 5.3 20 32.1

Combining of both 6.6
7.0

20
20

11.2
11.8

Table 16. 
The corrosion inhibition synergistic effect by combining use of two kinds of the amines.
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concentrations of amines for the neutralization reaction when the concentration of 
CO2 is 1 mg/L. NH3·H2O is efficient for the neutralization reaction for CO2 revealed 
in Table 15; however, it is not appropriate for the copper condensate lines in boilers 
because it may accelerate copper corrosion.

4.3.1.2 Amines for film formation

Alkylamines (R-NH2), where R is alkyl group which contains 10–20 carbon 
in the alkyl chain, are considered as the film-forming corrosion inhibitors. 
Octadecylamine (ODA) has 18 carbon atoms in the alkyl chain and is the typical 
amine for film formation. As ODA cannot dissolve in water, emulsifiers are usually 
needed for dispersion. The -NH2 in ODA can adsorb on the surface of the metal 
and then construct single or several layer molecular adsorption coating, which is 
hydrophobic and can block the aggressive medium.

The influencing factors, such as the concentration of ODA, M-alkalinity of 
supplemental water, temperature of condensation product, and so on, will affect 
the corrosion inhibition effect of ODA. For instance, under the concentration of 
25 mg/L ODA in the supplemental water and in order to control the corrosion rate 
of iron lower than 10 mg/dm2·day, it will extend 1 day when the M-alkalinity of 
CaCO3/L raise from 50 mg (2 days) to 100 mg (3 days). Therefore, the beginning 
corrosion inhibition effect of ODA is affected as the increase of the M-alkalinity in 
the supplemental water. However, it will show slight influence after the ODA film 
is formed. In addition, it has also reported that ODA displays the superior corro-
sion inhibition effect lower than 45°C. ODA performs the wonderful inhibition 
effect when the dissolved O2 is as low as 0.2 mg O/L; however, the inhibition effect 
is obviously hazarded when the concentration of dissolved O2 is as high as 3 mg 
O/L. Therefore, minimizing transfer of dissolved O2 from boiler to the condenser 
by degassing and/or O2 scavengers is extremely important to enhance the corrosion 
inhibition effect of ODA.

4.3.1.3 Combined use of neutralizing amines and amines for film formation

A high amount of neutralizing amine is needed to prohibit the corrosion behavior 
of condensing pipes effectively if the M-alkalinity of supplemental water is high; 
amines for film formation demand a relatively long period to fabricate the hydropho-
bic deposited film for preventing the corrosion of the metal. Therefore, the combin-
ing of these two kinds of amines must improve the corrosion inhibition enormously.

Table 16 displays the corrosion inhibition synergistic effect by combining use 
of two kinds of the amines. With the treatment of neutralizing amine, the corro-
sion rate of iron drops accompanying the raise of the pH value; with the treatment 
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of amines for film formation, the corrosion rate cut down when the pH value is 
reduced further. The collaborative processing outstandingly enhances the corrosion 
inhibition effect. Even with dissolved O2 in the condensing pipes, the combined 
treatment behaves the prior corrosion inhibition effect compared to the treatment 
of only with single filming amine.

4.3.2 Inhibitors used in condensate lines of boilers under moderate or high pressure

As softened water at low temperature is usually provided for boilers under 
moderate or high pressure, it is not easy to cause the corrosion problems in con-
densate lines before entering the deaerator. However, the piping and the auxiliary 
apparatus after the deaerator will erode sometimes as the ill control of water quality 
or operation of deaerator, which is due to the rise of temperature. Therefore, the 
pre-control of supplemental water pipeline is as important as that of the conden-
sate line. Neutralizing amines are then selected as the corrosion inhibitors for the 
supplemental water and stream condensing pipe because they are fit for pH value 
control and stable at high temperature under moderate or high pressure.

5. Inhibition for oil and gas systems

5.1 Drilling fluid inhibitor

As the high concentration of Cl− in the oil field sewage, and also the role of CO2, 
H2S, dissolved oxygen, oil stain and miscellaneous, it results the serious pitting 
problems. At present, organic amine, organic polyol phosphate complex, imidazo-
line, and their derivatives and long carbon chain amide carboxylate are well used in 
this field.

5.2 Fracturing acid inhibitor

If the gas field is dominated by carbonate fracture-porosity gas reservoirs, 
acid fracturing is an important stimulation method to increase the production for 
such gas reservoirs. Therefore, the corresponding research and application of acid 
chemical additives, pre-fracturing fluid chemical additives, and fracturing acid 
inhibitors have become important tasks in the gas field development.

The acid solution strongly corrodes the steel, and the corrosion inhibitor is 
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Treatment pH 
value

Amount of the amines for 
film formation

Corrosion rate of iron (mg/
dm2·day)
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0
0
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Amines for film formation 5.3 20 32.1

Combining of both 6.6
7.0
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11.2
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Table 16. 
The corrosion inhibition synergistic effect by combining use of two kinds of the amines.
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inhibition of acid has a recognized standard according to indoor evaluation. It is 
generally required that the amount of corrosion of steel in an acidizing operation 
does not exceed 98 g/m2; in deep well operations, it is acceptable to not exceed 
245 g/m2; pitting corrosion shall not occur. Since the 1970s, fracturing acid 
inhibitors have gradually developed into a variety of varieties. The main types of 
compounds are amines and their derivatives, pyrenes, acetylenic alcohols, etc., 
and some nonionic surfactants and alcohol solvents are added for the fabrication 
of a multicomponent formulation. In order to improve the temperature resistance, 
iodide or telluride is also used as a synergist, and the well temperature can be as 
high as 204°C to achieve the degree of corrosion inhibition required for acidifica-
tion construction.

5.3 Oil and gas well inhibitor

Oil well acidification is performed through injecting hydrochloric acid, soil 
acid (hydrofluoric acid and hydrochloric acid mixture), or other acid solution into 
stratum, by means of acidic fracturing equipment. After the dissolution of the 
rock by the acid solution, the enlargement of the penetration channel of the rock 
in the reservoir, and the treatment of the blocks in the seepage channel or the cause 
by artificial cracks, the gas passages will be unblocked to achieve the purpose of 
increasing oil and gas production. For the acidification of carbonate oil and gas 
layers, these are the following chemical reactions.

Lime petroleum gas rock formation reacts with hydrochloric acid:

    CaCO  3   + 2HCl →  CaCl  2   +  H  2   O +  CO  2   ↑     (1)

Dolomite oil and gas layer reacts with hydrochloric acid:

   MgCa   ( CO  3  )   2   + 4HCl →  CaCl  2   +  MgCl  2   + 2  H  2   O + 2  CO  2   ↑     (2)

The reaction of sandstone oil and gas layer with soil acid solution:

   CaAl  2    Si  2    O  8   + 16HF →  CaF  2   + 2  AlF  3   + 2  SiF  4   + 8  H  2   O  (3)

Hydrofluoric acid reacts with carbonate:

    CaCO  3   + 2HF →  CaF  2   + 8  H  2   O +  CO  2   ↑     (4)

From Eqs. (3) and (4), CaF2 is formed in the reaction of hydrofluoric acid with 
sandstone. When the concentration of the acid solution is lowered, it precipitates 
and blocks the pores. While the acid solution contains HCI, it can suppress or 
reduce the sinking of CaF2 precipitate. This is why hydrofluoric acid and hydrochlo-
ric acid are mixed in the soil acid solution. The commonly used soil acid solution is 
7% HCI + 3% HF or 12% HCI + 6% HF, depending on the clay composition of the 
sandstone reservoir containing silicate, quartz or carbonate.

From Eqs. (1) and (2), the higher the concentration of hydrochloric acid, 
the stronger the ability to dissolved rocks and the less volume of acid required 
to dissolve a certain volume of carbonate and the residual acid solution, thus 
the easier it is to be discharged from the formation and the favorable oil and 
gas output; in addition, high concentration of hydrochloric acid has a longer 
chemical activity time. Therefore, the concentrated hydrochloric acid solu-
tion is chemically activated before it is consumed, and its distance between the 
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rock formations is relatively far, and the effect of acidification of the oil wells 
for improving the production is better. It is popular of acidizing oil wells with 
high concentration of hydrochloric acid and increasing oil and gas production. 
However, the corrosion problem caused by the acidic solution at high tempera-
ture must be solved.

From the 1960s to the 1970s, the oil wells were shallow, generally between 
1000 and 2000 m, and the downhole temperature was not high. The acidizing 
corrosion inhibitors in oil well mainly contained formaldehyde, urotropine, arse-
nious acid (arsenic) and other compounds. Later, after the compound test, two 
or more corrosion inhibitors were compounded, such as urotropine + potassium 
iodide, urotropine + OP, butynediol + potassium iodide, butynediol + OP, butyne-
diol + potassium iodide + OP, etc. The HCI concentration should be not more than 
15% (10% in general) and the well temperature does not exceed 80°C. Due to the 
low acid concentration and temperature, the composite corrosion inhibitor can 
make the corrosion rate of carbon steel within the allowable conditions of construc-
tion. During this period, the acidification operation is not much, and the acid corro-
sion inhibitor research has just started.

After 1970s, the ultra-deep wells were above 6000 m, and the downhole tem-
perature was as high as 180–200°C. It has been discovered that the acidification of 
oil wells with high concentration of hydrochloric acid can significantly increase 
the effect of oil and gas production. However, in such high-temperature ultra-deep 
wells, when the acidification is carried out with concentrated hydrochloric acid 
solution, the acidification inhibitor must be required to protect the mild steel in 
such concentrated hydrochloric acid at 200°C. Therefore, it played a driving role for 
the research and development of oil acidification inhibitors.

Currently, a variety of alkyl pyridine and quinoline-based benzyl quaternary 
ammonium salt substances can well disperse in hydrochloric acid and soil acid 
solution. They can become clear and transparent brown liquid and show very good 
corrosion inhibition for carbon steel in hydrochloric acid or soil acid solution. They 
have certain corrosion inhibition effect on ferric ions and are highly corrosive to 
H2S. They are the concentrated hydrochloric acid acidification corrosion inhibi-
tors with high-temperature resistance of 180–200°C. The ketone amine aldehyde 
condensate compounded with alkynol compound has good dissolving and dispers-
ing property in hydrochloric acid. It has good corrosion inhibition effect on carbon 
steel in a hydrochloric acid solution at 105–180°C. The alkynyl oxymethylamine 
modified derivative also has good corrosion inhibition effect on carbon steel 
in hydrochloric acid or soil acid. The combination of a ketone aldehyde amine 
condensate, an alkyne alcohol and a cationic surfactant and a solvent to prepare a 
solution, is suitable for 15–28% HCl solution at 130°C, which has been applied in 
oil fields. Growcock and Lopp [5] developed a well-acidified corrosion inhibitor 
“PPO” (3-phenyl-2-propynyl alcohol), which is used in high-temperature down-
holes with 1–9 mol/L hydrochloric acid. The corrosion inhibition effect is as high as 
99%. Table 17 lists the types of corrosion inhibitors commonly used in oil fields.

5.4 Oil field-produced water treatment inhibitor

Metal equipment in oil field water injection systems, such as various heat 
exchangers, pumps, valves, oil casings, and storage tanks, are corroded by sewage, 
causing corrosion and perforation of equipment. It will cause serious impact on 
production and even force the oil well to stop production. In the construction of oil 
well acidification, the development of ultra-deep wells and extremely deep wells 
puts higher requirements on corrosion inhibition performance.
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It is possible that the effective corrosion inhibitor for industrial circulating 
cooling water may be not suitable for the treatment of oil field sewage, which 
containing large concentration of Cl−. The typical oil fields in China, such as Shengli, 
Zhongyuan, Jianghan, Dagang, and Huabei Oilfield, are with the NaCI up to around 
200,000 mg/L in the sewage, which also include CO2, H2S, dissolved oxygen, oil stain 
and miscellaneous, etc. CT2-7 corrosion inhibitor (the main component is organic 
amine) is mixed with HEDP and 1227, which is the promising reagent for oil field.

6. Results and discussion

Corrosion inhibitors are classified into inorganic corrosion inhibitors and 
organic corrosion inhibitors according to their composition. Inorganic corrosion 
inhibitors passivate the metal on the surface of the anode by its inorganic anion or 
prevent ions from the anode portion of the metal surface from entering the solu-
tion, thereby inhibiting corrosion. The organic corrosion inhibitor mainly forms a 
precipitation film by the reaction between a reactive group on the organic molecule 
and a metal ion generated during the etching process and suppresses the electro-
chemical processes of the anode and the cathode. They have good adsorption to 

Main chemical composition Acid-base 
concentration (%)

Temperature 
range (°C)

Pyridine slag quaternary ammonium salt 15–20 HCl 70–90

Coal tar pyridine residue extract 15–20 HCl 80–120

Coal tar pyridine residue extract adding dyeing agent 15–28 HCl 90–180

Pyridine hydrochloride residue and surfactant 15–20 HCl 80–120

Ketoamine aldehyde condensate 15–28 HCl 90–150

Imidazoline 15 HCl 90

Imidazoline plus formaldehyde 15–28 HCl 80–150

Pyridine hydrochloride slag + alkyl sulfonate 15–28 HCl 90

MBT, thiourea, OP, and other pyridine residues 7 HCl + 3 HF 30–70

Benzyl quaternary ammonium salt 15–28 HCl 90–190

Pyridine derivatives, formaldehyde, etc. 15–28 HCl 90–120

Cyclohexanone aniline 15–28 HCl 90–180

Ketoamine condensate 15–28 HCl 90–150

Acetophenone aniline, etc. 15–28 HCl 90–160

Pyridine quaternary ammonium salt, etc. 12 HCl + 6 HF 120

Quinoline quaternary ammonium salt, etc. 12 HCl + 6 HF 150

Alkylpyridine quaternary ammonium salt and other 
components

15–28 HCl 196

Ketoamine aldehyde condensate, alkynol, etc. 15–28 HCl 90–130

Imidazoline derivative 15 HCl 90–100

Imidazoline 15 HCl 90

Pyridine quaternary ammonium salt, etc. 15–28 HCl 90–120

Table 17. 
Acidification inhibitors commonly used in oil fields and their application conditions.
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the metal surface in the corrosive medium. Many corrosion inhibitors containing 
heteroatoms rely on functional groups to adsorb on the metal surface. The nitrogen 
atoms in the corrosion inhibitor become cations after quaternization and are easily 
adsorbed by the negatively charged metal surface to form a monomolecular protec-
tive film. The charge distribution and interfacial properties of the metal surface 
tend to stabilize the energy state of the metal surface. The process can increase 
the activation energy of the corrosion reaction, slow down the corrosion rate, and 
greatly inhibit the discharge of hydrogen ion, inhibit the cathode reaction, and 
effectively improve the corrosion inhibition efficiency of the corrosion inhibitor.

7. Summary conclusion

Corrosion inhibitors play an important role in metal protection engineering 
and the national economic construction. Judging from the current anticorrosion of 
equipment and other industrial fields, the use of corrosion inhibitors is an effective 
and economical anticorrosion method. The research on the theory, testing technol-
ogy, and calculation method of inhibitor has made certain progress, which has 
promoted the development and application of new corrosion inhibitors.

In the future, the mechanism of the corrosion inhibitor and the relationship 
between the molecular structure of the corrosion inhibitor and the corrosion inhibi-
tion effect should be further developed. More complete and specific environmental 
performance assessment methods need to be proposed; neural networks, density 
functional theory, and other computer science, quantum chemistry, and other 
research methods should be better applied to the development and evaluation of 
new corrosion inhibitors, and the new high-efficiency corrosion inhibitors should be 
designed and synthesized. In addition, promote green chemistry and research on the 
corrosion inhibitors with low-cost and non-polluting chromium-free, zinc-free, low-
phosphorus, and even phosphorus-free which is the promising development direc-
tion of water treatment corrosion inhibitor. The corrosion inhibitors can be made 
from natural raw materials, thereby expanding the application range. Furthermore, 
researchers should pay more attention to the development of multifunctional 
corrosion inhibitors used in different working conditions. It should focus on the 
development of copolymer corrosion inhibitors and other multi-purpose corrosion 
inhibitors that have the properties of scale inhibition, biocidal, and biodegradability.

© 2019 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. 
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Chapter 10

On the Limits of Photocatalytic
Water Splitting
Bahar Ipek and Deniz Uner

Abstract

The major drawbacks on the limited H2 and O2 evolution activities of one-step
photocatalytic water splitting systems are given here with the emphasis on charge
recombination, back-oxidation reactions, and mass transfer limitations. Suppres-
sion of these unwanted phenomena is shown to be possible with the usage of small
crystal-sized photocatalysts with low defect concentrations, presence of phase
junctions, selection of co-catalyst that would be active for H2 evolution but inactive
for O2 reduction, coating of the co-catalyst or the whole photocatalyst with
selectively permeable nanolayers, and usage of photocatalytic systems with high
solid–liquid and liquid–gas surface areas. The mass transfer limitations are shown to
be important especially in the liquid–gas interfaces for agitated and suspended
systems with estimated H2 transfer rates in the range of �200–8000 μmol/h.

Keywords: hydrogen production, photocatalyst, water splitting, mass transfer,
back-oxidation

1. Introduction

Hydrogen gas is one of the best alternatives to fossil fuels since it has a high
gravimetric energy density (142 MJ/kg) and it produces zero carbon upon combus-
tion. Hydrogen is also used as a major reactant in environmentally important reac-
tions such as carbon dioxide hydrogenation to methanol [1] or ammonia production
(Haber-Bosch reaction) [2]. For hydrogen to be used as a clean energy source, its
production via renewable ways is of great importance. It is conventionally produced
via steam reforming of methane and fossil fuels (energy intensive,
ΔH0

rxn = 206 kJ/mol, 700–1100°C [3]) and coal gasification, which results in sig-
nificant amounts of carbon dioxide production. The renewable ways for carbon-free
production include biological sources (microalgae and cyanobacteria) and electrol-
ysis of water using wind energy and photovoltaic cells as electricity generation
sources. In addition to the mentioned renewable ways, photocatalytic water split-
ting/oxidation is a promising alternative, in which solar energy is used as the
driving force to split water molecules to hydrogen and oxygen on the surface of a
catalyst. This renewable production method of hydrogen is advantageous over other
renewable methods due to the free source of energy and lower cost of the
photocatalysts when compared to that of photovoltaic cells or wind turbines.
Solar-driven catalytic (photocatalytic) reactions are considered to be of fundamen-
tal importance to the catalysis community since the solar energy is inexhaustible;
i.e., the solar energy absorbed by the lands and oceans on an hourly basis (432 EJ/h
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Chapter 10

On the Limits of Photocatalytic
Water Splitting
Bahar Ipek and Deniz Uner

Abstract

The major drawbacks on the limited H2 and O2 evolution activities of one-step
photocatalytic water splitting systems are given here with the emphasis on charge
recombination, back-oxidation reactions, and mass transfer limitations. Suppres-
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junctions, selection of co-catalyst that would be active for H2 evolution but inactive
for O2 reduction, coating of the co-catalyst or the whole photocatalyst with
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be important especially in the liquid–gas interfaces for agitated and suspended
systems with estimated H2 transfer rates in the range of �200–8000 μmol/h.

Keywords: hydrogen production, photocatalyst, water splitting, mass transfer,
back-oxidation
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or 120,000 TW [4]) is comparable to the Earth’s yearly energy consumption
(reaching 575 EJ/year or 18 TW in 2017). However, the solar-to-hydrogen energy
conversion efficiency value for photocatalytic water splitting systems is much lower
(targeted to be 10%, currently reaching 1% [5]) than that of photovoltaic-assisted
electrolysis (reaching 30% [6]) due to the major drawbacks in the one-step
photocatalytic water splitting systems. Herein, we firstly introduce photocatalytic
water splitting systems and give the major developments in materials such as visible
light utilization and corresponding H2 and O2 production activity values (in
Section 2). Then in Section 3, we discuss the causes of the low efficiencies in
photocatalytic water splitting systems and the recent approaches in preventing
energy efficiency-lowering factors such as inefficient visible light utilization, charge
recombination, back-oxidation reactions, and mass transfer limitations.

2. Photocatalysis and water splitting

The first report on water splitting via harvesting photon energy is authored by
Fujishima and Honda using a photoelectrochemical cell with a TiO2 photoelectrode
[7]. Following this first report suggesting the oxidation of water molecule via photo-
generated holes on TiO2 surface with the aid of small electrical voltage,
photocatalytic water splitting on powder photocatalyst particles is demonstrated by
other authors in the late twentieth century [8–15]. Metal-loaded semiconductors
(such as Pt/TiO2) are described as “short-circuited photoelectrochemical cells” that
provide both the oxidizing centers and the reduction centers on the same catalyst
(see Figure 1) [16].

Photocatalytic reactions are initiated by absorption of light having an energy
higher than (or equal to) the bandgap of the photocatalysts that consist of semi-
conductor materials. This bandgap energy should be larger than 1.23 V for overall
water oxidation reaction, for which the maximum of the valence band and the
minimum of the conduction band should be located at proper potentials for the
oxygen and hydrogen evolution reactions to occur. To illustrate, the minimum of

Figure 1.
Schematic representation of photocatalytic water splitting on metal-loaded semiconductor particle systems:
(1) light absorption and charge excitation from valence band to conduction band, (2) transfer of the photo-
generated electrons and holes to the catalyst surface, (3) surface redox reactions, and (4) charge recombination.
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the conduction band energy level should be located at a more negative potential
than 0 V vs. NHE, at pH = 0 for H2 evolution (Eq. (1)), and the maximum of the
valence band should be at a more positive potential than 1.23 V vs. NHE at pH = 0
for oxygen evolution reaction (Eq. (2)):

4Hþ þ 4e� ! 2H2 (1)

2H2Oþ 4 hþ ! 4Hþ þ O2 (2)

Following the light absorption, photoexcited electrons are transferred to the
conduction band, while a positively charged charge carrier (hole) is generated at
the valence band. These charge carriers are then transferred to the catalyst surface
(step 2 in Figure 1) to be utilized in surface redox reactions, unless they
recombine in the bulk or on the surface (step 4). Ultimately, electrons and holes
reduce/oxidize the adsorbed species on the catalyst surface (step 3), the
products of which should then be desorbed from the surface to complete the
overall process.

2.1 Semiconductors

TiO2, having a large bandgap (anatase: 3.2 eV), is the most commonly used
photocatalyst due to its photostability, nontoxicity, and high activity (upon UV
radiation λ < 387 nm). Following the report on water oxidation reaction [7], various
photochemical reaction activities of TiO2 such as carbon dioxide reduction with
H2O [17–19], alkene and alkyne hydrogenation [20, 21], CH3Cl oxidation [22], 1-
octanol degradation [23], phenol degradation [24], surfactant degradation [25], and
more have been reported. Detailed reviews on TiO2-based materials and
photocatalytic performances can be found in literature [26–28].

As photostable and active TiO2 is, UV light requirement to activate the large
bandgap of TiO2 motivated research for visible light active semiconductors as well
as bandgap engineering for TiO2 such as nonmetal ion doping (N [29], C [30], F
[31], S [32]). Substitution of lattice oxygen atoms by these anions is reported to shift
the valence band level upward and narrow the bandgap to as low as 2.25 eV
(�550 nm) with 16.5% N doping [33].

Similar to TiO2, oxides of other transition metals with d0 (such as Ti4+, Zr4+,
Nb5+, Ta5+, and W6+ [34, 35]) and d10 electronic configurations (such as Ga3+, In3+,
Ge4+, Sn4+, and Sb5 [36–38]) are shown to possess large bandgap energies (>3 eV)
due to the maximum valence band levels consisting O2p orbitals located near 3 V
(vs. NHE at pH = 0). These d0 and d10 metal oxide catalysts are reported to show
remarkable one-step photocatalytic water splitting activity under UV light irradia-
tion [39] reaching 71% quantum yield with photocatalysts such as Al-doped SrTiO3

[40] or Zn-doped Ga2O3 [41]. The H2 and O2 evolution activity under UV radiation
and the apparent quantum yields of some of these materials are given in Table 1.
The apparent quantum yield is defined as the number of reacted electrons and holes
divided by the number of incident photons on the photocatalysts. Table 1 is not
intended to cover the whole range of particulate catalysts in literature but rather to
give a selection of examples. A wider selection of d0 and d10 metal oxide particulate
catalysts’ one-step water oxidation activity and apparent quantum yields can be
found in the works of Kudo et al., Chen et al., and Domen et al. [39, 42, 43].

The most remarkable upgrades in the apparent quantum yields are achieved by
material engineering such as (i) doping the metal oxides/perovskites with cations
having lower valences, (ii) decreasing the crystal sizes to submicron levels, and
(iii) loading with H2/O2 evolution co-catalysts.
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Following the light absorption, photoexcited electrons are transferred to the
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the valence band. These charge carriers are then transferred to the catalyst surface
(step 2 in Figure 1) to be utilized in surface redox reactions, unless they
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[31], S [32]). Substitution of lattice oxygen atoms by these anions is reported to shift
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Ge4+, Sn4+, and Sb5 [36–38]) are shown to possess large bandgap energies (>3 eV)
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2.2 Co-catalysts

An important addition to the light-harvesting semiconductors is H2 evolution/O2

evolution co-catalysts on the surface. The early co-catalysts that have been widely
used included the noble metals and transition metal oxides such as Pt [12, 13], Rh
[10], Ru [48], Au [49, 50], and NiOx [11] that mainly promote the hydrogen
evolution, and CoOx [51] and Fe [52], Mn [52], RuO2 [53], and IrO2 [54] that
accelerate the oxygen evolution. These metals are considered to act as charge carrier
sinks that suppress electron–hole pair recombination as well as increasing the reac-
tion kinetics by lowering the activation energy of the redox reactions. Co-catalysts
are also known to inhibit photodegradation of the photocatalysts such as oxysulfides
and oxynitrides by generated holes due to the effective extraction of these holes
by the co-catalysts [55, 56].

Following the works of noble metal co-catalysts, Domen et al. showed water
splitting activity on SrTiO3 photocatalyst together with the co-catalyst NiO [57, 58],
which became the choice of H2 evolution co-catalyst for many d0 and d10 metal
oxides such as La2Ti2O7:Ba [44], La4CaTi5O17 [59], Rb4Nb6O17 [60], NaTaO3 [46],
and Ga2O3:Zn [47]. The photocatalyst stability of NiO-loaded K2La2Ti3O10 is
reported to increase by addition of a second co-catalyst, Cr, using a co-
impregnation method [61]. Based on the promoting effect of Cr, a systematic study
of Cr and various transition metals (such as Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Pt) on
(Ga1-xZnx)(N1-xOx) has been conducted [62], from which core-shell structures of
core Rh nanoislands and shell Cr2O3 structures (10–30 nm in size) are found to
promote H2 and O2 evolution reactions to significant levels [63].

2.3 Visible light utilization

The alterations to the semiconductors such as doping with low-valence cations,
reducing particle sizes to submicron levels and obtaining a high degree of crystal-
linity help with the overall water splitting activity. However, activation of these
photocatalysts uses a narrow portion of the solar spectrum (4%); i.e., the UV light
sustains as a problem due to the large bandgap energies of these materials. To enable
visible light utilization of the d0- and d10-type oxide semiconductors and to split
water into H2 and O2 via one-step excitation, the valence band levels should be

Semiconductor Co-catalyst Bandgap
(eV)

H2 activity
(μmol/h)

O2 activity
(μmol/h)

AQY (%) Reference

La2Ti2O7:Ba NiOx 3.26 5000 50 [44]

SrTiO3:Al Rh2�yCryO3 3.2 550* 280* 30 at 300 nm [35]

SrTiO3:Al
(200–500 nm)

Rh2�yCryO3 3.2 1372* 683* 56 at 365 nm [45]

SrTiO3:Al MoOy/RhCrOx 3.2 1800* 900* 69 at 365 nm [40]

NaTaO3 NiO 4.0 3390 1580 20 at 270 nm [46]

NaTaO3:La NiO 4.1 19,800 9700 56 at 270 nm [34]

Ga2O3:Zn NiO 4.4 4100 2200 20 [47]

Ga2O3:Zn Rh0.5Cr1.5O3 4.4 32,000 16,000 71 at 254 nm [41]

*0.1 g of photocatalyst is used instead of 1 g.

Table 1.
H2 and O2 evolution activity of d0 and d10 metal oxide particulate catalysts under UV light irradiation.
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shifted upward without changing the conduction band potentials. One approach
to do this is to use oxynitrides to make use of N2p states that lie at a more
negative potential than O2p states. Emerging LaMgTa1�xO1+3xN2�3x [64] and
Ga1�xZnxN1�xOx [65] oxynitrides are representatives of visible light active overall
water splitting catalysts. Using N doping, the absorbed light wavelength can be
increased up to 500 nm on solid solutions of GaN:ZnO (Ga1�xZnxN1�xOx)
[66] and up to 600 nm on solid solutions of LaTaON2 and LaMg2/3Ta1/3O3

(LaMgTa1�xO1+3xN2�3x) [64]. Other examples include LaScxTa1�xO1+2xN2�2x [67]
and CaTaO2N [68] in which La or Ta sites are replaced by Ca and Sc that alters O/N
ratios due to charge compensation, which in turn results in valence band energy
level shift.

Some examples of visible light active photocatalyst and their H2 and O2 evolu-
tion activity are given in Table 2. As it can be seen from the table, one-step water
splitting quantum yields are quite lower when compared to those of the UV-
activated photocatalysts (Table 1). The exceptions to the low activity are reported
by Rh2-yCryO3 (Rh 1.0 wt%, Cr 1.5 wt%)-loaded (Ga1�xZnx)(N1�xOx) photocatalyst
[63], multiband InGaN/GaN nanowire arrays [69], and monodisperse 4 nm
graphite nanoparticle-deposited C3N4 catalysts [70].

An alternative way to cover both oxidation and reduction reactions with semi-
conductors that could be activated under visible light radiation is to utilize two
individual photocatalysts with an electron transfer mediator to obtain two-step exci-
tation known as the two-step water oxidation (“Z-scheme system,” see Figure 2). In
this system, O2 evolution photocatalysts oxidize the water molecules to O2, while the
photo-generated electron is transferred to the mediator to reduce the electron
acceptor (such as Fe3+ ions or IO3

� ions). Then, the reduced mediator is oxidized by
donating its electron to the H2 evolution photocatalyst. At the same time, the
photo-generated electrons in the H2 evolution photocatalyst reduce H+s to H2.

The semiconductors used in this two-step water splitting process should be
selected based on the energy levels of their corresponding valence or conduction
band maximum/minimum that would enable O2/H2O oxidation and H+/H2 reduc-
tion. As H2 evolution and O2 evolution reactions are realized at separate
photocatalysts, these semiconductors could have bandgap energy values lower than
3 eV that would enable visible light utilization such as Pt- or RuO2-loaded WO3

Semiconductor Co-
catalyst

Bandgap
(eV)

H2 activity
(μmol/h)

O2 activity
(μmol/h)

AQY (%) Reference

SrTiO3:Rh,Sb IrO2 4.4 1.9 0.1 at 420 nm [71]

g-C3N4 Pt-
CoOx

2.8 �8.5 �3.5 0.3 at 405 nm [72]

CDots-C3N4 2.74 46 16 at 420 nm [70]

Bi1-xInxV1-

xMoxO4

RuO2 2.5 17 3.2 at 420 nm [73]

BiYWO6 RuO2 2.7 4.1 1.8 0.17 at 420 nm [74]

LaMg1/3Ta2/3O2N RhCrOx 22 11 0.18 at 440 nm [75]

(Zn0.18Ga0.82)
(N0.82O0.18)

Rh2-
yCryO3

2.64 927 460 5.9 at 420 nm [76]

GaN:Mg/InGaN:
Mg

Rh/
Cr2O3

2.22 38 21 12.3 at 400 nm [69]

Table 2.
H2 and O2 evolution activity of one-step water splitting catalysts under visible light irradiation.
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(Eg � 2.8 eV) or oxynitrides such as TaON (Eg � 2.4 eV) or Rh-doped SrTiO3

(Eg � 2.4 eV). Examples of these materials and systems can be seen in Table 3.
The detailed reviews on two-step photocatalytic water splitting can be found
elsewhere [83].

3. Drawbacks on photocatalytic activity

There are numerous and challenging processes that need to be realized for
photocatalytic evolution of H2 and O2 (Table 4) via a thermodynamically
unfavorable reaction (Eq. (3)):

H2O ! H2 þ 1=2 O2 ΔG0 ¼ 237 kJ=mol (3)

These processes include (i) excitation of the semiconductor photocatalyst with
photon having higher energies than the bandgap energy of the material, (ii) transfer
of the photo-generated electrons and holes to the reaction sites on the surface,
(iii) utilization of these charge carriers in the oxidation/reduction reactions, and
(iv) desorption of the products from the surface of the photocatalyst to the
liquid/gas medium.

As the timescale of these processes varies, recombination of the electrons and
holes in the bulk or on the surface happens more frequently than the rate of the

Figure 2.
Schematic diagram for photocatalytic water splitting using a two-step photoexcitation system.

H2

photocatalyst
O2

photocatalyst
Mediator H2 activity

(μmol/h)
O2 activity
(μmol/h)

AQY (%) Reference

Pt/SrTiO3:Rh BiVO4 Fe3+/Fe2+ 15 7.2 0.4 at 420 nm [77]

Pt/SrTiO3:Cr/
Ta

PtOx/WO3 IO3
�/I� �16 �8 1 at 420 nm [78]

Pt/TaON PtOx/WO3 IO3
�/I� �16.5 �8 0.5 at 420 nm [79]

Pt/ZrO2/TaON PtOx/WO3 IO3
�/I� 52 27 6.3 at 420 nm [80]

Ru/SrTiO3:Rh BiVO4 Fe3+/Fe2+ 88 44 4.2 at 420 nm [81]

Pt/MgTa2O6-

xNy/ TaON
PtOx/WO3 IO3

�/I� 108 55 6.8 at 420 nm [82]

Table 3.
Z-scheme-type photocatalysts for water splitting without sacrificial agents.
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chemical oxidation/reduction reactions. Recombination is therefore considered to
be one of the main reasons limiting the photocatalytic activity. Together with the
recombination events, realization of back-oxidation reactions (Eq. (4)) on noble
metals and the rate-limiting mass transfer events are the major drawbacks in an
efficient photocatalytic process:

H2 þ 1=2O2 ! H2O ΔG0 ¼ �237 kJ=mol (4)

Natural photosynthesis yields a much higher rate of O2 evolution (see Table 4)
when compared to artificial water splitting due to improved charge carrier and mass
transfer events. From this comparison, it is clear that the photocatalytic systems still
need to be perfected to compete with the nature’s intricate design.

3.1 Charge recombination

Due to the presence of the multiple processes, the overall photocatalytic reac-
tions are extremely complicated. In order to obtain an efficient photocatalytic
performance, the photo-generated charges must be transferred to the surface reac-
tion sites as rapidly as possible while preventing recombination or trapping of these
charge carriers. It is reported by Leytner and Hupp that 60% of the trapped elec-
tron–hole pairs recombine with a timescale of about 25 ns while releasing heat of
154 kJ/mol [85]. As the defects such as vacancies and dislocations are considered as
recombination sites, higher crystallinity of the photocatalysts is often aimed to
decrease the recombination rates. From diffusion point of view, the shorter dis-
tances for the charge carriers to the surface reaction centers are also aimed to
prevent the recombination. Shorter pathways are achieved via smaller crystal/par-
ticle sizes of the photocatalysts. More than two times of increase in the H2 and O2

evolution rates on Al-doped SrTiO3 photocatalyst (reaching an apparent quantum
yield of 56% [45]) as the particle size drops from few micrometers to 200 nm is a
direct evidence of the effect of the particle size. Another method for reducing the
charge recombination is to make use of phase junctions. One example is the α-β-
phase junction of Ga2O3, which results in enhanced interfacial charge transfer,
charge separation, and therefore enhanced water splitting activity [86]. Loading the
photocatalysts with co-catalysts such as noble metals or transition metal oxides to
accelerate the reduction/oxidation reactions is a commonly employed method.

Process Timescale

Light absorption and electron and hole
generation

Semiconductor !hν e� þ hþ fs

Photo-generated electron and hole transfer to the
surface and trapping

hþVB ! hþtrap
e�CB ! e�trap

200 fs
50 ps

Recombination of charge carriers e�tr þ hþtr ! recombination >20 ns

Interfacial charge transfer e�CB þ O2 ! O∙�
2 10–100 μs

Observed O2 evolution
* 2H2Oþ 4hþ ! O2 þ 4Hþ 37 s*

Photosynthesis of H2O oxidation 2H2Oþ 4DþTA ! O2 þ 4Hþ þDTA 1.59 ms [84]

*Based on 16,000 μmol O2/g/h O2 evolution rate on Rh0.5Cr1.5O3-doped Ga2O3:Zn upon illumination at 254 nm [41],
assuming 10 m2/g surface area and 1015 sites/cm2 site density.

Table 4.
The processes occurring in photocatalytic water splitting on TiO2 and their timescales [27] and the references
therein.
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These co-catalysts are known to enhance the charge migration from the semicon-
ductor depending on the alignment of the potentials of the semiconductor and the
co-catalyst. As these co-catalysts accelerate the desired H2 evolution and O2 evolu-
tion reactions, they can also increase the rates of undesired secondary reactions such
as hydrogen oxidation or oxygen reduction to water reactions.

3.2 Back-oxidation reactions

Introduction of one-step photocatalysts for overall water splitting combined the
H2 evolution and O2 evolution sites on the same catalyst surface. This design of a
photocatalytic system that realizes both charge trapping and reduction/oxidation
reactions on the same surface not only accelerated the charge recombination but
also allowed secondary reactions on these reduction/oxidation centers. When fast
removal of the products, i.e., H2 and O2, is not provided and there are no barriers
that prevent interaction of these products with highly active sites, the reaction of H2

and O2 on the photocatalyst surface to produce H2O (2H2 + O2 ! H2O) is highly
probable. And back-oxidation of the produced H2 is considered to be one of the
main reasons for observed low photocatalytic water splitting activity values.

As early as 1985, Sato and coworkers realized the importance of back-oxidation
of H2 with O2 to produce H2O. They have realized that the metal-loaded
photocatalysts, mainly Pt- or Pd-loaded TiO2, can oxidize H2 with O2 easily under
the same photocatalytic water oxidation conditions. They have reported first-order
reaction rate constants in the range of 0.23–0.51 h�1 for Pt, 0.32–1.8 h�1 for Pd, and
0.2–0.3 h�1 for Rh, suggesting the least active metal for back-oxidation reaction to
be Rh [10]. Later in 2000, Anpo and coworkers investigated back-oxidation reac-
tion on Pt/TiO2 systems under dark conditions and observed increased back-
oxidation rate with increasing Pt loading (up to 0.1 wt.% [87]). While Pt is active
for H2 evolution (Eq. (1)), it is also notoriously active for dark H2–O2 recombination
reaction (Eq. (4)) even at room temperature [88]. In order to prevent H2–O2

recombination reaction, the Pt surface is modified with F ions for Pt/TiO2 catalyst,
and the reaction rate decreased from 2 to 0.3 h�1 upon F� modification [89]. The
inhibition mechanism is suggested to be due to the occupation of the H2 surface
adsorption sites on Pt by F atoms.

Another modification to the noble metal surfaces is reported by Lercher et al., in
which CO is chemisorbed on the Rh co-catalyst for GaN:ZnO semiconductor.
Chemisorbed molecular layer of CO suppressed the back-oxidation reaction by
selective metal poisoning of the back-oxidation sites by CO. While H2 evolution
rates of 28 μmol/h are achieved (75 mg photocatalyst, 300 W Xe lamp [90]),
significant CO oxidation to CO2 is also observed.

The back-oxidation reaction-inhibiting effects of the nanolayer coating on noble
metals are shown on Rh/Cr2O3-loaded GaN:ZnO photocatalysts. Rh/Cr2O3 core-
shell structure [91] is formed by photodeposition of Rh and reduction of CrO4

2� by
electrons coming from Rh upon radiation, resulting in few nanometer thickness of
Cr2O3 layer (2–3 nm, see Figure 3). Hydrated Cr2O3 nanolayer is reported to
selectively permeate protons for H2 evolution reaction [92], whereas it hinders O2

permeation from the layer inhibiting O2 reduction reaction (Eq. (5)) on Rh sites
[93]. The same effect is also valid for Cr2O3-coated Pt catalyst (GaN:ZnO). Back-
oxidation rates on Pt-loaded GaN:ZnO photocatalyst decreased significantly from
�105 � 10�12 molecules/s to �8 � 10�12 molecules/s, while photocatalytic H2

evolution rate increased from �5 � 10�12 molecules/s to �30 � 10�12 molecules/s
upon Cr2O3 coating [93]. Apart from the oxygen-blocking role of the Cr2O3

nanolayer, much lower back-oxidation rate of Rh-loaded GaN:ZnO when compared
to Pt-loaded GaN:ZnO (11 � 10�12 molecules/s vs. 105 � 10�12 molecules/s)
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explains the significant photocatalytic H2 evolution activity on Rh/Cr2O3-loaded
GaN:ZnO (130 � 10�12 molecules/s). Lower back-oxidation rate of Rh-loaded GaN:
ZnO could be related to the low-oxygen reduction reaction (Eq. 5) activity of Rh
when compared to Pt [94]:

O2 þ 4Hþ þ 4e� ! 2H2O (5)

Similar selective permeability concept is considered to be the case for Ni/NiO
core-shell structures deposited on various photocatalysts such as SrTiO3 or NaTaO3

[34, 57]. In these systems, in addition to the back-oxidation reaction impeding
effect of NiO layer on Ni [58], low-oxygen reduction activity of NiOx catalysts
when compared to Pt can also be considered to be effective for improved water
splitting activity.

Coatings of the whole photocatalyst instead of the co-catalyst by oxyhydroxides
of Ti, Nb, and Ta are reported on Rh-loaded SrTiO3:Sc photocatalyst. Surface
nanolayer not only suppressed back-oxidation reactions but also prevented the
access of sacrificial agents such as ethanol to the photocatalyst surface, resulting in
nearly stoichiometric H2/O2 ratios [95]. Surface nanolayer coatings on the whole
photocatalysts have proven to also prevent photodecomposition (N2 evolution)
of oxynitride photocatalysts while increasing the overall water splitting
activity [64, 68].

Prevention of the secondary reactions such as H2 oxidation or O2 reduction
reaction to H2O is found to be essential for improving the overall water splitting
activity and the apparent quantum yield values (reaching apparent quantum yield
value of 69% under irradiation at 365 nm [40]). In addition to the reduced back-
oxidation rates, complementary measures such as decreasing the charge recombi-
nation rates and enhancing the product transfer rates away from the surface
(increasing the mass transfer rates) are necessary for increased photocatalytic water
splitting activity.

3.3 Mass transfer limitations

Mass transfer limitations especially in the slurry photocatalytic systems can be
the most overlooked problem in the photocatalytic field. To complete the

Figure 3.
HR-TEM images of GaN:ZnO photodeposited with (A) Rh and (B) Rh/Cr2O3. Reprinted with permission from
[55]. Copyright 2007 American Chemical Society. (C) Schematic representation of O2 and H2 evolution
reactions with inhibited O2 permeation and O2 reduction reaction on core-shell-type co-catalysts.
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These co-catalysts are known to enhance the charge migration from the semicon-
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that prevent interaction of these products with highly active sites, the reaction of H2
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of H2 with O2 to produce H2O. They have realized that the metal-loaded
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photocatalytic reaction cycle, adsorption of the reactants, reduction/oxidation of
the reactants, desorption of the products, and transfer of the products from the
photocatalyst surface to the gas phase need to be realized. When the rates of the
mass transfer of the products from the surface are slower than the reduction/
oxidation rates, produced H2 and O2 would stay longer on the surface, resulting in
promotion of back-oxidation reactions. Moreover, when the mass transfer rates are
slower than the reaction kinetics, the apparent H2 and O2 evolution rates in the gas
phase will be limited by the mass transfer rates.

Experimental evidence for mass transfer limitations in agitated systems is
presented in a previous publication [96]. In a batch slurry reactor, where the
catalyst particles are suspended via agitation, observed H2 evolution rates for UV-
irradiated Pt/TiO2 photocatalyst showed improvement with increasing stirring rates
up to 900 rpm (Figure 4a). This improvement is a direct indication of mass transfer
limitations on the solid–liquid and gas–liquid interfaces as the turbulence in the
liquid and therefore boundary layers are affected by increasing stirring rates. In
another experiment, the effect of liquid volume is investigated by varying catalyst

Figure 4.
(a) Effect of stirring rate on photocatalytic hydrogen evolution with methanol as sacrificial agent, with 0.5 wt%
Pt/TiO2, 250 ml deionized water, 2 ml methanol, (■) 900 rpm and (●) 350 rpm. (b) Observed hydrogen
evolution rates in the gas phase with changing liquid volume, CH3OH/H2O:1/125 (v/v) and Ccatalyst: 1 g/L for
each case. Adapted from [96].
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weight and liquid volumes (keeping the catalyst concentration constant). H2 evolu-
tion rates on an hour basis (μmol H2/h) are found the same regardless of the liquid
volume (or catalyst weight) above 62.5 ml (Figure 4b) as the H2 evolution rate per
gram and hour basis decreased as liquid volume increased. Similar H2 evolution
rates regardless of the catalyst weight indicate significant mass transfer limitations
in the liquid–gas interface.

Mass transfer limitations for different photocatalytic reaction systems are ana-
lyzed by different groups. For immobilized photocatalyst systems, the importance
of internal mass transfer resistance is emphasized [97]. In another investigation,
severe mass transfer limitations are observed in the product separator (liquid–gas
interface) for a fluidized bed/separator system, in which modification of the liquid–
gas surface area enhanced the H2 evolution rates by 350% [98].

To prevent mass transfer limitations in the photocatalytic tests and to report actual
kinetic rates; stirring rates, liquid levels, and mass transfer areas should be designed
carefully. To design these parameters, approximate mass transfer rates should be
known. Here, we present a sample calculation for H2 mass transfer rate in a slurry
reactor containing 0.5 g TiO2 photocatalyst having a surface area of 40 m2/g inside an
agitated glass reactor having 200 ml liquid volume and a tank diameter of 7 cm.

Mass transfer resistances in a gas–liquid–solid multiphase photocatalytic systems
involve the internal mass transfer, mass transfer from the solid catalyst particles to
liquid (Eq. 6), transfer from the liquid bulk to the liquid interface (Eq. 7), and
transfer from the liquid–gas interface to the gas phase (Eq. 8). Photocatalysts such
as perovskites and TiO2 are known to be nonporous (unless mesoporous versions
are prepared on purpose [99, 100]) and have surface area values between 5 and
50 m2/g. For nonporous photocatalysts, the internal mass transfer limitations can be
discarded (Eq. 9). Hence, the H2 mass transfer rate equation will have a form
containing the mass transfer resistances from the solid–liquid and liquid–gas inter-
faces as seen in Eq. 8:

rH2,S ¼ ksaS CS � CLð Þ (6)

rH2,L ¼ kLaL CL � CL,ið Þ (7)

rH2,G ¼ kGaG CG,i � CGð Þ (8)

rH2 ¼
CH2,s �HCH2,g

1
ksaS

þ 1
kLaL

þ H
kGaG

� � (9)

The mass transfer limitations coming from the solid–liquid and liquid–gas inter-
faces may play important role depending on the photocatalytic reactor type. The
most often used photocatalytic reactor systems such as slurry reactors have solid–
liquid and liquid–gas phase interfaces that suspend its catalysts by agitation using an
impeller or a magnetic stirrer. The convection mass transfer coefficient for solid–
liquid interface of such a system could be estimated using Eq. 10 suggested by
Armenante and Kirwan for agitated tanks using Kolmogorov’s theory for Reynold’s
number calculation to consider the effect of solid particle size [101]:

Sh ¼ ksdp
DH2�H2O

¼ 2þ 0:52Re 0:52Sc1=3 (10)

where ks is the convection mass transfer coefficient from solid to liquid in (m/s),
dp is the particle diameter in (m), DH2�H2O is the diffusion coefficient of H2 in liquid
water (m2/s), and Sc is the Schmidt number. A rough estimation for ks for such
system can be found in Table 5.
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another experiment, the effect of liquid volume is investigated by varying catalyst

Figure 4.
(a) Effect of stirring rate on photocatalytic hydrogen evolution with methanol as sacrificial agent, with 0.5 wt%
Pt/TiO2, 250 ml deionized water, 2 ml methanol, (■) 900 rpm and (●) 350 rpm. (b) Observed hydrogen
evolution rates in the gas phase with changing liquid volume, CH3OH/H2O:1/125 (v/v) and Ccatalyst: 1 g/L for
each case. Adapted from [96].

186

Water Chemistry

weight and liquid volumes (keeping the catalyst concentration constant). H2 evolu-
tion rates on an hour basis (μmol H2/h) are found the same regardless of the liquid
volume (or catalyst weight) above 62.5 ml (Figure 4b) as the H2 evolution rate per
gram and hour basis decreased as liquid volume increased. Similar H2 evolution
rates regardless of the catalyst weight indicate significant mass transfer limitations
in the liquid–gas interface.

Mass transfer limitations for different photocatalytic reaction systems are ana-
lyzed by different groups. For immobilized photocatalyst systems, the importance
of internal mass transfer resistance is emphasized [97]. In another investigation,
severe mass transfer limitations are observed in the product separator (liquid–gas
interface) for a fluidized bed/separator system, in which modification of the liquid–
gas surface area enhanced the H2 evolution rates by 350% [98].

To prevent mass transfer limitations in the photocatalytic tests and to report actual
kinetic rates; stirring rates, liquid levels, and mass transfer areas should be designed
carefully. To design these parameters, approximate mass transfer rates should be
known. Here, we present a sample calculation for H2 mass transfer rate in a slurry
reactor containing 0.5 g TiO2 photocatalyst having a surface area of 40 m2/g inside an
agitated glass reactor having 200 ml liquid volume and a tank diameter of 7 cm.

Mass transfer resistances in a gas–liquid–solid multiphase photocatalytic systems
involve the internal mass transfer, mass transfer from the solid catalyst particles to
liquid (Eq. 6), transfer from the liquid bulk to the liquid interface (Eq. 7), and
transfer from the liquid–gas interface to the gas phase (Eq. 8). Photocatalysts such
as perovskites and TiO2 are known to be nonporous (unless mesoporous versions
are prepared on purpose [99, 100]) and have surface area values between 5 and
50 m2/g. For nonporous photocatalysts, the internal mass transfer limitations can be
discarded (Eq. 9). Hence, the H2 mass transfer rate equation will have a form
containing the mass transfer resistances from the solid–liquid and liquid–gas inter-
faces as seen in Eq. 8:

rH2,S ¼ ksaS CS � CLð Þ (6)

rH2,L ¼ kLaL CL � CL,ið Þ (7)

rH2,G ¼ kGaG CG,i � CGð Þ (8)

rH2 ¼
CH2,s �HCH2,g

1
ksaS

þ 1
kLaL

þ H
kGaG

� � (9)

The mass transfer limitations coming from the solid–liquid and liquid–gas inter-
faces may play important role depending on the photocatalytic reactor type. The
most often used photocatalytic reactor systems such as slurry reactors have solid–
liquid and liquid–gas phase interfaces that suspend its catalysts by agitation using an
impeller or a magnetic stirrer. The convection mass transfer coefficient for solid–
liquid interface of such a system could be estimated using Eq. 10 suggested by
Armenante and Kirwan for agitated tanks using Kolmogorov’s theory for Reynold’s
number calculation to consider the effect of solid particle size [101]:

Sh ¼ ksdp
DH2�H2O

¼ 2þ 0:52Re 0:52Sc1=3 (10)

where ks is the convection mass transfer coefficient from solid to liquid in (m/s),
dp is the particle diameter in (m), DH2�H2O is the diffusion coefficient of H2 in liquid
water (m2/s), and Sc is the Schmidt number. A rough estimation for ks for such
system can be found in Table 5.
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The creation of air/inert bubbles in the continuous phase (water) due to agita-
tion could be considered as the transfer mechanism of produced H2 from the liquid
phase to the gas phase. In such systems, comparing the mass transfer resistance
from liquid to interface and interface to gas, it can be assumed that nearly all of the
mass transfer resistance comes from the liquid side of the interface [102], leaving
Eq. 9 as Eq. 11:

rH2 ¼ CH2,s � CH2,Li

1
ksaS

þ 1
kLaL

� � (11)

The liquid side mass transfer coefficient for such a system could then be calcu-
lated using Calderbank and Moo-Young correlation for rising small bubbles of gas in
continuous liquid phase (Eq. 12) [103]:

Sh ¼ kLdb
DH2�H2O

¼ 2þ 0:31Ra1=3 where Ra ¼ d3b ρL � ρGð Þg
μLDH2�H2O

(12)

The first term on Eq. 12 is the molecular diffusion term, whereas the second
term is for the rise of the bubbles due to gravitational forces independent of the
agitation. With estimations on the bubble size and gas holdup of such a system
(given in Table 6), the mass transfer coefficient and kLaL term are calculated to be
2.5 � 10�4 m/s and 2.2 � 10�6 m3/s, rendering liquid–gas mass transfer resistance
way more important than solid–liquid resistance.

The overall mass transfer coefficient and the mass transfer rate from solid to the
gas phase can be calculated with the estimated ksaS and kLaL values. As the concen-
tration of H2 in the gas phase will be negligible (CG�0), the liquid phase interface
can also be assumed to be equal to zero (CH2,Li�0) with negligible gas phase
resistance. Therefore, from Eq. 11, the rate of H2 mass transfer can be calculated by
assuming H2 concentration at the catalyst surface and the gas holdup ratio in the
liquid. The rate of H2 mass transfer values for 200 ml of water and 0.5 g of catalyst

Parameter Unit Value

Particle size, dp μm 1

Density of water, ρL kg/m3 997 at 25°C

Viscosity of water, μL Pa s 890 � 10�6 at 25°C

Kinematic viscosity, ν m2/s 8.93 � 10�7

Schmidt number Sc ¼ ν=DH2�H2O

� �
141

Energy density, ε ¼ Power
mass of liquid

m2/s3 25 for 5 W stirrer, 200 g solution

Reynold’s number Re ¼ ε1=3dp
4=3
=ν

� �
0.033

Sherwood number, Sh ¼ ksdp
DH2�H2O

¼ 2þ 0:52Re 0:52Sc1=3 2.46

Diffusion coefficient of H2 in water m2/s 6.30*10�9 at 25 °C

Convection mass transfer coefficient for solid, ks m/s 0.015

ksaS m3/s 0.31

Table 5.
Convection mass transfer coefficient calculation for solid–liquid transfer and parameters used in the
calculation.
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are calculated in the range of �200–8000 μmol/h (see Figure 5) for a surface H2

adsorption capacity range of 50–400 μmol/g (H2 chemisorption on 0.1% Pt/TiO2 is
reported to be �400 μmol/g at room temperature [104]) and gas holdup ratio
between 0.001 and 0.005.

The H2 concentration on the solid surface and the gas–liquid contact area are not
easy to estimate. However, for the limited gas–liquid area, the photocatalytic reac-
tion rates above the calculated mass transfer rate will be suppressed due to the
limiting mass transfer rates. Therefore, special care must be given for the UV-
irradiated photocatalytic systems, in which observed H2 and O2 evolution rates are
found to be close to the calculated mass transfer rates here (see Table 1).

These studies show that for each type of photocatalytic system that contains
limited gas–liquid contact area or immobilized photocatalyst, mass transfer limita-
tions should not be underestimated, and not only the materials but also the systems
should be improved for better photocatalytic efficiencies.

Parameter Unit Value

Bubble size, db μm 700

Density of water, ρL kg/m3 997 at 25°C

Density of air, ρG kg/m3 1.18 at 25°C

Viscosity of water, μL Pa s 890 � 10�6 at 25°C

Raleigh number Ra ¼ d3b ρL�ρGð Þg
μLDH2�H2O

� �
5.97 � 105

Sherwood number, Sh ¼ kLdb
DH2�H2O

¼ 2þ 0:31Ra1=3 28.1

Diffusion coefficient of H2 in water m2/s 6.3 � 10�9 at 25°C

Convection mass transfer coefficient for liquid, kL m/s 2.5 � 10�4

Liquid–gas bubble contact area, aL ¼ 6VG
db

¼
6ϕ
db
VL where ϕ ¼ VG=VL

m2 0.008 (gas holdup, ϕ, assumed to be
0.005)

kLaL m3/s 2.2 � 10�6

Table 6.
Convection mass transfer coefficient calculation for liquid–gas transfer and parameters used in the calculation.

Figure 5.
Calculated H2 mass transfer rate values (μmol H2/h) for gas holdup values of 0.001 and 0.005 and H2
adsorption capacity values in the range of 50–400 μmol/g. The liquid volume is taken as 200 ml and catalyst
weight is taken as 0.5 g.
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irradiated photocatalytic systems, in which observed H2 and O2 evolution rates are
found to be close to the calculated mass transfer rates here (see Table 1).

These studies show that for each type of photocatalytic system that contains
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tions should not be underestimated, and not only the materials but also the systems
should be improved for better photocatalytic efficiencies.
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weight is taken as 0.5 g.
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4. Future of photocatalytic H2 evolution

The literature examples of photocatalytic water splitting activities show
improvements in visible light utilization, charge separation, and prevention of
back-oxidation reactions via fine tuning of photocatalyst materials that
enabled more efficient water splitting systems. The efficiency of these systems
working under sunlight is better defined with solar-to-hydrogen energy
conversion efficiency (STH), i.e., hydrogen production rate times the Gibbs
free energy for generating 1 mole of H2 divided by the power of incident
sunlight (Eq. 13):

STH ¼ mmol H2=sð Þ ∗ 237 ∗ 103 J=mol
P mW

cm2

� �
∗A cm2ð Þ � 100 (13)

The estimated STH required for the particulate photocatalytic systems to be
economically compatible with current H2 production technologies is 10% [104].
However, the highest STH values obtained with current developed photocatalysts
are in the order of 1–2% (1.8% at 400–475 nm using Rh/Cr2O3-loaded GaN:Mg/
InGaN:Mg photocatalyst [69] and 2% at 420 nm using CDots-C3N4 [70]). The STH
conversion efficiency depends both on the catalytic activity and the extent of the
utilization of sunlight that depends on the bandgap of the semiconductor. With
current photocatalysts having absorption edges around 500 nm, even 100%
apparent quantum yields would not guarantee 10% STH values [106]. For a
photocatalyst to show 10% STH values, it should have absorption edges at least at
600 nm with apparent quantum yields around 60%. Under the light of these
calculations, it can be said that the present photocatalysts having adsorption edge
values around 450 nm and quantum yields around 10% are far from being utilized
in commercial systems. In order to achieve targeted STH values, the photocatalysts
with lower bandgap energies such as (oxy)nitrides and (oxy)sulfides should be
improved for H2 evolution activities while ensuring their thermal stability and
photostability.

Large-scale photocatalytic water splitting reactors are implemented with current
low STH values as of 2015. The first example of large-scale photocatalytic water
splitting utilized Pt-loaded C3N4 photocatalyst with sacrificial electron donor
triethanolamine in a flat-panel-type photocatalytic reactor system in 2015 [107].
The solar-to-hydrogen conversion efficiency is reported to be 0.12%, for which
the photocatalytic activity is monitored for 30 days. In such systems, where a
sacrificial reagent such as triethanolamine or methanol is irreversibly oxidized at a
more negative potential than water (thermodynamically more favorable) at the
oxidation centers, the photo-generated charges can be more efficiently separated,
thus increasing H2 evolution rates. However, in those systems, hydrogen
production is not solely due to the water splitting; as the carbon- and hydrogen-
containing “sacrificial agents” are being oxidized at the oxidation centers,
they produce hydrogen as well as aldehydes, carboxylic acid, and carbon
dioxide [108].

Another large-scale photoreactor is reported by Domen et al., who used Al-
doped and RhCrOx-loaded SrTiO3 photocatalyst sheets in their 1 � 1 m water
splitting panel [45]. The achieved STH value under simulated sunlight is 0.6% at
331 K and limited to a maximum value of 1.4% due to the large bandgap energy of
the photocatalyst (3.2 eV). Improved STH values (reaching 1.1%) are shown to be
possible on a two-step excitation system in 2016 using photocatalyst sheets having
smaller bandgap energy values such as Mo-doped BiVO4 (2.4 eV) and La- and Rh-
doped SrTiO3 [5].
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5. Conclusion

The developments in the photocatalytic water splitting reactions are explained
here with the emphasis on the one-step photocatalysis systems. The early
photocatalyst improvements with bandgap engineering, co-catalyst usage, and size
reductions are shown to contribute to the increased visible light-driven H2 evolution
activity values. The main drawbacks in the present systems are discussed to be the
charge recombination, back-oxidation reactions of the products into water, and
mass transfer limitations especially in the three-phase systems. Using defect-free
small crystals of photocatalysts and making use of phase junctions or metal co-
catalysts are suggested to decrease charge recombination rates. Back-oxidation of
H2 into water or oxygen reduction reaction to water is expected in many noble
metal-containing particulate photocatalyst systems. The prevention of these
unwanted secondary reactions is shown to be possible to some extent by modifica-
tion of the noble metal surfaces. Some examples of these modifications are anion
coating, partial adsorption of a poison, or nanolayer coating of the co-catalyst or the
whole photocatalyst. Selective permeation property of the nanolayer coatings such
as Cr2O3 is reported to suppress the back-oxidation rates, resulting in enhanced H2

and O2 evolution rates. Possible mass transfer limitations, limiting the observed
rates in three-phase systems, are predicted especially in the liquid–gas interfaces.
The literature examples attracted attention for the liquid–gas interfaces in
suspended systems and internal mass transfer limitations for the immobilized
photocatalyst systems. It is concluded that, in addition to the required develop-
ments in activities with suppression of charge recombination, back-oxidation, and
mass transfer limitations, future of the photocatalytic systems would necessitate
active and stable photocatalysts with narrower bandgap energies (to be activated at
>600 nm) for achieving targeted 10% solar-to-hydrogen energy conversion
efficiency value.
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Water Splitting Electrocatalysis 
within Layered Inorganic 
Nanomaterials
Mario V. Ramos-Garcés, Joel Sanchez, Isabel Barraza Alvarez, 
Yanyu Wu, Dino Villagrán, Thomas F. Jaramillo  
and Jorge L. Colón

Abstract

The conversion of solar energy into chemical fuel is one of the “Holy Grails” of 
twenty-first century chemistry. Solar energy can be used to split water into oxygen 
and protons, which are then used to make hydrogen fuel. Nature is able to catalyze 
both the oxygen evolution reaction (OER) and the hydrogen evolution reaction 
(HER) required for the conversion of solar energy into chemical fuel through 
the employment of enzymes that are composed of inexpensive transition metals. 
Instead of using expensive catalysts such as platinum, cheaper alternatives (such 
as cobalt, iron, or nickel) would provide the opportunity to make solar energy 
competitive with fossil fuels. However, obtaining efficient catalysts based on earth-
abundant materials is still a daunting task. In this chapter, we review the advance-
ments made with zirconium phosphate (ZrP) as a support for earth-abundant 
transition metals for the OER. Our studies have found that ZrP is a suitable support 
for transition metals as it provides an accessible surface where the OER can occur. 
Further findings have also shown that exfoliation of ZrP increases the availability of 
sites where active species can be adsorbed and performance is improved with this 
strategy.

Keywords: water splitting, electrocatalysis, zirconium phosphate, inorganic 
nanomaterials, oxygen evolution

1. Introduction

Global energy consumption is projected to increase drastically in the coming 
decades [1]. To meet this demand, it is estimated that there are 1000–2000 years 
of fossil fuel resources [2]. Nonetheless, while fossil fuels could meet this huge 
demand of energy, CO2 emissions from these resources would contribute to the 
recognized danger of climate change by increasing anthropogenic carbon emissions 
to the atmosphere. This motivates the development of sustainable energy produc-
tion technologies, including fuel production, using solar energy in a process that has 
been called artificial photosynthesis. However, there are large scientific and techni-
cal challenges involved in these schemes.
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One promising scheme for this purpose is the use of hydrogen as a fuel. 
Hydrogen has the largest energy density over any other fuel and it is the most 
abundant molecule in the universe. Hydrogen’s energy density is 120 MJ/kg, more 
than twice than that of natural gas and almost three times higher than petroleum 
[3]. The problem with hydrogen is that even though it is very abundant, it is hard 
to obtain in pure form since it readily reacts with other substances and it is mostly 
found in compounds. Currently, ~96% of hydrogen is produced from fossil fuels 
with the steam methane reforming process [4]. Thus, methods for producing 
hydrogen from hydrogen-containing resources like biomass and water need to 
be more environmentally friendly and economical in order to substitute current 
methods of hydrogen production [4]. The high interest of hydrogen as a fuel arises 
because this gas is highly flammable, burns cleanly, and the cost of solar-based 
electricity is falling rapidly, including that used for hydrogen production [5]. 
The product of hydrogen combustion is water and energy, making this process 
extremely clean:

   2H  2   (g)  +  O  2   (g)  →  2H  2   O (g)  ∆H = − 286 kJ / mol  

Out of all energy resources, solar energy is the most abundant, but it is an inter-
mittent resource [6]. Therefore, to effectively use solar energy, we must convert 
and store it. One way to store this energy is in the form of chemical fuels, such as 
hydrogen. The idea is to split water in its components (hydrogen and oxygen) with 
the help of solar energy since 4.92 eV is stored when two water molecules are split 
[7]. This approach to store energy in the form of chemical bonds (a process that 
mimics the natural photosynthetic process) is called artificial photosynthesis. An 
example of artificial photosynthesis is the process occurring in a solar fuel cell. In 
such cells water is split using sunlight as the energy source. This reaction involves 
two separate redox reactions, one being the oxidation of water to produce oxygen 
and protons (a 4-electron process) and the other one is the reduction of protons to 
form dihydrogen:

  Water oxidation :  2H  2   O →  O  2   +  4H   +  +  4e   −   (Oxygen evolution reaction, OER) .  

  Proton reduction :  2H   +  +  2e   −  →  H  2    (Hydrogen evolution reaction, HER) .  

Electrochemical water splitting can be achieved by using devices that can 
harvest the sun’s energy. The two main configurations of these devices consist of 
(1) a photovoltaic (PV) device connected to a separate electrolyzer with catalysts 
that drive the necessary half reactions (PV/electrolysis) and (2) a fully integrated 
system where the catalysts are deposited on top of the light absorbing materi-
als (photoelectrochemical, PEC devices) [8]. The efficiency of these devices is 
calculated based on the solar-to-hydrogen (STH) or solar-to-fuel (STF) effi-
ciency, which is defined as the amount of chemical energy produced in the form 
of fuel divided by the solar energy input, with no external bias applied [9]. High 
STH efficiencies are desired as it has been proved that it is the factor with the 
biggest impact on the final cost of the fuel produced on any of these systems [8]. 
Although, other factors such as stability and material cost are also important for 
the final cost of the fuel.

Theoretical efficiencies calculated using combinations of published catalysts 
for the OER and the HER in a PEC device show that the STH efficiencies are far 
lower than the maximum thermodynamically achievable efficiency of 41% [8]. 
This highlights the need to develop more active catalysts, especially for the OER 
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as it is the main cause of energy loss in the form of kinetic overpotentials during 
fuel production. Furthermore, to bring these technologies towards economi-
cal implementation, it is of much importance to continually improve device 
performance. Besides, benchmarking studies have shown that catalyst stability 
is also a major issue as the reactions are mostly carried in harsh chemical condi-
tions, especially in very high or low pH [10–12]. Recently, density functional 
theory (DFT) calculations have shown that performing the OER in a confined 
nanoscopic environment improves the electrochemistry of the reaction by 
lowering the overpotential and increasing the catalytic efficiency by 10% [13]. 
These theoretical results were modeled on a layered RuO2 system and attributed 
the improvement in activity to interactions of intermediates with the opposite 
surface of the metal oxide. There is evidence that encapsulation of catalysts 
can lead to improvements on selectivity and activity for a variety of reac-
tions, including water oxidation [14–17]. This motivated us to use the layered 
compound zirconium phosphate (ZrP) as a support for active OER catalysts to 
mimic an environment that theoretical works have modeled. We want to target 
the issues presented by OER catalysts by developing catalytic systems based on 
ZrP nanomaterials with the goal of optimizing efficiencies of future solar water 
splitting devices.

1.1 Zirconium phosphates

Zirconium phosphates are part of the group of water-insoluble phosphates of 
tetravalent metals containing layered structures. Zirconium bis(monohydrogen 
orthophosphate) monohydrate (Zr(O3POH)2·H2O, α-ZrP) is the most exten-
sively studied phase of ZrP. α-ZrP has an interlayer distance of 7.6 Å with a layer 
thickness of 6.6 Å (Figure 1a and b) [18]. α-ZrP has a structure in which the 
zirconium atoms in each layer align nearly to a plane with bridging phosphate 
groups located alternately above and below the metal atom plane [19]. Three 
oxygen atoms of the phosphate group bond to three different Zr4+ and each Zr4+ 
ion coordinates with oxygens from six different phosphate groups [19]. The 
fourth oxygen from the phosphate group, which has a proton, points towards 
the interlayer region and the surface of the nanoparticles. This proton can be 
exchanged with cations or molecules. The structure of α-ZrP contains a zeolitic 
cavity in the interlayer region with a diameter of 2.61 Å that is occupied by a 
water molecule [20, 21].

Figure 1. 
(a) The structure of α-ZrP. (b) Polyhedral model of the structure of α-ZrP.
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One promising scheme for this purpose is the use of hydrogen as a fuel. 
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Out of all energy resources, solar energy is the most abundant, but it is an inter-
mittent resource [6]. Therefore, to effectively use solar energy, we must convert 
and store it. One way to store this energy is in the form of chemical fuels, such as 
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and protons (a 4-electron process) and the other one is the reduction of protons to 
form dihydrogen:

  Water oxidation :  2H  2   O →  O  2   +  4H   +  +  4e   −   (Oxygen evolution reaction, OER) .  
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(1) a photovoltaic (PV) device connected to a separate electrolyzer with catalysts 
that drive the necessary half reactions (PV/electrolysis) and (2) a fully integrated 
system where the catalysts are deposited on top of the light absorbing materi-
als (photoelectrochemical, PEC devices) [8]. The efficiency of these devices is 
calculated based on the solar-to-hydrogen (STH) or solar-to-fuel (STF) effi-
ciency, which is defined as the amount of chemical energy produced in the form 
of fuel divided by the solar energy input, with no external bias applied [9]. High 
STH efficiencies are desired as it has been proved that it is the factor with the 
biggest impact on the final cost of the fuel produced on any of these systems [8]. 
Although, other factors such as stability and material cost are also important for 
the final cost of the fuel.

Theoretical efficiencies calculated using combinations of published catalysts 
for the OER and the HER in a PEC device show that the STH efficiencies are far 
lower than the maximum thermodynamically achievable efficiency of 41% [8]. 
This highlights the need to develop more active catalysts, especially for the OER 
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as it is the main cause of energy loss in the form of kinetic overpotentials during 
fuel production. Furthermore, to bring these technologies towards economi-
cal implementation, it is of much importance to continually improve device 
performance. Besides, benchmarking studies have shown that catalyst stability 
is also a major issue as the reactions are mostly carried in harsh chemical condi-
tions, especially in very high or low pH [10–12]. Recently, density functional 
theory (DFT) calculations have shown that performing the OER in a confined 
nanoscopic environment improves the electrochemistry of the reaction by 
lowering the overpotential and increasing the catalytic efficiency by 10% [13]. 
These theoretical results were modeled on a layered RuO2 system and attributed 
the improvement in activity to interactions of intermediates with the opposite 
surface of the metal oxide. There is evidence that encapsulation of catalysts 
can lead to improvements on selectivity and activity for a variety of reac-
tions, including water oxidation [14–17]. This motivated us to use the layered 
compound zirconium phosphate (ZrP) as a support for active OER catalysts to 
mimic an environment that theoretical works have modeled. We want to target 
the issues presented by OER catalysts by developing catalytic systems based on 
ZrP nanomaterials with the goal of optimizing efficiencies of future solar water 
splitting devices.

1.1 Zirconium phosphates

Zirconium phosphates are part of the group of water-insoluble phosphates of 
tetravalent metals containing layered structures. Zirconium bis(monohydrogen 
orthophosphate) monohydrate (Zr(O3POH)2·H2O, α-ZrP) is the most exten-
sively studied phase of ZrP. α-ZrP has an interlayer distance of 7.6 Å with a layer 
thickness of 6.6 Å (Figure 1a and b) [18]. α-ZrP has a structure in which the 
zirconium atoms in each layer align nearly to a plane with bridging phosphate 
groups located alternately above and below the metal atom plane [19]. Three 
oxygen atoms of the phosphate group bond to three different Zr4+ and each Zr4+ 
ion coordinates with oxygens from six different phosphate groups [19]. The 
fourth oxygen from the phosphate group, which has a proton, points towards 
the interlayer region and the surface of the nanoparticles. This proton can be 
exchanged with cations or molecules. The structure of α-ZrP contains a zeolitic 
cavity in the interlayer region with a diameter of 2.61 Å that is occupied by a 
water molecule [20, 21].

Figure 1. 
(a) The structure of α-ZrP. (b) Polyhedral model of the structure of α-ZrP.



Water Chemistry

204

1.2 Intercalation of guest species into ZrP

Intercalation is defined as the reversible insertion of guest species into a lamel-
lar host structure with maintenance of the structure features of the host [22]. For 
α-ZrP, the direct intercalation of small cations is possible if they are smaller than 
2.61 Å, but for larger cations and molecules intercalation is not significant and/or 
these species are exchanged at very slow rates [23–26]. To circumvent this problem, 
α-ZrP pre-intercalated phases with sodium ions or n-butylammonium (both pro-
duce expanded phases) are commonly used as precursors to intercalate the intended 
guest species. One problem that arises with this method is that the pre-intercalated 
species do not necessarily exchange completely with the intended guest, thus 
becoming a contaminant in the intercalation product.

Martí and Colón developed a new direct intercalation method that does not 
require a pre-intercalation step using a highly hydrated phase of zirconium phos-
phate, θ-ZrP [27]. θ-ZrP maintains the α-ZrP-type layered structure (Figure 2) but 
has an interlayer distance of 10.4 Å and has six water molecules per formula unit, in 
contrast with α-ZrP that only has one [28]. Zirconium bis(monohydrogen ortho-
phosphate) hexahydrate (θ-ZrP) converts back to α-ZrP when it dehydrates. X-ray 
powder diffraction (XRPD) can be used to distinguished between both ZrP phases. 
When θ-ZrP is dried, producing α-ZrP, the first diffraction peak at 2θ = 8.6° which 
corresponds to the 002-plane reflection of ZrP and that of the interlayer distance, 
shifts towards 11.6°; the angle corresponding to an interlayer distance of 7.6 Å, 
characteristic of α-ZrP (Figure 3). For this reason, if a dry intercalation product is 
analyzed by XRPD and the first diffraction peak corresponds to a distance greater 
than 7.6 Å, this indicates that the intercalation reaction was successful [29]. One of 
three possible patterns can be observed by XRPD for intercalation products of ZrP; 
either (i) a pattern with a peak corresponding to a larger interlayer spacing at lower 
2θ values than 11.6° indicates that the intercalant was introduced into the interlayer, 
(ii) a pattern with two distinct peaks, one at 2θ = 11.6° and one that appears at lower 

Figure 2. 
The structure of θ-ZrP.
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2θ values than 11.6° indicates that a mixed phase is present [30], and (iii) a pattern 
with no change in the reference peak, indicating that the intercalant species did not 
intercalate and is adsorbed on the outer surface of the layered structure or that is 
not present at all.

ZrP has been used for the intercalation of several photo-, bio- and redox-active 
compounds for a wide variety of applications including artificial photosynthesis, 
amperometric biosensors, and drug delivery [27, 30–42]. Even though ZrP has 
previously been studied for catalysis [43–47], membrane composites for proton 
exchange water electrolyzers [48–52], and as additive for catalytic layers for OER 
in order to protect metal oxide catalysts [53], our work is, to the best of our knowl-
edge, the first time ZrP is used as an inorganic support for catalysts for the OER.

1.3 Chemical exfoliation of ZrP nanoparticles

The process of separating the layers of a layered material is known as exfoliation. 
This process has been extensively studied for a myriad of layered materials and the 
two-dimensional materials (2D) that result have been shown to have several advan-
tages over their bulk systems [54]. α-ZrP has been successfully exfoliated through 
a variety of methods [55–58], and its nanosheets used for different applications 
[59–62]. The main strategy for ZrP exfoliation consists on the intercalation of small 
amines with positive charges that can easily displace the protons from the phosphate 
groups in an acid-base reaction and enter the interlayer space. If a high enough con-
centration of these amines is used, an amine double layer will form in the interlayer 
space, leading to exfoliation due to cation-cation repulsions (Figure 4) [56].

One of the most highly used amines for the exfoliation of ZrP is tetra-n-butyl-
ammonium hydroxide (TBA+OH−). If TBA+OH− is used, the exfoliated material will 
consist of single nanosheets of ZrP suspended with TBA+ attached to them. This 
reaction is temperature sensitive as it has been found that that hydrolysis of the ZrP 
edges occurs due to the OH− ions. However, the rate of hydrolysis of ZrP during 
exfoliation with TBA+OH− at 0 °C is essentially zero [58]. If the exfoliated material 

Figure 3. 
XRPD patterns of α-ZrP (black) and θ-ZrP (red).
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phate, θ-ZrP [27]. θ-ZrP maintains the α-ZrP-type layered structure (Figure 2) but 
has an interlayer distance of 10.4 Å and has six water molecules per formula unit, in 
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analyzed by XRPD and the first diffraction peak corresponds to a distance greater 
than 7.6 Å, this indicates that the intercalation reaction was successful [29]. One of 
three possible patterns can be observed by XRPD for intercalation products of ZrP; 
either (i) a pattern with a peak corresponding to a larger interlayer spacing at lower 
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2θ values than 11.6° indicates that a mixed phase is present [30], and (iii) a pattern 
with no change in the reference peak, indicating that the intercalant species did not 
intercalate and is adsorbed on the outer surface of the layered structure or that is 
not present at all.

ZrP has been used for the intercalation of several photo-, bio- and redox-active 
compounds for a wide variety of applications including artificial photosynthesis, 
amperometric biosensors, and drug delivery [27, 30–42]. Even though ZrP has 
previously been studied for catalysis [43–47], membrane composites for proton 
exchange water electrolyzers [48–52], and as additive for catalytic layers for OER 
in order to protect metal oxide catalysts [53], our work is, to the best of our knowl-
edge, the first time ZrP is used as an inorganic support for catalysts for the OER.

1.3 Chemical exfoliation of ZrP nanoparticles

The process of separating the layers of a layered material is known as exfoliation. 
This process has been extensively studied for a myriad of layered materials and the 
two-dimensional materials (2D) that result have been shown to have several advan-
tages over their bulk systems [54]. α-ZrP has been successfully exfoliated through 
a variety of methods [55–58], and its nanosheets used for different applications 
[59–62]. The main strategy for ZrP exfoliation consists on the intercalation of small 
amines with positive charges that can easily displace the protons from the phosphate 
groups in an acid-base reaction and enter the interlayer space. If a high enough con-
centration of these amines is used, an amine double layer will form in the interlayer 
space, leading to exfoliation due to cation-cation repulsions (Figure 4) [56].

One of the most highly used amines for the exfoliation of ZrP is tetra-n-butyl-
ammonium hydroxide (TBA+OH−). If TBA+OH− is used, the exfoliated material will 
consist of single nanosheets of ZrP suspended with TBA+ attached to them. This 
reaction is temperature sensitive as it has been found that that hydrolysis of the ZrP 
edges occurs due to the OH− ions. However, the rate of hydrolysis of ZrP during 
exfoliation with TBA+OH− at 0 °C is essentially zero [58]. If the exfoliated material 

Figure 3. 
XRPD patterns of α-ZrP (black) and θ-ZrP (red).
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is dried, restacking of the layers occurs with a new expanded phase of 16.8 Å 
corresponding to TBA+ intercalated in ZrP [63]. The TBA+ cations can be displaced 
with another cationic species if the latter is put in contact with a suspension of 
the exfoliated ZrP nanoparticles. Hence, if the desired material is the exfoliated 
nanosheets with their phosphate groups protonated, then a follow up reaction with 
an acid can be performed [60].

2. Metal-modified ZrP based electrocatalysts for the OER

To facilitate the economic viability of water splitting, the efficiency of electro-
lyzers must be improved by addressing the overpotential losses associated with the 
sluggish OER kinetics. To this end, recent studies have focused on developing cata-
lysts materials using earth-abundant transition metals [64]. Significant research 
has been devoted to improving OER electrocatalysts by using a wide variety of 
strategies that either increase the intrinsic activity of active sites or by increasing 
the number of them [65]. One general strategy that has been effective is to support 
active materials onto supports that engender improved performance [65–68]. ZrP 
properties make it a potential candidate as a support for active OER catalysts. Its 
ability to confine catalysts, high thermal stability, stability under a wide range of pH 
values, and its overall robustness are all desired for an ideal support. In our work, 
we intercalated the earth-abundant transition metal cations Fe2+, Fe3+, Co2+, and 
Ni2+ into ZrP and assessed these composite materials as OER electrocatalysts [69].

2.1 Metal-intercalated and surface adsorbed ZrP systems

To intercalate the desired transition metals, a suspension of θ-ZrP must be 
mixed with a solution of the metal salt precursor and left stirring for 5 days so that 
ion-exchange reaches equilibrium. To optimize metal loading for improved catalysis 
performance, we synthetized these composite materials with several synthesis 
metal salt:ZrP molar ratios (10:1, 5:1, 3:1, 1:1, 1:3, 1:5, 1:10, and 1:20 M:ZrP). A 
stepwise process is expected as a function of intercalant solution molarity; the 
intercalation reaction initiates from the edges of the particle and proceeds by 
diffusion of the metal cations towards the interior of the interlayer sheets [70]. The 
XRPD patterns (Figure 5a) for all four metal samples show that the first diffraction 
peak of ZrP is shifted to lower 2θ angles, indicating larger interlayer distances and 
successful intercalation. Increasing the M:ZrP molar ratios results in peak broaden-
ing and shifting in all samples indicating a more mixed phase is present and that the 

Figure 4. 
Schematic drawing of the ZrP exfoliation process with TBA+.
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layered structure has not achieved its maximum cation loading within the inter-
layer. However, at the highest loadings (i.e., 1:1–10:1 molar ratios), the original peak 
at 2θ = 11.6° disappeared, and a new peak emerged at significantly lower values of 
2θ, reaching a final value indicative of the maximum interlayer distance for that 
particular metal cation intercalated within ZrP. As expected, +2 cations produced 
intercalated products with the first diffraction peak at lower angles than those pro-
duced by +3 cations. Compared to α-ZrP, the maximum interlayer distance increase 
observed for +2 cations was 2 Å, while for +3 cations it was 0.6 Å (Figure 5b). This 
difference in the increase in interlayer distance between the divalent and trivalent 
metal cations can be attributed to the difference electrostatic forces within the 
layers, consistent with Coulomb’s Law. Trivalent cations produced a smaller increase 
because of a stronger electrostatic attraction between the metal cation and the 
negatively charged ZrP layers.

Ion-exchange in ZrP occurs at the Brönsted acid groups (P-OH) which are also 
present at the surface of the nanoparticles. Hence, there is no way of preventing 
that the metal cations get adsorbed to the surface. To obtain more insights into the 
nature of the activity of the samples, a metal-modified ZrP system in which the 
metals are only adsorbed onto the surface of the nanoparticles was also prepared. 
To prepare these samples, α-ZrP must be used as the ZrP source as the metal cations 
are large enough to not intercalate into the interlayer. XRPD data shows that the 
interlayer distance of these dry sample remains that of α-ZrP, 7.6 Å (Figure 5b). 
The presence of the metals in these systems was confirmed by high resolution X-ray 
photoelectron spectroscopy (XPS). XPS was also used to determine the atomic 
concentration on both metal-modified ZrP systems, intercalated and adsorbed [69]. 
Due to the uptake of metal cations within the much larger area of the interlayers 
of ZrP rather than solely on the surface in the adsorbed case, XPS high resolution 
scans show that intercalated ZrP systems have higher atomic metal content when 
compared to adsorbed systems at similar M:ZrP ratios.

Another useful tool to characterize ZrP systems is Fourier transform 
infrared spectroscopy (FT-IR). α-ZrP has four characteristic bands associated 

Figure 5. 
(a) XRPD patterns for Fe(II), Fe(III), Co(II), and Ni(II)-intercalated ZrP at (from top to bottom) 10:1, 
5:1, 3:1, 1:1, 1:3, 1:5, 1:10, and 1:20 M:ZrP molar ratios. The bottom diffraction pattern in all frames is that of 
pure α-ZrP; (b) interlayer distance as a function of M:ZrP molar ratio for the various metal-intercalated ZrP 
materials. Metal-adsorbed systems are represented as dashed lines which have an exact interlayer spacing as 
pure α-ZrP indicating that metal intercalation did not occur. Taken from reference [69].
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is dried, restacking of the layers occurs with a new expanded phase of 16.8 Å 
corresponding to TBA+ intercalated in ZrP [63]. The TBA+ cations can be displaced 
with another cationic species if the latter is put in contact with a suspension of 
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nanosheets with their phosphate groups protonated, then a follow up reaction with 
an acid can be performed [60].
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ability to confine catalysts, high thermal stability, stability under a wide range of pH 
values, and its overall robustness are all desired for an ideal support. In our work, 
we intercalated the earth-abundant transition metal cations Fe2+, Fe3+, Co2+, and 
Ni2+ into ZrP and assessed these composite materials as OER electrocatalysts [69].

2.1 Metal-intercalated and surface adsorbed ZrP systems

To intercalate the desired transition metals, a suspension of θ-ZrP must be 
mixed with a solution of the metal salt precursor and left stirring for 5 days so that 
ion-exchange reaches equilibrium. To optimize metal loading for improved catalysis 
performance, we synthetized these composite materials with several synthesis 
metal salt:ZrP molar ratios (10:1, 5:1, 3:1, 1:1, 1:3, 1:5, 1:10, and 1:20 M:ZrP). A 
stepwise process is expected as a function of intercalant solution molarity; the 
intercalation reaction initiates from the edges of the particle and proceeds by 
diffusion of the metal cations towards the interior of the interlayer sheets [70]. The 
XRPD patterns (Figure 5a) for all four metal samples show that the first diffraction 
peak of ZrP is shifted to lower 2θ angles, indicating larger interlayer distances and 
successful intercalation. Increasing the M:ZrP molar ratios results in peak broaden-
ing and shifting in all samples indicating a more mixed phase is present and that the 
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layered structure has not achieved its maximum cation loading within the inter-
layer. However, at the highest loadings (i.e., 1:1–10:1 molar ratios), the original peak 
at 2θ = 11.6° disappeared, and a new peak emerged at significantly lower values of 
2θ, reaching a final value indicative of the maximum interlayer distance for that 
particular metal cation intercalated within ZrP. As expected, +2 cations produced 
intercalated products with the first diffraction peak at lower angles than those pro-
duced by +3 cations. Compared to α-ZrP, the maximum interlayer distance increase 
observed for +2 cations was 2 Å, while for +3 cations it was 0.6 Å (Figure 5b). This 
difference in the increase in interlayer distance between the divalent and trivalent 
metal cations can be attributed to the difference electrostatic forces within the 
layers, consistent with Coulomb’s Law. Trivalent cations produced a smaller increase 
because of a stronger electrostatic attraction between the metal cation and the 
negatively charged ZrP layers.

Ion-exchange in ZrP occurs at the Brönsted acid groups (P-OH) which are also 
present at the surface of the nanoparticles. Hence, there is no way of preventing 
that the metal cations get adsorbed to the surface. To obtain more insights into the 
nature of the activity of the samples, a metal-modified ZrP system in which the 
metals are only adsorbed onto the surface of the nanoparticles was also prepared. 
To prepare these samples, α-ZrP must be used as the ZrP source as the metal cations 
are large enough to not intercalate into the interlayer. XRPD data shows that the 
interlayer distance of these dry sample remains that of α-ZrP, 7.6 Å (Figure 5b). 
The presence of the metals in these systems was confirmed by high resolution X-ray 
photoelectron spectroscopy (XPS). XPS was also used to determine the atomic 
concentration on both metal-modified ZrP systems, intercalated and adsorbed [69]. 
Due to the uptake of metal cations within the much larger area of the interlayers 
of ZrP rather than solely on the surface in the adsorbed case, XPS high resolution 
scans show that intercalated ZrP systems have higher atomic metal content when 
compared to adsorbed systems at similar M:ZrP ratios.

Another useful tool to characterize ZrP systems is Fourier transform 
infrared spectroscopy (FT-IR). α-ZrP has four characteristic bands associated 
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5:1, 3:1, 1:1, 1:3, 1:5, 1:10, and 1:20 M:ZrP molar ratios. The bottom diffraction pattern in all frames is that of 
pure α-ZrP; (b) interlayer distance as a function of M:ZrP molar ratio for the various metal-intercalated ZrP 
materials. Metal-adsorbed systems are represented as dashed lines which have an exact interlayer spacing as 
pure α-ZrP indicating that metal intercalation did not occur. Taken from reference [69].
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with lattice water molecules. These bands appear at ~3600, ~3500, ~3140, and 
~1600 cm−1 [71]. When intercalation occurs, the intercalant species will dis-
place interlayer water molecules. For this reason, bands associated with these 
water vibrational modes showed reduced relative intensity in the intercalated 
materials (Figure 6a). In contrast, metal-adsorbed samples showed very similar 
spectra to that of α-ZrP, with the water bands still present, indicating negligible 
intercalation (Figure 6b). The characteristic orthophosphate group vibrations 
of ZrP are observed in the region of ~1100–950 cm−1 (Figure 6a). Intercalated 
samples show a diminished relative intensity of the shoulder at the left part 
of the orthophosphate group vibrations at ~1050 cm−1 that is attributed to the 
vibration of the exchangeable proton of the phosphate group, which is lost when 
the proton is exchanged by intercalation via ion exchange with other species. For 
metal-adsorbed samples, this vibration is still present indicating once again that 
no intercalation is observed.

2.2 OER electrochemical performance of metal-intercalated and surface 
adsorbed ZrP systems

To determine the activity of our metal-modified ZrP products towards the OER, 
cyclic voltammetry experiments were conducted using a Rotating Disk Electrode 
(RDE) assembly in alkaline electrolyte (0.1 M KOH). The methodology employed 
was according to the benchmarking protocols suggested for OER electrocatalysts 
[10–12]. The primary figure of merit from this data is the overpotential neces-
sary to achieve 10 mA/cm2 (ηj = 10 mA/cm2). The overpotential measured at 10 mA/
cm2 is the potential difference between the potential to achieve 10 mA/cm2 and 
the thermodynamic potential of water oxidation (1.23 V vs. RHE). All samples 
were active for the OER, requiring between 0.5 and 0.7 V of overpotential to reach 
10 mA/cm2, depending on the choice of metal cation, the M:ZrP molar ratio used 
during synthesis, and whether the metal was intercalated into or adsorbed onto 
ZrP. In general, lower overpotentials are observed for the higher M:ZrP molar ratios, 
ascribed to higher metal loadings. Also, OER activities for the metal-adsorbed ZrP 
catalysts are greater than or equal to those of their metal-intercalated counter-
parts at the same loading, as seen by their lower overpotentials (Figure 7). This is 

Figure 6. 
FTIR spectra of (a) intercalated and (b) adsorbed Fe(II), Fe(III), Co(II), and Ni(II) at 10:1 M:ZrP ratio. 
Taken from Ref. [69].
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somewhat surprising as XPS showed that higher metal loadings were achieved in 
the intercalated systems. This suggests that the OER is dominated by catalysis on 
the outer surface of the ZrP supported metal-based systems rather than within the 
layers, which may be limited by mass transport. These results serve as a basis for 
developing improved OER catalyst systems.

2.3 Metal-modified exfoliated ZrP

Our previous finding suggests that ZrP can serve as a support for transition 
metal-based OER catalysts and that the reaction occurs preferentially on the surface 
of the layered ZrP nanoparticles rather than the interlayer space [69]. Based on 
these results, we expected that exposing surface sites through exfoliation of ZrP 
could improve these catalytic systems. With the goal of developing more active 
materials, we prepared exfoliated ZrP nanosheets and modified these exfoliated 
nanoparticles with Co2+ and Ni2+ [72]. These systems underwent reaction at the 
same molar ratio than that of the best performing metal-adsorbed ZrP system 
(10:1 M:ZrP).

ZrP exfoliation was carried out by adding an excess of TBA+OH− in an ice bath 
followed by an acid wash with HCl. To modify the exfoliated ZrP with the transition 
metals, an aqueous suspension of the nanosheets is put in contact with an aqueous 
solution of the metal salt precursor. The XRPD pattern of exfoliated ZrP shows 
the extreme broadening characteristic of successful exfoliation (Figure 8). The 
diffractograms of Co and Ni-modified ZrP nanosheets are very similar to that of 
exfoliated ZrP confirming that no further restacking occurs after metal modifica-
tion (Figure 8). Transmission electron microscopy (TEM) also confirms this as the 
ZrP nanosheets show a fainter contrast when compared with α-ZrP nanoparticles 
which is consistent with its thinner nature, since in TEM areas that contain heavy 
atoms or are thick appear darker (Figure 9a–d). After exfoliation, the nanosheets 
retain the hexagonal shape of α-ZrP and no hydrated zirconia nanoparticles are 
observed decorating the edges of the sheets, indicating that the hydrolysis prone 

Figure 7. 
Electrochemical performance comparison of all four metal systems for adsorbed and intercalated species at 
10 mA/cm2 except for Ni(II) which was compared at 3 mA/cm2. Solid and dashed lines represent intercalated 
and adsorbed metal ZrP systems, respectively. Taken from reference [69].
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edges were preserved by temperature control during the exfoliation reaction and 
that the structure of the layers did not change [58]. This was also confirmed by XPS 
as the P/Zr ratio after exfoliation remains constant at ~2.

Figure 8. 
XRPD patterns of α-ZrP, exfoliated ZrP, and metal-modified exfoliated ZrP samples. Reprinted with 
permission from [72].

Figure 9. 
(a, b) TEM images of α-ZrP nanoparticles. Scale bar: 0.5 and 100 nm, respectively. (c, d) TEM images of 
exfoliated ZrP. Scale bar: 0.5 μm and 100 nm, respectively. Reprinted with permission from [72].
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2.4 OER electrochemical performance of metal-modified exfoliated ZrP 
electrocatalysts

Linear sweep voltammetry (LSV) was used to assess the activity of these exfoli-
ated materials (Figure 10) [72]. OER catalytic currents for the exfoliated materials 
were shifted to lower potentials when compared to their surface adsorbed counter-
parts. The overpotential necessary to reach a current density of 10 mA/cm2 for the 
Co-modified exfoliated nanosheets was 0.450 V, an improvement of 41 mV over the 
surface adsorbed Co material. For the Ni-modified the overpotential necessary to 
reach a current density of 3 mA/cm2 is 0.410 V, an improvement of 181 mV over the 
surface adsorbed Ni material.

To elucidate the nature of the increased activity of the exfoliated materials, we 
determined the intrinsic activity of each catalytic site in both types of systems [72]. 
To construct a mass normalized current plot, we performed inductively plasma-
mass spectrometry (ICP-MS) measurements on our samples to quantify the amount 
of nickel and cobalt metal content in the exfoliated and bulk materials. ICP-MS 
measurements show that the exfoliated samples are substantially better at adsorb-
ing Co and Ni cations, leading to higher loadings than non-exfoliated ZrP. For our 
mass normalized plots, we assumed that all metal content quantified by ICP-MS 

Figure 10. 
Linear sweep voltammograms of (a) Ni(II)/ZrP systems and (b) Co(II)/ZrP systems. Reprinted with 
permission from Ref. [72].

Figure 11. 
Mass normalized catalytic currents for (a) Ni(II)/ZrP systems and (b) Co(II)/ZrP systems. Reprinted with 
permission from Ref. [72].



Water Chemistry

210

edges were preserved by temperature control during the exfoliation reaction and 
that the structure of the layers did not change [58]. This was also confirmed by XPS 
as the P/Zr ratio after exfoliation remains constant at ~2.

Figure 8. 
XRPD patterns of α-ZrP, exfoliated ZrP, and metal-modified exfoliated ZrP samples. Reprinted with 
permission from [72].

Figure 9. 
(a, b) TEM images of α-ZrP nanoparticles. Scale bar: 0.5 and 100 nm, respectively. (c, d) TEM images of 
exfoliated ZrP. Scale bar: 0.5 μm and 100 nm, respectively. Reprinted with permission from [72].

211

Water Splitting Electrocatalysis within Layered Inorganic Nanomaterials
DOI: http://dx.doi.org/10.5772/intechopen.88116

2.4 OER electrochemical performance of metal-modified exfoliated ZrP 
electrocatalysts

Linear sweep voltammetry (LSV) was used to assess the activity of these exfoli-
ated materials (Figure 10) [72]. OER catalytic currents for the exfoliated materials 
were shifted to lower potentials when compared to their surface adsorbed counter-
parts. The overpotential necessary to reach a current density of 10 mA/cm2 for the 
Co-modified exfoliated nanosheets was 0.450 V, an improvement of 41 mV over the 
surface adsorbed Co material. For the Ni-modified the overpotential necessary to 
reach a current density of 3 mA/cm2 is 0.410 V, an improvement of 181 mV over the 
surface adsorbed Ni material.

To elucidate the nature of the increased activity of the exfoliated materials, we 
determined the intrinsic activity of each catalytic site in both types of systems [72]. 
To construct a mass normalized current plot, we performed inductively plasma-
mass spectrometry (ICP-MS) measurements on our samples to quantify the amount 
of nickel and cobalt metal content in the exfoliated and bulk materials. ICP-MS 
measurements show that the exfoliated samples are substantially better at adsorb-
ing Co and Ni cations, leading to higher loadings than non-exfoliated ZrP. For our 
mass normalized plots, we assumed that all metal content quantified by ICP-MS 

Figure 10. 
Linear sweep voltammograms of (a) Ni(II)/ZrP systems and (b) Co(II)/ZrP systems. Reprinted with 
permission from Ref. [72].

Figure 11. 
Mass normalized catalytic currents for (a) Ni(II)/ZrP systems and (b) Co(II)/ZrP systems. Reprinted with 
permission from Ref. [72].



Water Chemistry

212

in the materials were active and accessible to perform OER. Figure 11a and b show 
the LSVs where the OER currents are normalized by the mass of the metal content. 
These exfoliated systems maintain reasonably high intrinsic activity values that, 
when coupled to a significant greater number of active sites leads to higher geomet-
ric activity. We concluded that the enhancement in activity is due to the fact that 
the inner layer surfaces are now more electrochemically accessible [72]. Through 
exfoliation the number of ion-exchange sites increases which increases the number 
of catalytic species that are distributed on the surface of zirconium phosphate, 
therefore giving rise to the improved performance.
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Chapter 12

Strategies in Absorbing Materials
Productivity (H2O) of Renewable
Energy Utilization by a Solar Still
to Enhancement of Water Flowing
over Glass Cover with the
Influence of PCM and
Nanoparticles
S. Shanmugan

Abstract

The solar thermal applications existing to investigative relationships of absorb-
ing materials of water flowing over glass cover through the influence of PCM and
nanoparticles for the enhancement of a single-slope single-basin solar still are
presented and discussed. The results are compared with and without PCM and
nanoparticles summer days for a conventional solar still. Numerically designed and
experimental annotations have been written for the investigative solutions for the
temperature of flowing water, glass cover, absorbing materials (FWCW and
FWJW) and PCM and nanoparticles basin liner, respectively. The 24 h distillate
manufacture rate of the solar still has been enhanced to usage of drip button
through pure saline water to absorptive influence of FWCW capability is 70.02%
and during (24 hours) daily distillate harvest of FWCW is 9.429 kg/m2 day, water
flowing glass cover influence is 13.37%, respectively. A solar still analysis of Fourier
coefficients with (6 to �6) harmonics Fourier series has been used for enhance-
ment, and it is found to be a good representation of the observed variation. It is a
good treaty among theoretical and experimental annotations of the structure.

Keywords: single-basin solar still, PCM and nanoparticles, fin wick, drip button,
water flowing glass cover, Fourier series

1. Introduction

Water is mislaid every day through numerous physical processes and desired by
each active cell; nearly all process that grosses place within the body is reliant on
water. A solar energy using in application of thermal process to solar desalination is
bid in which evaporative cooling to produce an enhanced for harvests to grow in
clean water. Numerical modeling of water flowing over the glass cover in a solar still
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is actual substantial to design a frugally optimal still and to enhance the manufac-
ture performance for a given cost. Prakash and Kavatherkar [1] have exposed the
enactment of the regenerative still and its diurnal harvest is around 7.5 L/m2,
associated to conventional solar stills. Singh and Tiwari [2] have approved out a
passive regenerative solar still and the system is good agreement between theoreti-
cal and experimental results. An analytical expression for the thermal efficiency of
an active regenerative solar still was observed by Singh and Tiwari [3]. It found that
to be heat transfer unit and the collector to overall thermal efficiency is 50%. The
yield of concentrator assisted regenerative solar still is much higher than any other
passive/active, regenerative/non regenerative stills and the overall efficiency
increases with an increase in the flow rate of the cold water over the glass cover was
suggested by Kumar and Sinha [4]. Prasad et al. [5] reported that the regenerative
active solar still harvests the thermal enactment increased. Suneja and Tiwari [6]
have proposed that for a particular flow rate of water over the glass cover, the
evaporative heat transfer coefficients decreases in increasing the water depth of the
basin where as radiative and convective heat transfer coefficients does not very
much. Zurigat and Abu-Arabi [7] analyzed a double-glass cover cooling desalination
unit and inferred that the arrangement is double-fold which lowered the glass
temperature and preheated the entering brine. Ultimately the stills efficiency was
increased by over 25% than conventional single-basin single-glass solar stills.
Zurigat and Abu-Arabi [8] had shown the performance of a regenerative solar still
consisting of two basin effects (first effect and second effect) and the distillate yield
is founded to be 20% higher than that of conventional solar stills. Janarthanan et al.
[9] proposed the performance of a tilted wick-type solar still and concluded that the
glass cover temperature decrease, water flow over the glass cover and the flow rate
of 1.5 m/s has increased the production significantly. Murugavel et al. [10] had
reviewed the productivity of single-basin solar still with different materials in the
basin and inferred that rubber material in the basin improved the absorption,
storage and evaporation effects. Boutebila [11] had shown that, the initial film
thickness, plate inclination, the length of the still and the radiation reaching the flux
plate are the factors affecting the still performance. Zeroual et al. [12] had investi-
gated a double slope solar still with two effects and insisted that the productivity
increased by 11.82% by cooling the condenser using flowing water over it (first
effect) and 2.94% by shading the north wall from 12 to 14 hours (second effect).
The performance of inverted absorber solar still by Dev et al. [13] and found that to
be thermal efficiency of inverted absorber solar still is thrice than that of the normal
solar still. Khalifa [14] had found that the effect of condensing cover tilt angle of
simple solar still on the productivity in different seasons and latitudes. It has been
found that the tilt angle should be large in winter and small in summer. Kumar and
Dwivedi [15] anticipated the reformed single-slope single-basin active solar still
with enhanced condensation procedure. It is found that the yield increment of
14.5% associated with the ordinary design. Shanmugan et al. [16] thermal model
industrialized for an energy and exergy analysis of a single-slope single-basin solar
still. Rahmani et al. [17] was urbanized for a natural circulation in a solar still and
established the distillate yield of 3.72 L/m2/day by 45.15% efficiency. Ibrahim and
Elshamarka [18] was amended basin type solar still and accomplished that the
maximum freshwater productivity of 2.93 L/m2/day. Single-slope solar still was
urbanized to integration for the systems to progress the efficiency.

Sahota and Tiwari [19] were advanced for a double slope solar still used (Al2O3)
nanoparticles in the basin. They clinched without and with nanofluids for three
different concentrations are 0.04, 0.08 and 0.12%. Al2O3 nanoparticles efficiency in
the system is 0.12%. It is the charity for the system in 35 and 80 kg base fluid
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equaled to the efficiency of 12.2 and 8.4% in the system. Shanmugan et al. [20] was
premeditated in the experimental analysis of a double Slope—Tribasin solar still. It
established that the associate with and without nanofluids enhanced the perfor-
mance of first, second and third basin contributes were 35.71, 35.7 and 28.5%.

Sellamia et al. [21] have enriched in solar still exploration of altered thickness
besmirched layers of sponge absorber in more energy saving to recover presenta-
tion. It is charity in altered sponge liner thickness like that on 0.5, 1.0 and 1.5 cm
and harvest sponge liner are 58, 23.03 and 30%, respectively.

Sharshir et al. [22] was twisted in belongings of flake graphite nanoparticles,
PCM and the film cooling on the solar still enactment. It is amended of a solar still in
FGN and PCM, film cooling high yield on 73.8% and matched to conventional still,
the upshot of intensifications on 13% and water depth are 2–0.5 cm. The classified a
heat transfer if the structure is extensive time and extra energy rise to temperature
formed at pick time.

Many researchers were designed of a single-slope single-basin solar still and have
been emarginated to water flowing the glass cover with enormous scope of applica-
tion developing PCM and nanoparticles by a system. It has twisted internal heat
transfer mode scope of advance application in rules of functions. The internal heat
transfer increase of a basin solar still is with new impression of harvest in expendi-
ture of human nature foundation.

2. Materials and methods

2.1 Investigation of water flowing glass cover to evolvements absorbing
materials by a solar still

An experimental analysis of a single-slope single-basin solar still with water
flowing over the glass cover to performance of absorbing materials have been
offered in Figure 1. The solar still comprises of outward and inward attachment
made of plywood through element of 1.3 � 1.3 and 1.25 � 1.25 m. The fissure
between the attachments is occupied with glass wool having the thermal conduc-
tivity of 0.0038 W/mK. The stature of the back wall is 0.03 m and front wall of
0.10 m. The glass cover of thinness 4 mm is secondhand as the condensing surface
assistance to water flowing and the slope of the glass cover are immovable as 11°
which is equivalent to the leeway of the position (Chennai). It is accomplished
vapor tight through the benefit of metal putty. The j-shaped drainage channel is
immobile nigh the front wall to accumulate the concentrate harvest and the output

Figure 1.
Experimental analysis of water flowing influence with fin absorbing materials.
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slobbered miserable to the gaging jar. The investigational engaged classical has been
established for water flowing through a solar still follow the schematic plan
Figure 2.

2.2 Heat transfer coefficient and productivity of a still

It have been finished in a basin area of copper leaf and black paint coating in a
basin area, dye miscellaneous Al2O3 Nanoparticles coating through inner area with
absorbing wick materials to absorb surplus solar radiation. The solar radiation
communicated through the water flowing transfer to glass cover and fascinated by a
wick and fin wick materials apparent—Al2O3 to comportment by the copper coil
and then shadows the phase change materials—C18H36O2. The solar radiation is
immersed through Al2O3 Nano particles soars esoteric the absorbing materials area
intensification further heat transfer chic inside nigh to visible and IR spectrum. The
saline water from side to side of an exceptional establishment has been finalized to
pour saline water drop by drop over the absorbing material kept in the basin. The
drip heat transfer pipes occupied coating Nano particles miscellaneous black paint
to the lengthways dripping association is finished of drip button stationary at
consistent intermissions of 0.10 m and heat pipe static in amidst the gap is 0.10 m
horizontally in the basin.

The PCMs energy spread stabilities are melting in a wide temperature range
[23]. Various evaluations are escorted [24, 25] and a full association of the hottest
progresses in PCMs with their thermo physical properties can be found that to be
literature. Figure 3 current these progresses of the absorbing materials setting in
basin to improve heat, based on the above reviews, with polymeric and solid-solid
PCMs involved.

Figure 3, new solar still have been manufactured in the basin area static a copper
coil arrangement and is immovable drip heat pipes. The influence of the solar still is
immovable in 10 drip heat pipes and buttons are each a distance of 0.10 � 0.10 m
by a placed horizontally in the basin with south to north orientation. It have been

Figure 2.
Sectional view of the solar still with flowing water influence of absorbing materials.
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prepared in the basin vulnerable copper coil in 1 diameter, intervals of 0.10 m and
total coil 10 m fixed in the basin. The coil occupied mad black painted and mixed
Al2O3—nano particles more absorb solar radiation and heat extraction supplemen-
tary progress the still is the charity for C18H36O2—PCM for 8 kg inside the coil
secure basin area. The PCMmelting point increase has been debauched evaporation
of the solar still. The saline water tank is providing with a gate valve and is associ-
ated with the fjord of the dripping organization.

A provisional organization of water flowing over the glass cover of a single-
slope single-basin solar still have been finished with the help of PVC pipe of
½ inch diameter. The length of the pipe is taken precisely equal to the width of the
still so that the water would not flow in the lengthwise direction. A number of
holes are made in the pipe by equal spacing to maintain the uniform flow over the
glass cover. The PVC pipe is clipped at the top of the glass cover. The water at the
lower end of the glass cover was collected in a small plastic bucket. Due to the
water flow over the glass cover, most of the heat was utilized for evaporation
during the day, uptown mid night in this process. There existed fast evaporation
due to the large temperature difference between the glass cover and the water
surface as expected shown that the Figure 4 water flowing the experimental glass
cover cooling effect.

The water temperature in the absorbing materials is to condensing water flowing
cover temperature quantity by fixing copper-constantan thermocouples which have

Figure 3.
Basin area arrangement of copper coil in fixed drip button heat pipes.

Figure 4.
View of experimental works of water flowing over glass cover used by a solar still with absorbing materials.
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been calibrated originally. Solar radiation intensity and ambient temperature have
been restrained with solar radiation monitor and digital thermometer. Experimental
work analysis of a solar still have been carried out from 6 to 6 am of 24 hours
duration with water flowing over the glass cover by absorbing materials deliverable
during 2017 at Research Center of Physics, Veltech Multitech Engineering College,
Avadi, Chennai—600062 [Latitude 13.1067°N, 80.0970°E], Tamilnadu, India.

2.3 Investigation of thermal modeling by a solar still with effect of absorbing
materials

The solar radiation is absorbing to water flowing by glass cover transported over
the absorbing materials with working of inside heat ability accessible in the organi-
zation as shown in Figures 1 and 4. The novel design made of fin wick absorbing
materials following the flowchart Figure 5.

Figure 6 the water flowing over the glass cover influence of absorbing materials
surface to harvest by a solar still with succeeding suppositions have been prepared
to different parameters script the energy equilibrium equations.

1.The solar still (PCM and nanoparticles) performance of the water flowing over
the glass cover during absorbing materials surface of heat ability have been
organized full tight of insulation in the scheme and glass cover is negligible.

2.There is no hotness escape of vapor surface in the scheme.

3.A single-slope single-basin solar still is water flowing over the glass cover,
absorbing materials surface and distillate water fragment.

4.Vapor pressure of water have been made full tight of experimental assumed to
be linear with temperature work proof of (P = R1T + R2) single-slope single-
basin solar still is given as:

Flowing water with absorbing materials by a solar still

blfwρcfw
dTfw

dt
dxþmfwcfw

dTfw

dx
dx ¼ αfwHsbdxþ h4 Tg � Tfw

� �
bdx

� h2 Tfw � Ta
� �

bdx (1)

Glass cover with absorbing materials by a solar still

Hsαg þ h1 TFw � Tg
� � ¼ h4 Tg � Tfw

� �
(2)

Basin liner with absorbing materials by a solar still

α bþPCMþNanoparticlesð ÞHs ¼ h3 TbþPCMþNanoparticles � TFw
� �

þ hbþPCMþNanoparticles TbþPCMþNanoparticles � Ta
� �

(3)

Water mass with absorbing materials by a solar still

αFwHs þ h3 TbþPCMþNanoparticles � TFw
� � ¼ MFwCFw

dTFw

dt
þ h1 TFw � Tg

� �
(4)

where h1, h2, h3, h4, hbþPCMþNanoparticles are demarcated in the Appendix

224

Water Chemistry

Equation (1), after eliminating Tg from Eq. (2), can be redrafted as

dTfw

dx
þ a1Tfw ¼ a2TFw þ a3 (5)

where

a1 ¼ h4 þ h2ð Þb
mfwCfw

þ h24b
h4 þ h2ð ÞmfwCfw

Figure 6.
A solar still with different parameters script form of energy equilibrium equations.

Figure 5.
A flowchart to influence a solar still.
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Figure 6.
A solar still with different parameters script form of energy equilibrium equations.

Figure 5.
A flowchart to influence a solar still.
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a2 ¼ h1h4ð Þb
h4 þ h2ð ÞmfwCfw

a3 ¼ αfwHsb
mfwCfw

þ αgHsh4b
h4 þ h1ð ÞmfwCfw

þ h4 þ h2ð Þb
mfwCfw

The explanation of the Eq. (5) can be written as

Tfw ¼ a2TFw þ a3ð Þ
a1

þ Ce�a1t (6)

The explanation of Eq. (6) exposed to the initial conditions by a still

Tfw ¼ Tfw0 (7)

for all value of t at x = 0
Substituting the equation for c in Eq. (6), we get

Tfw ¼ a2TFw þ a3ð Þ
a1

1� e�a1t½ � þ Tae�a1t (8)

Equation (8) is the obligatory explicit expressions for the temperatures with fin
wick materials and flowing over the glass cover by a still, respectively.

Solar radiation and ambient temperature are episodic in environment these can
be Fourier series in the form

f tð Þ ¼ a0 þ
X∞

n¼1
An cos nωtþ Bn sin nωtð Þ (9)

The flowing water over glass cover with influence of fin wick materials by a
solar still of variation with time can be articulated by

f tð Þ ¼ a0 þ
X∞

n¼1
An exp inωtð Þ

Since, solar radiation and ambient temperature are periodic nature can be Fou-
rier analyzed in the form of the solar still

Hs tð Þ ¼ H0 þ
X∞

n¼1
Hsn exp inωtð Þ (10)

Ta tð Þ ¼ Ta0 þ
X∞

n¼1
Tan exp inωtð Þ (11)

Tg tð Þ ¼ Tg0 þ
X∞

n¼1
Tgn exp inωtð Þ (12)

Tfw tð Þ ¼ Tfw0 þ
X∞

n¼1
Tfwn exp inωtð Þ (13)

and

TFw tð Þ ¼ TFwo þ
X∞

n¼1
TFwn exp inωtð Þ (14)

where constants Tg0,Tfw0,TFwo,Tgn, Tfwn, TFwn are to be determined by
substituting for Hs tð Þ,Ta tð Þ, Tg tð Þ,Tfw tð Þand TFw tð Þ with help of Eqs. (10)–(14) in
Eqs. (2), (4) and (8) can be explained by integration with the initial condition
TFw ¼ TFw0 at t = 0 as
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TFw tð Þ ¼ b0
a4

1� e�a4tð Þ þ TFw0e�a4t þ
X∞
n¼1

bn
iωnþ a4

einωt � e�a4t
� �

(15)

where b0 is the time independent component of b (t); b0 is the coefficient of the
time dependent component of b (t), and they are in the form

b0 ¼ a5Hs0 þ a6Ta0

bn ¼ a5Hsn þ a6Tan

where

a4 ¼ h1 þ h2

mFwCFw
� h2

3

h3 þ hbþPCMþNanoparticles
� �

mFwCFw

� h21h1h4

h4 þ h1ð ÞmFwCFw

a2
a1

� �
1� e�a1tð Þ

a5 ¼ αFw
mFwCFw

þ h3αg
h3 þ hbþPCMþNanoparticles
� �

mFwCFw

þ h1αg
h4 þ h1ð ÞmFwCFw

� �
bαfw

a1mfwCfw

 !
1� e�a1tð Þ

a6 ¼
h3hbþPCMþNanoparticles

h3 þ hbþPCMþNanoparticles
� �þ h4h1

h4 þ h1
e�a1t þ h1h4

h4 þ h1ð Þ
h2b

mfwCfw

� �
a3
a1

� �
1� e�a1tð Þ

The values of TFw (t) are designed at intervals of ½ hour starting from sun rise
by Equation (15), and Tg (t) is calculated from the following relation

Tgn ¼
Hsαg þ h1TFwn þ h4Tfw

h4 þ h1
(16)

During off-sunshine hours, solar intensity and ambient temperature terms will
evaporate, then the analysis will be the same.

The instantaneous hourly distillate output per unit with absorbing materials area
of the still is premeditated by

me ¼
hewg TFw tð Þ � Tg tð Þ� �

L
� 3600 (17)

The efficiency of the proposed structure may be articulated as

η% ¼ MeL
AbþPCMþNanoparticles

Ð
HsΔt

� 100 (18)

whereΔtmentions to the time interval over which the solar intensity is measured.

3. Result and discussion

Numerical calculations have been made in instruction to escalate the fin with
cotton wick (FWCW) and fin with jute wick (FWJW) in the basin surface area.
Expending of a still is hourly variations of the data in summer days through the
solar intensity and ambient temperature measurement of monitors for two of the
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typical days in 2017 at Chennai weather conditions, the Fourier coefficients of solar
intensity and ambient temperature have been evaluated to (6 to �6) harmonics of
the Fourier series. The water flowing over the glass cover with influence of FWCW
and FWJW of the solar still following parameters have been evaluated the instanta-
neous thermal efficiency of the suggested solar still.

Ag = 1.69 m2, τg = 0.75, Aw = 1.69 m2, Mw = Mfw = 12 kg, εg = 0.88,
σ = 5.66 � 10�8 W/m2K4, αg = 0.05, Cw = 4190 J/kg, V = 1.4 m/K = 0.038 W/mK,
h1 ¼ 22.52 W/m2 °C; h2 ¼ 15.64 W/m2 °C; h3 ¼ 137.05 W/m2 °C; h4 ¼ 135.5 W/m2

°C; hb ¼ 0.7686 W/m2 °C; hew ¼ 14.01 W/m2 °C; hi ¼ 6.27 W/m2 °C; Ki ¼ 0.04 W/
m°C; L = 2372.52 kJ/kg; li = 0.05 m; ω = 7.2722 � 10�5 s�1; τw ¼ 0:1; τfw ¼ 0:0;
τb ¼ 0:6; αfw ¼ αw = αb ¼ 0.88; ρ = 1000.0 kg/m3; Cw ¼ Cfw ¼ 4190 J/kg °C.

The solar still have been implemented for high thermal energy accumulation
through benefit of PCM and nanoparticles immersed by solar intensity and ambient
temperature for 2 days with absorbing wick materials, i.e., FWCW and FWJW in
summer typical days have been shown in the Figure 7. Expending of the absorbing
materials has been implemented for Fourier coefficients in Hs and Ta in 2017 at
Chennai in Tamilnadu, India. It is traceable that the (6 to �6) harmonics used in
design is adequate for the convergence of the Fourier series. The hourly variation of
solar still have same trend for all the days and solar radiation appears to be supreme
among 12–2 pm.

Numerically designed and experimental annotations of with and without PCM
and nanoparticles using in the basin liner to more increases of FWCW, FWJW
temperature, glass cover temperature and flowing over the water temperature of
the optional solar still have been expected in Figures 8A and 9. It is clear that the
merchandise of FWCW, FWJW temperature through experimental and theoretical
consequences have the equivalent tendency. The innovative solar still has been
manufactured through a thermal application of internal heat transfer modes to
construction of numerous parameters enhancement occupation to originate of basin
liner stable of PCM temperature (copper coils) and black paint dye miscellaneous
nanoparticles (basin) temperature and more engross solar radiation in the organi-

Figure 7.
Hourly variations of solar radiation and ambient temperature absorb by a solar still.
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Figure 8.
(A and B) PCM and nanoparticles influence of hourly variations with temperature for FWCW, FWJW, glass
cover, flowing water, and basin (nanoparticles) temperature of the solar still.

Figure 9.
Hourly variation of production rate of absorbing materials in comparison with and without drip, PCM and
nanoparticles of the solar still.
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zation to hourly variation of temperature to established in exposed Figure 8B,
through of PCM and nanoparticles using in the basin liner.

The hourly variation to manufacture rate of FWCW and FWJW temperature,
glass cover temperature, flowing over the water temperature for the basin liner to
use in PCM and nanoparticles preparation of absorbing materials through dripping
pure saline water to continue least water depth has been compared to with and
without PCM and nanoparticles of expressions in Figure 10. From the diagram it is
clear that with PCM and nanoparticles of saline water in the absorbing materials
illustrations augmented rate of evaporation due to the large temperature difference
between absorbing materials and glass cover temperature. The temperature

Figure 10.
Hourly variation of distillate production rate of with and without PCM and nanoparticles testing with
absorbing materials.

Figure 11.
Hourly variations of absorbing materials of instantaneous energy efficiency with and without PCM and
nanoparticles of the solar still.
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variance among the absorbing materials and glass cover temperature without PCM
and nanoparticles are small due to huge thermal ability and the amount of evapora-
tion is moderate. The supreme FWCW and FWJW distillate harvest of the structure
is 0.469 and 0.415 kg/m2 30 minutes during 12.30–2 pm and without PCM and
nanoparticles 0.250 and 0.244 kg/m2 30 minutes. The whole FWCW and FWJW
distillate harvest during 9 am–17 pm is found to 6.699 and 5.659 kg/m2 and without
PCM and nanoparticles 3.343 and 3.014 kg/m2. Hence, peak luminous during of the
solar still through PCM and nanoparticles except to FWCW and FWJW has been
distributed with a progressive sunshine distillate harvest as well as nocturnal output
in 2.730 and 2.130 kg/m2 nightly concentrate produce. Over 24 hours cycle, the
overall FWCW and FWJW manufacture of the anticipated structure is found to be
9.429 and 7.789 kg/m2 day and without PCM and nanoparticles is found to be 5.234
and 4.434 kg/m2 day. Numerical results from FWCW, FWJW, glass cover, flowing
over the water, basin liner temperature are in neighboring agreement through the
experimental observations.

The absorbing materials instantaneous efficiency of the suggested structure has
been established for exposed in the Figure 11. The absorptive of the wick surface
are noteworthy working parameter of the solar still and should be inactive optimal
to provide enhanced efficiency. The water flowing over the glass cover to influence
of instantaneous overall efficiency in FWCW, FWJW with and without PCM and
nanoparticles to varies of absorbing materials from 70.02 to 46.69% and 31.19 to
24.62%, respectively. It has clearly reflected that the instantaneous distillate harvest
with PCM and nanoparticles to water flowing over the glass cover influence solar
still is found to be 25% higher than the without PCM and nanoparticles of the solar
still. Furthermore the theoretical results authenticated through the experimental
explanations are rather good as there is no aberration in the tendency.

Numerical results from FWCW, FWJW, glass cover, flowing over the water,
basin liner temperature in neighboring agreement through of the solar still have
been observed energy to form into heat to force of a higher efficiency and compare
to the upsurge in saturated vapor pressure is substantiated by Huang et al. and
Shanmugan et al. [26, 27] augmentation is pretentious for a nanoparticle and found
that to be hydrophobic nanoparticles and PCM assistance to the fast evaporation to
vapor heaviness of productivity water to the enhancement.

Figure 12.
Modulation of absorbing materials to absorb energy to a solar still for 24 hours output with and without PCM
and nanoparticles.
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Figure 12, modulation of flowing water over the glass to high enhancement of
FWCM in basin solar still have been compared to with and without PCM and
nanoparticles total productivity (24 hours) on 9.429 kg/m2 day. Figure 13 is the
photograph of comparison of flowing water over the glass, drip, PCM and
nanoparticles of overall high efficiency of the solar still.

3.1 Analysis of water quality by a solar still

A new solar still have been established in natural purification (H2O) standard
water in produce and contaminants are removed. The aim of this reduction in
elevations of pH, EC, TDS and total hardness is due to solar desalination process.

4. Conclusion

The solar thermal applications exhibiting and investigative relationships for the
instantaneous energy productivity is done and substantiated. The subsequent
assumptions have been haggard in the existing investigation of absorbing materials
to water flowing glass cover with influence of PCM and nanoparticles for enhance-
ment of a solar still [28–33].

i. The influence of flowing water over the glass cover has been absorbed role on
the enactment and is good treaty among theoretical and experimental
annotations of the structure.

ii. During the effective of hours in the structure is improvement of PCM and
nanoparticles for different heat movements of storage density and the
isothermal nature extension of intact productivity of the solar still.

iii. The daily distillate manufacture rate of the still has been enhanced to usage of
drip button through pure saline water to absorptive influence of FWCW
capability is 70.02%. FWCW surface should be upheld by several eliminations
of salt deposition.

iv. The significance absolute produce superior of the solar still is entire daily distillate
harvest in through 24 hours for FWCW is 9.429 kg/m2 day, respectively.

Figure 13.
Comparison of flowing water over the glass, drip, PCM and nanoparticles of overall (absorbing materials)
efficiency of the solar still.
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v. The investigation of absorbing materials to water flowing glass cover with
influence of PCM and nanoparticles for enhancement of a solar still analyses
of solar intensity and ambient temperature with 6 to �6 harmonics are used
and found to be a good representation of the observed variation.

Nomenclature

b breadth of the solar still (m)
CFw � cfw specific heat of fin wick and flowing water (J/kg °C)
Hs solar radiation (W/m2)
hbþPCMþNanoparticles overall bottom heat loss coefficient from basin liner improve

heat use of PCM and nanoparticles to ambient through bot-
tom insulation (W/m2 °C)

h1 total heat transfer coefficient from fin wick water surface to
glass cover (W/m2 °C)

h2 convective and radiative heat transfer coefficient from water
flow cooling glass cover to ambient (W/m2 °C)

h3 convective heat transfer coefficient from PCM and
nanoparticles by basin liner to water mass (W/m2 °C)

h4 convective heat transfer coefficient from glass cover to
flowing water (W/m2 °C)

lw the thickness of flowing water over the glass covers (m)
MFw fin wick mass in the basin surface area (kg)
mfw mass of flowing water rate (kg/m2h)
_Q heat flux of the still W=m2ð Þ
_qew evaporative heat transfer rate W=m2ð Þ
R1 and R2 two constants obtained from saturation vapor data (°C)
Ta temperature of the ambient (°C)
TbþPCMþNanoparticles temperature of the PCM and nanoparticles basin surface

area (°C)
Tg temperature of the glass covers (°C)
Tfw flowing water temperature (°C)
TFw temperature of the fin wick water surface (°C)
Ts surface temperature of the sun (°CÞ

Greek letters

αbþPCMþNanoparticles energy absorptivity of PCM and nanoparticles basin surface
area

αg energy absorptivity of glass cover
αFw energy absorptivity of fin wick water mass
αfw energy absorptivity of flowing water
η energy efficiency of the still

Abbreviation

FWCW fin with cotton wick
FWJW fin with jute wick
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the enactment and is good treaty among theoretical and experimental
annotations of the structure.

ii. During the effective of hours in the structure is improvement of PCM and
nanoparticles for different heat movements of storage density and the
isothermal nature extension of intact productivity of the solar still.

iii. The daily distillate manufacture rate of the still has been enhanced to usage of
drip button through pure saline water to absorptive influence of FWCW
capability is 70.02%. FWCW surface should be upheld by several eliminations
of salt deposition.

iv. The significance absolute produce superior of the solar still is entire daily distillate
harvest in through 24 hours for FWCW is 9.429 kg/m2 day, respectively.

Figure 13.
Comparison of flowing water over the glass, drip, PCM and nanoparticles of overall (absorbing materials)
efficiency of the solar still.
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v. The investigation of absorbing materials to water flowing glass cover with
influence of PCM and nanoparticles for enhancement of a solar still analyses
of solar intensity and ambient temperature with 6 to �6 harmonics are used
and found to be a good representation of the observed variation.

Nomenclature

b breadth of the solar still (m)
CFw � cfw specific heat of fin wick and flowing water (J/kg °C)
Hs solar radiation (W/m2)
hbþPCMþNanoparticles overall bottom heat loss coefficient from basin liner improve

heat use of PCM and nanoparticles to ambient through bot-
tom insulation (W/m2 °C)

h1 total heat transfer coefficient from fin wick water surface to
glass cover (W/m2 °C)

h2 convective and radiative heat transfer coefficient from water
flow cooling glass cover to ambient (W/m2 °C)

h3 convective heat transfer coefficient from PCM and
nanoparticles by basin liner to water mass (W/m2 °C)

h4 convective heat transfer coefficient from glass cover to
flowing water (W/m2 °C)

lw the thickness of flowing water over the glass covers (m)
MFw fin wick mass in the basin surface area (kg)
mfw mass of flowing water rate (kg/m2h)
_Q heat flux of the still W=m2ð Þ
_qew evaporative heat transfer rate W=m2ð Þ
R1 and R2 two constants obtained from saturation vapor data (°C)
Ta temperature of the ambient (°C)
TbþPCMþNanoparticles temperature of the PCM and nanoparticles basin surface

area (°C)
Tg temperature of the glass covers (°C)
Tfw flowing water temperature (°C)
TFw temperature of the fin wick water surface (°C)
Ts surface temperature of the sun (°CÞ

Greek letters

αbþPCMþNanoparticles energy absorptivity of PCM and nanoparticles basin surface
area

αg energy absorptivity of glass cover
αFw energy absorptivity of fin wick water mass
αfw energy absorptivity of flowing water
η energy efficiency of the still

Abbreviation

FWCW fin with cotton wick
FWJW fin with jute wick
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Appendix

The experimental work analysis of a solar still have been approved out from 6 to
6 am of 24 hours duration the collective evaporative, convective and radiative heat
transfer coefficient with water flowing over the glass cover by absorbing materials
deliverable during 2017 at Research Center of Physics, Veltech Multitech Engineer-
ing College, Avadi, Chennai—600062 [Latitude 13.1067°N, 80.0970°E],
Tamilnadu, India to the atmosphere can be written as

h4 ¼ 0:016� h2 � Pfw � γPa
� �

(19)

Pfw ¼ R1Tfw þ R2

γPa ¼ R1Ta þ R2

h1 ¼ hcwg þ hewg þ hrwg (20)

hcwg ¼ 0:884� TFw � Tg
� �þ PFw � Pg

� �
TFw þ 273ð Þ

268900� PFw

� �1=3

hewg ¼ 0:016273� hcwg
PFw � Pg

TFw � Tg

� �

hrwg ¼
εσ TFw þ 273ð Þ4 � Tg þ 273

� �4h i

TFw � Tg
� �

h2 ¼ hcwa þ hrwa (21)

hca ¼ 5:7 þ 3:8 V

hcwa ¼ 0:884� TFw � Tað Þ þ PFw � Pað Þ TFw þ 273ð Þ
268900� PFw

� �1=3

hrwa ¼
εσ TFw þ 273ð Þ4 � Ta þ 273ð Þ4
h i

TFw � Tað Þ
mfw ¼ blw

where lw is the thickness of flowing water over the glass cover

h3 ¼ hcbw þ hrbw (22)

hcbw ¼ 0:884� TbþPCMþNanoparticles � Tw
� �þ PbþPCMþNanoparticles � Pw

� �
TbþPCMþNanoparticles þ 273
� �

268900� Pb

� �1=3

hrbw ¼
εσ TbþPCMþNanoparticles þ 273
� �4 � Tw þ 273ð Þ4
h i

TbþPCMþNanoparticles � Tw
� �

h4 ¼ hcgw þ hrgw (23)

hcgw ¼ 0:884� Tg � Tw
� �þ Pg � Pw

� �
Tg þ 273
� �

268900� Pg

� �1=3

hrgw ¼
εσ Tg þ 273
� �4 � Tw þ 273ð Þ4
h i

Tg � Tw
� �
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h3 ¼ hcbw þ hrbw (24)

hcbw ¼ 0:884� TbþPCMþNanoparticles � Tw
� �þ PbþPCMþNanoparticles � Pw

� �
TbþPCMþNanoparticles þ 273
� �

268900� PbþPCMþNanoparticles

� �1=3

hrbw ¼
εσ TbþPCMþNanoparticles þ 273
� �4 � Tw þ 273ð Þ4
h i

TbþPCMþNanoparticles � Tw
� �

where the water, flowing water temperature at x = 0; and glass cover is instan-
taneous glass temperature for each hour.
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Appendix

The experimental work analysis of a solar still have been approved out from 6 to
6 am of 24 hours duration the collective evaporative, convective and radiative heat
transfer coefficient with water flowing over the glass cover by absorbing materials
deliverable during 2017 at Research Center of Physics, Veltech Multitech Engineer-
ing College, Avadi, Chennai—600062 [Latitude 13.1067°N, 80.0970°E],
Tamilnadu, India to the atmosphere can be written as

h4 ¼ 0:016� h2 � Pfw � γPa
� �

(19)

Pfw ¼ R1Tfw þ R2

γPa ¼ R1Ta þ R2

h1 ¼ hcwg þ hewg þ hrwg (20)

hcwg ¼ 0:884� TFw � Tg
� �þ PFw � Pg

� �
TFw þ 273ð Þ

268900� PFw

� �1=3

hewg ¼ 0:016273� hcwg
PFw � Pg

TFw � Tg

� �

hrwg ¼
εσ TFw þ 273ð Þ4 � Tg þ 273

� �4h i

TFw � Tg
� �

h2 ¼ hcwa þ hrwa (21)

hca ¼ 5:7 þ 3:8 V

hcwa ¼ 0:884� TFw � Tað Þ þ PFw � Pað Þ TFw þ 273ð Þ
268900� PFw

� �1=3

hrwa ¼
εσ TFw þ 273ð Þ4 � Ta þ 273ð Þ4
h i

TFw � Tað Þ
mfw ¼ blw

where lw is the thickness of flowing water over the glass cover

h3 ¼ hcbw þ hrbw (22)

hcbw ¼ 0:884� TbþPCMþNanoparticles � Tw
� �þ PbþPCMþNanoparticles � Pw

� �
TbþPCMþNanoparticles þ 273
� �

268900� Pb

� �1=3

hrbw ¼
εσ TbþPCMþNanoparticles þ 273
� �4 � Tw þ 273ð Þ4
h i

TbþPCMþNanoparticles � Tw
� �

h4 ¼ hcgw þ hrgw (23)

hcgw ¼ 0:884� Tg � Tw
� �þ Pg � Pw

� �
Tg þ 273
� �

268900� Pg

� �1=3

hrgw ¼
εσ Tg þ 273
� �4 � Tw þ 273ð Þ4
h i

Tg � Tw
� �
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h3 ¼ hcbw þ hrbw (24)

hcbw ¼ 0:884� TbþPCMþNanoparticles � Tw
� �þ PbþPCMþNanoparticles � Pw

� �
TbþPCMþNanoparticles þ 273
� �

268900� PbþPCMþNanoparticles

� �1=3

hrbw ¼
εσ TbþPCMþNanoparticles þ 273
� �4 � Tw þ 273ð Þ4
h i

TbþPCMþNanoparticles � Tw
� �

where the water, flowing water temperature at x = 0; and glass cover is instan-
taneous glass temperature for each hour.
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