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Preface 
 

Wastewater refers to used water discharged from homes, industries, farms and 
commercial establishments. It contains various types of contaminants such as dissolved 
or suspended solids, pathogens, organic and inorganic particles, nutrients, 
pharmaceuticals, heavy metals and hazardous toxins. Wastewater can be classified into 
grey water, black water, and yellow water, and can originate from domestic, industrial, 
commercial, recreational, residential, and institutional activities. It can also originate 
from surface runoff, stormwater, produced water from oil and gas exploration, industrial 
cooling towers, and sewer infiltration. Wastewater treatment is the process of removing 
contaminants from water and generate treated effluents which can be safely discharged 
to water bodies or can be re-used for other applications such as irrigation, cleaning, and 
washing. The principal requirement for the treatment of wastewater is the protection of 
public health and the environment. A successful treatment process must meet the 
requirement of community concerns, as enforced by governments through the enactment 
of stringent water quality standards. Several treatment processes have been developed 
over the past years. A typical wastewater treatment plant consists of several unit 
operations as each unit is dedicated to the removal of specific contaminants. For 
example, preliminary treatment processes include screens, grit removal, pre-chlorination 
and fat and oil removal through which large and floating solids are removed to avoid 
clogging downstream channels, pumps, and tanks. Primary treatment processes such as 
primary sedimentation tanks are used to remove suspended solids and some organics 
while secondary treatment processes such as activated sludge processes, membrane 
bioreactors, trickling filters, and extended aeration rely on microorganisms to remove 
colloidal and soluble organic contaminants, nutrients and heavy metals from wastewater. 
Enhanced treatment systems enable some wastewater plants to produce discharges that 
contain less nitrogen than plants using conventional treatment methods. Advanced 
tertiary treatment processes such as advanced oxidation processes, photocatalysis, 
nitrification-denitrification, adsorption, and sand filters are integrated for further quality 
polishing. Advanced treatment plants offer higher performance and operational 
efficiencies with reliabilities that have set new standards in wastewater treatment. 

In this volume, topics such as graphene and carbon nanotube-based composites, reverse 
osmosis, ionic liquids, biofuel production, hormones and pesticides, biological processes, 
and adsorption are highlighted. For instance, the first chapter discusses the potential use 
of graphene-based nanocomposites as efficient adsorbents of organics from wastewater. 
Inorganic particles modified graphene oxide (GO) and reduced GO (rGO), organic 
components modified GO and rGO, three-dimensional (3D) GO and rGO-based 



 
 

 
 

composites are discussed. In the second chapter, a state-of-the-art on distributed models 
and associated performances of the most recent wastewater treatment methods based on 
the reverse osmosis (RO) process for the removal of high toxicological organic 
compounds from wastewater is presented. An interesting topic on the removal of 
refractory organic pollutants using ionic liquids is highlighted in the third chapter. The 
solubility of halogenated hydrocarbons (HHCs) in ionic liquids, extraction of HHCs 
from water using ionic liquids, and different methods used for the degradation of the 
extracted HHCs are discussed. The fourth chapter focuses on the production of biofuels 
from agro-industrial wastewater. More specifically, the co-digestion of cassava 
wastewater with swine residues was evaluated for hydrogen and methane production. 
The fifth chapter presents an overview of the dairy wastewater and treatment methods. 
This includes screening, flow and pH balancing and control, separation of fat, oil, and 
grease, and biological processes. Also, the sixth and the seventh chapters set the 
fundamentals both positive and negative aspects for the presence of hormones and 
pesticides in wastewater. They also discuss the available treatment methods employed 
for the detoxification of pesticides from the contaminated wastewater such as 
photodegradation, chemical degradation, membrane bioreactors, nanofiltration, and 
others. The eight chapter addresses the importance of biological processes in the 
treatment of textile wastewater. It critically evaluates the potential of hybrid wastewater 
treatment systems such as anaerobic-aerobic membrane bioreactor for the treatment of 
textile wastewater and various biological processes with respect to their pros and cons. 
The ninth chapter focuses on the use of multi-walled carbon nanotubes alone and in 
combination with TiO₂ for the removal of organic contaminants from treated water 
containing pharmaceuticals, and oil produced wastewater containing BTEX (Benzene, 
Toluene, Ethylbenzene, and Xylene) and other organic contaminants. The last chapter, 
chapter ten, investigates the use of low-cost adsorbents for the removal of malachite 
green from water and wastewater. This volume will be of a great interest to a broad 
audience of environmental engineers, water professionals, graduate students, and water 
management operators and technologists working in the field of wastewater treatment.  

Finally, our great appreciation goes to all authors for their time and efforts in the 
preparation of this comprehensive collection of research articles. We extend our great 
appreciation to the contributing authors for their countless efforts towards the 
preparation of this book. We may like a need to thank all distributors, authors, and other 
peoples who conceded consent to utilize their figures, tables, and schemes. However, 
every effort has been made to get the copyright approvals from the individual proprietors 
to join reference to the reproduced materials; we might need to offer our sincere 



 
 

 
 

articulations of disappointment to any copyright holder if unintentionally their benefit is 
being infringed. 
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Abstract 

The fascinating two-dimensional (2D) carbon-based materials, including both graphene 
and its oxide, have attracted a great deal of attention as efficient adsorbents for the 
removal of organic pollutants. In order to improve their removal properties such as 
efficiency, selectivity and so on, it is important to modify their physio-chemical and 
chemical properties. Various graphene-based composites developed in recent years have 
revealed a great potential in the treatment of environmental pollutants. Based on their 
excellent performance for the removal of organic contaminants, undoubtedly graphene-
based nanocomposites will find wider practical applications in environmental pollution 
control. 
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Graphene, Composite, Removal, Organic Pollutants, Methodology, Protocol 
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1. Introduction 

Due to the chemical reagent leaking, industrial wastewater discharging, antibiotics used 
in aquaculture and medical devices, and leakage of crude oil, water pollution has 
attracted global concerns in recent years. Organic pollutants including pesticides, dyes, 
phenols, pharmaceutical antibiotics and so on are among the most important pollution 
sources in aquatic systems [1]. The magnitudes of organic pollutants in the environment 
determine the individual limiting loads not only in water but also in soil as well as in the 
atmosphere. Because the recalcitrant organic pollutants continue to increase in air and 
wastewater streams all the time, more and more strict environmental laws and regulations 
have been made to control the situation. Due to their impacts on human health, a number 
of efforts have been made to remove organic pollutants, especially the key persistent 
organic pollutants (POPs) which are ubiquitous in the environment as a result of modern 
industrial processes [2]. The development of various novel methods to destroy these 
pollutants has been an imperative task.  

Recently, research activities have focused on adsorption for the removal of synthetic 
organic species besides other conventional methods such as osmosis and reverse osmosis 
[3], ion exchange [4], pervaporation [5], biological method [6], Fenton and photo-Fenton 
reaction [7], photodegradation [8,9], electrodeposition [10], advanced oxidation [11], 
ozone treatment [12], ultrasonic treatment [13] and so on. The most attractive feature of 
adsorption is that this method allows the removal of a wide range of organic chemical 
substrates with high efficiencies. And adsorbent materials with high-performance for the 
effective treatment of wastewater are always anticipated. 

Owing to its layered structure and atomic thickness, graphene, also named as reduced 
graphene oxide (rGO), has a huge theoretical specific surface area of around 2630 m2/g 
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[14]. Therefore, graphene could be used as a novel and efficient adsorbent for the 
removal of environmental pollutants including both organic and inorganic substances due 
to its large specific surface area and the possible multiple interactions such as π-π 
stacking and electrostatic interaction with the adsorbates. Furthermore, graphene oxide 
(GO), has also been used as more effective adsorbent for pesticides, antibiotics, organic 
dyes, metal ions and so on due to the abundant oxygen-containing functional groups such 
as epoxy (C-O-C), hydroxyl (-OH) and carboxyl (-COOH) groups on its basal planes and 
edges [15,16]. To improve their adsorption efficiency and selectivity, graphene and GO-
based composites have been further functionalized to fabricate various composites which 
contain versatile parts [17-19]. The graphene-based nanocomposites developed in recent 
years will find their potential applications in the removal of organic contaminants from 
the environment in the future. 

2. Reduced graphene oxide-based adsorbents 

Development of rGO-based composites is important for a wide range of practical 
applications such as wastewater treatment, separation and purification, desalination and 
electrochemical recognition. However, the substantial aggregation of pristine rGO 
nanosheets would greatly decrease their powerful adsorption capacity [20,21]. To 
overcome this shortcoming, the modification of rGO is necessary. For example, the 
facilely thermal treatment of rGO with KOH could realize an alteration in its 
morphology, and the adsorption of the activated rGO for p-nitrotoluene, naphthalene and 
phenanthrene was found to be greatly enhanced in comparison to that of as-prepared 
rGO, indicating that more available adsorption sites such as wrinkles, functional groups 
and folds would be created to enhance adsorption capacities [22]. The KOH-activated 
graphene (G-KOH) also showed an excellent adsorption capacity of 194.6 mg/g for 
ciprofloxacin (CIP) [23]. Graphene-based composites have opened up some new 
opportunities as effective adsorbents for the removal of various organic contaminants. 

2.1 Inorganic particles modified rGO 

The elimination of organic matters from the contaminated water remains a longstanding 
challenge in wastewater treatment. Enhanced adsorption of p-nitrophenol from aqueous 
solution by aluminum metal-organic framework MIL-68(Al)/rGO composite was found 
due to the significant changes of the morphologies of the MIL-68(Al) and the increases of 
its surface area [24]. The removal of methylene blue (MB) by an economical and 
environmentally friendly graphene/palygorskite/TiO2 (Gil/Pal/TiO2) composite showed 
an adsorption efficiency of approximately 100% [25]. Microwave-assisted TiO2 reduced 
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GO exhibited a higher adsorption capacity of 845.6 mg/g than that (467.6 mg/g) of 
directly TiO2 reduced GO 467.6 mg/g [26]. 

Incorporation of magnetic nanoparticle materials into graphene-based composites is 
interesting. The adsorption of 1-naphthol and 1-naphthylamine onto iron oxide modified 
rGO was better than iron oxide modified GO, indicating the oxygen-containing groups on 
the surface of GO might prevent the organic substances from adsorbing [27]. 
Additionally, the iron oxide modified adsorbents could be easily separated by magnetic 
separation. By immobilizing the MnFe2O4 microspheres on rGO, the MnFe2O4-rGO 
composite could be used for highly efficient removal of glyphosate from contaminated 
water [28]. Water-soluble magnetic-graphene (Fe3O4@GNs-SO3H) nanocomposite 
showed high removal efficiency for malachite green [29]. 

There have been extensive investigations of other carbon nanomaterials in the field of 
adsorption, and the combination of these carbon nanomaterials has shown a synergistic 
effect on adsorption. Graphene quantum dots (GQDs) modified graphene exhibited an 
excellent removal capacity (497 mg/g) and record-breaking adsorption rate (475 
mg/g.min) for Rhodamine B (RhB), which were nearly three-fold compared to that of 
graphene due to the increased surface area [30]. Due to good toughness and 
hydrophobicity, carbon nanotube (CNT) has been widely used in the removal of 
pollutants from wastewater [31]. The CNT embedded graphene aerogel (GA) network 
(GA-CNT) showed an enhanced adsorption capacity and improved mechanical property 
in comparison to as-prepared GA, and higher adsorption capacities for methylene blue 
(MB) and methyl orange (MO) could be 100-270 times of its own weight. Especially, the 
GA-CNT possessed both excellent reusability and mechanical strength [32]. 

Silica is widely used in the field of adsorption and separation，and the fabrication of 
silica-based composites has always attracted a great deal of attention from researchers. 
The stacked interlamination of graphene would be pillared by SiO2, and the powerful 
sites in the interlayers would be opened for more efficient adsorption. The silica/rGO 
(SiO2/rGO) composite showed rapid and stable adsorption performance for MB and 
thionine (TH) due to its larger surface area and good aqueous disperse ability [33]. 
Effective dynamic adsorption of polybrominated diphenyl ethers (PBDEs) and 5-chloro-
2-(2,4-dichlorophenoxy) phenol (triclosan) at the surface of rGO-coated silica (SiO2)-Pt 
Janus magnetic micromotors could be achieved in a very short time. The rGO-coated 
SiO2 functional material-based micromotors also showed outstanding capabilities for 
both the disposition of persistent organic pollutants (POPs) and the adsorption of 
phenanthrene, opening up some new opportunities for the efficient environmental 
remediation [34,35]. Besides the high adsorption capability for MB, Fe3O4-
graphene@mesoporous SiO2 nanocomposite can be easily separated from the solution by 
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an external magnet, for use as a novel sorbent for the removal of organic pollutants from 
large volumes of aqueous solutions [36]. 

To improve removal efficiencies, metal oxides are often anchored to graphene-based 
materials. SnO2 quantum dots (QDs) decorated rGO exhibited excellent removal capacity 
and fast adsorption rate for MB, good separation efficiency of 94% for the binary 
solution of MB/MO and 76% for MB/RhB mixture [37]. Specifically, Mn3O4 
nanoparticle anchored rGO also showed enhanced efficiency for 1-naphthylamine [38], 
and magnetic rGO showed an excellent reusability, photodegradation ability, fast 
adsorption rates besides extraordinary adsorption capacity [39-45]. The metal oxide-rGO 
hybrids have opened up an opportunity for fabrication of highly efficient graphene-based 
adsorbents [46-48]. 

2.2 Organic components modified rGO 

Due to the conjugate aromatic structure of rGO, the π-π interactions between rGO and 
organic dyes play a key role in the adsorption of organic contaminants. The maximum 
adsorption capacities of L-cysteine modified rGO (rGO-Cys) for anionic indigo carmine 
(IC) and cationic neutral red (NR) were 1005.7 and 1301.8 mg/g, respectively [49]. 
Besides normal organic molecules, smart RNA could be used as an aptamer and 
covalently immobilized on rGO for the removal of contamination of peptide toxins in 
drinking water [50]. 

2.3 Three-dimensional (3D) rGO-based composites 

As one of the most promising methodologies for fabrication of bottom-up nanomaterials, 
three-dimensional (3D) graphene-based composites have been recognized as one of the 
most active research fields in recent years. In general, the basic structural features of 3D 
graphene-based composites exhibit large surface area and well-defined porous structure, 
qualifying them to be ideal adsorbents for pollutant removal with excellent recyclability. 
Undoubtedly, porous 3D graphene-based materials with hierarchical structures have 
generated great interest among researchers [21].  

Three-dimensional graphene foam (3D-GF) possesses high porosity, good 
hydrophobicity, and excellent thermal stability. Compared to the as-prepared GF, 3D-GF 
showed better adsorption performance for oil in separating oil-water mixtures [51]. Due 
to the interconnected 3D porous network and the synergistic effects of the assembled 
graphene sheets and Fe3O4 nanoparticles, the graphene and Fe3O4 (G/Fe3O4) composite 
exhibited excellent adsorption capacity for Rhodamine B (RhB) with a maximum 
removal ratio of 99.6% [52]. Graphene/polyester staple composite (GPSC) could be used 
for effectively removing oils and organic solvents, especially crude oil [53]. The 
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ultrasonic-microwave assisted synthesis of rGO modified melamine foam (RGMF) would 
shorten the reduction time and enhance the firmness of anchoring rGO. In addition, the 
excellent selective adsorption ability, good utilization and high adsorption capacity for 
oils and organic solvents from aqueous solutions would improve its wider application in 
practice [54,55]. 

Another 3D porous structure, graphene sponges (GS), has also attracted extensive interest 
as efficient adsorbents. However, the preparation GS using toxic reducing reagents might 
cause additional environmental pollution [53]. The hydrothermal reduction of GO by 
glucose to form GS could avoid potential contamination, and the obtained GS could be 
easily regenerated by evaporating or burning. It showed excellent adsorption properties 
for oils and various organic solvents [56]. In addition, the hydrophobic nature of 
graphene would hinder the aqueous dispersion of GS. The attachment of a super-
hydrophilic melamine skeleton onto rGO has been achieved, and the rGO-melamine-
sponge (rGOMS) possessed excellent adsorption capacities of 286.5 and 80.51 mg/g for 
MB and orange G (OG), respectively [57]. Especially, the rGOMS could be easily 
regenerated, and 95% adsorption capacity is possible even after 10 cycles. The rGOMS 
composite sponge also exhibited an enormous adsorption capacity of 99.0 g/g for diesel 
oil [58].  

Slightly reduced GO (srGO) with large meso-and macroporosity exhibited high oils and 
organic solvents adsorption capacities (up to 319 times its own weight) on its hydrophilic 
surface due to its porous nature [59]. Especially, a porous and green 3D 
polydimethylsiloxane (PDMS)-rGO sponge exhibited high adsorption selectivity for 
petroleum products, organic solvents and emulsified oil-water mixtures due to its 
hydrophobic and oleophilic properties [60]. Highly macroporous graphene-based 3D 
structures with good adsorption selectivity might be the next-generation adsorbents for 
removal of organic pollutants. 

More facile and greener approaches are always expected. With the assistance of 
glutathione, the straightforward assembly of 3D nitrogen and sulfur co-doped graphene 
hydrogels (N/S-GHs) was carried out. The as-obtained N/S-GHs possessed superior 
adsorption properties for several organic dyes including MB, malachite green (MG) and 
crystal violet (CV) [61]. A facile, environment-friendly and mild in situ reduction-
assembly approach was developed for constructing rGO hydrogel, the prepared rGO 
hydrogel also showed excellent adsorption performance for organic dyes [62]. A newly 
developed facile one-pot hydrothermal process proved to be feasible for fabricating 3D 
porous nitrogen-doped rGO hydrogels [63]. The spinach assisted the reduction of GO 
was green and facile [64]. With polystyrene (PS) particle as a sacrificial template, the 3D 
hierarchical porous rGO aerogel (HrGOA) prepared by a "fishing" process exhibited 
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highly efficient adsorption performance for removal of oils and organic solvents due to 
its tunable porous architecture [65]. 

With the development of the research on rGO-based composites, various rGO-based 
adsorbents are constantly emerging (Table 1). The successful use of rGO-based 
adsorbents in water treatment is only a matter of time. 

Table 1: Adsorption of organic pollutant by rGO-based adsorbents. 

rGO-based adsorbents Adsorption properties Ref. 

rGO Adsorption capacity of 323 mg/g for 
Ciprofloxacin (CIP) [66] 

rGO Adsorption capacity of 13.52 mg/g for 
malachite green (MG) [67] 

rGO Removal efficiencies of 98-100% for acid 
orange 7 [68] 

rGO Adsorption capacity of 44.2 mg/g for bisphenol 
A (BPA) [69] 

rGO modified Nickel 
chromium layered double 

hydroxides 
Adsorption capacity of 312.5 mg/g for MO [70] 

Ni@rGO A removal efficiency of 99.5% for Rhodamine-
B (RhB) even after 16 times recycling [71] 

Magnetic rGO/Zeolitic 
imidazole framework 

Adsorption capacity of similar to 300 mg/g for 
benzotriazole (BTA) [72] 

rGO/zeolitic imidazolate 
framework hybrid composite 

An ultra-high adsorption capacity for MG 
(3000 mg/g) [73] 

Magnetite-rGO aerogels Excellent adsorption capacity for oils, organic 
solvents, and dyes [74] 

rGO-silver nanocomposite 
(rGO@Ag) 

Unusual adsorption capacity as high as 1534 
mg/g for organohalides [75] 

Cerium oxide modified rGO Adsorption capacities of 62.33 and 41.31 mg-
As/g at pH 4.0, respectively for arsenate [46] 

Tb4O7 complexed rGO Almost 100% removal of RhB [76] 

Aluminum and iron-doped rGO Selectively removal of trivalent and pentavalent 
methylated arsenic pollutants at various pH [77] 

rGO/wheat straw composite Higher removal efficiency of phenanthrene [78] 
Poly(4-styrenesulfonic acid-co-
maleic acid) -sodium-modified 

magnetic rGO 

Excellent adsorption capacity for basic fuchsin 
(BF), crystal violet (CV) and MB [79] 

Exfoliated graphite 
nanoplatelets Adsorption capacity of 850 mg/g for BPA [80] 
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Nanoporous graphene 
Adsorption capacities of 118.83,123.45 and 

125.36 mg/g for benzene, toluene and xylenes, 
respectively 

[81] 

Magnetite/rGO nanocomposite Adsorption capacity of 39.0 mg/g for MB [82] 
Magnetite/rGO nanocomposite Adsorption capacity of 144.9 1/mg for MB [83] 

Few layered graphene sheets 

Highly efficient adsorption selectivity and 
capacity for petroleum products and organic 
solvents such as ethanol, cyclohexane, and 

chloroform 

[84] 

Ce-Fe oxides dispersed on 
graphene 

Adsorption capacity of 179.5 mg/g for congo 
red (CR) [85] 

PVC@graphene-polyaniline 
fiber bundles The adsorption capacity of 40.0 mg/g for CR. [86] 

3D rGO macrostructure 
Adsorption capacities of 300.60 and 50.61 

mg/g- for MB and acid red 1 (AC1), 
respectively 

[87] 

Magnetic rGO Adsorption capacities of 63.96 and 48.74 mg/g 
for 4-n-nonylphenol (4-n-NP) and BPA [88] 

3D Ni-carbon-rGO hybrid Adsorption capacity of 21.1 mg/g for RhB [89] 
Magnetic polypyrrole 

composite (Fe3O4@PPy/RGO) Adsorption capacity of 270.3 mg/g for MB [90] 

Few-layered rGO Adsorption capacities in the range 11.40~ 18.60 
mg/g for humic acid (HA) [91] 

Magnetic rGO Adsorption capacity of 186.40 mg/g for RhB [92] 

Graphene–CNT aerogels 
High recycling performance and maintaining of 

adsorption capacity (~80% of the first 
maximum) after 8 cycles for gasoline 

[93] 

Sulfonated graphene 
nanosheets 

Adsorption capacity of 6.4 mmol/g for 1-
naphthol [94] 

Graphene-FA composite Removal efficiency of 72.4% for 
methylmercury [95] 

3. GO-based adsorbents 

Because of their outstanding properties like tremendous adsorption capacity, high 
removal efficiency, facile process, convenient operation and low cost, GO-based 
composites have found wider potential application in adsorption and removal of organic 
contaminants from wastewater than that of rGO-based adsorbents [96-98]. The aqueous 
GO suspension produced directly from chemical exfoliation of flake graphite by 
oxidation exhibited enormous removal capabilities of 1020.848, 947.294, 1049.643, and 
1036.739 mg/g for p-nitrophenol, o-nitrophenol, m-nitrophenol, and 1-naphthol, 
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respectively [99]. Electrochemical exfoliation was a newly developed technology, and the 
maximum adsorption capacity of the electrochemically exfoliated GO for MB was about 
511.7 mg/g [100]. Few-layered GO also showed stronger adsorptive interactions for 17 β-
Estradiol (E2), and the adsorption capacity of 149.4 mg/g was the highest value for E2 
adsorption of the reported adsorbents [101]. Even for colored wastewater, GO showed 
high adsorption capacities of 1429, 1250, and 476 mg/g for Basic blue 41 (BB41), basic 
red 18 (BR18), and basic red 46 (BR46), respectively [102].  

Usually, a high adsorption capacity for the removal of various kinds of organic pollutants 
from aqueous solutions could be obtained due to the high density of oxygen-containing 
functional groups on GO. However, the lack of selective removal ability for target 
organic pollutant and lower removal efficiencies need to be addressed. To solve these 
obvious problems, various methodologies have been developed. 

3.1 Inorganic particles modified GO 

Although monodisperse GO microspheres showed rapid and high removal efficiency for 
perfluorooctane sulfonate (PFOS), the Mg2+ modified GO composite exhibited 
significantly improved PFOS removal efficiency through the introduced bridging and 
interaction between Mg2+ and PFOS [103]. In comparison with as-prepared GO, the 
amine functionalized GO (AF-GO) also exhibited good adsorption capacities for acid 
Blue 92 (AB92), Acid Red 14 (AR14), and direct green 6 (DG6) from their 
multicomponent (binary) systems [104]. A silica-crosslinked GO membrane with unique 
adsorption capability for neutral organic molecules was prepared by soaking a layer-
stacked GO film in saturated silica solution. The negatively charged GO membrane was 
found to more efficiently remove glucose and sucrose (84 to 90%) than the tested 
negatively charged ionic species (trisodium citrate/TSC) [105]. 

SnO2 functionalized GO (SOG) nanocomposite exhibited fast adsorption rates for several 
dyes such as RhB, MB, methyl green (MG) and methyl red (MR) with the maximum 
adsorption capabilities of 115.4, 72.2, 76.5 and 108.3 mg/g, respectively. Especially, the 
generation of the adsorbent could be easily carried out by ethanol washing [106]. 

Magnetic GO (MGO) was used to simultaneously remove humic acid/fulvic acid 
(HA/FA), and the regenerated MGO still showed high efficiency, providing the 
possibility of application of MGO in real wastewaters treatment [107]. A magnetic 
calcium silicate GO (MGSi) composite adsorbent, Fe3O4 nanoparticles coated with 
calcium silicate and then firmly immobilized on the surface of the GO, exhibited highly 
selective adsorption ability toward alkaline dye and acridine orange (AO) [108]. 
Magnetic porous silica-GO (Fe3O4@mSiO2/GO) hybrid composite showed a maximum 
adsorption capacity of 1548.78 mg/g for p-nitrophenol at around room temperature, and 
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the property of easy separation by an external magnetic force made it very attractive 
[109]. By tuning the dimensions and geometries of Fe3O4, the sulfonated GO-Fe3O4 
hybrids could easily regenerate and exhibited impressively high removal rates (nearly 
100%) for MB and Rhodamine B (RhB) [110]. It is possible for the practical application 
of magnetic GO hybrids in environmental management due to the newly developed 
ultrasound-assisted co-precipitation method [111] and click reaction [112].  

The removal of volatile organic compounds (VOCs) has been an interesting research 
field. In contrast with pristine activated carbon nanofiber and conventional activated 
carbon fiber, GO/carbon nanofibers with well-developed mesoporous structure due to the 
embedded GO exhibited improved benzene and butanone adsorption capacities [113].  

3.2 Organic molecules modified GO 

Taking advantage of the strong adhesive abilities of mussel adhesive proteins (MAPs) 
and dopamine, the linkage of amino-terminated poly(sodium styrene sulphonate) (NH2-
PSPSH) with GO- poly(amide acid) (GO-PDA) via Michael addition reaction was carried 
out [114]. The GO-PDA-PSPSH showed increased removal efficiency and faster 
adsorption speed for organic dyes methylene blue (MB) than pristine GO. The 
polyaniline (PANI)-coated GO was further doped with SrTiO3, which could be used for 
efficient removal of both cationic dyes such as MB and an anionic dye such as MO [115].  

Besides mussels, natural polysaccharides composed of bonded monosaccharide units in 
long chains possess good ability to bind with other compounds and exhibit great 
potentials in adsorption. The polysaccharides (such as inulin, xylan or κ-carrageenan) 
functionalized GO composites showed higher adsorption abilities for MB, rhodamine 6G 
(Rh6G), acid fuchsin (AF) and orange II (OII) in comparison with as-prepared GO [116]. 

A novel β-cyclodextrin (β-CD) functionalized GO-isophorone diisocyanate (IPDI) 
composite (GO-IPDI-CDs) exhibited an adsorption capacity of 83.40 mg/g for MO [117]. 
And the magnetic β-CD functionalized GO acid showed several times, even hundreds of 
times of adsorption capacities higher than that of the reported carbonaceous materials for 
fuchsin and rhodamine 6G [118]. A versatile adsorbent, chitosan modified GO (CS-GO), 
exhibited pH-tunable surface charge and morphology, resulting in a flexible and tunable 
adsorption performance for MB [119].  

Multifunctional hyperbranched polyamine modified GO (HPA-GO) showed an 
equilibrium adsorption capacity of 740.7 mg/g for MB due to the π-π stacking 
interactions and electrostatic attraction [120]. Besides its excellent adsorption 
performance for MB, GO-perylene bisimides-containing poly(N-isopropyl acrylamide) 
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hybrid (TGO) (GO-PBI-PNIPAM) also showed reversible temperature-dependent self-
assembly and disassembly properties [121].  

3.3 3D GO-based composites 

Due to the high porosity, increased surface area, remarkable adsorption capability, 
diverse surface modified functional groups and environmental compatibility, graphene 
aerogel has been further applied as a promising adsorbent [122]. N-doped GO aerogel 
showed excellent adsorption capacity because of its high specific surface area and 
superhydrophobic nature. The good adsorption recyclability has added the advantage of 
this material making it more practically useful [123]. The fabricated 3D GO aerogels-
mesoporous silica (GOAS-MS) framework exhibited high removal efficiencies of 68.6, 
86.6, 91.1 and 94.7% for phenol, catechol, resorcinol, and hydroquinone, respectively 
due to its narrow mesopore size distribution, high surface area of 1000.80 m2/g, and 
hierarchical macro- and mesoporous structures [124]. The as-prepared 
GO/polyethyleneimine (PEI) hydrogels exhibited high removal rates and adsorption 
capacities for both MB and RhB [125]. And the konjac glucomannan (KGM)-GO 
hydrogel showed much enhanced adsorbing performance for both MO and MB [126]. 
Besides the improved adsorption capacity for organic contaminants, the 
GO/polyacrylamide hydrogel showed superior mechanical strength, high toughness, 
prominent self-healing ability and fatigue resistance [127]. This new class of strong and 
fully physically cross-linked hydrogels might be promising as efficient recyclable 
adsorbents in the future. 

Multifunctional 3D materials are always anticipated. Magnetic GO/poly(vinyl alcohol) 
(PVA) composite gels were developed as a convenient and remarkable adsorbent for MB 
and methyl violet (MV). Simultaneously, in situ growth of noble metal catalyst such as 
Pt, Au and so on onto the magnetic GO/PVA provides additional catalytic performance 
[128]. 

As previously mentioned, inorganic nanomaterials could act as pillared components for 
preventing the aggregation of graphene. The montmorillonite-pillared GO exhibited 
higher removal efficiencies toward MO and MB [129]. As time goes on, GO-based 
composites might be one of the most attractive adsorbents in wastewater treatment (Table 
2). 
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Table 2: The adsorption of organic pollutants using GO-based composites. 

GO-based adsorbents Adsorption properties Ref. 
GO Adsorption capacity of 27.16 mg/g for MG [67] 

GO Adsorption capacities of 16.83 and 63.69 mg/g for MO 
and basic red 12 (BR 12), respectively [130] 

GO Adsorption capacity of 49.26 mg/g for BPA [131] 
GO Adsorption capacity of 148.36 mg/g for RhB [132] 

GO suspensions Removed efficiencies of 75 and 30% for diclofenac 
(DCF) and sulfamethoxazole (SMX), respectively [133] 

GO Adsorption capacities of 67 and 116 mg/g for 
propranolol (PRO) and atenolol (ATL), respectively [134] 

Hybrid copper oxide nanoneedles 
on GO (GO-CuONNs) 

Strong electrostatic interaction is necessary for the 
adsorption [135] 

Polyacrylonitrile yarn waste/GO 
composite Removal efficiency was still nearly 95% for MB [136] 

GO/chitin nanofibrils (GO-CNF) 
composite foam 

Removal efficiency was still nearly 90% after 3 cycles 
for MB [137] 

GO-loaded agarose hydrogel Adsorption capacity of 355.9 mg/g for Nile red [138] 
Macroporous polystyrene/ GO 

composite monolith 
Adsorption capacity of 197.9 mg/g at pH 6 for 

tetracycline [139] 

4-Aminothiophenol functionalized 
GO Adsorption capacity of 763.30 mg/g for MB [140] 

3-Aminopropyltriethoxysilane 
functionalized GO Adsorption capacity of 676.22 mg/g for MB [140] 

Poly(acrylic acid) functionalized 
magnetic GO Adsorption capacity of 291 mg·g-1 for MB [141] 

Anionic polyacrylamide/GO 
aerogels Adsorption capacity of 1034.3 mg/g for basic fuchsin [142] 

GO decorated Fe3O4@SiO2 Adsorption capacity of 44.05 mg/g for MB [143] 

β-CD functionalized GO Better excellent adsorption capacity for fuchsin acid 
than MB and MO [144] 

β-CD functionalized magnetic GO Avery high adsorption capacity of 1102.58 mg·g-1 for 
p-phenylenediamine [145] 

Magnetic GO Removal efficiencies of 7-19% to 78-98% for 
disinfection by-product (DBP) precursors [146] 

Tannic acid functionalized GO Adsorption capacity of 201 mg/g for RhB [147] 
Magnesium hydroxide (Mg(OH)2)-

GO composite Adsorption capacity of 779.4 mg/g for MB [148] 

GO/polypyrrole composite Adsorption capacities of 2.14 and 6.74 mmol/g for 
phenol and aniline, respectively [149] 

Few-layered GO Adsorption capacities of 73.36~ 82.91 mg/g for humic 
acid (HA) [91] 

GO-PBI-PNIPAM Adsorption capacity of 568 mg/g for MB [121] 
GO and β-FeOOH bundles Removal efficiency of 60% for congo red in 10 min [150] 
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Magnetic citric acid functionalized 
GO Adsorption capacity of 112 mg/g for MB [151] 

Polydopamine (PDA)-GO Adsorption capacity of up to 2.1 mg/g for MB [152] 
Amino-functionalized Fe3O4 (NH2-

Fe3O4) modified GO 
Adsorption capacities of 167.2 and 171.3 mg/g for MB 

and Neutral Red (NR), respectively [153] 

4. Adsorption mechanisms 

Nanosized graphene-based composites are being considered as a class of highly efficient 
adsorbents for wastewater treatment. However, the adsorption affinity of graphene-based 
composites for the existing contaminants should be improved to decrease the costs. 
Therefore, it’s necessary to investigate the graphene adsorption behaviors and uncover 
the adsorption mechanisms between graphene and the adsorbates [154].  

A comparative study revealed that the adsorption of benzene and toluene onto rGO was 
more favorable than CNT. It indicates that the specific surface area and pore's volume of 
rGO has a significant contribution to the adsorption [155]. The stability of the pollutant 
after adsorption also plays a key role, silicon doped graphene (SiG) showed adsorption 
selectivity for the removal of organic arsenic pollutants in their trivalent and pentavalent 
oxidation states [156]. 

The presence of oxygenated functional groups such as hydroxyl and epoxy groups in GO 
and nitrogen-containing functionalities such as imine groups and amine groups are 
beneficial to its adsorportion properties [157, 158]. A double-oxidized GO (DGO) with 
high BET specific surface area of 51.2 m2/g and a high density of oxygen-containing 
functional groups was developed, and a maximum adsorption capacity of 704 mg·g-1 for 
acetaminophen (ACT) was achieved [159]. 

The weak interactions between graphene-based adsorbents and the organic contaminants 
such as van der Waals force, hydrogen bonding and π-π interaction all contribute to the 
adsorption. In addition, GO-CuONNs exhibited a higher adsorption rate for cationic dyes 
such as Coomassie brilliant blue (CBB) and MB than anionic dyes such as congo red 
(CR) and amido black 10B (AB), indicating a strong electrostatic interaction is necessary 
for the adsorption [135]. Besides the π-π electron donor-acceptor and van der Waals 
interactions, hydrophobic interactions would also dominate the adsorption of aliphatic 
synthetic organic compounds (SOCs) by graphene-based adsorbents [160]. The 
adsorption of three aromatic organic compounds (AOCs) including aniline, nitrobenzene, 
and chlorobenzene by GO was investigated at molecular levels, where both preferential 
hydrophobic interactions including π-π stacking and hydrophobic effect in the unoxidized 
region and the hydrogen bonding in the oxidized region of GO were observed [161]. 
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The increased porosity of a composite is also beneficial to the adsorption. The addition of 
GO in a metal-organic framework (MOF) of MIL-101 (Cr-benzene dicarboxylate) was 
carried out, which showed excellent adsorption capacity for nitrogen-containing 
compounds (NCCs) such as indole and quinoline [162]. Granular activated carbon (GAC) 
and single-walled CNT (SWCNT) both showed higher adsorption capacities for the 
selected aliphatic semivolatile organic compounds (SVOCs) than graphene due to their 
microporous volumes [160]. The inorganic nanoparticles could be acted as spacers, 
aiding in the segregation of GO or rGO sheets, and therefore increases the effective 
surface area of the nanocomposite and enhance its adsorption capacity [115]. 

Besides the physisorption procedure, a possible chemisorption procedure would be 
beneficial to the removal of organic contaminants from aqueous solutions. The adsorption 
of m-xylene onto tetramer clusters of platinum (Pt), palladium (Pd), gold (Au) and silver 
(Ag) deposited pristine and defective graphene were investigated. It was found that the 
adsorption of m-xylene onto Pt4

- and Pd4-DG was a chemisorption procedure, while the 
adsorption of m-xylene onto Au4

- and Ag4-DG was a physisorption, indicating the 
chemisorption counterparts of a physisorption-driven material is suitable as catalysts for 
the degradation of organic contaminants [163]. GO-titania hybrid Nafion membranes 
showed both the most promising adsorption and photocatalytic degradation ability for 
MO [164], so did TiO2-graphene composite [165], MIL-53(Fe)-rGO hybrid [166], Fe3O4-
rGO composite [167], iron(III)-based metal-organic framework/GO composite [168] and 
GO@ZnO composite [169] . Especially, PDA-GO composites with high surface area, a 
series of sub-nano thick PDA layer could selectively adsorb the dyes containing an 
Eschenmoser structure due to the possible 1,4-Michael addition reaction between the 
ortho position of the catechol phenolic hydroxyl group of PDA and Eschenmoser groups 
of the dyes [152].  

5. Conclusions and future directions 

Fabrication of recyclable, stable, efficient, environmentally benign and cost-effective 
graphene-based composite is expected. Therefore, GO/graphene could be encapsulated 
into or grafted by environmentally benign, biocompatible, non-toxic and cost-effective 
components such as alginate (SA), cellulose, CDs, chitosan and so on. The 
functionalization of graphene-based composites should be more rational. The 
environmental-friendly synthesis technologies undoubtedly raised the graphene-based 
composites’ profile in the adsorption field. 

The fabrication of graphene-based hydrogels and aerogels also provides a new 
opportunity for developing novel carbon-based adsorbent materials. In addition, high-
strength hydrogels in the fields of wastewater treatment should be expanded. The 
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addition of several nanoparticles such as zirconia proved to improve the thermal and 
mechanical stability of graphene-based composites. 

Adsorption selectivity is an interesting problem being concerned, and some researcher 
have already focused on it so far. Responsive components including a thermo-responsive 
polymer such as poly(2-hydroxyethyl methacrylate) (PHEMA), pH-sensitive polymers 
such as polyaniline and carboxymethyl chitosan have been grafted to GO, which showed 
high selectivity towards organic pollutants. Graphene-based composites with sensitive 
adsorption abilities are always anticipated. 

To establish "structure-property-application" relationships for the adsorption removal of 
organic pollutants using graphene-based nanocomposites, various approaches such as the 
tunable synthesis of graphene-based adsorbents, the reasonable decoration of graphene, 
and the suitable regulation of the micro-, meso-, and macro-structure of 3D graphene-
based frameworks, and the possibility of providing more active sites are expected.  
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Abstract 

This chapter presents the state-of-the-art on distributed models and associated 
performances of the most recent wastewater treatment methods based on the reverse 
osmosis (RO) process for the removal of high toxicological organic compounds from 
wastewater. The chapter presents the key challenges in connection with the removal of 
such harmful compounds. It provides a comprehensive critique on various models taking 
into account the impact of variable operating conditions and membrane dimensions and 
configurations. Whilst the literature review readily shows major RO successes in this 
aspect of work, it nevertheless highlights the continuing challenge of completely 
removing N-nitrosodimethylamine-D6 (NDMA) from wastewater. 
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1. Wastewater and associated challenges 

The fast-growing population and the associated increase in industrialization have resulted 
in a significant increase in groundwater contamination. The demand for freshwater 
sources in this changing environment with many draught areas seldom hitherto reported, 
is posing a real challenge. The trend of disposing large volumes of industrial effluents 
and sewage into rivers and oceans is set to increase in the short and long terms. It is not 
surprising to see that there have been various initiatives for implementing sustainable 
alternative solutions by recycling, reclaiming, and reusing of different types of water. 
Water reuse is on the increase even in countries with little or no water shortage [1] thus 
reducing the quantity of wastewater disposed to surface water. A significant volume of 
research continues to focus on the removal of micropollutants from wastewater as these 
adversely affect the natural ecosystem and human health. However, this is a great 
challenge because the organic pollutants found in wastewater can neither be easily nor 
cheaply removed. In general, wastewater treatment is a much more difficult process than 
water desalination, not only because of the complex toxicological compounds, which 
exist in the wastewater but also because such treatment would require advanced and 
integrated technologies [2].  

The key challenges for removing pollutants from wastewater are listed below:  
1. The unique regulation of the restricted concentration of new organic compounds 

such as N-nitrosamine in wastewater is complex. 
2. A variety of organic compounds can be found in wastewater, which can lead to 

harmful chemical reactions and therefore high toxicological products.  
3. The existence of some chemicals in the secondary treatment process of effluents 

with a very low concentration creates more complications during the removal 
process due to the complex analytical determination. 
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4. The redesign of existing water and wastewater treatment plants is not easy. 

Extensive research work has been performed by solving the above challenges by 
developing complex treatment systems based on several technologies used alone or in 
combination.  

2. Reuse water applications 

Reclaimed and reused waters have been used in a wide variety of applications [1], which 
include: 

1. Industrial reuse: Reuse water of low quality is utilized in cooling towers and 
power plants due to high-water demand.  

2. Agricultural and irrigation reuse: These are considered as the highest consumers of 
recycled water for irrigating edible and non-edible agricultural crops. This is due 
to low cost of wastewater with nutrient content that eliminates the use of 
fertilizers.  

3. Indirect potable reuse: Examples of these include facilities in Orange County, 
California, Windhoek, Namibia and NEWater in Singapore. 

Table 1 reflects the tendency and the purpose of using recycling/reclaiming water in 
some countries [3]. 

Table 1: Purposes and rates of using wastewater in some countries [3]. 

Country Purpose  Rate  Notes 
Pakistan  Agricultural 96% Non-treated wastewater 
Tunisia Agricultural 86% Treated wastewater 
Namibia Municipal 29% Namibia and Singapore have the most 

important water reuse for human 
consumption reclamation projects Singapore 

Municipal 45% 
Industrial 51% 

USA  Industrial 45% USA and Germany have a larger number of 
recycling and reuse projects across various 
industries Germany Industrial 69% 

 

3. Pollutants complexity challenges 

Phenol and phenolic compounds (aromatic compounds) are considered as micro-
pollutants that can be found in a variety of concentrations in wastewater effluents of 
many industrial processes such as refineries (6-500 ppm), coal (9-6800 ppm), 
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petrochemical (28-1220 ppm) and pharmaceutical production (0.1-1600 ppm) [4,5]. 
These organic compounds are particularly harmful and cause an adverse impact on 
human health due to high toxicity even at low concentrations [6]. The oral tolerable daily 
intake of phenols has been limited down 0.5 mg/kg/day as confirmed by the European 
Food Standards Agency [7]. Also, the existence of trace amounts of phenol in industrial 
effluents can prevent the reuse of water in many applications [8]. There are currently a 
number of methods for removing these pollutants including adsorption on powdered 
activated carbon, UV/H2O2, catalyst wet air oxidation and membrane technology. The 
chemical oxidation and reverse osmosis processes have exhibited better performances for 
removing phenol from wastewater, which in turn aids to produce good quality water for 
several industries [5,9,10]. 

N-nitrosamines are considered as carcinogenic organic chemical compounds found in 
wastewater and formed due to the disinfection of secondary effluents, and the existence 
of inhibitors in the water [11]. The US Environmental Protection Agency (US EPA, 
2009) [12] has restricted their concentration in recycled water to low levels of 0.7 ng/L. 
There are several treatment methods used to eliminate the risk of disposing NDMA from 
the reuse water, such as adsorption on activated carbon, ozonation and exposure to 
ultraviolet radiation [13]. However, the successful method is the combination of several 
treatment technologies including coagulation with ferric chloride, disinfection by 
chloramination, ultrafiltration UF, reverse osmosis (RO), and UV/H2O2 [14,15]. 
However, the main drawback of this advanced technology is the high cost of treatment. 
This resulted in diverting much attention to membrane technology for reducing treatment 
costs. 

4. Process modelling complexity challenges 

The modelling of an industrial process has always played an important role in the process 
design. Many challenges exist including a better understanding of the processing 
mechanism, rigorous evaluation of various designs via simulation and the optimisation of 
the process performance by calculating optimal operating conditions and process control 
parameters. These challenges are more complicated in industrial treatment processes 
involving reverse osmosis, but they have nevertheless been attempted with some success 
in a wide range of applications including textile, paper, electrochemical and biochemical 
industries, and seawater desalination. RO has been used in such applications due to its 
ability to separate impurities effectively commensurate with environmental demands. 
Further recent attempts have yielded improved optimisation models for removing organic 
compounds from wastewater [16,17]. 
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5. Simulation models challenges 

The performance of many industrial processes can be analyzed using two simulation 
methods. Dynamic models use variable flow and loads, whereas steady-state models use 
constant flows and loads with respect to time. Dynamic simulation models are therefore 
much more complex than steady-state models because of their ability to predict the 
process response for a range of operating conditions in time.  

6. Wastewater treatment methods 

A number of treatment technologies are currently available for removing organic 
pollutants from wastewater. However, the performance of applied technologies 
dependent on the nature and complexity of contaminants in the wastewater. These 
treatment technologies fall into one of the following categories [18]: 

1. Physicochemical treatment: coagulation-flocculation process, adsorption by 
activated carbon and advanced oxidation (i.e. ozone, UV) methods are used for the 
treatment of wastewater. Specifically, the oxidation method uses chlorine or ozone 
and classified as a highly-graded treatment technology. 

2. Biological treatment: activated sludge and biological trickling filters are used as 
sewage treatment system, which can renovate the organic pollutants into easily 
separated biomass using clarifiers. 

3. Advanced treatments: ultra-violet (UV) photolysis, ion exchange, membrane 
bioreactor process and membrane filtration technology such as reverse osmosis 
(RO) and nanofiltration (NF) treatment methods. These methods are always used 
to embed the microbiological safety of the reclaimed water. 

The performance of one example of the physicochemical treatment and the advanced 
treatment of the RO process used for removing organic compounds from wastewater is 
discussed below supporting with comprehensive literature review.  

6.1 The physicochemical oxidation treatment method 

The process of the catalyst wet air oxidation (CWAO) is regarded as a well-known 
wastewater treatment method for detoxifying the organic compounds in the aqueous 
phase. Fig. 1 represents the schematic diagram of the underlying process, which is 
characterized by oxidizing the organic compounds using pure oxygen at a solid fixed 
catalyst packed inside a trickle bed reactor (TBR).  The specifications of the catalyst 
(Pt/ɣ–Al2O3) and the characterization of the reactor used to remove phenol from 
wastewater in a pilot-scale size experiment are shown in Tables 2 and 3. The feed 
wastewater is collected in a feed tank and pumped to the process, while a compressor is 
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used to compress O2 which is concurrently fed to the reactor with the wastewater. The 
preferable operating conditions of the reactor are 4.93 to 197.38 atm and 100–350°C of 
pressure and temperature respectively. However, the other operating conditions such as 
initial phenol concentration, oxygen partial pressure, wastewater hourly space velocity 
and gas flow rate have to be managed to ensure the process stability. The hot outlet 
reactor stream is sent to a heat exchanger to regulate its temperature, while a separator is 
used to separate the liquid and gas for further analysis [5]. 

 
 

Figure 1. Schematic diagram of the CWAO process (Adapted from [5]). 
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Table 2: Characterisation of catalyst (Pt/ɣ–Al2O3) [19] (Adapted from [5]). 

Parameter Value 
Particle shape  Sphere  
Support  ɣ–Al2O3 
Active phase (0.48 wt%) Pt 
Diameter particle(𝑑𝑝𝑝) 1.6 (mm) 
Specific surface area of particle 
(𝑆𝑔) 259.9 (m²/g) 

Pore volume (𝑉𝑔) 0.308 (cm³/g) 
Bulk density (𝜌𝑐𝑐𝑐) 0.647 (g/cm³) 
Calcination temperature  400°C 

Table 3: Characterisation of the trickle bed reactor of CWAO process [19]) (Adapted 
from [5]). 

Parameter Value 
Construction material Stainless steel  
Volume of catalyst in bed (𝑉𝑐𝑐𝑐) 85 cm³ 
Length of bed catalyst (𝐿𝑟) 30 cm 
Inner reactor diameter (𝐷𝑟) 1.9 cm 
Length of reactor 77 cm 

6.1.1 The model of Mohammed et al. [5] 

Mohammed et al. developed a distributed model [5] consisting of a set of algebraic and 
differential equations and physical properties equations for the CWAO process 
considering the removal of phenol from wastewater using pure oxygen and catalyst (Pt/ɣ–
Al2O3) type. The model developed is given in details in Table A.1 of Appendix A. The 
model is totally based on the work of Safaa [19], where it is carried out in a laboratory 
scale of TBR reactor.  

6.1.1.1 Assumptions 
1. The plug flow is assumed inside the reactor. 
2. The validity of the film theory of Al-Dahhan et al. [20]. 
3. The phenol disappearance was described using the kinetic equation of Langmuir-

Hinshelwood [21]. 

6.1.1.2 Parameter estimation technique 

The unknown parameters of the membrane elements and the operating conditions are 
normally determined before solving model equations. In this simulation study, 
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experimental data are used to predict the best values of unknown parameters, which are 
then used with the known parameters to check the behavior of the unit against variable 
operating conditions. Mohammed et al. [5] used linear and non-linear regression methods 
and implemented these using the parameter estimation tool of the gPROMS (general 
Process Modelling System) software suite to estimate the unknown model parameters. 
These include the reaction orders of phenol concentration (𝑛), activation energy (𝐸𝐸) and 
oxygen partial pressure (𝑚) as well as the pre-exponential factor (𝐸0) based on the 
experimental data of Safaa [19]. These methods of parameter estimation minimize the 
sum of square errors between the model predicted results and experimental data. The 
results of the parameter estimation method are listed in Table 4. 

Table 4: Parameter estimation results of the CAWO process (Adapted from [5]). 

Parameter Symbol Unit Value 
Order of phenol 
concentration 𝑛 (-) 2.1066 

Activation energy 𝐸𝐸 (
𝐽

𝑚𝑚𝑚𝑚
) 16315.735 

Order of oxygen partial 
pressure 𝑚 (-) 0.6112 

Pre-exponential factor 𝐸0 (𝑠𝑚𝑠−1(
𝑠𝑚3

𝑚𝑚𝑚𝑚
)−1.11) 668879.2 

 

Figure 2. Model predictions and experimental results of phenol rejection verse operating 
temperature (Adapted from [5]). 
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6.1.1.3 Model validation 

Fig. 2 readily shows full consistency between model predictions and experimental results 
of the variation of rejection parameter with the operating temperature. 

6.1.1.4 The performance of the CWAO process for the removal of phenol 

Mohammed et al.’s CWAO process model [5] is used to predict the behavior of the 
process according to different operating conditions of initial phenol concentration, 
reaction temperature, liquid hourly space velocity, oxygen partial pressure and gas flow 
rate based on the estimated values of the model’ unknown parameters. 
The process simulation is carried out by considering the following operating conditions. 

• Initial phenol concentration (𝐶𝑝ℎ,𝐿(𝑖𝑖)): 1000, 3000 and 5000 mg/L. 

• Gas flow rates (-): 20, 40, 80 and 100%. 

• Oxygen partial pressure (𝑃): 7.895, 9.869 and 11.843 atm. 

• Reaction temperature (𝑇): 120, 140 and 160°C. 

• Liquid hourly space velocity (𝐿𝐿𝑆𝑉): 1, 2 and 3 1/h. 

The simulation results showed that phenol rejection varied between 60 and 94%, 
indicating many dependencies on the operating conditions. 

Figure 3. Effect of operating temperature on phenol conversion at constant liquid hourly 
space 1 1/h, reaction conditions (initial phenol concentration = 5 g/L, oxygen partial 
pressure = 0.8 MPa and gas flowrate = 80%) (Adapted from [5]). 

 

The impact of feed temperature on phenol rejection is shown in Fig. 3. It is not difficult 
to see that higher conversion can be obtained using higher reaction temperatures. In other 
words, the reaction rate constant is directly proportional to the temperature and the 
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activation energy is inversely proportional to the temperature. The impact of liquid 
hourly space velocity on phenol rejection is illustrated in Fig. 4, where an increase in 
liquid velocity causes a decrease in rejection parameter. This phenomenon can be 
ascribed to reducing the residence time of wastewater inside the reactor due to an 
increase in the liquid velocity, which in turn reduces the phenol conversion. 

Figure 4. Effect of liquid hourly space on phenol conversion at constant operating 
temperature of 160°C, reaction conditions (initial phenol concentration = 5 g/L, oxygen 
partial pressure = 0.8 MPa and gas flowrate = 80%) (Adapted from [5]). 

 

Fig. 5 shows the impact of oxygen partial pressure on phenol rejection at constant 
operating conditions, which indicates that an increase in the operating oxygen partial 
pressure from 0.8 to 1.2 MPa results in an increase in phenol rejection from 93 to 94.6%. 
This is because of the increasing gas density and solubility due to an increase in the gas 
partial pressure, which lifts the rejection parameter. Finally, the impact of initial phenol 
concentration on the performance of the process is shown in Fig. 6 at constant other 
operating conditions. The maximum phenol rejection of 94.75% is conducted at phenol 
concentration of 5 g/L, which indicates that increasing the phenol concentration can 
reinforce the rejection parameter due to increasing phenol molecules that cover a bigger 
catalyst area compared with the lower concentrations. 
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Figure 5. Effect of oxygen partial pressure on phenol conversion at reaction conditions of 
160°C and initial phenol concentration = 5 g/L and gas flowrate = 80%) (Adapted from 
[5]). 

 

 

 
 
 

 
 
 
 

Figure 6. Effect of phenol concentration on phenol conversion at reaction conditions of 
160°C and oxygen partial pressure 1.2 MPa and gas flowrate = 80%) (Adapted from 
[5]). 

6.2 Reverse osmosis process 

Reverse osmosis (RO) is a pressure driven process used to remove salts/pollutants from 
water so that it can be used for various purposes such as human consumption, as well as 
for agricultural and industrial uses [22]. RO has many immediate advantages including 
high packing density, minimum thermal damage and lower energy consumption [23]. 
More specifically, the spiral wound membrane modules are often preferred in both 
desalination and industrial processes since these offer particular characteristics of 
accepted permeation rates, ease of operation, replace, high membrane area to volume 
ratio, and low water production costs [24]. Furthermore, spiral wound RO modules are 
less liable to membrane fouling and are easier to clean [25]. Therefore, the modelling of 
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the spiral wound module will be discussed in detail below to highlight the performance of 
the RO process for the removal of organic compounds from wastewater. 

Spiral wound modules contain one or more membrane leaves based on the module type 
and diameter. Two back-to-back glued membrane sheets with a feed spacer are used to 
form one leaf, which are rolled around a perforated central tube of the produced water. 
The feed spacer provides a channel for the brine, which is forced to flow along the 
membrane length and exit from the opposite end as a concentrated brine. The fresh water 
penetrates the membrane and is collected in the permeate side, where it flows towards the 
centred tube.  

Fig. 7 presents a schematic diagram of the spiral wound module and the two opposite 
directions of the brine and produced water flow inside the module. The x-axis represents 
the axial coordinate along the membrane length L. While, the y-axis represents the 
tangential coordinate in the spiral direction starting from the sealed end of the leaf to the 
end of the membrane width W. The effective membrane area can be written as 𝐸 = 𝐿𝐿. 
Also, 𝑡𝑓 and 𝑡𝑝 are denoted the height of the feed and permeate spacers channels 
respectively. The membrane area is equally divided into several sub-sections of equal ∆x 
and ∆y, where ∆x and ∆y are the lengths of sub-section in the x and y coordinates 
respectively. Therefore, the area of the sub-section is given by Eq. (1). 

𝐸𝑠𝑠𝑠−𝑠𝑐𝑐𝑖𝑠𝑖 = ∆𝑥 ∆𝑦        (1) 

 

Figure 7. Schematic diagram of the spiral-wound module (Adapted from [26]). 
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The RO technology has seen a significant growth in water recycling and wastewater 
treatment in several industries [27]. For example, RO is widely considered for 
wastewater/effluent treatments in (a) textile industry [28], (b) dairy industry [29,30], (c) 
tannery industry [31] and (d) pharmaceutical industry [32]. These have stimulated 
continued research with an ultimate objective of maximizing the performance of the unit 
and, at the same time, reducing the cost of filtration. 

6.2.1 The feasibility of the RO process for wastewater 

Reverse osmosis has seen a significant increase in water desalination and treatment 
applications. This section discusses the state-of-the-art in respect of the feasibility and 
reliability of the RO process for removing organic compounds from wastewater. 

Chai et al. [33] used a filtration system of two spiral wound non-cellulose composite 
membranes (total area of 10 m²) type ATFRO (APV, Denmark) linked in a series 
configuration in addition to a UF membrane for the pre-treatment of an original 
electroplating wastewater containing copper. Experimental results showed that the 
maximum copper rejection was around 96.4%. 

Several membrane types (HR95PP, SEPA-MS05, DESAL-3Band DESAL-3LP) were 
tested by Bódalo-Santoyo et al. [34] in a pilot-scale filtration batch system of an 
individual flat cell RO module supplied by INDEVEN (Spain) to treat a multi-component 
synthetic effluent stream of inorganic species of sulfate, ammonium and cyanide 
compounds. The sulfate rejection varied between 96 and 99.5% where HR95PP and 
DESAL-3LP showed the highest rejections. However, the ammonium was retained in 
lower values than sulfate, where HR95PP showed a maximum of 84% and a range of 74 
to 78% for the rest of the membranes. Surprisingly, the cyanide rejection was around 
19% for HR95PP with negative rejections (higher permeate concentration compared to 
feed concentration), as found for other tested membranes.  Bódalo-Santoyo et al. [35] 
used the same apparatus and the effluent stream to test the performance of membrane 
DESAL-3 (polyethersulfone) of 3E-3 m². The results showed that the rejection of 
ammonium, cyanide, and sulfate in the range of 92.7-93.5%, 88-90% and 93.8-93.9% 
respectively, which were dependent on the use of different feed concentrations. 

Abo-Qdais and Moussa [36] tested the performance of a bench scale membrane module 
containing tubular spiral wound RO membrane of 2.5 m² to treat synthetic wastewater 
samples of different concentrations of copper and cadmium. The process efficiencies of 
removing Cu and Cd pollutants from wastewater were 98 and 99% respectively. 

Mohsen-Nia et al. [37] studied the performance of a laboratory scale RO thin film (1.95 
m²) composite spiral wound membrane (RE2012-100) for removing copper and nickel 
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from the mixed salt system. The rejection values were around 98% with the slightly 
higher removal of copper due to its larger size. These results confirmed that the 
underlying process can remove these pollutants effectively. 

Gómez et al. [38] investigated the impact of the nature of membrane and operational 
variables on the performance of a bench scale of flat sheet membrane (3E-3 m²) for 
removing aniline from aqueous solutions. This study concluded that membrane 
(HR98PP) has the highest rejection of 91.8% while the lowest rejection of 79% was 
obtained with MS05. Also, the aniline rejection was slightly increased due to an increase 
in operating pressure. 

The pilot-plant scale of the RO process of a spiral wound module type 2521 TF (Korean 
CSM company) was used by Mohammadi et al. [39] to study the performance of the 
process for removing chromium (Cr+6) from electroplating industry’s effluents. Under 
optimum operating conditions, the highest removal of chromium was about 99%. 

Sagne et al. [40] investigated the impact of operating variables and membrane type 
(CPA2 and ESPA2 from Hydanautics and BW30 from DOW) (2.6 m²) for eliminating 
small organic solutes of carboxylic acids and alcohols from distillery condensates using a 
recycle mode RO pilot-plant of an individual spiral wound module. The experiments 
showed that caproic acid and 2.3-butanediol were completely removed. Moreover, the 
membrane type BW30 achieved maximum removal of more than 80% of butyric acid, 
valeric acid, and 2-phenylethanol solutes compared to other membranes tested. 

Madaeni and Koocheki [41] studied the efficiency of the cross-flow filtration system of 
two thin film composite spiral wound membranes type Filmtec TW30HP-4641 (11.89 
m²) in a series configuration to remove phosphate, sulfite, nitrite, and nitrate from 
wastewater. The experiment results showed maximum rejection of 91, 93, 95 and 98-99% 
for nitrite, nitrate, sulfite and phosphate ions, respectively. However, the rejection of 
nitrite and nitrate ions can be improved to 99% by the addition of KH2PO4 into the 
solution. 

Tabassi et al.  [42] investigated the performance of a pilot plant for an individual 
commercial polyamide thin film composite RO membrane spiral wound type SG 2514TF 
(Osmonics company) of 0.6 m² in removing phenol from synthetic aqueous solutions of 
different concentrations. The effect of the operating parameters on the process 
performance was studied where the maximum achieved rejection exceeded to 80%. 

Khazaali et al. [43] confirmed that the maximum rejection of bisphenol A (BPA) from 
aqueous solutions using cross-flow filtration system of a low-pressure polyamide thin 
film composite spiral wound RO membrane type TW30-1812-100(0.446 m²) was around 
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87%. The research was directed to pinpoint the optimum operating pressure that 
commensurates with the highest rejection. 

Finally, Thirugnanasambandham et al. [44] evaluated the performance of a bench scale 
filtration system of a spiral wound membrane (2 m²) to treat wine industry wastewater 
under several operating conditions. The results revealed that all the operating conditions 
have a significant impact on the process performance and the optimum conditions, were 
explored for the maximum rejections of 91, 93 and 97% of color, COD, and TDS 
respectively. 

6.2.2 The RO process modelling 

There are a number of models available to research the membrane performance of a spiral 
wound module with different features and applications based on some assumptions. 
These models have been applied to seawater and brackish water and validated against 
wastewater experimental data. However, the majority of these models did not take into 
account the impact of operating parameters variation along the membrane dimensions. To 
the best of the authors’ knowledge, the available literature includes a few attempts which 
explored such operating parameters and their impact on the membrane length and width, 
especially for the water treatment industry. 

The next section focuses on an extensive literature review on distributed modelling of the 
RO processes considering both desalination and water treatment RO processes. This 
section will highlight the latest distributed models developed for the removal of organic 
compounds from wastewater. It is also aimed to evaluate the importance of using 
distributed modelling as well as the efficiency of the RO process for the removal of 
organic compounds from wastewater. 

6.2.3 Distributed modelling of the spiral wound RO process 

The development of distributed models is based on a thorough understanding of the flow 
pattern inside the module for enhancing the process design. It can be argued that this is 
different in lumped models. 

Al-Obaidi and Mujtaba [45] confirmed that most of the available models are based on the 
solution-diffusion model and the three-parameter irreversible thermodynamics model. 
The available current literature is discussed in the following section. 

Analytical models were developed by Rautenbach and Dahm [46] for a spiral wound 
module and worked out by Evangelista [24], for high rejecting membranes and by 
Avlonits et al. [47] and Boudinar et al. [48] for both Roga and FilmTech membrane types 
respectively. These models considered the validity of the solution-diffusion model with a 
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fully axial flow of brine solution but they neglected the components of the tangential feed 
flow and the axial permeate flow. Also, these models assumed constant density and 
viscosity and ignored the concentration polarization impact. In addition to this, some of 
these models did not consider the pressure drop in the brine and permeate compartments. 

Based on the irreversible thermodynamic model, Spiegler and Kedem [49], 
Senthilmurugan et al. [50] and Mane et al. [51] developed models for turbulent flow by 
considering the pressure drop in both channels. Whereas, Mane et al. [51] considered two 
dimensions (x and y) for the feed flow rate and stimulated the rejection of boron by the 
RO process. Geraldes et al. [52] developed a one-dimensional model for spiral wound 
RO membranes by ignoring the diffusion flow in the feed channel and also the pressure 
drop in the permeate channel. Sagne et al. [53] investigated an improved dynamic one-
dimensional model based on the solution-diffusion methodology to simulate the removal 
of five volatile organic compounds from brackish water albeit by neglecting the 
concentration polarization impact and degrading the solute flux. Avlonits et al. [54] 
showed a two-dimensional model by assuming only convective flux and neglecting 
diffusive mass transport and ignoring the variance of permeate concentration along the 
axial and spiral directions. Oh et al. [55] developed a one-dimensional model based on 
the solution-diffusion model for spiral wound RO system. They assumed constant mass 
transfer coefficient and constant water flux in the case of changing the inlet feed flow 
rate. They also ignored the pressure drop in the permeate channel. Kaghazchi et al. [56] 
proposed a one-dimensional model based on the solution-diffusion methodology where 
the bulk flow rate was calculated as an average value of inlet and outlet feed flow rates. 

All the above models were validated against seawater and brackish water experimental 
data. Observations made on these proposed models, which have been validated against 
wastewater treatment data are summarised in the next section. 

Sundaramoorthy et al. [10,57] suggested a one-dimensional model based on the solution-
diffusion model by assuming constant values for both the pressure and permeate 
concentration at the permeate channel. The experimental data of chlorophenol and 
dimethylphenol removal from wastewater were used to validate the model developed. 
Fujioka et al. [58] developed a one-dimensional model based on the Spiegler and Kedem 
model and considered the variation of the operating parameters and assuming zero 
permeate pressure. The model is validated against experimental data of N-nitrosamine 
rejection. Al-Obaidi and Mujtaba [45] and Al-Obaidi et al. [26,59] developed one and 
two-dimensional steady-state and dynamic models for simulating the removal of organic 
compounds from wastewater using an individual element of RO membrane. The models 
were developed based on the combined principles of the solution-diffusion model, the 
Spiegler and Kedem model and the concentration polarisation mechanism. The models 
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were validated against experimental data of chlorophenol, N-nitrosamine and 
dimethylphenol removal from wastewater. 

From the above, it can be said that the solution-diffusion and the irreversible 
thermodynamic models have been used more widely to understand the mechanism of 
transport phenomena through the membrane. Both Murthy and Gupta [64] and Mujtaba 
[65] affirmed the accuracy of the Spiegler and Kedem and the solution-diffusion models 
to express the mechanism of water and solute transport in the RO process.  

Several distributed models, which were developed for the spiral wound RO process for 
the removal of phenolic and N-nitrosamine compounds from wastewater, will be 
discussed in the following paragraphs.  

6.2.4 The model of Sundaramoorthy et al. [10] 
A one-dimensional model has been developed for an individual spiral wound RO process 
by Sundaramoorthy et al. [10]. The model was able to predict the spatial variation of 
operating parameters along the membrane length. The proposed model equations are 
listed in Table A.2. of Appendix A. 

6.2.4.1 Assumptions 
1. The validity of the solution-diffusion model to elucidate the transport phenomena 

of water and solute. 
2. Constant permeate pressure of 1 atm at the permeate channel. 
3. The validity of the Vant Hoff’s relation to express the osmotic pressure. 
4. The validity of the film theory model to characterize the concentration 

polarisation. 
5. Constant values of water and solute transport parameters and friction factor. 
6. The constant solute concentration at the permeate channel. 

6.2.4.2 Experimental method 

Srinivasan et al. [9] and Sundaramoorthy et al. [57] used a pilot-scale RO filtration 
system of a commercial thin film composite membrane packed into a spiral wound 
module in their experimental work to remove chlorophenol and dimethylphenol from 
aqueous solutions of different concentrations. The solutes concentrations varied from 
0.778E-3 to 6.548E-3 kmol/m³. The feed was pumped at three different flow rates of 
2.166E-4, 2.33E-4 and 2.583E-4 m³/s with a set of inlet feed pressures varying from 5.83 
to 13.58 atm for each flow rate. Fig. 8 shows a schematic diagram of the corresponding 
RO filtration system. 
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Figure 8. Schematic diagram of an individual RO process (Adapted from [9]). 

 

6.2.4.3 Parameters estimation 

Sundaramoorthy et al. [10] also developed a graphical method for estimating the model 
unknown parameters including water 𝐸𝑤 and solute 𝐵𝑠 transport parameters and the 
friction factor 𝑏. Table 5 shows the parameters considering the membrane type Ion 
Exchange, India for the experiments of chlorophenol and dimethylphenol removal from 
wastewater. While, Table 6 shows the characteristics of the RO membrane used. 
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Table 5: Results of parameter estimation (Adapted from [57] and [9]). 

Solute Parameter Value 

Chlorophenol 

𝑏 8529.45�𝒂𝒂𝒂 𝒔
𝒂𝟒 � 

𝐸𝑤 9.5188E-7� 𝑚
𝒂𝒂𝒂 𝒔

� 

𝐵𝑠 8.468E-8�𝒂
𝒔

� 

Dimethylphenol 

𝑏 9400.9�𝒂𝒂𝒂 𝒔
𝒂𝟒 � 

𝐸𝑤 9.7388E-7� 𝒂
𝒂𝒂𝒂 𝒔

� 

𝐵𝑠 1.5876E-8�𝒂
𝒔

� 

 

Table 6: Input data: Membrane characteristics and geometry (Adapted from [57]). 

Company Ion Exchange, India 
Membrane material and configuration TFC Polyamide, spiral-wound 
Feed spacer thickness (𝑡𝑓) 0.8 mm 
Permeate channel thickness (𝑡𝑝) 0.5 mm 
Number of turns 30 
Module width (𝐿) 8.4 m 
Module length (𝐿) 0.934 m 
Module diameter 3.25 inches 

 

6.2.4.4 Model validation 

The model developed has been validated against experimental data of chlorophenol [57] 
and dimethylphenol [9] removal from wastewater. A maximum error of 15% was found 
in estimating the permeate concentration with a large range of very low errors associated 
with the other operating parameters of outlet feed flow rate and rejection parameter 
tested. Therefore, it can be said that the model is able to estimate the performance of an 
individual spiral wound module with sufficient accuracy. 

6.2.4.5 The performance of the RO process for the removal of phenolic 
compounds 

The experimental results of Sundaramoorthy et al. [57] and Srinivasan et al. [9] 
confirmed that an individual spiral wound RO module is able to remove chlorophenol 
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and dimethylphenol from wastewater at a maximum level of 83 and 97.3% respectively 
depending on the range of operating parameters used. 

6.2.5 The model of Fujioka et al. [58] 

A comprehensive work to investigate the performance of a full-scale RO plant was 
carried out by Fujioka et al. [58] who developed a specific one-dimensional model based 
on the irreversible thermodynamics principles and hydrodynamic calculations to 
investigate the total N-nitrosamine rejection from wastewater. The model equations are 
given in Table A.3 in Appendix A.  

6.2.5.1 Assumptions 
1. Spiegler and Kedem’s model was used to describe the mass transport through the 

module. 
2. The pressure drop in the feed section was identified using the Schock and Miquel 

model. 
3. Local permeate pressure at the permeate channel was taken as zero. 
4. The underlying process was assumed to be isothermal. 

6.2.5.2 Materials and methods 

Fujioka et al. [58] used a full-scale RO filtration system of three 4-inch glass-fibre 
pressure vessels shown in Fig. 9 in the experiments of eight N-nitrosamine solutes 
rejection with a molecular weight in the range of 74 to158 g/mol as summarised in Table 
8 (note NDMA, NPYR and NEMA only were selected here). The filtration experiments 
were carried out by introducing the stock solution of N nitrosamine compounds in Milli-
Q water conditioning with 20 Mm NaCl, 1 Mm CaCl2 and 1 Mm NaHCO3 to obtain 
approximately 250 ng/L of each target Nitrosamine compound. Specifically, one spiral 
wound element type ESPA2-4040 is stuffed in each pressure vessel, where a series 
connections is used. Therefore, the concentrated feed solution of the first vessel was 
transferred to the second vessel followed by the third one. The permeate was then 
collected from the stages and recycled back with the retentate solution into the feed tank 
to maintain constant feed concentration. The feed was pumped at constant volumetric 
flow rate of 2.43E-3 m³/s, while the average permeate flux was fixed at 2.78E-6,5.56E-6 
and 8.33E-6 m/s, which were equivalent to 10, 20 and 30 Lm²/h respectively, during the 
experiments by increasing the feed pressure from 4, 6.5 and 10.1 atm, which are 
equivalent to 0.4, 0.659 and 1.02 MPa respectively. The feed temperature was adjusted at 
20 ± 0.1 °C during the experiments. The specifications of the spiral wound membrane 
element are giving in Table 7.  
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Figure 9. Schematic diagram of full-scale three elements RO plant (Adapted from [58]). 

 

6.2.5.3 Parameter estimation 
The unknown friction parameter of the model was estimated using an iteration procedure 
to minimise the difference between the model prediction and the observed feed pressure. 
This method yielded the values of 3.9, 4.3 and 5.5 at permeate flow rate of 10, 20 and 30 
Lm²/h respectively. Water and solute permeability constants and the reflection coefficient 
of each solute are provided in Table 8. 
 

Table 7: Specifications of the spiral-wound membrane element (Adapted from [59]). 

Make Hydranautics, Oceanside, CA., USA 

Membrane type and configuration ESPA2-4040, Spiral-wound, Composite 
Polyamide 

Feed and permeate spacer thickness tf 
and tp (m)        6.6E-4 

Membrane sheet area (m²) 7.9 
Maximum feed flow rate (m3/s) 4.44E-3 
Membrane sheet length L (m) 0.9  
Membrane sheet width W (m) 8.7778 

  

 

 
               

 

 

 

 

 

 

 

 

Materials Research Foundations Vol. 32



57 

Table 8: Physical and transport parameters of the selected N-nitrosamines (Adapted 
from [61,58]). 

Name Abbreviat
ion 

Molecular 
weight 
(g/mol) 

Permeabilit
y 

coefficient, 
Bs (m/s) 

Reflection 
coefficient, 𝜎 

(dimensionless) 

N-nitrosodimethylamine-D6 NDMA 74.05 5.35E-6 0.953 
N-nitrosopyrrolidine-D8 NPYR 100.06 5.12E-7 0.973 
N-nitrosomethylethylamine-D3 NMEA 88.06 1.14E-6 0.958 
Pure water permeability at 20°C 𝐿𝑝 = 5.2 (∓ 0.2) L/m²h bar 
 

6.2.5.4 Model validation 

Figs. 10 and 11 demonstrate the comparison between the model predictions and the 
experimental data of the feed pressure variation along the membranes length (series of 
three membranes) and the rejection parameters of the three tested N-nitrosamine 
compounds. The model prediction was almost consistent with the experimental results, 
especially at low and medium feed pressures. However, the model overestimated the 
rejections especially of NDMA, which was probably caused due to inaccurately 
estimating its solute transport parameter value.  

 

Figure 10. Model prediction and observed feed pressure (Adapted from [58]). 
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6.2.5.5 Effects of processing parameters on the RO process performances  

Fig. 11 shows the relation between the rejection of three compounds of N-nitrosamine 
and the permeate flux. It is not difficult to see that an increase in the rejection of N-
nitrosamine occurs due to an increase in the permeate flux, which is already associated 
with an increase in the feed pressure. Finally, the simulation results of NDMA rejection 
showed a range of 40 to 61% for a system of three membranes in a series configuration 
compared to other N-nitrosamine compounds, which confirm a poor performance of the 
RO process for the removal of NDMA from wastewater. The same findings are 
confirmed by Steinle-Darling et al. [14] who noticed that the NDMA removal using a 
pilot-scale of three flat-sheet of commercial RO membranes was between 54 – 70%. 
While Plumlee et al. [62] and Krauss et al. [63] affirmed the NDMA removal ranges 
between 24 – 56% and 40 – 70% respectively of the RO process.   

 

 

Figure 11. Model prediction and observed permeate flux of three membranes (Adapted 
from [58]). 

6.2.6 The model of Al-Obaidi et al. [59] 

Al-Obaidi et al. [59] developed a one-dimensional mathematical model of integrated 
differential and algebraic equations to investigate the separation mechanism of N-
nitrosamine from wastewater in a spiral wound RO process. The model was based on 
Spiegler and Kedem’s principle on mass transport, Darcy’s law and the concentration 
polarization to investigate the pressure drop and mass transfer coefficient in the module 
feed channel respectively. The physical properties equations were considered identical to 
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the water equations proposed by Koroneos et al. [60] due to the use of dilute aqueous 
solutions of N-nitrosamine in the experiments of Fujioka et al. [58]. The model equations 
are provided in Table A.4 in Appendix A. 

6.2.6.1 Assumptions 

The following assumptions were made to develop the proposed process model: 
1. Spiegler and Kedem’s principles were used to elucidate the transport phenomena. 
2. The Darcy’s law is valid where the friction parameter was used to characterize the 

pressure drop in the feed and permeate channels. 
3. Constant solute concentration in the permeate channel and the average value were 

calculated from the inlet and outlet calculated concentrations. 
4. Isothermal filtration process. 

6.2.6.2 Determination of transport parameters 

The friction and the model transport parameters (𝑏, 𝐿𝑝, 𝐵𝑠) for each run were calculated 
using the gEST parameter estimation of the gPROMS software based on the experiments 
conducted by Fujioka et al. [58]. The values used for the friction parameters were 62, 194 
and 395 (atm s/m⁴) for the average permeate fluxes 2.78E-6, 5.56E-6 and 8.33E-6 m/s 
respectively. The selected membrane transport parameters of the three N-nitrosamine 
solutes (NDMA, NEMA and NPYR) and the water transport parameter Lp are provided in 
Table 9. The estimated values presented in Table 9 are close to those reported by Fujioka 
et al. [58]. 

Table 9: Physical and transport parameters of the selected N-nitrosamines (Adapted 
from [59]). 

Name 
Molecular 

weight 
(g/mol) 

Water 
permeability 

coefficient, (Lp) 
(m/s atm) at 20 °C 

Permeability 
coefficient, Bs (m/s) 

Reflection 
coefficient, 𝜎 

(dimensionless) 

NDMA 

NEMA 

NPYR 

74.05 

88.06 

100.06 

1.06E-6 – 1.27E-6 

1.05E-6 – 1.21E-6 

1.05E-6 – 1.23E-6   

4.75E-6 – 5.36E-6 

1.15E-6 – 1.23E-6  

4.18E-7 – 4.39E-7 

0.951-0.985 

0.936-0.989 

0.983-0.998 

 

6.2.6.3 Model validation 

The model developed by Al-Obaidi et al. [59] has been validated against the actual 
experimental results of Fujioka et al. [58]. Fig. 12 compares the experimental results and 
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the model prediction of the three selected N-nitrosamines rejections at three different 
overall permeate fluxes. Generally, the clear corroboration with experimental data readily 
shows the correctness of the model to measure the observed rejection data with a 
marginal error within high operating pressures. While, at low operating pressure (low 
average permeate flux), Fig. 12 shows that the model is able to simulate the observed 
data with a minor deviation. This might be ascribed to the inaccurate estimation of the 
transport membrane parameters at such pressure. In addition, Figs. 13 and 14 show the 
linear fittings with a regression coefficient R² (close to 1) for both the experimental and 
model prediction of the outlet feed flow rate and pressure respectively. 

 

Figure 12. Experimental and model rejections of NDMA, NEMA and NDEA with average 
permeate flux (Adapted from [59]). 
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Figure 13. Linear fitting of experimental and model outlet feed flow rate (Adapted from 
[59]). 

 

 

Figure 14. Linear fitting of experimental and model outlet feed pressure (Adapted from 
[59]). 

6.2.7 The model of Al-Obaidi et al. [26] 

The novel concept Adapted by Al-Obaidi et al. [26] lies in the development of an explicit 
simple two-dimensional spiral wound RO model for the removal of organic compounds 
from wastewater. This model was based on the solution-diffusion model and relaxed the 
assumptions of constant physical properties, constant pressure and concentration of the 
fresh water on the permeate side was considered in the past by many researchers. In 
addition, the impact of the plug-flow and diffusion flow was taken into account to 
express variation of the brine concentration along the membrane length and width. 
Moreover, the model characterizes the consideration of the tangential feed flow and axial 
permeate flow rates which were not considered in most existing spiral wound published 
models. The model developed was useful to study the effect of various operating 
parameters on the performance of the RO process. 

6.2.7.1 Assumptions 

A number of reasonable assumptions and simplifications were used in order to develop 
this model:  

1. The module was made up of a non-porous flat sheet with spacers and negligible 
leaf curvature.  
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2. The validity of the solution-diffusion model for the transport of the solvent and 
solute through the membrane.  

3. The validity of Darcy's law for the feed and permeate channels, which assumes 
that the pressure drop is proportional to the feed and permeate flow rate in the case 
of laminar flow conditions and the friction parameter is applied to characterize the 
pressure drop.  

4. The validity of the film model theory to estimate the concentration polarization 
impact.  

5. The main value of the permeate concentration for all the increments has been 
taken as the total freshwater concentration since the flowing of outlet water is in 
the spiral direction towards the perforated collected pipe. 

6.2.7.2 Governing equations 

Table A.5 in Appendix A presents the model equations of Al-Obaidi et al. [26] used to 
estimate the performance of an individual spiral wound RO process to remove organic 
compounds from wastewater. The physical properties equations were considered identical 
to water equations proposed by Koroneos et al. [60] due to the use of dilute aqueous 
solutions of dimethylphenol in the experiments of Srinivasan et al. [9]. 

6.2.7.3 Parameter estimation 

The parameters of the model were estimated using the proposed graphical method of the 
linear fit of Sundaramoorthy et al. [10]. This method was used to determine the values of 
solvent transport coefficient 𝐸𝑤, solute transport coefficient 𝐵𝑠 and the feed channel 
friction parameter 𝑏. The details of these parameters are provided in Table 10. The 
estimated values of transport parameters showed some difference in comparison with the 
values suggested by Srinivasan et al. [9] shown in Table 5. 

Table 10: Parameter estimation results (Adapted from [26]). 

Parameter  Value  

𝐸𝑤 9.42009E-7� 𝑚
𝑐𝑐𝑚 𝑠

� 

𝐵𝑠 (dimethylphenol) 2.22577E-8�𝑚
𝑠

� 

𝑏 9400.9 �𝑐𝑐𝑚 𝑠
𝑚4 � 
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6.2.7.4 Model validation 

For aqueous solutions of dimethylphenol, Tables A.6 to A.8 in Appendix A depict the 
experimental results of Srinivasan et al. [9] and the model predictions for three groups of 
feed flow rates; (each group holding five different feed concentrations under five 
different feed pressures) with estimating percentage of error between the experimental 
and the model predictions. Tables A.6 to A.8 in Appendix A compare experimental and 
model prediction results for a range of operating parameters including the retentate 
concentration, retentate pressure, retentate flow rate, average permeate concentration and 
average solute rejection with a set of different inlet feed flow rates, pressures, and 
concentrations. Generally, a good agreement between the model prediction and 
experimental results can be seen over the ranges of pressures, feed flow rates, and 
concentrations. Fig. 15 shows this for solute rejection for the whole data within 2.1% 
error. The model is able to predict the permeate concentration within a maximum of 15% 
error (Tables A.6 to A.8 in Appendix A) and less than 4% error for about 76% of 
retentate flow rate readings. Finally, 79% of retentate pressure readings are within 4% 
error. The model has been used for simulation as reported in the following section. 

 

Figure 15. Comparison of experimental and model prediction of solute rejection 
(Adapted from [26]). 

6.2.7.5 The effect of processing parameters on the RO process performances 
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impact of varying the process parameters, such as inlet feed flow rate, inlet feed 
concentration, inlet feed pressure, and inlet feed temperature. 

The two-dimensional results presented in Figs. 16 and 17 show the output data and 
provide a good insight into the steady state feed flow rate and pressure in the two 
dimensions throughout the membrane sheet. The feed flow rate decreases quite quickly as 
water passes through the membrane with a rapid increase in the osmotic pressure due to 
an increase in solute concentration. It was also noted that the feed pressure drops at the 
end of the membrane length due to increasing pressure loss, in turn, due to the friction of 
the wall of the membrane. Fig. 18 clearly shows the spatial progress of feed concentration 
in two dimensions in the feed channel due to retained solute along the membrane wall. 
The net result was an increase of the concentration polarization and osmotic pressure 
caused by the build-up of the solute on the membrane thus resulting in a reduction in 
water flux. 

 
 
 

 
 

Figure 16. Steady-state feed flow rate along the two-dimensions at inlet feed conditions 
(2.166E-4 m³/s, 6.548E-3 kmol/m³, 13.58 atm and 31.5°C) (Adapted from [26]). 
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Figure 17. Steady-state feed pressure along the two-dimensions at inlet feed conditions 
(2.166E-4 m³/s, 6.548E-3 kmol/m³, 13.58 atm and 31.5°C (Adapted from [26]).  

 

Figure 18. Steady-state solute concentration along the two-dimensions at inlet feed 
conditions (2.166E-4 m³/s, 6.548E-3 kmol/m³, 13.58 atm and 31.5°C) (Adapted from 
[26]). 
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Fig. 19 shows the response of solute rejection for the variation in both inlet feed pressure 
from (5.83 to 13.58 atm) and inlet feed concentration from (0.819E-3 to 6.548E-3 
kmol/m³) with constant values of inlet feed flow rate and temperature (2.583E-4 m³/s and 
31°C) respectively. It is worthy to note that the dimethylphenol rejection varies between 
88 and 96.8%. Also, the solute rejection increases because of an increase in the inlet feed 
pressure and concentration. This is due to an increase in the water flux by increasing the 
inlet feed pressure, which reduces solute concentration in the permeate channel. Also, the 
membrane rejection intensity increases due to an increase in the inlet feed concentration. 
Fig. 20 depicts the response of solute rejection for the variation in both inlet feed flow 
rate from 2.166E-4 to 2.583E-4 m³/s, and inlet feed pressure from 5.83 to 13.58 atm with 
constant values of high inlet feed concentration and temperature (6.548E-3 kmol/m³ and 
31°C) respectively. 

 

Figure 19. Impact of variation in inlet feed pressure and concentration on solute 
rejection at fixed inlet feed flow rate and temperature (2.583E-4 m³/s and 31oC) (Adapted 
from [26]). 

It is noted that under high concentrations and pressures conditions, increasing inlet feed 
flow rate has a comparable impact on the solute rejection compared with using high 
concentrations and low pressures conditions. The reason for this can be explained as 
follows. At low-pressure conditions, increasing inlet feed flow rate results in decreasing 
the concentration polarization, which reduces the solute concentration along the wall 
membrane and the solute flux through the membrane. Then, this decreases the permeate 
solute concentration and increases the solute rejection. However, at high-pressure 
conditions, it seems that there is a conflict between the operating variables. Firstly, high 
pressure increases water flux due to a decrease in the osmotic pressure. However, the 
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water flux somewhat decreases by increasing the friction with the membrane wall. This 
might be explained by a lower impact of the increasing inlet feed flow rate on the solute 
rejection response at high inlet feed concentrations. On the other hand, using lower inlet 
feed concentration, the experimental data (Tables A.6 to A.8 in Appendix A) show 
somehow an increase in the average solute rejection by increasing the inlet feed flow rate. 
This is due to the absence of concentration polarization impact at lower feed 
concentrations, which increases the mass transfer coefficient and total water flux. 
Furthermore, increasing the applied pressure results in reducing the concentration of the 
permeated water, which in turn increases the solute rejection due to an increase in water 
flux.  

 

Figure 20. Impact of variation in inlet feed pressure and flow rate on solute rejection at 
fixed inlet feed concentration and temperature (6.548E-3 kmol/ m³ and 31oC) (Adapted 
from [26]). 

Fig. 21 clearly shows the response of solute rejection for the variation in inlet feed 
concentration from 0.819E-3 to 6.548E-3 kmol/m³, and inlet feed flow rate from 2.166E-
4 to 2.583E-4 m³/s with constant values of inlet feed pressure and temperature of 13.58 
atm and 31°C respectively. It is also clear that the impact of variation in inlet feed 
concentration on solute rejection is comparable to the inlet feed flow rate in the case of 
using high inlet feed pressure conditions (Fig. 21). The solute rejection increases because 
of an increase in the inlet feed concentration and this may be owing to an increase in the 
membrane solute isolation intensity. The increasing inlet feed flow rate at high operating 
pressure results in a little increase in solute rejection for all the operating concentrations 
(Tables A.6 to A.8 in Appendix A). Also, it is easy to see that the temperature has a 
considerable impact on the solute rejection (Fig. 22). 
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Figure 21. Impact of variation in inlet feed concentration and flow rate on solute 
rejection at fixed inlet feed pressure and temperature (13.58 atm and 31oC) (Adapted 
from [26]). 

 

 
 

Figure 22. Impact of variation in inlet feed concentration and temperature on solute 
rejection at fixed inlet feed pressure and flow rate (9.71 atm and 2.166E-4 m³/s) (Adapted 
from [26]). 
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Increasing the operating temperature results in decreasing the viscosity of brine, 
increasing water flux and reducing the concentration at the permeate channel. Figs. 23 to 
26 exhibit the variation of the total water recovery in respect of the inlet feed parameters 
such as flow rate, concentration, pressure, and temperature respectively. Fig. 23 shows an 
increasing total water recovery as a result of an increase in the operating pressure, which 
lifts the quantity of water flux. The total water recovery decreases as a result of an 
increase in operating concentration due to the reduction of water flux caused by 
increasing osmotic pressure, which already reduces the driving force of water flux. 

 

 

 
 

Figure 23. Impact of variation in inlet feed pressure and concentration on %total water 
recovery at fixed inlet feed flow rate and temperature (2.583E-4 m³/s and 31oC) (Adapted 
from [26]). 

 

Figs. 24 and 25 reveal a reduction in total water recovery as a result of an increase in the 
inlet feed flowrate in spite of the gain of osmotic pressure reduction. It seems that 
increasing inlet feed flow rate leads to an increase in the frictional pressure drop along 
the membrane that creates a low driving force for the flow of fresh water in addition to a 
decrease in the residence time of feed inside the unit. Also, total water recovery decreases 
as a result of an increase in operating concentration. This is due to an increase in the 
osmotic pressure, which in turn reduces the water flux. Lastly, increasing operating 
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temperature has a significant impact on total water recovery by increasing the quantity of 
water flux, as depicted in Fig. 26. 

 

Figure 24.  Model simulation of %total water recovery at varying inlet feed flow rate and 
inlet feed pressure at fixed inlet feed concentration temperature (6.548E-3 kmol/m³ and 
31oC) (Adapted from [26]). 

 

 

Figure 25. Impact of variation in inlet feed concentration and flow rate on %total water 
recovery at fixed inlet feed pressure and temperature (13.58 atm and 31oC) (Adapted 
from [26]). 
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Figure 26. Impact of variation in inlet feed concentration and temperature on %total 
water recovery at fixed inlet feed pressure and flow rate (9.71 atm and 2.166E-4 m³/s) 
(Adapted from [26]). 

Conclusions 

This chapter provides a state-of-the-art of distributed models and associated performance 
of wastewater treatment methods using the reverse osmosis process for the removal of 
highly toxic organic compounds of phenol and N-nitrosamine. The RO process has 
confirmed its applicability and suitability for treating secondary effluents at low cost. 
However, the performance of RO process to remove N-nitrosodimethylamine-D6 
(NDMA) has been a challenge. Whilst the concentration of these micro-pollutants is 
relatively low in wastewater, it will continue to challenge future research for developing 
an improved separation process. The direction of travel for providing a sustainable 
solution for treating these highly toxic compounds will continue to attract RO researchers 
for many reasons, not least because of the tightening regulation for lower recommended 
concentrations in both drinking water and wastewater. Whilst the treatment of phenol 
from wastewater in other applications is very specific, this chapter elucidates one 
example only of catalyst wet air oxidation process and focuses on highlighting successful 
modelling methodologies.  
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To the best of the authors’ knowledge, the abilities and indeed possibilities of the RO 
process for removing NDMA are yet to be fully explored or realized with many 
opportunities and challenges for optimising the underlying operating conditions, 
superstructure and membrane synthesis. It is fair to say that the RO process remains the 
most promising treatment method for the removal of a wide range of hazardous 
chemicals albeit largely dependent on the operating conditions and the associated process 
configuration. 

Appendix A 

Table A.1. Modelling of CWAO process of Mohammed et al. [5] 

Model Equations Specifications Eq. 

no. 
𝑑𝐶𝑝ℎ,𝐿

𝑑𝑑
= − �

ƞ𝐿𝐿𝐾𝐿𝐿𝑎𝐿𝐿

𝑢𝑙
� �𝐶𝑝ℎ,𝐿

− 𝐶𝑝ℎ,𝐿−𝐿� 
The mass balance equations for the concentrations of phenol in 

the liquid phase. 
1 

𝑑𝐶𝑂2,𝐺

𝑑𝑑
= − �

𝐾𝐺𝐿𝑎𝐺𝐿

𝑢𝑔
� �

𝐶𝑂2,𝐺

𝐿𝑂2
− 𝐶𝑂2,𝐿� The concentration of oxygen and the mass transfer across the 

gas–liquid interface. 
2 

𝑑𝐶𝑂2,𝐺

𝑑𝑑
= − �

𝐾𝐺𝐿𝑎𝐺𝐿

𝑢𝑙
� �

𝐶𝑂2,𝐺

𝐿𝑂2
− 𝐶𝑂2,𝐿� 

− �
ƞ𝐿,𝐿𝐾𝐿,𝐿𝑎𝐿,𝐿

𝑢𝑙
� �𝐶𝑂2,𝐿 − 𝐶𝑂2,𝐿−𝐿� 

The mass balance equations for the concentrations of oxygen in 

the liquid phase. 
3 

𝐾𝐿,𝐿𝑎𝐿𝐿�𝐶𝑂2,𝐿 − 𝐶𝑂2,𝐿−𝐿�

= 7ƞ0(1 − 𝜀𝐵)𝑅𝑝ℎ 
The oxygen chemical reaction.  4 

𝐾𝐿𝐿𝑎𝐿𝐿�𝐶𝑝ℎ,𝐿 − 𝐶𝑝ℎ,𝐿−𝐿�

= ƞ0(1 − 𝜀𝐵)𝑅𝑝ℎ 
The phenol chemical reaction.  5 

𝑅𝑝ℎ = 𝜌𝑐𝑐𝑐𝐾ℎ𝑝𝑐
𝐶𝑝ℎ

𝑖 𝐶𝑂2
𝑚

�1 + 𝐾𝑝ℎ𝐶𝑝ℎ,𝐿�2 The kinetic equation of Langmuir–Hinshelwood type that 

accounts for phenol disappearance. 
6 

𝐾𝑝ℎ = 𝑚𝑥𝑒 �−
364.47

𝑇
− 2.3854� Calculates the adsorption equilibrium constant of phenol (𝐾𝑝ℎ). 7 

𝐾ℎ𝑝𝑐 = 𝐸0 𝑚𝑥𝑒 �−
𝐸𝐸
𝑅𝑇

� Calculates the Reaction rate constant (𝐾ℎ𝑝𝑐). 8 

𝐾𝑂2 
𝐿 𝑎𝐿

𝐷𝑂2
𝐿 = 7 �

𝜌𝑝ℎ𝑢𝑙

𝜇𝑝ℎ
�

0.4

�
𝜇𝑝ℎ

𝜌𝑝ℎ𝐷𝑂2
𝐿 �

0.5

 Calculates the gas–liquid mass transfer coefficient of phenol. 9 

𝐾𝑝ℎ
𝑠

𝐷𝑝ℎ
 𝐿 𝑎𝐿𝐿

= 1.8 �
𝜌𝑝ℎ𝑢𝑙

𝑎𝐿𝐿𝜇𝑝ℎ
�

0.5

�
𝜇𝑝ℎ

𝜌𝑝ℎ𝐷𝑝ℎ
𝐿 �

1/3

 Calculates the liquid–solid mass transfer coefficient of phenol. 10 
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Table A.1. Modelling of CWAO process of Mohammed et al. [5] (continued) 

Model Equations Specifications 
Eq. 

no. 
𝐾𝑂2

𝑠

𝐷𝑂2
𝐿 𝑎𝐿𝐿

= 1.8 �
𝜌𝑝ℎ𝑢𝑙

𝑎𝐿𝐿𝜇𝑝ℎ
�

0.5

�
𝜇𝑝ℎ

𝜌𝑝ℎ𝐷𝑂2
𝐿 �

1/3

 Calculates the liquid–solid mass transfer coefficient of 

oxygen. 
11 

𝐷𝑂2
𝐿 = 8.93𝑥10−8 𝜈𝐿

0.267 𝑇
𝜈𝑂2

0.267𝜇𝑝ℎ
 Calculates the molecular diffusivity oxygen. 12 

𝐷𝑝ℎ
𝐿 = 8.93𝑥10−8 𝜈𝐿

0.267 𝑇
𝜈𝑝ℎ

0.267𝜇𝑝ℎ
 

 

Calculates the molecular diffusivity of phenol. 13 

𝜈𝐿 = 0.285 (𝑣𝑐
𝐿)1.048 Calculates The molar volume of liquid (𝜈𝐿). 14 

𝜈𝑂2 = 0.285(𝑣𝑐
𝑂2)1.048 Calculates The molar volume of oxygen (𝜈𝑂2). 15 

𝜈𝑝ℎ = 0.285�𝑣𝑐
𝑝ℎ�

1.048
 Calculates The molar volume of phenol (𝜈𝑝ℎ). 16 

𝐿𝑂2 = �6088.8 − 871.2 ln 𝑇 −
326284

𝑇
� Calculates the Henry’s constant for oxygen (𝐿𝑂2).  17 

𝜌𝑝ℎ =
𝑀𝐿𝑝ℎ𝑃𝑐

𝑅 𝑇𝑐𝑑𝑐(1 − 𝑇𝑟)2/7 Calculates the density of phenol. 18 

𝑇𝑟= 𝑇
𝑇𝑐

 Calculates the reduced temperature. 19 

∅ =
1 − 𝑇𝑟

1 − 𝑇𝑠𝑟
 Calculates the Volume fraction of molecule (∅). 20 

𝜌𝑂2 =
𝑃 𝑀𝐿𝑂2

𝑑𝑂2 𝑅 𝑇
 Calculates the density of oxygen. 21 

𝜇𝑝ℎ

= 𝑚𝑥𝑒 �𝑚𝑛�𝛼 𝑥 𝜇𝑝ℎ,𝑠�𝑥 �
𝑚𝑛�𝜇𝑝ℎ,𝑠�

𝑚𝑛�𝛼 𝑥 𝜇𝑝ℎ,𝑠�
�

∅

� Calculates the viscosity of phenol. 22 

𝑇𝑠𝑟= 𝑇𝑏
𝑇𝑐

 Calculates the reduced boiling point temperature.  23 
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Table A.1. Modelling of CWAO process of Mohammed et al. [5] (continued) 

Model Equations Specifications 
Eq. 

no. 

ƞ0 =
3(𝜑 𝑠𝑚𝑡ℎ𝜑 − 1)

𝜑2  Calculates the effectiveness factor of for the sphere particle. 24 

𝜑 =
𝑉𝑝

𝑆𝑝
��

𝑛 + 1
2

� �
𝐾ℎ𝑝𝑐𝐶𝑝ℎ

𝑖−1𝜌𝑝

𝐷𝑝𝑖
� Calculates the Thiel modulus (𝜑). 25 

𝜌𝑝 =
𝜌𝑐𝑐𝑐

1 − 𝜀𝐵
 Calculates the particle density (𝜌𝑝). 26 

𝑉𝑝 =
4
3

 𝜋(𝑟𝑒)2 Calculates the external volume (𝑉𝑝) of the spherical shape of 

particle. 
27 

𝑆𝑝 = 4 𝜋(𝑟𝑒)2 Calculates the surface area (𝑆𝑝) of the spherical shape of particle. 28 

𝑎𝐿,𝐿 =
𝑆𝑝(1 − 𝜀𝐵)

𝑉𝑝
 Calculates the surface area of particle per unit volume of the bed. 29 

𝐷𝑝𝑖 =
𝜀𝐿

𝜏
1

1
𝐷𝑚𝑠.𝑖

+ 1
𝐷𝑘𝑖,𝑖

 
Calculates The effective diffusivity (𝐷𝑝𝑖).  30 

𝜀𝐿 = 𝜌𝑃𝑉𝑔 Calculates the catalyst particle porosity (𝜀𝐿). 31 

𝜀𝐵 = 0.38 + 0.073

⎝

⎜
⎛

1 +
� 𝑑𝑐

𝑑𝑝𝑝
− 2�

2

� 𝑑𝑐
𝑑𝑝𝑝

�
2

⎠

⎟
⎞

 Calculates the bed porosity (𝜀𝐵). 32 

𝐷𝑘𝑖,𝑖 = 9700 𝑟𝑔�
𝑇

𝑀𝐿𝑝ℎ
 Calculates the Knudsen diffusivity (𝐷𝑘𝑖,𝑖). 33 

𝑟𝑔 = 2 
𝑉𝑔

𝑆𝑔
 Calculate the mean pore radius (𝑟𝑔). 34 

𝑅𝑚𝑅𝑇𝐵𝑇 =
𝐶𝑝ℎ,𝐿(𝑖𝑖) − 𝐶𝑝ℎ,𝐿(𝑠𝑠𝑐)

𝐶𝑝ℎ,𝐿(𝑖𝑖)
 𝑥100 Calculate the rejection of phenol 35 
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Table A.2. Equations describing the spiral-wound RO modelling of Sundaramoorthy et 
al. [10] 

Title The Mathematical Expression 
Eq. 

no. 

Calculate water flux at each point along the x-axis 
Jw(x)=

∅
𝐸 sinh ∅

��𝐹𝑠(0) cosh ∅ �1 −
𝑥
𝐿

�

− 𝐹𝑠(𝐿) cosh
∅ 𝑥
𝐿

�� 
1 

Calculate the parameter ∅ in Eq. (1) ∅ = 𝐿 �
𝐿𝑏𝐸𝑤

�1 + 𝐸𝑤
𝑅
𝐵𝑠

𝑇 𝐶𝑝�
�

0.5

 2 

Calculate the feed pressure at any point along the x-axis 

𝑃𝑠(𝑥) = 𝑃𝑠(0) −
𝑏𝐿

∅ sinh ∅
�𝐹𝑠(𝐿) �cosh

∅𝑥
𝐿

− 1�

− 𝐹𝑠(0) �cosh ∅ �1 −
𝑥
𝐿

�

− cosh ∅�� 

3 

Calculate the outlet feed pressure  
𝑃𝑠(𝐿) = 𝑃𝑠(0) −

𝑏𝐿
∅ sinh ∅

��𝐹𝑠(0)

+ 𝐹𝑠(𝐿)�(cosh ∅ − 1)� 
4 

  5 

Calculate the osmotic pressure at each point along the x-

axis 
∆𝜋𝑠(𝑥) = 𝑅(𝑇 + 273.15)�𝐶𝑠(𝑥) − 𝐶𝑝� 6 

Calculate the progress of feed concentration at each 

point along the x-axis 
𝐶𝑠(𝑥) = 𝐶𝑝 +

𝐹𝑠(0)�𝐶𝑠(0) − 𝐶𝑝�
𝐹𝑠(𝑥)

 7 

Calculate the rejection parameter at each point along the 

membrane length 
𝑅𝑚𝑅 = 1 −

𝐶𝑝

𝐶𝑠(𝐿)
 8 

Calculate mass transfer coefficient at any point along the 

x-axis 

k(x,y)deb

= 246.9 Db(x,y) Reb(x,y)
0.101 Rep(x,y)

0.803 Cm(x,y)
0.129  

9 

Calculate the permeate concentration at each point along 

the permeate channel 

𝐶𝑝 =
𝐶𝑠(𝑥)

�1 +

𝐽𝑤(𝑥)
𝐵𝑠

𝑚
𝐽𝑤(𝑥)
𝑘(𝑥)

�

 

10 
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Table A.3. Equations describing the spiral-wound RO modelling of Fujioka et al. [58] 

Title The Mathematical Expression 
Eq. 

no. 

Calculate water flux at each point along the x-axis Jw(x)=Lp��𝑃𝑠(𝑥) − 𝑃𝑝 − 𝜎∆𝜋(𝑥)�� 1 

Calculate the total permeate flux per each slide 𝑄𝑝(𝑥) = 𝐽𝑤(𝑥)∆𝑆 2 

Calculate the total permeate flux of membrane  𝑄𝑝,𝑐 = � 𝑄𝑝(𝑥) 3 

Calculate the osmotic pressure at each point along 

the x-axis 
𝜋(𝑥) = 1.19(𝑇 + 273.15) � 𝐶𝑠(𝑥) 4 

Calculate the progress of feed concentration at 

each point along the x-axis 
𝐶𝑠(𝑥+1) =

𝐹𝑠(𝑥)𝐶𝑠(𝑥) − 𝐶𝑝(𝑥)𝑄𝑝(𝑥)

𝐹𝑠(𝑥+1)
 5 

Calculate the sub-section feed flow rate at each 

point along the x-axis 
𝐹𝑠(𝑥+1) = 𝐹𝑠(𝑥) − 𝑄𝑝(𝑥) 6 

Calculate the pressure drop at each point along the 

membrane length   
∆𝑃𝑠(𝑥) = 0.5 𝑏 ρb(x)𝑈𝑠(𝑥)

2 ∆𝑥
𝑑ℎ

 7 

Calculate the total pressure drop per each element ∆𝑃𝑠.𝑐 = � ∆𝑃𝑠(𝑥) 8 

Calculate the progress of feed pressure at each sub-

section 
𝑃𝑠(𝑥+1) = 𝑃𝑠(𝑥) − ∆𝑃𝑠(𝑥) 9 

Calculate the density parameter 
ρb(x)

= 498.4 mf��248400 mf
2 + 752.4 mf. Cb(x)x18.0153

 
� 

10 

Calculate the parameter 𝑀𝑓 in Eq. (8) mf = 1.0069 − 2.757. 10−4Tb 11 

Calculate the rejection parameter at each point 

along the membrane length 
𝑅𝑚𝑅(𝑥) =

𝜎�1 − 𝐹(𝑥)�
�1 − 𝜎𝐹(𝑥)�

 12 

Calculate the observed rejection parameter 

𝑅𝑚𝑅𝑠𝑠𝑠(𝑥)

=
𝑅𝑚𝑅(𝑥)

�1 − 𝑅𝑚𝑅(𝑥)�𝑥 𝑚𝑥𝑒 �
𝐽𝑤(𝑥)
𝑘(𝑥)

� + 𝑅𝑚𝑅(𝑥)

 13 

Calculate the parameter (𝐹(𝑥)) in Eq. (10) 𝐹(𝑥) = 𝑚𝑥𝑒 �−
(1 − 𝜎)

𝐵𝑠
𝐽𝑤(𝑥)� 14 
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Table A.3. Equations describing the spiral-wound RO modelling of Fujioka et al. [58] (continued) 
Title  The Mathematical Expression Eq. no. 

Calculate mass transfer coefficient. K, µb(x)andρb(x)are the 

efficiency of mixing (𝐾 = 0.5) 
k(x)=0.753 �

K
2-K

�
0.5

�
Db(x)

tf
� �

µb(x)ρb(x)

Db(x)
�

0.1666

�
2 tf

2Ub(x)

Db(x) ∆L
�

0.5

 15 

Calculate the viscosity parameter 𝜇 = 2.141𝐸 − 5𝑥 10
247.8

𝑇−140 16 

Calculate the permeate concentration at each point along the 

permeate channel 
𝐶𝑝(𝑥) = 𝐶𝑠(𝑥)(1 − 𝑅𝑚𝑅𝑠𝑠𝑠) 17 

Calculate the overall permeate concentration 𝐶𝑝(𝑐𝑎) =
∑ 𝐶𝑝(𝑥)𝑄𝑝(𝑥)

∑ 𝑄𝑝(𝑥)
 18 

 

Table A.4. Equations describing the spiral-wound RO modelling of Al-Obaidi et al. [59]  

Title The Mathematical Expression Eq. no. 

Calculate water flux  Jw(x)=
Lp

∅(x)
�∆Pb(0)-�b x Fb(0)�- �b x �

W Lp

b ∅(x)
�

0.5

�∆Pb(x)-∆Pb(0)�� - �b x �2 �Fb(0)-Fb(x) 
� �Fb(x)-Fb(0)��

0.5
� + �b x �Fb(0)-Fb(x) 

��� 1 

Calculate the parameter 

∅(x) in Eq. (1) ∅(x)=1+
σ Cp(av)Lp

ω
- 

Cb(x)
~ (1-σ) σ Lp

ω
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Calculate solute flux Js(x)=�Jw(x)(1-σ)Cb(x)
~ �+ �ω R Tb�Cb(x)-Cp(av)�e

Jw(x)
k(x) � 2 

Calculate the mean 

solute concentration in 

the feed side 

Cb(x)
~ =

Cb(x)- Cp(av)

ln �
Cb(x)
Cp(av)

�
  

Calculate feed flow rate Fb(x)
2 =Fb(0)

2 +
W Lp

b ∅(x)
�∆Pb(x)

2 -∆Pb(0)
2 �+2 �Fb(0)-Fb(x) 

� �Fb(x)-Fb(0)� 3 

Calculate feed pressure Pb(x)
2 = �Pb(0)-�b x Fb(0)�- �b x �

W Lp

b ∅(x)
�

0.5

�∆Pb(x)-∆Pb(0)���

2

- �b2x2 �2 �Fb(0)-Fb(x) 
� �Fb(x)-Fb(0)��� 4 

Calculate trans-

membrane pressure 
∆Pb(x)

2 = �∆Pb(0)-�b x Fb(0)�- �b x �
W Lp

b ∅(x)
�

0.5

�∆Pb(x)-∆Pb(0)���

2

- �b2x2 �2 �Fb(0)-Fb(x) 
� �Fb(x)-Fb(0)��� + �b2x2 �Fb(0)-Fb(x) 

�
2

� 5 

Calculate feed velocity Ub(x)=Fb(x) / (tf W) 6 

Calculate feed solute 

concentration 
d

�Cb(x)Fb(x)�
tf W
dx

=-
Jw(x)Cp(av)

tf
+

Jw(x)Cb(x)

tf
+

d
dx

�Db(x)
dCb(x)

dx
� 7 

Calculate mass transfer 

coefficient.  The 

efficiency of mixing 

(𝐾 = 0.5) 

k(x)=0.753 �
K

2-K
�

0.5

�
Db(x)

tf
� �

µb(x)ρb(x)

Db(x)
�

0.1666

�
2 tf

2Ub(x)

Db(x) ∆L
�

0.5

 8 
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Table A.4. Equations describing the spiral-wound RO modelling of Al-Obaidi et al. [59] 
(continued) 
Title The Mathematical Expression Eq. no. 

Calculate permeate flow 
rate 

Fp(x)
2 =Fp(0)

2 + �
W Lp x

∅(x)
∆Pb(0)�

2

- �
W Lp b

∅(x)
Fb(0) �

x2

2
��

2

 

- ��
W Lp 

∅(x)
�

1.5

b0.5 �
x2

2
� �∆Pb(x)-∆Pb(0)��

2

 

- ��
W Lp b

∅(x)
� �

x2

2
� �2 �Fb(0)-Fb(x) 

� �Fb(x)-Fb(0)��
2

� 

+ ��
W Lp b

∅(x)
� �

x2

2
� �Fb(0)-Fb(x) 

��
2

 

9 

Calculate permeate 
pressure 

Pp(x)
2 =Pp(0)

2 -�b x Fb(0)�2 - ��
W Lp b

∅(x)
� �

x2

2
� ∆Pb(0)�

2

 

 + ��
W Lp 

∅(x)
� �

x3

6
� b2Fb(0)�

2

 

+ �b1.5 �
x3

6
� �

W Lp 

∅(x)
�

1.5

�∆Pb(x)-∆Pb(0)��
2

 

+ �b2 �
W Lp 

∅(x)
� �

x3

6
� �2 �Fb(0)-Fb(x) 

� �Fb(x)-Fb(0)���
2

 

- ��
x3

6
� �

W Lp b

∅(x)
� �Fb(0)-Fb(x) 

��
2

 

10 

Calculate solute 
diffusion parameter 

Db(x) = 6.725E − 6  exp �0.1546x10−3Cb(x) (18.01253) −
2513

Tb + 273.15
� 12 

Calculate viscosity 
parameter    

µb(x) = 1.234E − 6  exp �0.0212 Cb(x) (18.0153) +
1965

Tb + 273.15� 13 

Calculate density 
parameter     ρb(x) = 498.4 mf(x) + ��248400 mf(x)

2 + 752.4 mf(x)Cb(x) (18.0153)� 14 

Calculate wall solute 
concentration 

Cw(x)-Cp(av)

Cb(x)-Cp(av)
= exp �

Jw(x)

k(x)
� 15 

Calculate permeate 
solute concentrations 
(𝐶𝑝(𝑥)) at x=0 and x=L. 
𝐵𝑠 is solute transport 
coefficient (m/s) used 
for the case of assuming 
(𝜎 = 1) 

Cp(0)=
Bs R Tb Cb(0) e

Jw(0)
k(0)

Jw(0) + Bs R Tb   e

Jw(0)
k(0)

andCp(L)=
Bs R Tb Cb(L) e

Jw(L)
k(L)

Jw(L) + Bs R Tb   e

Jw(L)
k(L)

 
16, 

17 
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Calculate the average 
permeate solute 
concentration 

Cp(av)=
Cp(0 )+ Cp(L)

2
 18 

Calculate the total 
rejection and water 
recovery rate 

Rej=
Cb(L)-Cp(av)

Cb(L)
x100    and  Rec(Total)=

Fp(Total)

Fb(0)
x 100 

19, 

20 

 

Table A.5. Equations describing the spiral-wound RO modelling of Al-Obaidi et al. [26] 
Title The Mathematical Expression Eq. no. 

Axial and vertical water flux 
Jw(x,y) = Aw �(Pb(x,y) − Pp(x,y))

− RTb(x,y)�Cw(x,y) − Cp(x,y)�� 
1 

Axial and vertical solute flux Js(x,y) = Bs exp �
Jw(x,y)

k(x,y)
� �Cb(x,y) − Cp(x,y)� 2 

Axial and vertical membrane wall 

concentration 

Cw(x,y) = �Cp(x,y) + exp �
Jw(x,y)

k(x,y)
� �Cb(x,y)

− Cp(x,y)�� 

3 

Pressure difference along the two 

dimensions of the membrane 
∆Pb(x,y) = �Pb(x,y) − Pp(x,y)� 4 

Axial and vertical feed flow rate �
dFb(x,y)

dx
� + (

dFb(x,y)

dy
) = �−(∆x + ∆y)�Jw(x,y)�� 5 

Axial and vertical feed pressure �
dPb(x,y)

dx
� + �

dPb(x,y)

dy
� = �−b Fb(x,y)� 6 

Axial and vertical permeated pressure �
dPp(x,y)

dx
� + �

dPp(x,y)

dy
� = �−b Fp(x,y)� 7 

Axial and vertical permeated flow rate Fp(x,y) = Jw(x,y)∆x ∆y   8 

Axial and vertical molar flux of feed 

Cb(x,y)

tf.∆y
dFb(x,y)

dx
+

Fb(x,y)

tf. ∆y
dCb(x,y)

dx
+

Cb(x,y)

tf  .∆x
dFb(x,y)

dy

+
Fb(x,y)

tf ∆x
dCb(x,y)

dy

=
d

dx
�Db(x,y)

dCb(x,y)

dx
�

+
d

dy
�Db(x,y)

dCb(x,y)

dy
� −

Js(x,y)

tf
 

9 
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Axial and vertical molar flux of 

permeate 

Cp(x,y)

tf ∆y
dFp(x,y)

dx
+

Fp(x,y)

tf ∆y
dCp(x,y)

dx
−

d
dx

�Dp(x,y)
dCp(x,y)

dx
�

+
Cp(x,y)

tf ∆x
dFp(x,y)

dy
+

Fp(x,y)

tf ∆x
dCp(x,y)

dy

−
d

dy
�Dp(x,y)

dCp(x,y)

dy
� =

Js(x,y)

tf
 

10 

Axial and vertical feed temperature 0 = �
Jw(x,y)�Tb(x,y) − Tp(x,y)�

tf
� 11 

Total permeated flow rate Fp(Total) = ⅀Fp(x,y)       From (0,0) to (L, W)   12 

%Total water recovery Rec(Total) =
Fp(Total)

Fb(0,y)
x100      13 

Average %solute rejection Rej(av) =
Cb(x=L,y) − Cp(av)

Cb(x=L,y)
x100 14 

Average permeated concentration Cp(av) =
⅀Cp(x,y)

(no of subdivisions)
 15 

Axial and vertical mass transfer 

coefficient 
k(x,y)deb = 246.9 Db(x,y) Reb(x,y)

0.101 Rep(x,y)
0.803 Cm(x,y)

0.129  16 

Axial and vertical Dimensionless solute 

concentration 
Cm(x,y) =

Cb(x,y)

ρw
 17 

Axial and vertical feed diffusivity 

Db(x,y)

= 6.725. 10−6 exp �0.1546. 10−3Cb(x,y)x18.01253

−
2513

Tb(x,y) + 273.15
� 

18 

Axial and vertical permeated diffusivity 

Dp(x,y)

= 6.725. 10−6 exp �0.1546. 10−3Cp(x,y)x18.01253

−
2513

Tp(x,y) + 273.15
� 

19 

Axial and vertical feed viscosity 
µb(x,y) = 1.234. 10−6 exp �0.0212 Cb(x,y)x18.0153

+
1965

Tb(x,y) + 273.15
� 

20 

Axial and vertical permeated viscosity 

µp(x,y) = 1.234. 10−6 exp �0.0212 Cp(x,y)x18.0153

+
1965

Tp(x,y) + 273.15
� 

21 
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Axial and vertical feed density 
ρb(x,y)

= 498.4 mf(x,y)��248400 mf(x,y)
2 + 752.4 mf(x,y). Cb(x,y)x18.0153

 
� 

22 

Axial and vertical permeated density 
ρp(x,y)

= 498.4 mp(x,y)��248400 mp(x,y)
2 + 752.4 mp(x,y)Cp(x,y)x18.0153� 

23 

   

Table A.5. Equations describing the spiral-wound RO modelling of Al-Obaidi et al. [26] 
(continued) 

Title The Mathematical Expression 
Eq. 

no. 

Axial and vertical variable in Eq.22 mf(x,y) = 1.0069 − 2.757. 10−4Tb(x,y) 24 

Axial and vertical variable in Eq. 23 mp(x,y) = 1.0069 − 2.757. 10−4Tp(x,y) 25 

Axial and vertical feed channel 

Reynolds number, dimensionless 
Reb(x,y) =

ρb(x,y) debFb(x,y)

tf W µb(x,y)
 26 

Axial and vertical permeate channel 

Reynolds number, dimensionless 
Rep(x,y) =

ρp(x,y)depJw(x,y)

µp(x,y)
 27 

The equivalent diameter of feed 

channel 
deb = 2tf  28 

The equivalent diameter of permeated 

channel 
dep = 2tp     29 
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Table A.6. Model validation with experimental results for inlet feed flow rate of (𝐹𝑠(0,𝑦) = 2.166E-4 m³/s) (Adapted from 
[26]) 

 
Cb(outlet)x10³ 

(kmol/m³) 

%Error 

Pb(outlet), atm 

%Error 

Cp(av)x10³ 

(kmol/m³) 

%Error 

 Rej(av) 

%Error 

Fb(outlet)x10⁴ (m³/s) 

%Error 

No 

Pb 

(inlet)      

atm 

Tb 

(inlet)     

°C 

Cb(inlet) 

x10³     

(kmol/m³) 

Exp. The. Exp. The. Exp. The. Exp. The. Exp. The. 

1 5.83 32.5 0.819 0.9500 0.9230 2.84 4.46 4.06 8.96 0.0931 0.0885 4.84 0.902 0.904 -0.22 1.8 1.916 -6.44 

2 7.77 32.5 0.819 1.0164 0.9909 2.51 6.31 6.06 3.96 0.0864 0.0734 15.0 0.915 0.9259 -1.19 1.67 1.786 -6.94 

3 9.71 32.5 0.819 1.0821 1.0710 1.03 8.14 8.06 0.98 0.0790 0.0662 16.2 0.927 0.9382 -1.20 1.59 1.656 -4.15 

4 11.64 32.5 0.819 1.1562 1.1650 -0.75 9.98 10.05 -0.70 0.0740 0.0623 15.8 0.936 0.9466 -1.13 1.5 1.528 -1.86 

5 13.58 32.5 0.819 1.2568 1.2800 -1.83 11.8 12.05 -2.11 0.0729 0.0600 17.6 0.942 0.9531 -1.17 1.37 1.399 -2.11 

6 5.83 31 1.637 1.8839 1.8300 2.86 4.41 4.05 8.16 0.1526 0.1730 -13.3 0.919 0.9051 1.51 1.851 1.932 -4.37 

7 7.77 31 1.637 2.0227 1.9580 3.20 6.27 6.05 3.50 0.1335 0.1405 -5.24 0.934 0.9276 0.68 1.736 1.807 -4.08 

8 9.71 31 1.637 2.1210 2.1100 0.52 8.09 8.05 0.49 0.1209 0.1272 -5.21 0.943 0.9397 0.34 1.63 1.681 -3.12 

9 11.64 31 1.637 2.2882 2.2830 0.22 9.93 10.03 -1.00 0.1167 0.1189 -1.88 0.949 0.9479 0.11 1.523 1.557 -2.23 

10 13.58 31 1.637 2.4255 2.4940 -2.82 11.76 12.03 -2.29 0.1140 0.1140 0.00 0.953 0.9543 -0.13 1.416 1.433 -1.20 

11 5.83 31 2.455 2.7989 2.7310 2.42 4.37 4.042 7.50 0.2575 0.2367 8.07 0.908 0.9133 -0.58 1.868 1.942 -3.96 

12 7.77 31 2.455 2.9783 2.9170 2.06 6.22 6.038 2.92 0.2204 0.1900 13.7 0.926 0.9348 -0.95 1.761 1.819 -3.29 

13 9.71 31 2.455 3.1192 3.1350 -0.50 8.05 8.034 0.19 0.1778 0.1680 5.51 0.943 0.9464 -0.36 1.666 1.696 -1.80 

14 11.64 31 2.455 3.3529 3.3880 -1.04 9.89 10.02 -1.31 0.1710 0.1557 8.94 0.949 0.954 -0.52 1.566 1.576 -0.63 

15 13.58 31 2.455 3.5062 3.6900 -5.24 11.72 12.016 -2.52 0.1683 0.1482 11.9 0.952 0.9598 -0.81 1.478 1.453 1.69 

16 5.83 30 4.092 4.6600 4.5070 3.28 4.32 4.03 6.71 0.3029 0.2730 9.87 0.935 0.9393 -0.45 1.898 1.962 -3.37 

17 7.77 30 4.092 4.8066 4.7870 0.40 6.17 6.024 2.36 0.2884 0.3130 -8.52 0.94 0.9344 0.59 1.808 1.848 -2.21 

18 9.71 30 4.092 5.1470 5.1160 0.60 8 8.017 -0.21 0.2625 0.2740 -4.38 0.949 0.9467 0.24 1.681 1.731 -2.97 

19 11.64 30 4.092 5.2933 5.4950 -3.80 9.84 10 -1.62 0.2382 0.2525 -6.00 0.955 0.954 0.10 1.65 1.617 2.00 
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20 13.58 30 4.092 5.6648 5.9410 -4.87 11.67 11.99 -2.74 0.2096 0.2380 -13.5 0.963 0.9597 0.34 1.536 1.502 2.21 

21 5.83 31.5 6.548 * 7.1620 * * 4.025 * * 0.5141 * * 0.9282 * * 1.978 * 

22 7.77 31.5 6.548 7.7583 7.6060 1.96 6.13 6.017 1.84 0.3724 0.3878 -4.13 0.952 0.949 0.31 1.828 1.863 -1.91 

23 9.71 31.5 6.548 8.1052 8.1220 -0.20 7.96 8.01 -0.62 0.3080 0.3299 -7.11 0.962 0.9593 0.28 1.75 1.747 0.17 

24 11.64 31.5 6.548 8.6566 8.7160 -0.68 9.79 9.993 -2.07 0.2597 0.2970 -14.3 0.97 0.9659 0.42 1.641 1.633 0.48 

25 13.58 31.5 6.548 8.9111 9.4110 -5.60 11.62 11.98 -3.09 0.2406 0.2760 -14.7 0.973 0.9706 0.24 1.575 1.517 3.68 

 Note: (*) the experimental data not reported  
 

Table A.7. Model validation with experimental results for inlet feed flow rate of (𝐹𝑠(0,𝑦) = 2.33E-4 m³/s) (Adapted from 
[26]) 

 
Cb(outlet)x10³ 

(kmol/m³) 

%Error 

Pb(outlet), atm 

%Error 

Cp(av)x10³ 

(kmol/m³) 

%Error 

 Rej(av) 

%Error 

Fb(outlet)x10⁴(m³/sec) 

%Error 

No 
Pb(inlet),       

atm 

Tb(inlet),     

°C 

Cb(inlet) 

x10³     

(kmol/m³) 

Exp. The. Exp. The. Exp. The. Exp. The. Exp. The. 

1 5.83 32.5 0.819 0.9432 0.9127 3.24 4.39 3.92 10.7 0.0915 0.0887 3.06 0.903 0.9028 0.02 1.957 2.085 -6.54 

2 7.77 32.5 0.819 1.0058 0.9740 3.16 6.23 5.916 5.04 0.0855 0.0723 15.4 0.915 0.9257 -1.16 1.86 1.955 -5.10 

3 9.71 32.5 0.819 1.0600 1.0450 1.41 8.06 7.916 1.78 0.0742 0.0647 12.8 0.93 0.9381 -0.87 1.742 1.825 -4.76 

4 11.64 32.5 0.819 1.1246 1.1300 -0.47 9.9 9.907 -0.07 0.0731 0.0605 17.2 0.935 0.9465 -1.22 1.639 1.694 -3.35 

5 13.58 32.5 0.819 1.1961 1.2280 -2.66 11.73 11.908 -1.51 0.0622 0.0580 6.75 0.948 0.9527 -0.49 1.542 1.566 -1.55 

6 5.83 31 1.637 1.8753 1.8113 3.41 4.34 3.91 9.90 0.1519 0.1730 -13.8 0.919 0.904 1.63 2.01 2.1 -4.47 

7 7.77 31 1.637 1.9830 1.9280 2.77 6.19 5.899 4.70 0.1289 0.1390 -7.83 0.935 0.9274 0.81 1.894 1.9758 -4.31 

8 9.71 31 1.637 2.0929 2.0620 1.48 8.02 7.905 1.43 0.1193 0.1240 -3.93 0.943 0.9397 0.34 1.794 1.848 -3.01 

9 11.64 31 1.637 2.2019 2.2170 -0.68 9.86 9.89 -0.30 0.1123 0.1150 -2.40 0.949 0.9478 0.12 1.684 1.723 -2.31 

10 13.58 31 1.637 2.3617 2.4000 -1.62 11.68 11.88 -1.71 0.1110 0.1103 0.63 0.953 0.954 -0.10 1.594 1.5988 -0.30 

11 5.83 31 2.455 2.7734 2.7060 2.43 4.29 3.898 9.13 0.2302 0.2370 -2.95 0.917 0.9123 0.51 2.022 2.109 -4.30 
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12 7.77 31 2.455 2.9513 2.8750 2.58 6.14 5.894 4.00 0.2125 0.1874 11.8 0.928 0.9348 -0.73 1.907 1.986 -4.14 

13 9.71 31 2.455 3.1000 3.0700 0.96 7.97 7.89 1.00 0.1736 0.1645 5.24 0.944 0.9464 -0.25 1.815 1.863 -2.64 

14 11.64 31 2.455 3.2800 3.2940 -0.42 9.81 9.876 -0.67 0.1640 0.1515 7.62 0.95 0.954 -0.42 1.707 1.74 -1.93 

15 13.58 31 2.455 3.5022 3.5580 -1.59 11.64 11.88 -2.06 0.1541 0.1435 6.87 0.956 0.9596 -0.37 1.591 1.618 -1.69 

16 5.83 30 4.092 4.5546 4.4680 1.90 4.25 3.887 8.54 0.2915 0.2770 4.97 0.936 0.938 -0.21 2.072 2.129 -2.75 

17 7.77 30 4.092 4.7964 4.7240 1.51 6.1 5.88 3.60 0.2734 0.3100 -13.3 0.943 0.9343 0.92 1.974 2.015 -2.07 

18 9.71 30 4.092 4.9938 5.0220 -0.56 7.92 7.87 0.63 0.2447 0.2690 -9.93 0.951 0.9464 0.48 1.887 1.897 -0.52 

19 11.64 30 4.092 5.1790 5.3610 -3.51 9.76 9.85 -0.92 0.2227 0.2460 -10.4 0.957 0.9541 0.30 1.805 1.783 1.21 

20 13.58 30 4.092 5.4361 5.7550 -5.86 11.59 11.85 -2.24 0.1957 0.2310 -18.0 0.964 0.9597 0.44 1.722 1.664 3.36 

21 5.83 31.5 6.548 * 7.1040 * * 3.88 * * 0.5190 * * 0.9269 * * 2.144 * 

22 7.77 31.5 6.548 7.5553 7.5100 0.59 6.05 5.873 2.92 0.3551 0.3844 -8.25 0.953 0.9488 0.44 1.987 2.029 -2.11 

23 9.71 31.5 6.548 7.8131 7.9977 -2.36 7.88 7.87 0.12 0.2969 0.3240 -9.12 0.962 0.9593 0.28 1.902 1.913 -0.57 

24 11.64 31.5 6.548 8.1806 8.5100 -4.02 9.72 9.85 -1.33 0.2536 0.2901 -14.3 0.969 0.9659 0.31 1.815 1.798 0.93 

25 13.58 31.5 6.548 8.6740 9.1260 -5.21 11.54 11.84 -2.59 0.2342 0.2680 -14.4 0.973 0.9705 0.25 1.734 1.681 3.05 

Note: (*) the experimental data not reported 
 

Table A.8. Model validation with experimental results for inlet feed flow rate of (𝐹𝑠(0,𝑦) = 2.583E-4 m³/s) (Adapted from 
[26]) 

 
Cb(outlet)x10³ 

(kmol/m³) 

%Error 

Pb(outlet), 

atm 

%Error 

Cp(av)x10³ 

(kmol/m³) 

%Error 

 Rej(av) %Error Fb(outlet)x10⁴(m³/s) 

%Error 

No 

Pb 

(inlet)       

atm 

Tb(inlet)     

°C 

Cb(inlet) 

x10³     

(kmol/m³) 

Exp. The. Exp. The. Exp. The. Exp. The.  Exp. The. 

1 5.83 32.5 0.819 0.9290 0.8997 3.15 4.27 3.69 13.5 0.0864 0.08958 -3.68 0.907 0.9004 0.72 2.199 2.345 -6.63 

2 7.77 32.5 0.819 0.9975 0.9533 4.43 6.11 5.69 6.87 0.0798 0.07102 11.0 0.92 0.9255 -0.59 2.075 2.21 -6.50 

3 9.71 32.5 0.819 1.0610 1.0160 4.24 7.94 7.69 3.14 0.0626 0.06267 -0.11 0.941 0.9383 0.28 1.953 2.08 -6.50 
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4 11.64 32.5 0.819 1.1160 1.0840 2.86 9.78 9.67 1.12 0.0558 0.0582 -4.30 0.95 0.9462 0.40 1.838 1.955 -6.36 

5 13.58 32.5 0.819 1.2073 1.1783 2.40 11.61 11.68 -0.60 0.0495 0.0551 -11.3 0.959 0.9531 0.61 1.72 1.807 -5.05 

6 5.83 31 1.637 1.8481 1.7880 3.25 4.22 3.68 12.7 0.1460 0.1750 -19.8 0.921 0.9016 2.10 2.261 2.359 -4.33 

7 7.77 31 1.637 1.9523 1.8890 3.24 6.07 5.68 6.42 0.1230 0.1370 -11.3 0.937 0.9271 1.05 2.148 2.23 -3.81 

8 9.71 31 1.637 2.0456 2.0050 1.98 7.89 7.67 2.78 0.1166 0.1210 -3.77 0.943 0.9396 0.36 2.042 2.107 -3.18 

9 11.64 31 1.637 2.1461 2.1360 0.47 9.73 9.67 0.61 0.1116 0.1149 -2.95 0.948 0.9478 0.02 1.947 1.982 -1.79 

10 13.58 31 1.637 2.2204 2.2880 -3.04 11.56 11.66 -0.86 0.1088 0.1056 2.94 0.951 0.9538 -0.29 1.85 1.855 -0.27 

11 5.83 31 2.455 2.7457 2.6720 2.68 4.17 3.675 11.8 0.2279 0.2400 -5.30 0.917 0.91 0.76 2.29 2.368 -3.40 

12 7.77 31 2.455 2.8985 2.8200 2.71 6.02 5.671 5.79 0.2000 0.1847 7.65 0.931 0.9345 -0.37 2.173 2.245 -3.31 

13 9.71 31 2.455 2.9821 2.9880 -0.19 7.85 7.668 2.31 0.1670 0.1602 4.07 0.944 0.9464 -0.25 2.08 2.121 -1.97 

14 11.64 31 2.455 3.1659 3.1790 -0.41 9.66 9.654 0.06 0.1488 0.1463 1.68 0.953 0.9539 -0.09 1.97 1.997 -1.37 

15 13.58 31 2.455 3.3142 3.3990 -2.55 11.51 11.65 -1.21 0.1392 0.1376 1.14 0.958 0.9595 -0.15 1.868 1.874 -0.32 

16 5.83 29 4.092 * 4.4080 * * 3.66 * * 0.3163 * * 0.9282 * * 2.393 * 

17 7.77 29 4.092 * 4.6300 * * 5.65 * * 0.2320 * * 0.9498 * * 2.278 * 

18 9.71 29 4.092 4.9000 4.8820 0.36 7.8 7.65 1.92 0.2303 0.1981 13.9 0.953 0.9594 -0.67 2.113 2.162 -2.31 

19 11.64 29 4.092 5.0476 5.1640 -2.30 9.61 9.63 -0.20 0.2120 0.1803 14.9 0.958 0.965 -0.73 2.07 2.047 1.11 

20 13.58 29 4.092 5.3657 5.4860 -2.24 11.47 11.62 -1.30 0.1878 0.1698 9.58 0.965 0.969 -0.41 1.972 1.93 2.12 

21 5.83 31.5 6.548 7.1666 7.0360 1.82 4.08 3.66 10.2 0.3870 0.3810 1.55 0.946 0.9458 0.02 2.337 2.401 -2.73 

22 7.77 31.5 6.548 7.5021 7.3880 1.52 5.93 5.65 4.72 0.3451 0.3812 -10.4 0.954 0.9483 0.59 2.253 2.287 -1.50 

23 9.71 31.5 6.548 7.8270 7.7960 0.39 7.75 7.64 1.41 0.2896 0.3172 -9.53 0.963 0.9593 0.38 2.17 2.1703 -0.01 

24 11.64 31.5 6.548 8.0064 8.2550 -3.10 9.57 9.637 -0.70 0.2482 0.2810 -13.2 0.969 0.9658 0.33 2.09 2.053 1.77 

25 13.58 31.5 6.548 8.5037 8.7780 -3.22 11.42 11.62 -1.75 0.2296 0.2589 -12.7 0.973 0.9705 0.25 2.011 1.936 3.72 

Note: (*) the experimental data not reported 
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Abstract 

In recent years, the pollutants that are refractory to treat by conventional biological, 
physical, and chemical methods together with the stricter restrictions imposed by new 
legislation have caused many researchers to look for alternative treatment processes. In 
addition, there is uncertainty regarding the formation of toxic by products following 
conventional chemical oxidation. Halogenated hydrocarbons (HHCs), which are priority 
chemicals, have been used extensively in a number of industrial processes. However, it 
was discovered that many of these halogenated hydrocarbons are carcinogens and have 
serious negative impact on the eco system. Ionic liquids (ILs), a new class of solvents 
have many favorable characteristics, e.g. low vapor pressure, non-flammability, ability to 
dissolve polar and non-polar compounds, and thermal stability. In this chapter, the use of 
ILs in the treatment of water contaminated with halogenated hydrocarbons pollutants is 
presented.    
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1. Introduction 

A lot of chemicals, organic and inorganic, are currently used in different industrial 
applications. Many of these compounds are considered as potent pollutants and thus must 
be treated carefully so that they do not contaminate water resources. Water is one of the 
most used solvents in industry. In addition, it is used as transport or reaction medium [1]. 
Also, stricter restrictions have been imposed by new legislations in most countries, for 
example, Table 1 shows the maximum prescribed value of miscellaneous organic 
compounds in drinking water in the UAE. This led to a tremendous increase in the 
interest of researchers for finding proper processes that minimize the effect of these 
chemicals on the eco-system. Contaminated fresh water resources and wastewater of 
many industrial activities may contain toxic organic compounds that cannot be treated 
using conventional methods. However, these contaminated water stream resources are not 
allowed to be discharged, if they do not meet the specifications for discharge effluents 
that change from country to country [2]. 

Conventional technologies that include but are not limited to thermal, physicochemical, 
and biological treatments have been used for removing pollutants from water. However, 
many of these processes have serious drawbacks. For example, the biological methods 
require longer residence time for microorganisms to degrade the pollutants and are very 
sensitive to toxic contaminants. Incineration is a well-known and widely used thermal 
treatment process. However, it consumes a large amount of energy. In addition, because 
of the high temperature of the process, other hazardous compounds such as dioxins and 
furan could be generated [3]. Some other techniques such as flocculation, precipitation, 
adsorption, air stripping, and reverse osmosis require a post-treatment to dispose of the 
pollutants from the newly contaminated environment [4]. The aforementioned limitations 
of conventional methods have encouraged the researchers to develop more efficient and 
environmentally friendly systems for wastewater treatment. One available option is wet 
air oxidation (WAO), which was proposed and developed by F. Zimmerman [5]. WAO is 
one of the most economically and technologically viable advanced oxidation processes 
(AOP) for wastewater treatment. WAO is suitable to a high organic loading at high flow 
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rate and can partially cover the application range of incineration and biological methods. 
By using WAO, the organic pollutants are either partially oxidized into biodegradable 
intermediates or mineralized to carbon dioxide, water, and benign end products under 
elevated temperatures (125–320°C) and pressures (0.5–20 MPa) using a gaseous source 
of oxygen (either pure oxygen or air) as the oxidant [6]. However, the necessity of 
relatively high temperature and high-pressure conditions for WAO is the clear 
disadvantage of this process. Aside from WAO, other advanced oxidation processes 
involve the production of hydroxyl radicals (OH•), which are strong, nonspecific 
reactants capable of the complete oxidation of most organic compounds into carbon 
dioxide, water, and mineral acids [7]. Several technologies are available to produce 
hydroxyl radicals in the aqueous phase [8] e.g. ozone+UV, ozone+H2O2, 
H2O2+UV+ferrous salts, and UV+TiO2. AOPs differ from other treatment processes 
(such as adsorption, ion exchange, or stripping) because organic compounds in water are 
degraded rather than concentrated or transferred into different phases. Furthermore, 
compounds that are not adsorbable or only partially adsorbable may be destroyed by a 
reaction with hydroxyl radical [7].  

One limitation of using hydroxyl radicals is the presence of free radical scavengers. Free 
radical scavengers are species in water that consume the hydroxyl radicals leaving fewer 
of them available to treat organics of interest. Examples of free radical scavengers are 
CO3

2-, HCO3
-, Cl-, NO3

-, bromide, and cyanide [8,9,10]. Also, in some cases, AOPs have 
high degree of complexity and require special reactors, control of water pH, and off-gas 
control. These disadvantages affect AOP performance and thus increase the treatment 
cost dramatically. Although, hydroxyl radicals are capable of oxidizing almost all 
reduced compounds present in water without restriction, but these radicals can not 
degrade oxidized compounds, like haloginated hydrocarbons (HHCs), which are 
considered essentially nonreactive [8]. Contrary to the hydroxyl radical, superoxide ion 
radical (O2

●‒) can destruct highly oxidized compounds, such as halogenated hydrocarbons 
[11]. Table 2 shows the physical properties of O2

●‒. The superoxide ion was 
electrochemically or chemically produced in different convential aprotic solvents, Table 
3. AlNashef et al. [12] were the first to report the electrochemical production of a stable 
O2

●‒ in ILs. Later on, many other groups investigated the generation of O2
●‒ in different 

ILs.  

Halogenated hydrocarbons, which are priority chemicals, have been used extensively in a 
number of industrial processes. carbon tetrachloride, for instance, finds primary 
applications in dry cleaning, metal degreasing, fire extinguishers, grain fumigation, and 
as a reaction medium in the industrial synthesis of chemicals. chloroform, which is 
commonly found in chlorinated drinking water, has been used as a dry cleaning spot 
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remover and for cleaning machines. Other applications include industrial intermediates, 
insecticide, and the purification of alkaloids and vitamins. Bromoform, which is also 
commonly found in chlorinated drinking water especially in desalinated seawater, is used 
as a fluid for mineral ore separation in geological processes, as a laboratory reagent, and 
in the electronics industry [10]. Carbon tetrachloride, chloroform, and bromoform have 
been detected in the effluent after treatment of seawater by using reverse osmosis and 
multistage flash processes [11]. In addition, HHCs include polychlorinated biphenyls 
(PCBs), hexachlorohexane (HCB), and most chlorinated organics. Many of HHCs are 
still in use, e.g. trichlorethylene, perchloroethylene, trichloroacetylene, and other 
chlorinated solvents are being used in dry cleaning, critical cleaning, paint stripping, and 
similar operations [13]. Some of HHCs have been identified as animal carcinogens and 
can cause birth defects, and their continual release into the ecosystem has a deleterious 
effect on animal life [14]. For example, HCB, which is a byproduct of the 
poly(chloroethylene) solvent industry, is as environmentally persistent as PCBs and is a 
human carcinogen [15,16]. 

Chlorophenols have become important pollutants in the environment and their treatment, 
disposal, and general management have become serious challenges to environmental 
agencies in most parts of the world. Chlorophenols are usually introduced into the 
environment as a result of chemical and pharmaceutical industrial activities [15,16]. The 
prevalence of these pollutants in the environment is associated with the production, use 
and degradation of numerous pesticides, which can easily find their ways into the 
environment [17]. The main potential environmental sources of chlorophenols include: 
(a) direct soil application as biocides; (b) synthesis during engineering processes where 
chlorine is used; (c) leaching and vaporizing from treated wood items; (d) release or 
discharge from factories into air and water; and (e) combustion of organic material in the 
presence of chloride. 

Ionic Liquids are organic salts resulting from the combination of bulky, unsymmetrical 
and flexible organic cations and various inorganic or organic anions that usually melt 
below 100°C [18,19]. Different ILs can be formed by appropriately combining cations 
and anions or by chemically modifying either the cation or the anion. Theoretically, at 
least 106 ILs can be synthesized, while there are only hundreds of traditional organic 
solvents commercially available, which means there is ample space for development 
[20,21]. Interest in ILs comes from their potential application as “green solvents” due to 
their negligible vapor pressure and other properties such as non-flammability, high ionic 
conductivity, high thermostability [18,22] and tunable physicochemical properties such 
as miscibility and polarity [18,23]. These properties are significant when addressing the 
health and safety concerns associated with many conventional solvent applications [23]. 
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In addition, ILs can dissolve a wide range of organic and inorganic pollutents. Due to the 
modular nature of ILs, their properties can readily be tuned for a wide range of task 
specific applications in different important chemical processes including liquid–pounds 
[24-27], (Fig. 1). 

Table 1: Maximum prescribed value of miscellaneous organic compounds in drinking 
water.* 

 

 

 

 

 

 

 

 
* Abu Dhabi water Quality Standards & Regulations Summary, August 2010. 

 

Ionic liquids have been investigated for many applications including, but not limited to: 
Liquid extraction, oxidation-reduction processes, fuel and solar cells, organometallic 
synthesis, electrochemical devices, capacitors, lubricants, stationary phases for 
chromatography, matrices for mass spectrometry, supports for the immobilization of 
enzymes, separation technologies, azeotropic mixtures separations, liquid crystals, 
templates for synthesis nanomaterials and materials tissue preservation, preparation of 
polymer–gel catalytic membranes, biphasic catalysis, and generation of high conductivity 
materials [17,22,24,25,27].  

Interestingly, ILs not only behave as solvents, but also as catalysts in many chemical 
reactions [21,22]. In recent years, interest has grown in application of ILs in liquid–liquid 
extraction instead of traditional organic solvent. For example, extraction of heavy metal 
ions, aromatic hydrocarbons, organic acids, amino acids, sulfur compounds in diesel oil, 
organic compounds in plants and organics in water using ILs as extractants has received 
increasing attention [28,29]. Table 2 shows the use of ILs in the extraction of organic 
compounds from different types of water.  

Halogenaed Compound Maximum Prescribed 
Value (μg/L) 

DDT  1 
Chlordane  0.2 
Trichloroethene  20 
Tetrachloromethane  3 
Tetrachloroethene  40 
1,2-Dichloroethane  30 
Dichloromethane  20 
Chlorobenzene  300 
1,2-Dichloroethene  50 
1,2-Dichlorobenzene  1000 
1,4-Dichlorobenzene  300 
Vinyl Chloride  0.3 
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In addition to these advantages, a superoxide ion can be produced easily in ILs [23-25] 
and some studies have shown that the superoxide ion remaining stable in many ILs for a 
relatively long time (i.e., 120 min) [21]. The ability of ILs to dissolve many organic 
compounds and the generation of a stable superoxide ion in some ILs can facilitate the 
destruction of emerging contaminants after extracting from waste or wastewater. 

 

 

Figure 1. ILs applications , adapted from Ref [27]. 

These favorable features open a window to a good insight to use ILs as powerful 
alternative solvent-extractors in the field industrial wastewater treatment and, in general, 
water treatment.  

Table 2: Physical properties of O2
●‒, adapted from [23]. 

Property Value Ref. 
Paramagnetic one-unpaired electron [31,32] 

O-O bond distance (KO2) 1.28 °A [33] 
O2

●‒ (aqueous) 245 nm [34] 
O2

●‒ (AcN) 255 nm [35] 
Gas-phase basicity F‒ > O2

●‒ > Cl‒ > Br‒ [36] 
IR absorption spectra, 

KO2, (O-O stretch; bond 
order 1.5) 

1145 1/cm 
1140 1/cm 

[37,38] 
 

O2
●‒ vibrational frequency 1090 1/cm 

1108 1/cm (±20 1/cm) 
[39-40] 
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ILs can overcome the negative environmental and health impacts of commonly used 
volatile organic which are discharged into the atmosphere each year as a results of 
industrial processing operations [30]. 

In the following sections, the solubility of HHCs in ILs, extraction of HHCs from water 
using ILs, and different methods used for the degradation of the extracted HHCs will be 
discussed. 

Table 3: Conventional aprotic solvents used as media for O2
●‒, adapted from [23]. 

Aprotic solvent Abbreviation Ref. 

Dimethyl formamide DMF [41,42,43,44,45] 
Dimethyl sulfoxide DMSO [46,47,48] 

Acetonitrile AcN [23,49,50,51,52] 
Propylene carbonate - [52] 

Pyridine - [13,54] 
Methylene chloride - [53,43] 
Dimethoxyethane DME [44] 

Acetone - [43] 
Diethyl ether DEE [44] 

2. Solubility of HHCs in ILs 

Measurement and prediction of the solubility of water pollutants in hydrophobic ILs is an 
important issue for assessment of the potential use of these ILs in water treatment 
processes. The available data in the literature are scarce. AlSaleem et al. [55] reported the 
solubility of three HHCs, namely carbon tetrachloride (CCl₄), chloroform (CHCl₃), and 
bromoform (CHBr₃) in different types of hydrophobic ILs at 25, 35 and 45oC. The three 
halogenated hydrocarbons were chosen because these are members of priority water 
contaminants. The authors investigated the effect of  the  structure of IL cation paired 
with bis(trifluoromethylsulfonyl)imide [Tf₂N] and 
tris(pentafluoroethyl)trifluorophosphate [FAP] anions, temperature, polarity, and length 
of the alkyl chain on the cation on the solubility of the selected HHCs in ILs. It was 
found that carbon tetrachloride and bromoform were partially miscible in all tested ILs 
while chloroform exhibited full miscibility. For ammonium based ionic liquids, the 
solubility increases with the increase of the cation molecular weight and alkyl chain 
length. The results indicated substantial the solubility of the studied halogenated 
hydrocarbons in methyltrioctylammonium bis(trifluoromethylsulfonyl)imide, 
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octyltriethylammonium bis(trifluoromethylsulfonyl)imide, and 1-octyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)-imide . These results confirmed the 
potential use of ILs as powerful alternative solvents for wastewater treatment. In addition, 
the authors used COnductor-like Screening MOdel for Realistic Solvents (COSMO-RS)  
for predicting the solubility of the three HHCs in the tested ILs. It was found that there 
was an excellent qualitative agreement with experimental data both for temperature 
dependence and for cations structure effect.  

AlNashef et. al. [56] reported the solubility of HCB, 1,2-dichlorobenzene (1,2DCB), and 
1,3-dichlorobenzene (1,3DCB) in ECOENG 500 (Cocosalkyl pentaethoxi methyl 
ammonium methosulfate), 1-ethyl-3-methylimidazolium ethylsulfate, AMMOENG 110 
(quaternary ammonium chloride) and AMMOENG111 (Poly[oxy(methyl-1,2-
ethanediyel)]-alpha-[2-diethyl-hydroethylammonio)ethyl]-acetate as a function of 
temperature. It was found that the structure of the IL has a tremendous effect on the 
solubility of the studied HHCs. For example, it was found that while 1,2DCB and 
1,3DCB were totally miscible with ECOENG 500 at 65ºC, but the solubilities in 1-ethyl-
3-methyl-imidazolium ethylsulfate were 0.0041 and 0.0071 wt.%, respectively. In 
addition, the solubility of HCB at 65ºC was 29.6 and 0.003 wt.% in ECOENG 500 and 1-
ethyl-3-methyl-imidazolium ethylsulfate, respectively. Makowska et al. [57] reported the 
phase behavior of liquid mixtures of the ILs 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl) imide, 1-butyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl) imide, 1-pentyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl) imide with chloroform and chloroform/carbon tetrachloride 
mixed solvent. The authors used the cloud point method to obtain the phase diagrams that 
showed very complicated miscibility behavior. Phase diagrams with the upper critical 
solution temperature (UCST) were obtained in most cases however under some 
conditions the phase diagrams with the lower critical solution temperature (LCST) or 
even with the both (UCST and LCST) were also observed. The “hourglass” type of the 
phase diagrams constitutes another type of the phase behavior were observed in their 
study.  

Siporska and Szydłowski [58] experimentally determined the (liquid + liquid) miscibility 
temperatures as a function of composition for the binary systems comprising of 
imidazolium based ionic liquids with bis(trifluoromethylsulfonyl)imide ([CnmIm][Tf₂N]: 
n = 3 to 10) and fluorobenzene, chlorobenzene, bromobenzene, iodobenzene or 1,2-
dichlorobenzene. All the measured systems show limited miscibility with the upper 
critical solution temperature behavior. Similar to the other systems with the imidazolium 
cation the increase of the alkyl chain length in this cation improves the miscibility. The 
effect of the halogenobenzene was also clear. The miscibility was increasing in the order: 
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iodobenzene < bromobenzene < chlorobenzene < fluorobenzene. This arrangement 
corresponds to the decreasing molar volume of the substituted benzenes. Generally, the 
trend observed in the miscibility behavior was the same as that observed by Shiflett et al. 
for [emIm][Tf₂N].   

3. ILs as extractants 

Many research groups investigate the use of ILs in liquid–liquid extraction instead of 
traditional organic solvent for the extraction of organics in water, [55]. Table 4 shows the 
use of ILs in the extraction of organic compounds from different types of water.  

Table 4. Extraction of organic compounds from different types of water, adapted from 
[19,28]. 

Source Target compounds Ionic liquid 

Tap, bottled, fountain, well, 
river, rainwater, treated and 
raw wastewater 

18 Polycyclic Aromatic Hydrocarbons [omIm][PF6] 

Snow, river and brook water Four Aromatic Amines [hmIm][PF6] 

Tap, lake and fountain water Fipronil, Chlorfenapyr, Buprofezin, And 
Hexythiazox [hmIm][PF6] 

Tap, well, rain and Yellow 
River water Organophosphorus Pesticides [omIm][PF6] 

Everglade, river, reservoir and 
snow 

Dichlorodiphenyltrichloroethane And Its 
Metabolites [hmIm][PF6] 

Tap, well, river, and creek 
water 13 Aromatic Compounds [bmIm][Tf2N] 

Tap water, well water and rain 1-Naphthylamine, N,N Dimethylaniline, 
Diphenylamine [bmIm][PF6] 

Storm water Aliphatic And Aromatic Hydrocarbons [bmIm][PF6] 
East Lake and waste water Phenols [omIm][PF6] 
River water and effluent water Chlorobenzenes [bmIm][PF6] 
Water Aromatic And Aliphatic Hydrocarbons [bmIm][PF6] 
Water 4-Nonylphenol, 4-Tert-Octylphenol [bmIm][PF6] 
Water Phorate, Parathion And Poxim [bmIm][PF6] 

Water 

(Benzene, Toluene ,Ethylbenzene, and 
Xylene), Polycyclic Aromatic 
Hydrocarbons , Phthalates ,Phenols, 
Aromatic Amines, Herbicides ,
Organotin, and Organomecury 

[bmIm][PF6] 
[omIm][PF6] 
 

Water Triazines [hmIm][PF6] 
Water 
 

Chloroform, Bromodichloromethane, 
Dibromochloromethane And Bromoform [omIm][PF6] 

Water Trihalomethanes [bmIm][PF6] 
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Very recentlty, AlSaleem et al. [59] reported the evaluation of six different types of 
hydrophobic ILs for the extraction of three HHCs from water, namely CCl4, CHCl3, and 
CHBr3. The ILs were selected based on their: i) affinity to solubilize contaminants of 
concern, ii) moderate viscosity, iii) hydrophobicity, and iv) stability in the presence of the 
superoxide ion that the authors suggested to be used for the destruction of HHCs in situ. 
The authors reported that the used ILs successfully removed HHCs from water with 
extraction efficiencies ranging from 83 to 99%. It was found that octyltriethyl-ammonium 
and -pyrrolidinium cation liquids paired with bis(trifluoromethylsulfonyl)imide [Tf2N] 
anion exhibited high performance for extracting CCl4, CHCl3, and CHBr3. The authors 
also investigated the effect of process parameters, including contact time, temperature, 
pH, hydrogen bond donor (α), hydrogen bond acceptor (β), dipolarity/polarizability (π*), 
and octanol/water partition coefficient (Kow) on the extraction efficiency. Although 
liquid-liquid extraction is considered to be time-consuming but the extraction method 
described in this work was found to be effective and high extraction efficiencies were 
achieved within 10 min for the selected ILs. These features provided the opportunity to 
use ILs as a powerful alternative method in the field of wastewater treatment. The 
extraction of HHCs also provided a potential analytical approach to identify them in 
water by chromatography technique. 

In addition, ANOVA results revealed that pH and contact time can significantly affect the 
extraction efficiency of selected ILs with very low P-values less than 0.005; whereas, 
there was no significant impact with temperature variations between 25  and 45oC on the 
extraction efficiency.  

One of the most interesting characteristics of ILs is the opportunity to fine-tune its 
physicochemical properties by means of modifying the alkyl chains or the identity of the 
cation/anion pair. Therefore, using α, β and π* for the selection or tailoring of ILs can 
significantly improve and expand the current applications of ILs in extraction.  

The authors indicated that further investigation should be conducted to emphasize the 
relationship of polarity parameters of ILs with extraction. This can help the specialists to 
predict the kinetic rates and improve the knowledge of the driving force in such a 
process.  

Different methods for the regeneration of ILs from HHCs can be used. For example, the 
superoxide ion can be used for the in situ decomposition of HHCs. In addition, different 
methods (distillation, oxidation, etc.) for the separation of refractory organics from ILs 
after extraction, can be viable processes.  

Deng et al. [60] reported the use of a hydrophobic magnetic room temperature ionic 
liquid (MIL), trihexyltetradecylphosphonium tetrachloroferrate (III) ([3C6PC14][FeCl4]), 
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as a possible separation agent for solvent extraction of phenolic compounds from aqueous 
solution. Due to its strong paramagnetism, [3C6PC14][FeCl4] responded to an external 
neodymium magnet and hence was employed in the design of a novel magnetic 
extraction technique. The conditions for extraction, including extraction time, volume 
ratio between MIL and aqueous phase, pH of aqueous solution, and structures of phenolic 
compounds were investigated and optimized. The magnetic extraction of phenols 
achieved equilibrium within 20 min and the phenolic compounds were found to have 
higher distribution ratios under acidic conditions. In addition, it was observed that 
phenols containing higher number of chlorine or nitro substituents exhibited higher 
distribution ratios. For example, the distribution ratio of phenol was 107. In contrast, 3,5-
dichlorophenol distribution ratio had a much higher value of 6372 under identical 
extraction conditions. When compared with four selected traditional non-magnetic room 
temperature ILs, [3C6PC14][FeCl4] exhibited significantly higher extraction efficiency 
under the same experimental conditions. Pentachlorophenol, a major component in the 
contaminated soil sample obtained from a superfund site, was successfully extracted and 
removed by use of [3C6PC14][FeCl4] with high extraction efficiency. Pentachlorophenol 
concentration was dramatically reduced from 7.8 to 0.2 µg/mL after the magnetic 
extraction by use of [3C6PC14][FeCl4]. The authors reported that they were attempting the 
development of an efficient approach to recovery and recycling of the MIL and they have 
explored centrifugation for separation of the magnetic IL from bulk aqueous phenolic 
solution. Another possible approach was to use a strong magnet for forcing MIL to the 
bottom of the glassware. The bulk solution can then be decanted out. The recovered MIL 
then can be recycled and tested for the next extraction of phenolic compounds. 

Fan et al. [61] synthesized a series of hydroxyl-, benzyl-, and dialkyl-functionalized ILs, 
and investigated their extraction abilities for phenol, resorcinol, p-nitrophenol, guaiacol, 
and o-cresol. Results showed that the extraction efficiencies of the five phenols were 
significantly influenced by the pH value, added salt, phase ratio, and chemical structure 
of the IL. The authors found that phenols present in non-ionized forms were preferable to 
transfer into IL phases. The anion/cation hydrogen-bonding characters of ILs were the 
main structural factors affecting the extraction efficiency. It was reported that the 
extraction efficiencies of all tested compounds depended on the pH values of the water 
phase. In addition, the extraction efficiencies of the five phenols increased with an 
increase of their hydrophobicities but there was no certain correlation with the 
hydrophobicities of the ILs. The authors suggested that the driven force for the extraction 
of resorcinol was mainly hydrogen bonding and the extraction of the other four phenols 
from water into IL phases was due to hydrophobic interactions.  
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Pilli et al. [62] reported the judicious screening of various ILs for the extraction of 
pentachlorophenol (PCP) and dichlorodiphenyltrichloroethane (DDT) from aqueous 
solutions. The authors used COSMO-RS for the prediction of selectivity of these 
compounds in aqueous medium at infinite dilution. About 1015 possible ILs were used to 
determine the best extractant for the removal of these two endocrine disruptor chemicals 
(EDCs) from aqueous solution. The authors used five different cations namely 
imidazolium, pyridinium, pyrrolidinium, ammonium and phosphonium that were 
combined with 29 different anions and were then investigated using COSMO-RS for 
screening. It turned out that among the studied cations, phosphonium based cations gave 
the highest selectivity for both PCP and DDT extraction. Fan et al. [63] and Blanchard et 
al. [64] described the hydrophobic nature of ILs, which are suitable for liquid–liquid 
extraction of organic chemicals from their aqueous solutions. The hydrophobic nature of 
any component depends on the activity coefficient of the extractant. Even though 
selectivity values were very high, their corresponding activity coefficients at infinite 
dilution (𝛾𝑖∞) were very less and in most of the cases these were less than one indicating 
high miscibility with water. This may cause the solubility of the IL to increase in aqueous 
phase. The authors’ selection of the proper IL was based on higher values of selectivity as 
well as high values of 𝛾𝑖∞ water as the requirements [63]. 

Kermanioryani et al. [65] investigated three newly synthesized task specific ionic liquids 
(TSILs) incorporating different types of aromatic group on imidazolium ring namely, 1-
butyl-3-benzoimidazolium bis(trifluoromethylsulfonyl)imide [bzbIm][Tf2N]; 1-butyl-2-
phenyl-imidazolium bis(trifluoromethylsulfonyl)imide [bphIm][Tf2N]; and 1-benzyl-3-
butyl-imidazolum bis(trifluoromethylsulfonyl)imide [bnbIm][Tf2N]. These TSILs have 
been employed to remove swiftly heavy loads (up to 1,500 ppm) of cationic methylene 
blue dye (MB) from aqueous solution without pH adjustment. The results showed that the 
presence of additional aromatic groups has a significant effect on the extraction 
efficiency of MB removal through enhancement of the π–π interactions between ILs and 
the aromatic structure of MB.  In addition, the authors used COSMO-RS to analyze the 
IL-MB interaction in the studied systems. Moreover, the authors designed an original 
microbiological method not only to assess the toxicity of the aqueous solution before and 
after the extraction process to reveal the industrial potential of this methodology but also 
to highlight the high hydrophobicity of these new TSILs.  

Vidal et al. [66] evaluated a series of [CnmIm][PF6] and [CnmIm][BF4] ILs for the 
extraction of phenol, tyrosol and p-hydroxybenzoic acid from aqueous solutions. A near 
quantitative extraction of the three phenols was obtained using [omIm][BF4]. The results 
were similar to those observed using n-octanol. Fan et al. [63] reported similar results for 
the extraction of phenol, bisphenol A, pentachlorophenol, 4-octylphenol, and 4-
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nonylphenol for the same series of ILs. The increase in extraction efficiency for ILs as 
the length of the alkyl chain attached to the cation increased was assigned to the 
considerable importance of solute hydrophobicity on the extraction mechanism. The 
higher distribution constants observed for ILs containing the [BF4] anion in comparison 
to the [PF6] anion were assigned to the stronger hydrogen-bonding interactions of the 
phenols with the [BF4] anion. The ionic liquids were 10-fold more efficient for extracting 
the phenols from water than dichloromethane. 

Ferreiraa et al. [67] proposed a novel approach to remove dyes from aqueous discharges 
by the use of IL-based aqueous two-phase systems (ATPS). A detailed study on the 
partition coefficients and extraction efficiencies of a set of textile dyes (chloranilic acid, 
indigo blue and sudan III) using ATPS composed of ILs (phosphonium- and 
imidazolium-based) and an inorganic (aluminium sulphate) or organic salt (potassium 
citrate) were addressed. The gathered data allowed the evaluation of the effect of 
chemical structure of IL, the nature of the salt, as well as the pH of the aqueous medium. 
The results obtained revealed that a proper selection of the IL and salt could lead to 
complete extraction of the three dyes into the IL-rich phase in a single-step procedure. 
Moreover, the authors described the dyes recovery to allow the reuse of the IL-rich phase. 
This new approach, using hydrophilic ILs, is consequently more environmentally friendly 
and could be envisaged as a promising process for reducing the pollution of wastewaters. 

Lu and Pei [68] studied the use of support liquid membrane separation from phenolic 
wastewater in hydrated environment. The process of separation was conducted with 
hydrophobic IL, 1-butyl-3-methylimidazole hexafluorophosphate [bmIm][PF6] and 
applied to the inner coupling liquid membrane system. The authors investigated the effect 
of temperature, stirring speed, feed liquid phase acidity, and NaOH concentration in the 
stripping phase on the phenol migration. The authors reported that under optimum 
conditions of the process phenol migration rate is approximately 100% and the IL may be 
recycled for several times. Table 5 shows the most commonly used ILs in water-
contaminant membrane separations. 

Ma and Hong [78] reviewed the applications of ILs in organic pollutants control. An 
overview of separation, recycling and control of organic pollutants with ILs was 
presented, for example, phenolic compounds, polycyclic aromatic hydrocarbon (PAHs) 
and dyes from wastewater, dioxins from waste gas, polyamides from solid wastes, 
chlorophenothane (DDT) and dieldrin from contaminated soils. Furthermore, the 
problems and challenges of ILs in organic pollutants control were discussed. 
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Table 5: Most commonly used ionic liquids in water-contaminant membrane separations, 
adapted from [69]. 

IL name Abbreviations Contaminants Ref. 

1,3-Dialkylimidazolium Tetrafluoroborate [dCnim][BF4] Tetrahydrofurane [70] 

1-Ethyl-3-Methylimidazolium Acetate [emim][Ace] Ethanol [71] 

1-Ethyl-3-Methylimidazolium 

Tetrafluoroborate 
[emim][BF4] Ethanol [72] 

1-(2-Hydroxyethyl)-3-Methylimidazolium 

Chloride 
[eOHmim][Cl] Tetrahydrofurane [73] 

1-Ethyl-3-Methylimidazolium Acetate [emim][Ace] 2-Propanol [74] 

1-Ethyl-3-Methyl-Imidazolium Chloride [emim][Cl] Tert-Butanol [75] 

1-Ethenyl-3-Ethylimidazolium 

Hexafluorophosphate 
[eeim][PF6] Acetone And Butanol [76] 

1-Ethenyl-3-Ethylimidazolium Bromide [eeim][Br] Acetone And Butanol [77] 

 

Lakshmi et al. [79] reported the reduction of the volume requirement of tributyl 
phosphate by mixing with imidazolium based ILs for the solvent extraction of phenol, p-
chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol, and pentachlorophenol from 
aqueous solutions. The authors also investigated and optimized the effects of aqueous 
phase pH, solute concentration in feed, temperature (303–333 K), treat ratio (aqueous to 
solvent phase ratio), and [Bmim][BF4] volume in tributyl phosphate (TBP); 0–0.7% (v/v) 
on extraction of phenols. It has been found that 0.5% (v/v) of ionic liquid [Bmim][BF4] in 
solvent TBP extracted more than 97.5% of phenol and chlorophenols from aqueous 
solutions with a treat ratio of 5. Transport mechanism for extraction and stripping of 
phenol and chlorophenols using ionic liquid [Bmim][BF4] have been discussed. The 
results show that by appropriate selection of extraction and stripping conditions, it was 
possible to remove nearly all phenols with a treat ratio of 5. 

Bekou et al. [80] investigated the extraction of chlorinated phenols from aqueous 
solutions using two room temperature water immiscible ionic liquids, 1-ethyl-3-
methylimidazolium bis(perfluoroethylsulfonyl)imide and 1-butyl-3-methylimidazolium 
hexafluorophosphate, [bmim][PF6]. Partitioning of phenol, 2-chlorophenol, 2,4-
dichlorophenol, 2,4,6-trichlorophenol, 2,3,4,5-tetrachlorophenol, and pentachlorophenol 
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were measured in both aqueous and IL phases using HPLC. Extraction efficiency was 
found to be greater when [bmim][PF6] was used and when the pH of the aqueous solution 
was at least one unit below the value of the dissociation constant (pKa). Partitioning, for 
both ILs, increased as the number of chlorine atoms in the chlorophenol increased. The 
IL-water distribution ratio for the extraction efficiency of chlorinated phenols using these 
two ILs was one order of magnitude lower than the corresponding 1-octanol-water 
partition coefficient. It was found that the ionic strength of the aqueous phase had no 
significant effect on the IL-water distribution ratios of chlorinated phenols but had a 
dramatic effect on the solubility of ILs in water. In addition, the IL-water distribution 
ratios of chlorinated phenols were not influenced significantly by the concentration of 
chlorophenols in the aqueous phase. 

4. Degradation of HHCs in ILs 

Martin et al. [81] reviewed the electrochemical reduction of halogenated organic 
compounds as a strategy for the remediation of environmental pollutants. The authors 
discussed the effect of main components of the process, e.g. cells, electrodes, solvents, 
and electrolytes on the design of a procedure for degrading a targeted pollutant. In 
addition, they described and contrasted some different experimental techniques in order 
to explore and characterize the electrochemical behavior of that pollutant. Moreover, the 
authors proposed different mechanisms for the dehalogenation. The authors outlined 
techniques, instrumentation, and cell designs involved in scaling up a benchtop 
experiment to an industrial-scale system. The authors also surveyed the electrochemical 
studies of various categories of halogenated pollutants.   

Subramanian et al. [82] investigated the photolytic degradation of chlorinated aromatics 
namely pentachlorophenol (PCP) in 1-butyl-3-methylimidazolium hexafluorophosphate 
[BMIM][PF6] IL using UV radiation of 253.7 nm. It was found that at low concentrations 
(less than 1.57 mM) PCP could be degraded in this IL following pseudo-first-order 
kinetics. Quenching studies suggested the generation of hydroxyl radicals in the IL. The 
authors also reported the in situ degradation of PCP extracted from soils using the same 
IL. Results showed enhanced reaction rates compared to those of the samples prepared by 
dissolving the compounds directly in the IL.  

In another study Yang and Dionysiou [83] reported the photolytic degradation of 2-
chlorophenol (2-CP), 4-chlorophenol (4-CP), 2,4-dichlorophenol (2,4-DCP), 2,4,6-
trichlorophenol (2,4,6-TCP), 2,3,4,5-tetrachlorophenol (2,3,4,5-TeCP) and PCP in 
[bmIm][PF6] and 1-ethyl-3-methylimidazolium bis(perfluoroethylsulfonyl)imide 
[emim][beti] ILs using UV radiation of 253.7 nm. Stability study revealed that these ILs 
were relatively resistant to phototransformation when used as pure phases. At low 
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concentrations (less than 1.57 mM), chlorinated phenols could be degraded in these ILs 
following pseudo-first-order kinetics. Intermediate product identification using 
electrospray TOFMS, GC–MS and HPLC revealed the formation of phenol among the 
stable phototransformation intermediates of 2-CP. The increase of the chlorine atoms in 
the phenolic ring generally resulted in a decrease in the phototransformation rates, with 
exception of 2,4,6-TCP. Recyclability study indicated that the recycling of ILs was 
hindered to some extent by the presence of organic impurities that were resistant to 
photolysis or by the generation of byproducts that were resistant to photolytic degradation 
and compete with the chlorophenols for photon absorption.  

Levec and Pintar [2] reviewed the developments in the field of catalytic wet-air oxidation 
(CWAO). Catalysts awere reviewed first, followed by mechanistic speculations and 
kinetics that have been proposed for the CWAO process. The process was discussed more 
in detail only in those cases where it has been already commercialised or at least foreseen 
to be in the near future. Particular attention was given to the heterogeneously catalyzed 
wet-air oxidation of real industrial wastewaters (such as Kraft bleach plant effluents) in 
batch and continuous-flow oxidation reactors. Finally, the considerable potential of the 
CWAO process to ultimately destroy organic pollutants in industrial effluents and 
detoxify them by using novel titania-supported Ru catalysts was presented.  

Luan et al. [1] reviewed the published literature related to the treatment of refractory 
organic pollutants in industrial wastewaters, such as dyes. Phenolics were taken as model 
pollutants in most cases. Reports on the effect of treatment for the WAO of refractory 
organic pollutants in industrial wastewaters are reviewed, such as emulsified wastewater, 
TNT red water, etc. Discussions are also made on the mechanism and kinetics of WAO 
and main technical parameters influencing WAO. Finally, development direction of 
WAO is summed up. 

Wet air oxidation has been a promising technology for the treatment of refractory organic 
pollutants in the effluent from various industries in view of high pollutant removal 
efficiency at under mild experimental conditions, and environmental friendliness not 
involving any harmful chemical reagent. Studies on the WAO of model pollutants and 
industrial effluents illustrate the potential of WAO as a treatment technology for 
industrial wastewater. Most of the studies have usually employed phenolics as a model 
pollutant. And phenol is mainly taken as a model compound because it is widely used in 
industries and is generated as an intermediate during the oxidation of higher molecular 
weight aromatic compounds. Generally, the complete oxidation of organic pollutants to 
CO2 and H2O is to difficult achieve due to the formation of more refractory intermediates 
like short-chain carboxylic acids. WAO integrated with the biological process can be 
more attractive for the treatment of industrial wastewater containing toxic pollutants.  
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Babuponnusami and Muthukumar [84] reviewed advanced oxidation processes (AOPs) 
as a promising technology for the treatment of wastewaters. The investigated processes 
were developed to decolorize and/or degrade organic pollutants. The authors discussed 
fundamentals and main applications of typical methods such as Fenton, electro-Fenton, 
photo-Fenton, sono-Fenton, sono-photo-Fenton, sono-electro-Fenton and photo-electro-
Fenton. In addition, the application of nano-zero valent iron in treating refractory 
compounds was discussed. 

AlNashef et al. [56] reported the use of chemically or electrochemically generated 
superoxide ion for the degradation of several chlorinated hydrocarbons in different ILs. It 
was found that the degradation efficiency can reach up to 99%. Using GC-MS it was 
confirmed that the formation of degradation products depended on the HHC, the IL, the 
molar ratio of superoxide to HHC, and the number of chlorine atoms in the HHC. 
However, in all cases no hazardous by-products were formed. It was also found that the 
superoxide ion reacted with imidazolium cation to give the corresponding 2-imidazolone 
compound. Table 4 shows the physical properties of O2

●‒. 

Hayyan et al. [85] investigated the chemical generation and long term stability of 
superoxide ion in three bis(trifluoromethylsulfonyl) imide anion based ILs with cations of 
1-(3-methoxypropyl)-1-methylpiperidinium, 1-hexyl-1-methyl-pyrrolidinium and trihexyl 
(tetradecyl) phosphonium. The chemical generation of superoxide ion in ILs was carried 
out by dissolving potassium superoxide, KO2, in the corresponding IL, while 
electrochemical generation was carried out by reduction of O2 to superoxide ion. It was 
found that the solubility of KO2 in the studied ILs depends on the structure of ILs in 
addition to temperature. However, in all cases the solubility was high enough for many 
applications. The long-term stability of the generated superoxide ion was carried out by 
the application of KO2 in aprotic solvent  (dimethyl sulfoxide) in the presence of the 
corresponding IL. UV–visible spectrophotometry in the absorbance range of 190 – 400 
nm was used to determine the stability of superoxide ion. It was found that ILs containing 
methylpiperidinium and 1-hexyl-1-methyl-pyrrolidinium cations offer a promising long 
term stability of superoxide ion for various reactions and applications, while the 
superoxide ion was unstable in the phosphonium based IL.The chemically generated 
superoxide ion was then used for the destruction of chlorobenzenes under ambient 
experimental conditions. Table 6 shows  
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Table 6 Summary of studied ILs for O2
●‒ generation, Adapted from [23]. 

Ionic Liquid Ref. 
[hmPyr] [Tf2N] [76] 
1-(3-methoxypropyl)- 1-methylpiperidinium [Tf2N] [76] 
trihexyl (tetradecyl) phosphonium [Tf2N] [76] 
[dmpIm][Tf2N] [97] 
[bmPyrr][Tf2N] [86,87,88,95,97,98]  
[bdmIm][Tf2N] [89, 90, 95] 
[mbIm][Tf2N] [85,89,91] 
[bdmIm][PF6] [23,85,89,93,94] 
[emIm][Tf2N] [86,97] 
[emIm]Cl/AlCl₃ [94] 
[emIm][BF4] [90,93] 
[bmIm][BF4] [90, 93] 
[pmIm][BF4] [93] 
[tmbAm][Tf2N] [91] 
[C5H5N+C8F18][Tf2N] [91] 
[C5H5N+C18H38][Tf2N] [91] 
[htmAm][Tf2N] [97] 
[hteAm][Tf2N] [89,92,95,96] 
[tebAm][Tf2N] [87, 85,99,100] 
Tris(N-Hexyl)Tetradecylphosphonium Trifluoro tris 
(Pentafluoroethyl) Phosphate [95] 

Tris(N-Hexyl)Tetradecylphosphonium Bis 
(Trifluoromethylsulfonyl) Imide [95] 

[tbAm][PF6]/AcN [101] 
[Li][PF6]/AcN [101] 
[tbAm][ClO4)/AcN [101] 
[K][PF6]/AcN [101] 
[Na][PF6]/AcN [101] 

 

Conclusions and future directions 

The use of ILs for wastewater treatment is gaining momentum globally. The unique 
properties of ILs and their convergence with current treatment technologies present great 
opportunities to improve wastewater treatment. Although all applications of ILs 
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discussed in this chapter are still in the laboratory research stage and none has made their 
way to pilot testing, there is an ample chance for some of these applications to reach even 
full-scale application. 

The most important challenges that faces the transfer of the use of ILs from lab scale into 
commercial applications include cost, commercial availability, toxicity, miscibility with 
water, and compatibility with the existing infrastructure.  

The challenges faced by wastewater treatment using ILs are important, but many of these 
challenges are temporary, including technical hurdles, high cost, and potential 
environmental and human risk. 

To overcome these barriers, collaboration between research institutions, industry, 
government, and other stakeholders is imprtant. It is believed that advancing applications 
of ILs by carefully steering its direction while avoiding unintended consequences can 
continuously provide robust solutions to the wastewater treatment challenges.  
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Abstract 

The co-digestion of cassava wastewater with swine residues was evaluated for hydrogen 
and methane production in separate phases. Four different dilution rates were used in the 
acidogenic phase. The highest hydrogen yield (HY) (1.13 mol H2/mol glucose) was 
achieved in the 25-50-25% dilution (percentage of swine, water and cassava wastewater).  
For the methanogenic phase, the effluent from the acidogenic process was used as 
substrate. Sururu shells (Mytella falcata) were used as support material and pH buffer to 
control the alkalinity of the reaction medium. The best yield obtained was 1.73 ± 0.13 mL 
CH4/gCOD in the hydraulic retention time (HRT) of 12 h. 
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1. Introduction 

Anaerobic digestion processes of solid and liquid residues allow the production of 
renewable energy and, at the same time, promote environmental control through the 
reduction and treatment of organic waste. The production of biohydrogen and biomethane 
from biomass has attracted much attention due to emerging environmental problems 
particularly related to global warming [1]. Large amounts and variety of biomasses are 
available especially in the form of organic waste. However, for organic matters to be 
potentially useful as substrates for sustainable energy production, they must be abundant 
and readily available as well as inexpensive and highly biodegradable. In general, agro-
industrial waste meets these requirements [2]. 

Among the agroindustrial residues, those of animal origin are considered most polluting 
due to high content of organic matter, nitrogen and phosphorus. The manure (feces and 
urine) generated by animals kept in confinement (poultry, swine and cattle farming) can 
cause soil and water degradation [3]. 

Swine farming has economic and social relevance in the Brazilian agricultural complex 
for enabling food production, employment generation, and the increase of many families’ 
income. It has been a profitable practice as it produces large amounts of meat in a shorter 
period of time and in reduced physical space. In the last 15 years, Brazil has increased 
exports by more than 600% and swine production by 40%. It ranks fourth in the world 
ranking of producing and exporting countries. On export, it is behind the US, the 
European Union (27 countries) and Canada, and in production Brazil comes after China, 
the European Union and the United States [4]. 

In addition to the swine activity, the cassava crops are noteworthy in the Brazilian north 
east. Cassava is a typical Brazilian agricultural product characterized by being tolerant to 
drought conditions and low soil fertility. Brazil is one of the world's largest producers of 
cassava, which is processed to produce flour and starch. During its processing about 
7,000 L of wastewater per kg of processed cassava root is generated. The cassava 
wastewater is rich in carbohydrates and organic matter and has high chemical oxygen 
demand (COD) as well as biochemical oxygen demand (BOD) [5]. Despite its potential 
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pollution, the characteristics of this wastewater make it attractive for hydrogen 
production. 

Recently, a co-digestion of different organic wastes has been highlighted. Some of the 
benefits of anaerobic co-fermentation include: better pH conditions and better 
carbon/nitrogen balance [6], simultaneous treatment of wastewaters, dilution of toxic or 
inhibitory compounds, the increase of hydrogen production and adjustment of the 
carbohydrate/protein ratio [7].  Wang et al. [6] evaluated the co-digestion of cassava 
wastewater in batch reactors with four different substrates (cassava wastewater, swine 
manure, cattle manure, and activated sludge waste). The authors observed about 46% 
increase in hydrogen yield of the cassava wastewater with cassava sludge excess in 
relation to the cassava wastewater by itself. Hernandez et al. [8] studied the co-digestion 
of coffee mycilage with swine manure; the authors obtained a maximum of 39% 
hydrogen content in the biogas. Marrone et al. [9] studied the co-digestion of three 
different substrates (buffalo slurry, cheese whey, and crude glycerol) in order to evaluate 
the best composition for hydrogen production. The authors concluded that hydrogen 
production was better when cheese whey was predominant in the substrate composition. 
Rosa et al. [10] evaluated the inoculum and hydraulic retention time (HRT) effects on the 
hydrogen production in anaerobic fluidized bed reactor using a mixture of cassava 
wastewater and glucose as substrate. The authors obtained better yields for hydrogen 
production when it was applied 6 h HRT. Because in fermentation complex residues of 
agroindustrial cultures can be used as substrates, there are several opportunities to 
develop anaerobic digestion of two or more substrates, which could have complementary 
characteristics, such as carbon and nitrogen contents, pH, alkalinity, and microorganisms. 
Residues from swine farming have high concentration of protein and lipids and therefore, 
have been widely used in anaerobic digestion as substrate support while treating other 
wastes [8]. The cassava wastewater has high carbohydrate content and the co-digestion of 
both wastes could be feasible if they are produced in the same geographic regions. In this 
scenario, swine and cassava wastewaters were used to produce hydrogen and methane 
gases in fluidized and fixed bed anaerobic reactors, respectively. 

2. Materials and methods 

2.1 Anaerobic reactors configuration and operational conditions 

The experiment consisted in the use of two anaerobic reactors: a fluidized bed reactor 
(AFBR) for the acidogenic phase and a fixed bed reactor (FBR) for the methanogenic 
phase. The operational scheme of the reactors is illustrated in Fig. 1. 
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Figure 1. Operational scheme. 

 

Table 1: Substrate composition (%v/v) and reactors HRT. 

Phase 
Substrate composition (%v/v) HRT (h) 

Swine 
residues Water Cassava 

wastewater AFBR FBR 

1 25 50 25 2 24 
2 50 25 25 2 12 
3 75 10 15 2 12 
4 85 0 15 2 12 

 

The AFBR was built in transparent acrylic as a base material with a thickness of 5 mm, 
height of approximately 90 cm, and diameter of 5.3 cm. The fixed bed anaerobic reactor 
was constructed using acrylic tubes with internal diameter of 80 mm, external diameter of 
88 mm, and 750 mm of length. The reactors were operated at room temperature (26  to 
34°C). Table 1 lists the composition of the substrate in each phase as well as the 
hydraulic retention time (HRT) applied in each reactor. This composition corresponds to 
the AFBR feed and the fixed bed reactor was fed with the effluent from the AFBR. 
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2.2 Reactors’ start-up 

In the AFBR, the microorganisms' (biomass) adaptation occurred inside the reactor itself, 
which contained expanded clay particles (diameter of 2.8-3.35 mm) [11] as support 
material for microbial adhesion. The inoculum used was sludge from the swine farming 
residues. Initially, the inoculum diluted in water remained for 48 hours in an adaptation 
period to enable the adhesion of microorganisms to the support material and maintenance 
of the microbial activity. The appropriate microorganisms to the process were previously 
selected by the pre-heat treatment method at 90ºC for 10 min [12]. In the fixed bed 
anaerobic reactor, the effluent from the AFBR was used for inoculation. The adaptation 
of the microbial population took place in the reactor itself using sururu shells for 
microbial adherence. 

2.3 Hydrogen and methane production 

A MilliGas-counter meter from the manufacturer Ritter model MGC-1 V3 1 AMMA was 
used to quantify the volumetric production of hydrogen and methane. The monitoring of 
pH and chemical oxygen demand (COD) were performed using the methodology of 
standard methods [13]. The carbohydrate concentrations were measured using the 
methodology developed by Dubois et al. [14]. The concentration of organic acids and 
alcohols were determined by gas chromatography according to the methodology of 
Maintinguer et al. [12]. 

3. Results and discussion 

The obtained results will be discussed in the following two sections, the first 
corresponding to the operation of the acidogenic reactor used for hydrogen production 
and the second corresponding to the methanogenic reactor fed with the effluent from the 
acidogenic reactor.  

3.1 Anaerobic fluidized bed reactor – hydrogen production 

Fig. 2 demonstrates the variation of the hydrogen production yield and the volumetric 
hydrogen production in each experimental phase. It can be observed that the volumetric 
hydrogen production presented an increase with the reduction of cassava wastewater 
concentration (from 25 to 15% of the substrate), increasing from 0.18 to 0.45 L/h/L when 
going from phase 1 to phase 4, respectively. However, the yield of hydrogen behaved 
inversely, decreasing along the phases from 1.13 in phase 1 to 0.14 molH2/mol glucose in 
phase 4. 
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Figure 2. Hydrogen production yield (□), hydrogen volumetric production (Δ), and 
carbohydrate consumption (○) for AFBR in each experimental phase. 
 

The decrease in the hydrogen yield through the phases can be justified by the reduction of 
the cassava wastewater concentration in the substrate since it is the main carbohydrate 
source in this study. Fig. 3 reprents the soluble metabolites produced during the 
experiment and the pH variation in each phase. The pH variation in the range between 5.5 
and 6 was considered satisfactory for hydrogen production according to the literature  
[15]. An increase in the pH (from 4.91 in phase 1 to 5.66 in phase 4) was observed with 
an increase in the percentage of swine manure in the substrate (from 25 to 85% in Phases 
1 and 4, respectively). This increase can be attributed to the fact that the swine waste used 
has a higher pH than the cassava wastewater (7.41 and 4.31, respectively). The hydrogen 
yield (HY) in phase 1 was maximum in the experiment (1.13 mol H2/mol glucose) 
although a lower pH of 4.91 was observed in this phase, which is below the optimum 
range 5.5-6.0 considered by Chen et al. [15]. However, Amorim et al. [11], also using 
AFBR in their experiments, obtained satisfactory results in the production of hydrogen 
from glucose (HY between 1.19-2.49 mol H2/mol glucose) on applying low pH (between 
3.7 and 6.8), indicating the feasibility of hydrogen production at lower pH values.  
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Figure 3. pH variation and the distribution of the soluble metabolites produced (SMP) 
during the AFBR operation. pH (○), Acetic acid: HAc (□), Butyric acid: HBu (Δ), 
Propionic acid: HPr (♦), Ethanol: EtOH (●). 

 

The following metabolites were detected: acetic acid, butyric acid, propionic acid, and 
ethanol (Fig. 3). Table 2 presents the distribution of each metabolite in each applied 
condition. Acetic acid (HAc) and butyric acid (HBu) were the only metabolites present in 
all phases of the reactor operation and acetic acid was the predominant one with a general 
average of 39% of the detected metabolites. Concentrations ranged from 1.26-5.00 mM 
for acetic acid, 0.55-2.70 mM for butyric acid, 0-1.33 mM for propionic acid (HPr), and 
0-1.75 mM for ethanol.  

 

Table 2: Soluble metabolites production during AFBR operation. 

Phase HAc/SMP 
(%) 

HBu/SMP 
(%) 

HPr/SMP 
(%) 

EtOH/SMP 
(%) 

TVFA 
(mM) 

SMP 
(mM) HAc/HBu 

1 51 27 4 18 8.09 9.84 1.85 
2 32 23 0 45 2.15 3.90 1.40 
3 35 16 0 49 1.80 3.54 2.22 
4 40 18 42 0 3.17 3.17 2.21 
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The production of acetic acid is related to the production of hydrogen (Eq. 1). Likewise, 
the production of butyric acid also contributes to the formation of hydrogen (Eq. 2). 
Differently, the propionic acid route must be avoided due to the consumption of two 
moles of hydrogen in the reaction (Eq. 3). The formation of ethanol does not consume 
hydrogen even though it consumes the substrate that could have been used in the 
hydrogen formation as can be seen in Eq. 4. 

6 12 6 2 3 2 22 2 2 4 215,69C H O H O CH COOH CO H G kJ mol+ → + + ∆ = −  (1) 

6 12 6 2 3 2 2 2 22 2 2 257,1C H O H O CH CH CH COOH CO H G kJ mol+ → + + ∆ = −  (2) 

6 12 6 2 3 2 22 2 2 358C H O H CH CH COOH H O G kJ mol+ → + ∆ = −  (3) 

6 12 6 3 2 22 2 235C H O CH CH OH CO G kJ mol→ + ∆ = −  (4)  

According to Cardozo [16], a high volumetric production does not imply necessarily a 
high hydrogen yield because the fermentative route taken in the process will directly 
influence the HY. In this experiment, for example, the volumetric production of hydrogen 
increased (0.18-0.45 L/h/L) throughout the operational phases (from phase 1 to phase 4) 
while the yield decreased (1.13-0.14 mol H2/mol glucose). Phase 1, in which the highest 
HY (1.13 mol H2/mol glucose) was observed there was a predominance of acetic acid 
(51% of SMP), confirming the relationship between this metabolite and hydrogen 
production. In the second phase, the HY reduced about 50% in relation to the previous 
phase reaching 0.57 mol H2/mol glucose. This may be attributed to the reduction of the 
acetic acid (32% of SMP) concentration while ethanol production increased from 18% (in 
phase 1) to 45% in SMP (in phase 2). It can be concluded that the formation of ethanol 
may have competed with the production of hydrogen. The experiment trend in the third 
phase was very similar to phase 2. The percentages of acetic acid and ethanol were 35 
and 49% of SMP, respectively, and HY was 0.63 mol H2/ mol glucose. In Phase 4, there 
was a reduction in the HY (0.14 mol H2/mol glucose). This can be justified by the content 
of propionic acid in this phase (42% of SMP). The predominance of the propionic acid 
fermentative route may have occurred because during this phase most of the substrate 
consisted of swine manure (85%). This hypothesis is reinforced by the work of Santos 
[17] which observed a similar behavior while using swine manure with 2 g of sucrose as 
a supplement or none to produce hydrogen in an AFBR. Similar to this study, the authors 
observed slight predominance of propionic acid (27 and 29% of SMP) in relation to 
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acetic acid (21 and 28% of SMP). The production of ethanol in Phases 2 and 3 (45 and 
49% of SMP) exhibits the possibility of formation of this metabolite simultaneously with 
the production of hydrogen and thus, enhancing the economical feasibility of the process. 
Santos [17] obtained averages of ethanol and HY of 44% of SMP (65 mM) and 2.59 mol 
H2/mol sucrose, respectively. Also using AFBR in the treatment of dairy effluents, 
Macário [18] also observed ethanol production (42% of SMP and 7.37 mM) simultaneous 
to the production of hydrogen (0.44 mol H2/mol glucose). Another fact that may 
influence the hydrogen production according to Reis et al. [19] is the acetic acid/butyric 
acid (HAc/HBu) ratio, the higher is the value of this ratio, the greater is the hydrogen 
production. It is because of the fact that acetic acid production route yields four moles of 
hydrogen instead of two moles generated by the butyric route (Eqs 1 and 2, respectively). 
In this study, the ratio of acetic and butyric acids (Table 2) was higher in Phases 3 and 4 
(2.22 and 2.21, respectively), which did not affect the HY behavior (Fig. 2). Thus, it can 
be assumed that the ethanol competition in Phase 3 and the inhibitory effect of the 
propionic acid production in Phase 4 had more effect on the HY than the HAc/HBu ratio. 
The results of the detected soluble metabolites in this study showed that the 
concentrations of the produced acids and ethanol were influenced by the composition of 
the substrate fed throughout the operational phases. In addition, the results obtained and 
referenced in this study demonstrate the need to control the maintenance of acidogenic 
populations and to prevent the contamination with other non-hydrogen producing 
organisms such as yeasts which leads to substrate competition in the system [20]. 

3.1.1 COD Removal and carbon balance 

Fig. 4 shows the COD variation in each operational phase. COD removal efficiency was 
mostly constant throughout all experimental phases (29% in average), which 
corroborated with the expected COD removal during acidogenic processes in anaerobic 
digestion according to the literature [21]. 

The influent COD varied throughout the experiment due to the different proportions of 
substrate components in the mixture. As the cassava wastewater had higher COD than the 
swine manure (27.3 and 3.0 g/L, respectively), it had a greater influence on the COD 
variation in the substrate fed. In Phases 1 and 2, the cassava wastewater was responsible 
for 25% of the substrate composition while in Phases 3 and 4 it was only 15%, causing a 
decrease in the COD influent in these phases. Table 3 shows the carbon balance for each 
metabolite, the total theoretical COD, the measured COD in the effluent, and the 
difference between the total theoretical COD and the measured in the effluent. The 
consistency between the measured COD effluent and total theoretical COD were 93, 93, 
75 and, 46% for phases 1, 2, 3, and 4, respectively. The results showed that there was not 
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significant interference of non-quantified metabolites in Phases 1, 2 and 3. However, in 
Phase 4 there was a considerable difference between the measured COD effluent and the 
theoretical COD (1629.6 mg/L). It can be attributed to the presence of metabolites which 
have contributed to the lower HY in this phase (0.14 mol H2/mol glucose) and were not 
quantified. 
 

 

Figure 4.  COD influent (□), COD effluent (Δ), and removal efficiency (○) in each 
experimental phase. 
 

Table 3: Theoretical COD, Biomass COD and measured effluent COD. 

Phase 
CODt, 

HAc 
(mg/L) 

CODt, 

HBu 
(mg/L) 

CODt, 

HPr 
(mg/L) 

CODt, 

EtOH 
(mg/L) 

CODt, 

Gulose 
(mg/L) 

CODt, 

Total 
(mg/L) 

CODt, 

Measured 
(mg/L) 

CODOthers 
(mg/L) 

1 320.33 433.22 43.03 168.35 3671.97 4636.9 4978.6 341.7 
2 80.34 143.43 0 168.39 4229.09 4621.2 4947.9 326.7 
3 79.30 89.42 0 167.43 1959.96 2296.1 3064.6 768.5 
4 80.70 91.30 149.82 0 1075.11 1396.9 3026.5 1629.6 
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Shida et al. [21] observed a minimum difference of 248.31 mg/L and maximum of 764.20 
mg/L using glucose as a substrate at the concentration of 2000 mg/L. Amorim et al. [11] 
quantified a difference ranging from 25 to 1259 mg/L when using the glucose 
concentration of 4000 mg/L. However, Reis and Silva [22] obtained a maximum 
difference of 1602 mg/L when applying similar fluidodynamic conditions to this work 
(Vmf = 1.24 cm/s) and using glucose as a substrate at 5000 mg/L concentration. The 
results observed in the literature as well as those obtained in this research pointed to the 
possible production of other undetected metabolites such as lactic acid and formic acid, 
among others.  

3.2 Anaerobic fixed bed reactor – methane production 

The fixed bed reactor was fed with the effluent generated in the AFBR. Table 4 presents 
the data of influent and effluent COD as well as the removal of organic matter in the 
FBR. The pH variation and the total volatile acids present in the influent and effluent are 
also included in Table 4. 

 

Table 4: Influent and effluent COD, removal efficiency and pH. 

HRT 
(h) 

COD (mg/L) E 
(%) pH VFA 

Influent Effluent Influent Effluent 
24 4963.25 3750.53 25 7.38 ± 0.43 1112.60±508.02 900.22±466.66 
12 3045.62 2224.90 27 7.42 ± 0.39 1148.60±270.34 1145.91±269.79 

 

The pH was varied from 7.38 (HRT of 24 h) to 7.42 (HRT of 12 h) because 
methanogenic archaeas have been reported to develop best at a neutral pH [23, 24]. The 
FBR had an average COD removal of 26%. Combining the two steps (acidogenic and 
methanogenic), the total COD removal was about 47%. Angonese et al. [25] carried out 
an experiment with swine manure without pre-treatment and observed a 77% COD 
removal, which was greater than the one found in this study. Buitron et al. [26] in their 
experiment used tequila vinasse as substrate and achieved COD removal of 56, 65, and 
67% for the initial concentrations of 400, 1085 and 1636 mg COD/L, respectively. 
According to Faria [27], the low removal of organic matter  occures in the presence of 
compounds resistant to degradation. In this study, the average volatile acid values of the 
influent and the effluent were 1112.60 and 900.22 mg/L, for the 24 h HRT, and 1148.60 
and 1145.91 mg/L for the 12 h HRT, respectively (Table 4). The low conversion of the 
total volatile acids (19.1 and 0.2%, for the HRT of 24 and 12 h, respectively) probably 
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has influenced the removal of COD. According to Onodera et al. [28], high 
concentrations of acetic, propionic and butyric acids in the influent can lead to an 
unstable reactor performance. Kongjan et al. [29] noted that even with the maintenance of 
favorable pH, methane production may be inhibited by a significant increase of volatile 
fatty acids, especially acetic acid and butyric acid with concentrations close to 3000 and 
1600 mg/L, respectively. In this study, the chromatography of the acids present in the 
effluent of the FBR was not performed. However, it is known that the influent fed 
(generated in the acidogenic reactor) was composed mainly of acetic acid. Therefore, the 
production of methane was affected by the accumulation of this metabolite. 

 

 

Figure 5. COD influent (□), effluent (Δ) and removal efficiency (○) in each experimental 
phase. 

 

The average of MPR and MY were 12.12 ± 3.50 mL CH4/L.h and 0.59 ± 0.11 mL CH4/g 
COD for the 24 h HRT, and 5.38 ± 3.48 mL CH4/L.h and 1.73 ± 0.13 mL CH4/g COD for 
the 12 h HRT. Despite the highest volume production occurred in the 24 hour HRT, the 
highest yield was observed in the HRT of 12 h. The methane production rate in this study 
was much lower than the MPR observed by Amorim et al. [24] which used only cassava 
wastewater as substrate under similar experimental conditions, achieving in the HRT of 
12 h a MY of 0.430 ± 0.150 L/g COD and an MPR of 42.463 L/h/L. According to Moller 
et al. [30], animal manures are highly diluted and have resistant fractions of organic 
compounds for anaerobic digestion and consequently, for methane production if 
compared to the easily degradable substrates of organic wastes from agro industrial 
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productions. Apparently, the co-digestion of the cassava wastewater with swine manure 
may have inhibited the methane production in this study. 

4. Conclusions 

Two agroindustrial residues were used to produce hydrogen and methane gases as 
renewable energy sources in separate processes. The cassava wastewater is a residue rich 
in carbohydrates which is essential for the production of hydrogen while the swine waste 
has microorganisms favorable to acidogenesis. Thus, hydrogen production in the 
anaerobic fluidized bed reactor was evaluated from the co-digestion of these two 
residues. Throughout this process, the cassava wastewater was reduced (from 25 to 15%) 
in the fed mixture, which resulted in the decrease of the hydrogen yield while an increase 
in the volumetric hydrogen production was observed throughout the operational phases. 
The main metabolites produced were acetic, butyric and propionic acids, and ethanol. 
The presence of ethanol in the first three phases indicated the possibility of producing 
hydrogen and ethanol simultaneously. The influent composition of 85% of swine manure 
and 15% of cassava wastewater resulted in a lower hydrogen yield and the inhibition of 
ethanol production and the production of propionic acid was predominant. In addition, 
the carbon balance showed the possibility of the generation of undetected soluble 
metabolites that may have affected the process. The chemical parameters analyzed in the 
Anaerobic Fixed Bed Reactor presented conditions in accordance with the available 
literature. Sururu shells were efficient in the buffering process for the initial acidic pH, 
bringing it close to neutrality and avoiding the presence of acidogenic microorganisms. 
The COD removal reached efficiencies around 26% due to the presence of recalcitrant 
compounds and the greatest methane production was obtained in the 24 h HRT even 
though when the HRT was reduced to 12 h there was an optimization in the yield. 
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Abstract 

This chapter aims to investigate the main treatment methods for dairy wastewater 
treatment along with the key aspects for improvement of the efficiency and sustainability 
of the treatment plants. In this regard, the anaerobic treatment process has been found 
most useful as a potential approach for sustainable and circular dairy wastewater 
management. 
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1. Introduction 

Dairy products form an essential staple of the world’s food consumption and thus have 
economic and strategic nutritional importance, [1]. Dairy industries are one of the most 
important components of Europe’s food sector [2]. Wastewater originating from dairy 
processes contains complex and slowly biodegradable organic compounds [3], and hence 
the appropriate treatment of industrial wastewater is important in order to avoid adverse 
environmental impacts, such as eutrophication of surface waters, hypoxia and algal 
bloom of the scarce clean water resources [4–7]. This chapter reviews and assesses the 
key factors that affect dairy wastewater treatment with the view to increase the 
sustainability of the sector. The specific characteristics of dairy process effluents, such as 
high Chemical Oxygen Demand (COD) concentration, variable pH, origin, and salinity; 
production process stages and materials used poses a considerable challenge to the 
treatment of dairy wastewater. [8,9]. In order to achieve sustainable performance, dairy 
wastewater treatment plants are expected to: (i) produce high-quality effluents satisfying 
the increasingly strict discharge legislation, (ii) expand wastewater reuse and energy 
recovery potential in accordance with the concept of circular economy, (iii) have the 
capacity for upgrading and retrofitting energy-efficient and cost-effective technologies, 
(iv) decrease the investment costs and (v) exhibit low environmental impact [4,5], [10–
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12]. The implementation of environmentally sustainable methods for dairy wastewater 
treatment should be supported by cleaner production strategies for reclamation, recycling, 
and reuse of the generated wastewater [13].  

Life cycle assessment (LCA) is one of the most widely applied and standardized 
methodologies for quantifying the environmental impact of a system (ISO 14040, 2006). 
To date, LCA studies in dairy sector have been limited to the dairy farm activities [14,15] 
with little emphasis on the processes [16]. One of the major gaps in the literature 
regarding wastewater treatment of dairy processing is the LCA based environmental 
impact assessment of full-scale anaerobic processes. According to the study of Korsström 
and Lampi [17], the environmental impact of dairy wastewater treatment mainly depends 
on the high organic load of the influent and energy requirements of the applied process. 

An orderly improvement in the production process and improvement of the quality of 
final products via an integrated plant and inter-plant monitoring as well as performance 
measurement system seems desirable. As our understanding and control complex 
biological and chemical processes evolve and improve, the methods and techniques to 
acquire the essential data (sensors), measure (data analytics and performance modelling), 
and control (actuation-optimisation) needs to adjust.  

2. Dairy processes and characteristics of dairy wastewater 

The wastewater from dairy factories is generated through various processing steps, such 
as milk receiving/storage, pasteurisation, homogenisation, separation/clarification, 
cheese/butter/milk powder/cream making, packaging and during cleaning, heating, 
cooling or floor washing (Fig. 1).  

The dairy wastewater contains milk components, as well as acid and alkaline detergents 
used in the equipment cleaning. It has been estimated that about 2% of the total milk 
processed is wasted and discharged into drains. Due to the high pollution load of dairy 
wastewater, a set of regulations for the effluent discharge has been imposed to protect the 
environment [18]. The use of detergents in the cleaning process causes high variation of 
pH between 2 to 12 [17]. The European Commission Directorate has reported variable 
volumes for wastewater generation from the milk, milk powder and cheese processing 
[19]. In the case of cheese processing, the levels and type of wastewater depend on the 
production processes, the materials used, and the type of final product. The amount of 
wastewater generated varies from 0.4 to 60 l/kg of the processed milk. The wide range of 
dairy effluent characteristics reported in literature are depicted in Table 1. 

Materials Research Foundations Vol. 32



141 

Figure 1. Sources of dairy processing wastewater and common treatment methods. 

 

Typically, the COD of dairy wastewater ranges from 0.1-100 kg/m3 (Table 1), mainly due 
to milk carbohydrates and proteins, along with the presence of fats (0.07-2.9 kg/m3), 
nutrients (nitrogen and phosphorous) and suspended solids (0.2-5.1 kg/m3) [34]. The 
variable composition of dairy effluents affects their biodegradability [35]. The hourly, 
daily and seasonal fluctuations make the prediction of wastewater flow rates and 
pollution loads difficult [36]. In addition, high volumes of water are required for the 
cleaning and cooling processes resulting in high volumes of contaminated water 
containing detergents and large quantities of unused milk [17].  
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Table 1: Dairy effluent characteristics reported in literature. 

Product portfolio BOD (mg/L) COD 
(mg/L) pH TS 

(mg/L) TSS (mg/L) Ref. 

Milk/cream — 4656 6.92 — — [20] 
Milk/cream 500-1300 950-2400 5.0-9.5 — 90-450 [21] 

Milk/cream — 713-1410 7.1-8.1 900-
1470 360-920 [22] 

Milk/cream 1200-4000 2000-6000 8-11 — 350-1000 [23] 
Cheese/whey 71526 20000       4 56782 22050 [24] 
Cheese/whey 80000 120000 6 — 8000 [25] 
Cheese/whey — 68814 — —  [26] 
Cheese/whey 588-5000 1000-7500 5.5-9.5 — 500-2500 [27] 
Cheese/whey — 61000  — 1780 [28] 

Cheese/whey 565-5722 785-7619 6.2-
11.3 

1837-
14205 326-3560 [29] 

Cheese/whey 377-2214 189-6219 5 — 188-2330 [30] 
Butter/milk powder — 1908 5.8 — — [20] 
Butter/milk powder 1500 — 10-11 — — [31] 
Mixed dairy 
processing 2100 1040 7-8 2500 1200 [32] 

Mixed dairy 
processing — 1150-9200 6-11 2705-

3715 340-1730 [33] 

3. Dairy wastewater treatment processes 

Figure 1 summarizes the main sources of dairy processing wastewater and methods that 
have been tested at various scales of application for the treatment of the dairy effluents. A 
detailed description of main processes for dairy wastewater treatment and target 
parameters that affect their performance is provided in this section. The pre-treatment 
options can be broken down into, screening, pH flow control, and separation of Fat, Oil, 
and Grease (FOG). 

3.1 Screening  

Screening is an important step applied to protect pumps and remove large particles or 
debris that may cause damage to downstream machines and equipment. [37]. Screening 
further removes solids from wastewater and large quantities of non-emulsified FOG. 
Screening is accompanied by other technical and operational measures to avoid clogging 
[19].  
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3.2 Flow and pH balancing and control 

Detergents are used in the dairy process for cleaning purposes. They have an additional 
impact on the pH and discharge flow pattern of the generated effluents. The effluent from 
the different processes is normally mixed in equalization tanks in order to reach a near-
neutral pH required for the subsequent biological treatment [17,38]. However, in cases of 
large variations, the pH should be adjusted with the addition of chemicals, such as 
sulphuric or nitric acid, sodium hydroxide, carbon dioxide or lime. 

3.3 Separation of fat, oil and grease (FOG) 

The presence of fat in the dairy effluents remains an issue since it can exert significant 
inhibition problems in biological processes. Dairies manufacturing butter usually separate 
the fat from the fatty rinsing water during the production process and reprocess the 
recovered fat. The removal of fat residues by the produced wastewater can be partly 
performed in special gravity fat traps or by passing the effluent through a flotation unit. 
The fat traps consist of a concrete tank divided into cells and the fat floats on the surface. 
The fat can be removed by manual or mechanical skimming. However, the traps require 
frequent cleaning and maintenance; increasing the cost and environmental impact of the 
process.  Wastewater is aerated in the flotation plant by applying finely dispersed air, 
which transfers the fat to the surface, from where it is automatically strained off. The 
fatty sludge can be further treated in an anaerobic digestion unit [17,38]. 

4. Biological processes  

Direct application of biological processes for dairy wastewater treatment is challenging 
due to the high flow and pollutant concentration variations of the dairy effluents [39]. 

4.1 Aerobic treatment 

Aerobic processes are widely used for the treatment of wastewater in milk-producing 
industries [40]. Trickling filters and activated sludge process have been extensively used 
for the treatment of wastewater in dairy processing [41–43]. The activated sludge (AS) 
process requires the use of chemicals and involves high capital, operational and 
maintenance cost, while suitable pre-treatment is often required in order to avoid 
inhibition problems [7]. The sequencing batch reactors (SBRs) have been used for 
industrial wastewater treatment as an improved version of the conventional activated 
sludge (CAS) systems. SBRs are a single tank 5 phase process, filling, reaction, settling, 
idle and decantation. The SBR tanks act as equalization and clarifier. SBRs can produce 
high-quality effluent with flexible operation and low energy consumption under 
optimized industrial wastewater treatment conditions [44–47]. The SBRs can be more 
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economical since equalization, aeration, and clarification can all be performed within a 
single reactor, making clarifiers redundant.  

A common operational problem in treating dairy effluents with SBR technology is the 
overgrowth of filamentous bacteria [48], [49]. Meunier et al. [49] developed a method to 
convert the bulking activated sludge into a well-settling biomass at low oxygen levels. 
The results indicated that with the application of the aerobic granular sludge (AGS) 
technology, the high level of filamentous bacteria could be reduced [49]. 

A study by [50] reported that the quantity of sludge produced from the aerobic treatment 
of the dairy wastewater was higher than the respective one in municipal wastewater 
treatment plants (WWTPs). The processing scheme usually includes the energy-intensive 
phases of stabilization and dewatering of the excess sludge (57.6–187.3 m3/d).  The 
energy requirements ranged between 0.94 and 1.5 kWh/m3 [51]. Based on energy 
modeling of the aerobic treatment process, Dąbrowski et al. [41] concluded that the 
aerobic sewage sludge stabilization and dewatering were responsible for 3-25% of the 
total energy consumption of a dairy WWTP plant with a capacity of 13,500 population 
equivalent (PE). 

4.2 Anaerobic treatment 

The anaerobic process involves the degradation of organic matter by bacteria in the 
absence of oxygen. It has been adopted in the treatment of various industrial effluents 
(e.g. aqueous extractions of winery wastes, biodiesel industry wastewater, soluble 
fraction of food industry wastes etc.) [13], [52–54]. Dairy wastewater treatment 
technologies are being continuously improved with the aim to reduce the environmental 
burdens. Attention has been focused mainly on anaerobic processes, due to the absence of 
energy requirements for aeration, small sludge production and low footprint [43,55]. 
Dairy effluents have been attractive feedstock for anaerobic digestion [34,56,57]. 
However, data from the application of anaerobic treatment of dairy processing 
wastewater are still limited due to an inadequate number of full-scale applications [58]. 
The anaerobic wastewater treatment processes are preferred over aerobic treatment 
methods due to certain benefits. One of the major advantages in anaerobic wastewater 
treatment is the recovery of biogas, which usually has the following composition: 55-
75% methane (CH4), 25-45% carbon dioxide (CO2) and 1-5% nitrogen (N2) [13]. The 
operating cost of the anaerobic process can be offset by the benefits obtained from biogas 
recovery. To avoid further treatment before its utilization for digester heating, electricity 
generation and fuel production, the level of methane in the biogas should be more than 
60% [13,59]. Lower methane yields can be explained by the high methane solubility 
especially at low temperatures; i.e. 15oC [13], [60]; Xing et al. [61] observed the low 
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methanogenic activity during the study, lab-scale EGSB treating brewery wastewater. 
Higher temperatures were beneficial for generation of methane [13]. Kothari et al. [62] 
explored the opportunity for energy recovery from anaerobic wastewater treatment of 
dairy effluents by applying a bacterial strain of Enterobacter aerogens and methanogenic 
bacteria of cow dung to produce simultaneously hydrogen and methane. The results 
showed that treatment targeting at simultaneous bioenergy production was economically 
viable, while higher efficiency was achieved for phosphates, sulfates and nitrates 
pollutants [62]. The anaerobic process has been implemented in various configurations, 
such as upflow anaerobic sludge blankets (UASB), anaerobic membrane bioreactors 
(AnMBR), anaerobic hybrid (AH) reactors, expanded granular sludge bed reactors 
(EGSB) and inverse fluidized bed reactors (IFBR).  

4.2.1 Up-flow anaerobic sludge blanket reactor (UASB) 

UASB is a well-established process for anaerobic wastewater treatment representing a 
suspended-growth system, where sludge granules grow in a tubular reactor [63]. The 
degradation occurs as the water flows up the reactor and contaminants are in contact with 
the sludge granules. It is used for anaerobic wastewater treatment mainly in warm 
climates as high temperatures offer the appropriate conditions for anaerobic degradation. 
The latter along with simple operation, efficient pathogen removal, limited land 
requirements and the ability to treat high organic loads justify the wide UASB application 
in developing tropical countries [64–66]. Arnaiz et al. [67] reported COD removal 
efficiency higher than 90% was obtained for dairy wastewater treatment (influent 
COD=30,000 mg/L). Gavala et al. [40] achieved stable operation in UASB reactor at 
organic loading rate (OLR) of 6.2 g COD/L, while the maximum OLR was 7.5 g 
COD/L.d. However, the authors concluded that the application of the UASB reactors 
might not be the most cost-effective option due to the high retention times necessary to 
treat the non-diluted wastewater of the dairy effluents [40]. 

4.2.3 Anaerobic membrane bioreactors (AnMBR) 

Anaerobic digestion (AD) has been widely applied for wastewater treatment during the 
last 30 years. Nonetheless, its application to high-rate and/or low-strength wastewater 
treatment (e.g. urban wastewater) was limited by the difficulty in retaining slow-growth-
rate anaerobic microorganisms when operating at short hydraulic retention times (HRTs). 
The complexity of the anaerobic process can be balanced by the energy production and 
the reduction of carbon footprint. In this regard, AnMBR offers the potential to operate 
the system in energy neutral or even positive net energy balance due to biogas generation. 
Membrane bioreactor (MBR) technology combines activated sludge process with 
membrane filtration. It is considered a well-established, mature technology with many 
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full-scale MBR plants treating municipal and industrial wastewaters. The use of 
membranes in the anaerobic reactor allows the separation of components taking 
advantage of the ability of membranes to control the rate of permeation of different 
species. The suspended or dissolved pollutants are reduced or removed, while the 
membrane allows the purified water to pass through the membrane. 

AnMBRs exhibit lowers energy requirements compared to the aerobic MBRs; however 
anaerobic conditions are less favorable for filtration and more prone to fouling. The 
operational cost for the membrane cleaning, replacement of membrane and the energy 
required for the gas recirculation have put restrictions on extensive AnMBR applications. 
Operation at low temperature, nutrients removal limitations, and optimum configuration 
have been the other identified challenges. This is why AnMBR has only very few full-
scale applications (Technology Readiness Level – TRL = 8). Given the early stage of 
development and uncertainties around AnMBR performance, it is unclear how detailed 
design and operational decisions influence the economic and environmental performance 
of AnMBRs. 

5. Factors affecting the performance of anaerobic processes  

The anaerobic technologies for the treatment and the main factors such as OLR, pH, 
temperature, HRT affecting the performance of dairy wastewater in terms of contaminant 
removal is discussed in this section. The key parameters. 

5.1 pH value 

Anaerobic digestion strongly depends on medium pH [68]. The anaerobic process of 
higher than 9 pH with membranes results in lesser biogas production and poor membrane 
performance. In [13,69–71] optimum pH range between 7 and 8 for anaerobic digestion 
was reported. The optimum pH for the methanogenic bacteria is 6.8-7.2; when the pH 
drops below 6.8, the acidogenic bacteria prevail over the methanogens. As a 
consequence, acid zones are formed inside the reactor and methane production is reduced 
[52]. Moreover, pH shocks lead to dispersion of the sludge flocs. Small-sized particles 
(e.g. colloids) exist in suspended sludge and result in increased fouling when membranes 
are applied in the anaerobic reactor [70]. Membrane fouling issues are more prevalent in 
AnMBRs than in aerobic MBRs. Thus, AnMBRs operate at lower transmembrane fluxes. 
The improvement of the membrane performance and the minimisation of relevant costs 
remains a challenge that should be addressed for the full-scale expansion of AnMBR 
technology. Moreover, AnMBRs are more prone to inorganic fouling caused by calcium, 
phosphorus and sulfur precipitates; struvite is the dominant inorganic foulant in the 
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treatment of industrial wastewater streams. The need for pH neutralization increases the 
overall operational cost, as well as the environmental footprint of the applied process. 

It is important to understand the role of a combination of factors such as OLR, pH etc.  in 
the sustainable operation of the anaerobic processes in dairy wastewater treatment. The 
use of chemicals for the adjustment of the influent pH at ~7 must be optimized in order to 
reduce the environmental impact and the cost of the process. High COD removal can be 
achieved when the process operates under OLRs ranging from 1 to 8 kgCOD/m3.d [58]. 
Yu and Fang [72] report that with pH increase from 4.0 to 5.5, the degradation of 
pollutants present in dairy wastewater also increased and almost half of the COD was 
converted into volatile fatty acids (VFAs) and alcohols. The further increase of pH to 6.5 
resulted in a slight increase of degradation [72]. 

5.2 Temperature  

Higher temperatures are favorable for methane production but disadvantageous for the 
immobilization of anaerobic biomass.  

The effect of temperature on the performance of the process has been investigated in 
several studies. Bialek et al. [73] applied psychrophilic conditions in a lab-scale IFBR for 
dairy wastewater treatment in order to investigate the efficiency of anaerobic treatment in 
northern countries, where the yearly average temperature remains lower than 15oC. At 
10oC, the system exhibited low average removal efficiency (~69%) and unstable 
operation with hydrolysis being the rate-limiting step. Biofilm overgrowth caused the 
decrease in the population of hydrogenotrophic methanogens. 

5.3 Hydraulic retention times (HRT) 

Long HRTs are usually applied during anaerobic treatment of industrial effluents in order 
to provide sufficient time for substrate hydrolysis and the methanogens to occur [13]. 
This is in accordance with the study of Wang et al. [54] who observed a decrease of the 
COD removal from 93 to 80% with the decrease of HRT from 10 to 2 days applying 
AnMBR for industrial wastewater treatment. Shorter HRTs lead to insufficient contact 
time between the sludge and the substrate and, consequently, to a poorer system 
performance. As a result, part of biomass could not settled and was washed out without 
appropriate treatment [54]. On the other hand, the need for decreasing the overall cost 
and to operate at smaller reactor volumes, the application of shorter HRTs is required 
[74]. Thus, it is important to identify the optimum HRT for each configuration applying 
anaerobic process for industrial wastewater treatment. The decision on optimal HRT 
should be based on efficient substrate degradation and limited accumulation of soluble 
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substances onto the anaerobic reactor, and cost optimization of the process in terms of 
reactor volumes. 

However, the application of higher OLR and lower HRT (OLR=27.65 kg COD/m3.d and 
HRT=2 days) is accompanied by smaller reactor volumes, satisfactory biogas methane 
content (57.4%) and COD removal efficiency of 91.8%. Thus, process optimization 
should take into consideration technical cost and environmental indicators. Methane 
generation under the optimal combination of parameters, such as OLR and HRT can 
reduce operational cost (e.g. reactor volume) resulting in energy recovery. Demirel and 
Yenigun reported that the variations in HRT can affect the volatile fatty acids (VFAs) 
production as the decrease in HRT resulted in an increase of acid production, 
proportionally to the organic loading rate [75]. 

6. Sustainable dairy wastewater treatment 

Dairy products are irreplaceable components of human diet constituting the most 
important sub-sector of the food industry in Europe [76]. However, their production is 
associated with severe environmental impacts due to the high water use, energy demand 
as well as direct and indirect greenhouse gas (GHG) emissions [1]. In 2007, the dairy 
sector globally contributed by 4% to the GHG emissions [77]. Specifications connected 
with hygiene and cleanliness in the dairy sector lead to the production of vast amounts of 
wastewater that has to be treated before being discharged back to water sources. 
Therefore, dairy waste streams are associated with high environmental impacts due to 
their significant organic and microbiological load and the high salinity of the wastewater 
produced [78]. The dairy sector is constantly innovating new strategies to decrease 
environmental burdens and improve social and ethical issues in the supply chain. 
Benchmarking is an important tool for continuous improvement of organizational 
performance, total quality management and competitive advantage [79]. The 
environmental benchmarking of the dairy industry initiated by dairy UK has led to 15% 
reduction of water consumption during milk production processes. The efforts have been 
now focused on reducing the COD loads of dairy processing discharges by 20%, mainly 
by the introduction of on-site wastewater treatment systems [80]. 

The selection of appropriate layouts for wastewater treatment should take into account 
not only economic parameters (i.e. investment, operation, and maintenance) but also 
environmental issues (e.g. eutrophication, global warming potential (GWP) and marine 
ecotoxicity etc.). Thus, several studies have evaluated the techno-economic viability of 
dairy effluents treatment by applying anaerobic digestion [43,56,57, 81–83]. Different 
configurations have been used, including UASB, CST reactors and anaerobic filters 
[84,85]. However, the instability of these processes together with the slow reaction rates 
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have led to a limited number of full-scale applications [86]. The lack of appropriate 
measuring and control technologies have been the main constraints of implementing any 
known optimization techniques for the anaerobic digestion (AD) process in the dairy 
industry [57]. The environmental footprint of the process should be quantified and 
optimized in order to estimate and increase the environmental performance of the 
anaerobic technologies [13,44,87]. Options for improvement of the anaerobic digestion 
efficiency have been studied. Co-digestion of dairy effluents (mainly cheese whey) with 
livestock manure has been also tested at pilot scale with better results for variable dairy 
effluents [81,82,88–90]. Co-digestion of these waste streams is advantageous since it 
results in higher CH4 rates and acidification problems can be partially neutralized 
[81,82,89]. However, feeding rates of the substrates can significantly affect the stability 
of the process [81,82,89]. 

Concerning the environmental impact of AD processes for dairy wastewater treatment, 
there is still a gap from the life-cycle perspective. Life cycle assessment (LCA) can be 
used as a decision-making aid; it has been used for the environmental impact assessment 
of various food waste management schemes that include anaerobic digestion [91–93].  

To date, little has been reported on the utilization of LCA for the assessment of the 
environmental performance of AnMBR for dairy treatment. This is mainly attributed to 
the lack of full-scale data. Research regarding the water footprint of dairy products has 
until now almost exclusively focused on the farm stage. Recently, the water footprint for 
the production of conventional and organic milk of Brazilian dairy farming has been 
assessed following the WFN methodology [94]. Aydener et al. [95] demonstrated that the 
application of membrane-based solutions for recovery of water and whey powder could 
improve the techno-economic and environmental of the dairy wastewater treatment. 

On the other hand, the anaerobic technology is promising in terms of greenhouse gases 
emissions mitigation. Methane produced during anaerobic digestion can be used for 
heating purposes, electricity, fuel production and other, instead of being emitted into the 
atmosphere in order to make the AnMBR technology as a potential candidate to convert 
the dairy WWTPs into water resource recovery facilities [96]. 

7. Resource recovery in line with the circular economy approach  

Dairy wastewater can be a source of recovered products moving towards the circular 
concept. The adoption of AnMBRs can facilitate the WWTPs transition towards the 
water, energy and resource recovery facilities and close loops by enhanced biogas 
production, resource recovery and recycling as well as reuse of reclaimed water in 
agriculture (Fig. 2). The latter is in line with the new green concept, which considers 
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wastewater as a renewable source of energy, reclaimed water and valuable nutrients [97]. 
Moreover, it contributes to the reduction of GHG emissions and biosolids production. 
Fig. 2 illustrates the integration of anaerobic treatment in the dairy supply chain in order 
to increase sustainability and achieve the transition to the circular economy concept.  
 

 

Figure 2. Dairy wastewater treatment towards a circular economy. 

Potential options that can reduce the water footprint of the process through water 
recovery include reuse of secondary water, e.g. use of reclaimed water after reverse 
osmosis treatment for cleaning of less critical equipment; closed-circuit cooling systems 
for reuse of cooling water and reuse of cooling water for cleaning purposes. However, the 
quality of reclaimed water should comply with the hygienic safety and quality 
requirements in order to be reused [17]. Furthermore, uncertainties in the regulatory 
framework for the reuse of the treated effluent hinder the wider adoption and market 
uptake of the AnMBR technology. Thus, legislative barriers should be tackled in order to 
make use of the value of wastewater and promote valorization potential. The current 
legislative framework, legal barriers, and obstacles for the reuse of the treated effluent 
hinder the wider adoption and market uptake of the AnMBR technology. Sustainable 
wastewater treatment combining anaerobic membrane technology and water reuse was 
selected as one of the two innovation deals within the concept of the circular economy 
(European Commission). The main target was to address legislative barriers in order to 
make use of the value of wastewater and promote a paradigm shift from the conventional 
wastewater treatment plants to water resource recovery facilities. [98]. Thus, the end-
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users of the recovered resources should not be considered as potential consumers, but as 
active participants of the wastewater treatment process and its valorization potential. 

8. Management of dairy wastewater treatment: Real-time control and 
optimization through ICT technologies 

The outline of a generic but customisable, data acquisition, data analytics, performance 
monitoring, and control architecture is proposed. The suggested architecture has based 
the nature and principles of the feedback loop control system where the system input, 
output and control parameters coupled with the process (plant) definition and model are 
designed for the dairy plant processes, the anaerobic treatment and the combined heat and 
power plant (CHP) (Fig. 3). 
 

Figure 3. Feedback Loop control system. 

 

Fig. 4 provides an overview of the processes and the system parameters in a typical dairy 
industry with anaerobic wastewater treatment reactor attached to it. 

The input data of the system originates from sensors, counters, actuators, soft sensors 
(latent parameters), and other sources of information that may come from different 
sources and databases. In the case, in hand, the main input data will be extracted from the 
output of the Dairy process plant. For example, the effluent characteristics released from 
the process provide the information about the properties of the raw material that feeds the 
anaerobic reactor. The levels of energy consumed to maintain or treat the biological and 
chemical processes (e.g. fuel or electricity used) could be considered the key input 
parameters. In addition, the data that assists in measuring the performance of the 
anaerobic reactor, such as volume wastewater fed, hydraulic retention time (HRT), 
organic loading rate (OLR), the pH, and the current temperature of the reactor are 
measurable input variables. We will add to that the environmental data such as ambient 
temperature, humidity as well as the state of the machines and equipment as the input 
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parameters of the system. The output parameters will be production output, greenhouse 
gas emissions and overall productivity of the reactors. Figure 5 explains the proposed 
data acquisition and process modeling structure for monitoring and control, under the 
auspices of the industrial control network. 

Figure 4. Overview of the main parameters in the anaerobic wastewater treatment 
system. 
 

The data analytics layer collects real-time data and with respect to the historical (known 
information and knowledge), implements the data interpretation and cross relationships 
between system parameters (i.e. input, output, and control). Machine learning, data 
mining, clustering techniques pending the nature and application of the data gathered will 
provide the necessary knowledge to confirm the existing transfer/inferential models or 
where necessary to modify or create new ones [99]. The three performance models of 
Product, GHG emissions, and Productivity provides accurate indicators of overall 
performance of the system (i.e. the outputs), that can be shared between various 
stakeholders. 

Further, the measured metrics can be compared with regulations, customer requirements 
and production performance targets to create an overall satisfaction function (unifying 
metric) [100,101].  
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Figure 5. Data acquisition and process modeling structure for monitoring and control. 

Conclusions 

Dairy products are irreplaceable components of human diet and one of the largest and 
most important sub-sectors of the food industry in Europe. In this chapter, the authors 
attempted to highlight the key parameters that affect the performance of dairy plants 
waste water treatment. It later went on to describe a monitoring and control technology 
that will be capable of measuring the key performance parameters of the treatment 
processes and provided a strategy for control and optimisation of those performances 
against sustainability and Life Cycle Assessment targets.      
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Abstract 

The presence of emerging contaminants (ECs), including pharmaceutically active 
compounds (PhACs), steroid hormones and pesticides, in municipal wastewater as well 
as in the aquatic environment has been an issue of concern from an environmental and 
human health point of view. These ECs have been found in municipal wastewater in the 
concentration range of several μg/L. Considering the importance assumed by many of 
ECs, it is not possible to ban their usage. Therefore, it is essential to effectively remove 
these contaminants to protect the environment and drinking water resources. There is 
evidence that conventional treatment methods are not able to completely remove many 
ECs, therefore, advanced processes are demanded in order to degrade these ECs and 
protect both water environment and human health. Membrane bioreactors (MBRs), 
coupling biological degradation with membrane filtration, are one possible option due to 
the advantages that characterize this technology. The present chapter discusses the 
occurrence and fate of pesticides and hormones in wastewater and proposes a comparison 
between removal efficiency of conventional activated sludge treatments and MBRs, also 
defining common concentrations at which these ECs are found in wastewater. 
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1. Introduction 

The removal of emerging contaminants (ECs) such as endocrine disrupting chemicals 
(EDCs), pesticides and flame retardants is an important consideration for the production 
of safe drinking water and the environmentally responsible release of wastewater [1]. 
Their presence in the environment is currently rising [2–6], because of increased 
consumption of pharmaceuticals and personal care products, as well as pesticides. For 
most ECs, there is little information regarding their potential toxicological significance in 
ecosystems, particularly effects from long-term, low-level environmental exposures, even 
if there is already some evidence of significant impacts on the environment [7]. The main 
pathways by which ECs may end up in the environment are shown in Fig. 1 [8].  
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Figure 1. Pathways by which ECs may end up in the environment. 

Rather than removing ECs from groundwater and surface waters during potabilization 
treatments, the best option is to remove the contaminants at an early stage, during the 
wastewater treatment, in order to avoid any further contamination of the environment.  

However, conventional wastewater treatment processes do not provide an effective 
barrier against many ECs [9–11]. Therefore, efficient treatment technologies to achieve 
effective ECs removal from wastewater need to be identified. 

While advanced oxidation processes (AOPs) can be effective for the removal of ECs, 
these processes lead to the formation of oxidation intermediates that may be even more 
toxic than the original compounds [12–14]. In addition, unwanted oxidation byproducts, 
such as halogenated organic compounds or bromate, are produced in oxidation processes 
involving the use of chlorine and ozone as oxidants.  

Membrane bioreactors (MBRs), combining membrane filtration with biological 
degradation, are a full-grown and reliable system for wastewater treatment and later on its 
reuse [15,16]. Therefore, the application of this technology can be potentially useful. In 
contrast, there are certain reports [17–19] indicating that conventional activated sludge 
(CAS) reactors have a low removal efficiency, regarding many ECs, which are present at 
µg/L or ng/L concentration  [20]. Therefore, a better performing system is required to 
handle the ECs problem. 
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It is well known that trace amount of hormones and pesticides are nowadays often 
detected in the environment because of the improvement in analyzing techniques [21].  In 
addition, some of these chemicals have proved to be bioaccumulative and/or 
ecotoxicological [22]. Moreover, many ECs have been found to be persistent in the 
environment for many years [23], and their consumption is increasing [21,24,25].  

Pesticides are regarded as ECs and have been included in the list of the broad range of 
persistent organic pollutants (POPs) which are carbon-based chemical substances that 
have ecological impacts, persist in the environment, bioaccumulate through food, are 
capable of adverse effects to human health and to the environment [26,27]. However, 
effects on living organisms depend on the category of the pesticide, therefore 
generalization is not possible. Water contaminated by pesticide runoff is the principal 
pathway that causes ecological impacts, even though terrestrial impacts by pesticides 
could happen; farm workers must manage risks associated with inhalation and skin 
contact [28]. Pesticide occurrence in surface water has two main human health impacts. 
The first is related to human consumption of fish and shellfish which are contaminated by 
pesticides; the second is the direct ingestion of pesticide-contaminated water [29]. WHO 
[30] has established drinking water guidelines for 33 pesticides. "Acceptable daily 
intake" (ADI) values have been set by several agencies for the protection of human health 
and environment which indicate the maximum allowable daily ingestion over a person's 
lifetime without appreciable risk to the individual [31]. Among substituted phenols, 
tetrachlorohydroquinone – a toxic metabolite of the biocide pentachlorophenol has been 
found to produce significant and dose-dependent DNA damage [32,33].  

Hormones have been discharged in the environment for a long time. However, only in the 
early 1990s researchers began reporting several environmental threats including 
feminization of male fish, which was found especially where wastewater effluents were 
discharged [34] The 17β-estradiol, ethinylestradiol and estrone played a key role in the 
feminization of fish, and it must be noted that current increase in use of oral 
contraceptives (OCs) has to be taken into account as a new input of hormones into the 
environment [35,36].   

Because of the complexity of the ECs related to their mechanisms of action, standard 
methods for monitoring and detection of these compounds are lacking. Furthermore, 
many of these contaminants have been reported to be persistent in the environment 
[23,37,38]. 

The aim of this chapter is to analyze both fates of ECs in the environment and their 
occurrence in wastewater, as well as to discuss the application of MBRs to wastewater in 
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order to remove ECs, focusing on pesticides and hormones and trying to evaluate the 
performance of different MBR configurations. 

2. MBR configurations and performance 

The advantages offered by MBR technology have been extensively recognized [39]. 
MBRs have been made by coupling CAS process with membrane separation, with the 
aim of retaining the biomass and concentrate it up reducing in turn the necessary tank 
size, also increasing the efficiency of the biotreatment process [15,40–42]. Advantages of 
MBRs include the avoidance of secondary clarifiers and tertiary filtration processes, 
thereby reducing plant footprint [43]. In addition, they produce a quality effluent suitable 
for reuse applications [44,45], providing a barrier to certain chlorine-resistant pathogens 
such as Cryptosporidium and Giardia [46–49].  

The configuration of the membrane, basically its geometry and the way it is mounted and 
oriented in relation to the flow of water, is crucial in determining the overall process 
performance. Other practical considerations concern the way in which the membrane 
elements, are housed in "shells" to produce modules and the complete vessels through 
which the water flows. Ideally, the membrane should be configured to facilitate the 
following features [39]: 

• high membrane area to module bulk volume ratio; 

• high degree of turbulence for mass transfer promotion on the feed side; 

• low energy expenditure per unit product water volume; 

• low cost per unit membrane area; 

• the design which facilitates cleaning and permits modularization. 

Membranes can be directly immersed into the biological tank (iMBR) or located in a 
different container hydraulically linked with the tank (sMBR), and their porosity can be 
in the microfiltration (10 to 0.1 µm) or ultrafiltration (0.1 to 0.005 µm) range. Such 
membranes have been produced from ceramic or polymeric materials [15,39].  

Membrane fouling, the main issue related to MBR performance, results from the 
interaction between the membrane material and the components in the activated sludge 
liquor [50]. The latter include substrate components, cells, cell debris, and microbial 
metabolites such as extracellular polymeric substances (EPS) [50]. Thus, though many 
investigations of membrane fouling have been published [42,51], the diverse range of 
operating conditions and feed water matrices employed and the limited information 
reported in most of the studies on the suspended biomass composition have made it 
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difficult to establish any generic behavior pertaining to membrane fouling in MBRs 
specifically. Given that membrane fouling represents the main limitation to membrane 
process operation [51], it is not surprising that the majority of membrane materials and 
processes in connection of researches conducted have focused on characterization and 
amelioration [39]. Fouling can take place through a number of physicochemical and 
biological mechanisms which all related to increased deposition of solid material onto the 
membrane surface and within the membrane structure [52].  
 

 

 

 

 

 

 

 

 

Figure 2. MBRs configurations: membrane modules immersed into the tank (iMBR) or 
not (sMBR), and membrane configurations. 

 

Physical and chemical cleaning are applied in order to suppress fouling. Ultimately, 
fouling can be reduced by two methods: promoting turbulence and reducing flux [53]. In 
side-stream MBRs, turbulence can be promoted simply by increasing the crossflow 
velocity, whereas for an immersed system this can only reasonably be achieved by 
increasing the membrane aeration [39]. Turbulence promotion can also arise through 
passing either the feed water or an air/water mixture along with the surface of the 
membrane in order to aid the passage of permeate through it [43]. Physical cleaning is 
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most simply affected by reversing the flow, at a rate 2-3 times higher than the forward 
flow [54] back through the membrane to remove some of the fouling layers on the 
retentate side. For this to be feasible, the membrane must have sufficient integrity to 
withstand the hydraulic stress imparted [55]. In other words, the membrane must be 
strong enough not to break or buckle when the flow is reversed. Recently, relaxation 
processes were developed in order to restrict fouling formation [56,57]; relaxation means 
that after a fixed amount of time the forced transmembrane pressure goes down, leading 
to a substantial reduction of the stress field over the membrane [39]. 

Regarding flux, there are three principal configurations currently employed in MBR 
processes, which all have various practical benefits and limitations. The configurations 
are based on either a planar or cylindrical geometry and comprise flat sheet (FS), hollow 
fibre (HF) and multitubular (MT), the functional scheme is demonstrated in Fig. 2. 

The rejection of contaminants ultimately places a fundamental constraint on every 
membrane process. Rejected constituents in the retentate tend to accumulate at the 
membrane surface, producing various phenomena which lead to a reduction in the flow of 
water through the membrane at a given transmembrane pressure (TMP), or conversely an 
increase in the TMP for a given flux [58]. On one hand, wastewater treatment plants 
managers are interested in higher removal efficiencies regarding macropollutants; on the 
other hand, the more is blocked by the membrane, the more that membrane is fouled.  

Regarding macropollutants removal, MBR systems can remove COD efficiently. 
According to literature reports [59–62], the overall organic degradation efficiencies in 
MBR have been higher than 95% of municipal wastewater. This high removal efficiency 
implies that in the membrane bioreactor system, organic matter can be degraded at high 
rates, because of high concentration of biomass. This overall organic degradation 
efficiency can be attributed to both biological degradation and membrane filtration. 
Membrane filtration played a significant role in maintaining high and stable organic 
removal efficiency [63]. 

The total Kjeldahl nitrogen removal efficiencies have been high [64], which showed that 
the removal of nitrogen could be attributed mainly to the action of simultaneous 
nitrification and denitrification happening in the MBR [65]. In addition, nitrogen 
compounds in the effluent appeared mostly in the form of nitrate indicating the complete 
nitrification [66].  
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3. Emerging contaminants 

In the following sections, information regarding local, national and international 
regulations about ECs, fate, and occurrence of each group of compounds in wastewaters 
and the removal efficiencies of ECs by conventional activated sludge (CAS) reactors will 
be presented and adequately discussed. 

3.1 Policy and regulations 

At the present time, there is no general agreement among states about enforceable 
regulations for ECs in wastewater treatment plant effluents. Because pesticides have been 
in use for a long time, the European Union sets limits for them in drinking water: 100 ng/l 
for individual compounds and 500 ng/l for the total pesticides. The presence of pesticides 
in European surface waters has intensively investigated and monitored [19,67–71]. In the 
last decades, there has been enormous efforts by companies and authorities to study and 
collect all possible information concerning the safe introduction of pesticides in the 
market and their release to the environment [72]. Regarding wastewater reclamation and 
reuse, many countries have already developed detailed laws in which some of the ECs 
have restricted in reclaimed wastewater effluents.  

3.2 Pesticides 

Pesticides, such as herbicides, fungicides, insecticides, and bactericides have been a 
matter of concern as regards to surface water quality. Widespread use in agricultural 
practice and household consumption are important sources of pesticides and their 
residues in the aquatic environment [8]. After the second world war, the introduction of 
relatively non-polar and very persistent pesticides, such as chlordane, aldrin and DDT, 
enabled impressive increases in food production and crops security [8]. After application 
on the field, the pesticides contaminated surface waters by drift, runoff, and leaching; for 
some compounds, degradation products can be present at greater levels in the 
environment than the parent pesticide [19].  

Currently registered pesticides include hundreds of different compounds, such as 
glyphosate, triazines, organophosphorus herbicides, thiocarbamates, and chlorophenoxy 
acetic acids, of which some have been used extensively worldwide [19].  

Fig. 3 represents the connection between pesticide consumption and human targets from 
where it is clear that conventional wastewater treatments may have some problems in 
removing persistent compounds at low concentration levels.  
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Figure 3. Fate and disposal of ECs in the environment in function of human activities. 

 

Once applied, pesticides can evaporate and, transported by wind or may precipitate and 
seep. On the other hand, runoff may lead to pollution of surface water, and direct seepage 
links soils and groundwater. For these reasons, pesticides are gaining increasing attention 
as harmful substances. 

In Table 1 chemical properties of pesticides, along with their occurrence in wastewater 
and related removal efficiencies by CAS reactors are shown.  

3.3 Hormones in wastewater 

The report on the first detection of human hormones in water published in 1965, pointed 
out that steroids were not completely eliminated during wastewater treatment [84]. 
However, the presence of hormones in the aquatic environment was not given much 
attention until the 1990s when a link was recognized between a synthetic birth-control 
pharmaceutical (ethinylestradiol) and its impact on fish when research showed that 
hormones could affect fish at very low concentrations (1.0 ng/L) [85]. At these low 
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concentrations, there were alterations in the endocrine system leading to growth, 
development, or reproduction alterations in exposed animals. These changes may be 
expressed later in the life cycle or even in future generations [86].  
 

Table 1: Chemical properties of pesticides and their occurrence in wastewaters. 

Common 
Name Use Formula Molecula

r Weight 

CAS 
numb

er 

Concentration 
in WWs, 
[μg/L] 

CAS efficiency 
[%] Ref. 

2,4-D Herbicide C8H6Cl2O3 221,04 94-
75-7 20 - 30 30 - 60 [73,74] 

2,4-DP Herbicide C9H8Cl2O3 235,064 120-
36-5 0,001 - 0,02 90 - 99 [74,75] 

4-
chlorophen

ol 

Herbicide 
metabolite C6H5ClO 128,56 95-

57-8 0,1 - 0,2 65 - 75 [74] 

Aldicarb Insecticide C7H14N2O2S 190,26 116-
06-3 - -  

Atrazine Herbicide C8H14ClN5 215,68 1912-
24-9 0,03 - 9 20 - 50 [76,77] 

Ametryn Herbicide C9H17N5S 227,33 834-
12-8 - - [78] 

Bayrepel 
acid 

Insect 
repellent 

metabolite 
C12H23NO3 229,3 

11951
5-38-

7 
0,1 - 0,8 20 - 28 [79] 

Bentazone Herbicide C10H12N2O3S 240,279 25057
-89-0 13,2 - 24,5 10 - 55 [80] 

Clofibric 
acid Herbicide C10H11ClO3 214.64 882-

09-7 - - [78] 

DEET Insect 
repellent C12H17NO 191,27 134-

62-3 0,2 - 0,3 5 - 10 [77] 

Fenoprop 

Herbicide 
and plant 
growth 

regulator 

(C9H7Cl3O3) 269.51 93-
72-1 - - [20] 

Isoproturo
n Herbicide C12H18N2O 206,28 34123

-59-6 0,001 - 0,2 33 -53 [81] 

Linuron Herbicide C9H10Cl2N2
O2 

249,11 330-
55-2 - 1 - 5 [82] 

MCPA Herbicide C9H9ClO3 200,62 94-
74-6 0,03 - 1,3 90-99 [68,74] 

MCPP Herbicide C10H11ClO3 214,646 93-
65-2 0,1 - 0,2 10 - 16 [79] 

Pentachlor
ophenol 

Anfifungal 
agent C6HCl5O 266,34 87-

86-5 4 - 6 - [83] 

Propoxur Insecticide C11H15NO3 209.24 114-
26-1 - - [78] 
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In Fig. 3 it is exposed how hormones may come up to human beings, via both drinking 
water or fruit and vegetables; even if new treatment units are capable of removing 
estrogens, runoffs from fields may end up into surface waters [87]. As stated, agricultural 
products contained a significant amount of estrogens [88]. 

Steroidal estrogens identified in domestic sewage effluent are, therefore, present in 
sufficient quantity to cause synthesis of vitellogenin in fish in vivo, and their effects are 
additive.  

In some rivers where the effluent contributes to a large volume of the flow, it is possible 
that aquatic organisms may be exposed to concentrations of estrogenic chemicals 
sufficient to produce biological responses [89–91]. 

At the present level of knowledge, any review of estrogens effects is an attempt into 
unquestionable biological facts and epidemiologic observations and, at the same time, an 
indulgence in hypothetical claims and still unvalidated theories [92]. The progressive 
impairment over the last 50 years of male reproductive outcomes in the western world 
may contribute to the negative population growth in many European countries [92]. 

At the present time, it is well known that wastewater treatment plants can not completely 
remove every pharmaceutical compound or hormone [93,94]. Estrogenic substances have 
been monitored in a wide range of municipal effluents at a concentration level of 1.8 and 
17 ng/L for 17β-estradiol and estrone, respectively. These estrogens are naturally 
produced and excreted by human beings [95], both in urban and agricultural runoff [96]. 
An extensive mapping of US surface waters was also performed [97] in which 139 
streams were sampled across 30 states and reproductive hormones were found in 
approximately 40% of the streams sampled, indicating the failure of conventional 
wastewater treatments for removing estrogens [98].  

The chemical properties of hormones with their occurrence in wastewater and related 
removal by CAS reactors are summarized in Table 2. 

It is evident from Table 2 that hormones have been successfully removed from 
wastewaters even without using membrane filtration. In addition, their concentrations are 
quite low and easily removed by sorption [99], for their removal leads to good 
efficiencies. Only octylphenol was not well removed by conventional treatments, but 
there are evidence for each reported compound for achieving good removal rates just by 
using biological processes. 
  

Materials Research Foundations Vol. 32



175 

Table 2. Chemical properties of hormones and their occurrence in wastewaters. 

Common 
Name Use Formula 

Molecul
ar 

Weight 
CAS 

Concentrati
on in WWs, 

μg/L 

Convention
al AS 

efficiency 
[%] 

Ref. 

17β-
estradiol Sex hormone C18H24O2 272,38 50-28-

2 0,01 - 0,03 85 - 95 [24,100
,101] 

17-β-
estradiol – 
17 acetate 

Steroid hormone (C20H26O3) 314,42 1743-
60-8 - - [20] 

17-α 
ethinylestr

adiol 
 

Steroidal hormone (C20H24O2) 269,40 57-63-
6 - - [20] 

Androsten
edione Steroid hormone C19H26O2 286,4 63-05-

8 0,02 - 0,07 71 - 95 [24,101] 

Androstero
ne Steroid hormone C19H30O2 290,44 53-41-

8 0,12 - 0,3 90 - 95 [101] 

Bisphenol 
a 

Industrial compound 
w/ estrogenic 

activity 
C15H16O2 228,29 80-05-

7 0,2 - 2,5 75 - 90 [100,10
2,103] 

Estriol Estrogenic hormone C18H24O3 288,38 50-27-
1 0,06 - 0,3 40 - 95 [77,100

,102] 

Estrone Estrogenic hormone C18H22O2 270,366 53-16-
7 0,03 - 0,2 80 - 90 [77,100

,102] 
Ethynylest

radiol Bio-active estrogen C20H24O2 296,403 57-63-
6 

0,002 - 
0,006 50 - 90 [77,100

,104] 
Etiocholan

olone 
Testosterone 
metabolite C19H30O2 290,445 53-42-

9 0,2 - 0,3 95 - 99 [105] 

Nonylphen
ol 

Industrial compound 
w/ estrogenic 

activity 
C15H24O 220,35 25154

-52-3 0,09 - 10 60 - 91 [100,10
2,106] 

Octylphen
ol 

Industrial compound 
w/ estrogenic 

activity 
C14H220 206,36 27193

-28-8 0,05 - 4 30 - 65 [100,10
2] 

Testostero
ne Steroid hormone C19H28O2 288,42 58-22-

0 0,005 - 0,3 70 - 80 [24,101] 

4 ECS removal by MBRs 

In the following paragraphs, the performance of MBRs in removing ECs from both real 
and synthetic wastewater is discussed.  

4.1 Removal of pesticides 

Pesticides contained in wastewater have been partially removed by MBRs [107]. 
However, these compounds are quite persistent and somewhere recalcitrant to membrane 
filtration. Instead of pharmaceuticals, where much research has already been done, 
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pesticides have not deeply analyzed. As stated, pesticides are often unlikely to be 
removed by MBRs, as shown in Table 3. 

Table 3.  Pesticides removal efficiencies by MBRs 
Compound MBR 

syste
m 

Membrane 
porosity 

Initial 
concentration 

[μg/L] 

Sampl
e 

Scale Removal 
[%] 

References 

2,4-D FS UF 10 R P 90 [17] 
2,4-DP FS UF 10 R P 82 [17] 

4-
chlorophenol HF UF 50000 S L 99 [108] 

Atrazine 

HF - 
FS MF - UF 0,024 - 200 R - S L - P 2 - 16 [79,109–

112] 
- MF 5 S L > 30 [78] 

HF UF 5 S L < 10 [16] 

Ametryn 
- MF 5 S L > 90 [78] 

HF UF 5 S L < 80 [16] 
HF MF 840 - 1351 S L 36 - 66 [27] 

Bayrepel acid FS MF 0,403 R L 93 [79] 
Bentazone FS MF 0,03 R L 16 [79] 

Clofibric acid 
- MF 5 S L > 80 [78] 

HF UF 5 S L < 20 [16] 

DEET HF - 
FS MF - UF 0,018 - 2 R - S L - P 5 - 62 [109,79,87,

112] 

Fenoprop 
HF MF 5 S L < 20 [20] 
- MF 5 S L > 80 [78] 

HF UF 5 S L < 40 [16] 
Isoproturon FS MF 0,038 R L 25 [79] 

Linuron HF UF 1,4 - 2 S L 19 - 21 [109,111,11
2] 

MCPA FS UF 10 R P 93 [17] 
MCPP FS MF - UF 0,092 - 10 R L - P 50 - 97 [17,79] 

Pentachloroph
enol 

HF - 12000 S P 99 [113] 
HF MF 5 S L < 60 [20] 
- MF 5 S L < 90 [78] 

HF UF 5 S L < 60 [16] 

Propoxur 
- MF 5 S L < 60 [78] 

HF UF 5 S L < 20 [16] 

HF: Hollow fibre; FS: Flat sheet; UF: Ultrafiltration; MF: Microfiltration; S: Synthetic 
wastewater; R: Real wastewater; L: Laboratory scale; P: Pilot-scale; F: Full scale. 
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As evident from data presented in Table 3, about 50% of reported works expressed a 
substantial inability in removing pesticides from both synthetic and real wastewater 
(removal efficiency < 20%).  A possible explanation of poor performance of CAS 
treatments in removing pesticides may be the lack of complete biodegradability of 
pesticides. On the other hand, MBRs may not be able to remove these because of low 
zeta potential of wastewater, leading to poor aggregation of molecules.  

Further research is needed in order to test MBRs with a wider range of pesticides, trying 
to introduce adequate pretreatments to achieve physical or chemical degradation of 
recalcitrant compounds, before of the MBR step. 

In Fig. 4, information about the performance of different configurations of MBRS are 
shown.  

 

 

 

 

 

 

 

Figure 4. Removal efficiencies of: A-pesticides and B-hormones by MBRs, related to 
reported studies presented in this paper. 
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Only 5 reports showed removal efficiencies exceeding 90%, equally distributed between 
HF and FS configurations, when degrading 4-chlorophenol, aldicarb, Bayrepel acid, 
MCPA, MCPP (only at high concentrations) and pentachlorophenol. Atrazine, a chloro-
triazine herbicide, was removed at very low rates [111, 112]. It has been reported to be 
poorly removed both in CAS reactors and MBRs [79] and that a major removal 
mechanism was sorption onto withdrawn sludge [110]. Linuron, a dichloro-phenylurea 
herbicide, is widely used herbicide but very few reports on its removal of linuron in CAS 
reactors or MBRs could be found [109,112]. However, its slow natural attenuation rate in 
various soils and the evolution of more toxic and persistent chloroaniline intermediates in 
the process have been reported [114]. Again, very low removal rates were achieved by 
MBRs with regard to linuron. Diethyltoluamide (DEET) is a widely used toluamide 
compound and is the most common active ingredient in insect repellants: its achieved 
maximum removal rates of 18% is in agreement with previous studies [3,87].  

In conclusion, MBRs are not very effective in removing pesticides from wastewater, even 
if they perform slightly better than conventional treatments. However, different solutions 
should be defined when treating pesticide-rich wastewaters. 

4.2 Removal of hormones  

Hormones and other compounds with estrogen activity are almost always degraded with 
excellent efficiencies, both with hollow fibre (HF) or flat sheet (FS), and ultrafiltration or 
microfiltration. It must be said that CAS reactors were already able to remove these 
compounds at high rates, as previously stated.  

In Table 4 data about MBR-degraded hormones are presented which indicate that only 3 
compounds (nonylphenol, estrone, and ethinylestradiol) are degraded – the last two only 
at very low concentrations with efficiencies lower than 80%. The reports show that the 
removal efficiencies of hormones are higher than 50%. 

Therefore, MBRs are very effective against hormones and can be regarded as an elective 
treatment; it must be noted that only a few works dealt with real wastewater, while the 
majority of studies applied MBRs to synthetic wastewater, probably because of high 
complexity of real wastewater matrices and related synergetic effects. 

From Fig. 4 it is clear that a significant share of presented works used hollow fiber 
membranes, with porosity in the ultrafiltration range; high removal rates indicate MBRs 
as a viable treatment option. 
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Table 4. Hormones removal efficiencies by MBRs. 

Compound MBR 
system 

Membrane 
porosity 

Initial concentration, 
[μg/L] 

Sampl
e Scale Removal

, [%] Ref 

17β-estradiol HF MF-UF 0,017 - 5 R - S L - P 
- F 90-99 

[16,20,78,1
09,112,115,

116] 
17-β-estradiol 
– 17 acetate HF MF-UF 5 S L 97-99 [16,20,78] 

17-α 
ethinylestradio

l 
 

HF MF-UF 5 S L 97-99 [16,20,78] 

Androstenedio
ne 

HF - 
FS MF-UF 0,1 - 2,1 R - S L - P 

- F 93 - 99 [87,109,112
,116] 

Androsterone HF MF-UF 1 - 2 S L - F 99 [109,112,11
6] 

Bisphenol a HF - 
FS MF - UF 0,09 - 1,8 S L - P 

- F 90 - 99 [109,115–
117] 

Estriol HF - 
FS MF - UF 0,318 - 5 R - S L – 

P-F 98 - 99 [16,87,109,
112,116] 

Estrone HF - 
FS MF - UF 0,02 - 2,4 - 5 R - S L - P 

- F 64 - 99 
[16,20,78,1
09,112,115–

117] 
Ethynylestradi

ol HF MF - UF 0,001 - 3,6 S L - P 71 - 94 [109,112,11
5] 

Etiocholanolo
ne HF UF 1,75 - 2 S L 99 [109,112] 

Nonylphenol HF - 
FS MF - UF 1,65 - 3,2 S L - P 55 - 99 [109,115,11

7] 

Octylphenol HF - 
FS UF 0,024 - 2,7 S L - P 95 - 99 [109,115,11

7] 

Testosterone HF - 
FS MF-UF 0,06 - 2 R - S L - P 

- F 83 - 99 [87,109,112
,116] 

HF: Hollow Fibre; FS: Flat Sheet; UF: Ultrafiltration; MF: Microfiltration; S: Synthetic 
Wastewater; R: Real Wastewater; L: Laboratory scale; P: Pilot scale; F: Full scale. 
 

This good performance may probably be due to faster biological transformation, which 
starts almost immediately, meaning that lag phases and the time required for expressing 
specific enzymes are negligible [64]. It is noteworthy that all of these compounds possess 
significant hydrophobicity and bear similar molecular backbone structures [109], which 
may, in part, explain the similarities of their removal efficiencies. 

MBR technology is often considered a promising development in wastewater treatment 
which combines biological degradation with membrane filtration, and indeed steroids 
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removal rates of greater than 90% were achieved in MBRs. However, enough 
information suggests that CAS treatments are already able to remove many hormones and 
other endocrine disruptors from wastewaters, probably because of the biological 
degradation achieved in the oxidation tank. Biological degradation has been cited as the 
most important factor in the removal of estrogens and other endocrine disrupters in 
membrane bioreactor [118]. While microfiltration membranes themselves are not able to 
enhance the degree of estrogens removal, it has been reported that estrogens adsorption to 
particulate matter that is retained by the membrane could reduce estrogens concentration 
in the effluent [119]. Some researchers have found that microfiltration membranes were 
able to display some retention of smaller particles or colloidal material onto which 
estrogens may adsorb [118]. Since pore sizing of membrane material is not uniform 
between manufacturers, it is possible that a difference in membrane material may explain 
some of the discrepancies in colloid retention [119]. Improved removals exhibited by 
these systems have also been attributed to low sludge load amongst the previously 
mentioned factors i.e. high sludge retention time (SRT) and hydraulic retention time 
(HRT) [120]. 

In conclusion, conventional treatments are already able to remove hormones and other 
endocrine disruptors, but the implementation of MBR processes would lead without any 
doubt to an increase in the removal rates, as it happened with ethinylestradiol, 
octylphenol and testosterone.  

5. Concluding remarks 

The adverse effects of ECs to ecosystems, specifically to aquatic life and their 
correspondence to humans, have been highlighted by a number of studies. Their impacts 
on health and environment have urged the removal of these compounds, not only from 
drinking water but also from wastewater treatment processes to avoid the release into 
surface and ground waters. The aim of this chapter was to evaluate the occurrence of 
pesticides and hormones as ECs in wastewater and to examine their fate into the 
environment. Moreover, the applications of conventional treatments and MBRs to 
wastewater in order to remove ECs, focusing on pesticides and hormones were discussed. 
Finally, an effort was made to evaluate the performance of different MBR configurations 
and to summarize environmental effects of ECs. This chapter underlines that MBRs 
generally outperform CAS treatments in removing ECs from wastewater. MBRs offer 
advantages compared to conventional systems: membranes allow the detention of 
particulate matter leading to an effluent free of suspended solids. MBRs achieve high 
SRTs within compact reactor volumes and as degradation is a function of the operated 
SRT, this fact representing another advantage of MBRs in comparison to conventional 
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systems in relation to ECs removal rates. Especially in regions with no suitable receiving 
waters or where a reuse of the treated wastewater is planned, MBRs represent an 
attractive solution due to many advantages.  

There is a lack of regulation on ECs, therefore there is no driving force in removing these 
from wastewater; threshold values must be defined for many ECs both for discharge and 
reclamation, hence even for reclaimed wastewater, many ECs are not limited. 

The occurrence of ECs in municipal wastewater is a relevant topic among the scientific 
community in recent years, and in the present chapter concentrations which range 
between few nanograms per liter and several micrograms per liter were reported. 

Additional research is thus required firstly to recognize ECs transformation byproducts 
and secondly to assess the effect of these micropollutants on the environment. Several 
hybrid processes need to be investigated, such as MBR-activated carbon, MBR-AOP or 
MBR-RO, but the economic sustainability of these processes must be analyzed in order to 
compare removal rates as well as operation and maintenance costs of each treatment 
solution. Ecotoxicological tests are needed to define effluent toxicity: there is a lack of 
knowledge regarding environmental effects of byproducts and synergistic effects of 
complex mixtures. 
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Abstract 

The use of a wide variety of pesticides to prevent, destroy, repel or control pests has 
become an essential practice in the agricultural field as well as in our daily domestic life. 
Nowadays, a variety of pesticides is available to suit specific requirement for the 
agricultural and domestic purposes. In order to fulfill the increasing demand of 
agricultural foods, pesticides are being used all over the world. Unquestionably, the use 
of pesticides has increased crop yield and provided an economic benefit to the farmers. 
However, the extensive use of these pesticides has resulted in their presence in foods, 
water resources, soils and atmosphere in many forms. Consequently, this has led to 
concern over the harmful effects of pesticides on human and other living organisms. In 
the present chapter, the classification of pesticides on the basis of target organisms as 
well on the basis of sources has been discussed. Various advantages and disadvantages of 
the pesticides have been highlighted. As the pesticides are generally formulated before 
being sent to market, the formulations of pesticides have also been briefly discussed. The 
available treatment methods employed for the detoxification of pesticides from the 
contaminated wastewater are reviewed in light of current available literature.  
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1. Introduction 

Pesticides are natural or synthetic materials used to prevent, destroy, repel or control 
pests. The pests may be any destructive insects, undesirable plants (weeds), fungi, 
mosquitos, flies, microorganisms such as viruses and bacteria which are capable to 
damage or disturb the growth of living organisms such as crops, food and livestock etc. 
Pesticides are the only toxic materials discharged deliberately into our environment 
because they are an unavoidable part of agricultural, domestic and social activities. 
Keeping in mind to fulfill the growing requirement for crop production pesticides are 
being used all over the world. These pesticides have played a strong role in the 
commercial production of wide varieties of foods such as cereals, vegetables, oil crops 
and fruits etc. Additionally, pesticides are used everywhere such as agricultural fields, 
homes, parks, schools, swimming pools, buildings, forests, and roads.  

The widespread use of the various pesticides directed to increasing public attention due to 
their existence in food products and environmental matrices such as air, soil, and water. 
The contamination of crop products, soil and water resources due to increasing use of 
pesticides in agricultural, domestic and social activities is one of the major challenges of 
the 21st century. The presence of pesticides in water, food or other matrices, even in 
traces, has negative impacts on human health. Since the consumption of pesticides is 
associated with serious human health risks, the removal of these compounds is necessary 
to reduce their negative impacts. In fact, the fate of a pesticide is controlled by the 
transformation associated with the decomposing of molecules by chemical, 
photochemical or biological degradation. In view of the above facts, there has been 
increasing interest in developing economical and efficient methods for the treatment of 
pesticides after their applications. In the present chapter, the general classification, 
advantages, disadvantages, and treatment methods of pesticides have been discussed in 
the light of current developments in the area.  

2. Classification of pesticides 

Although pesticides may be classified in a number of ways the easiest classification is on 
the basis of target organisms and their sources: 
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2.1 Classification of pesticides on the basis of target organism 

In fact, the pesticides comprise a large variety of compounds or mixture of compounds 
and may easily be classified as insecticides, herbicides, fungicides, algaecides, 
rodenticides, and antimicrobials etc. according to the target organism. The classification 
based on the target organism is summarized in Table 1. 

Table 1: Classification of pesticides on the basis of the target organism. 

Pesticide 
category 

Target Organism Examples 

Insecticide Insects  Acephate, aldrin, acetamiprid, 
bendiocarb, carbaryl, chlordane, DDT, 
diazinon, deltamethrin, fenitrothion, 
fenthion, fosthiazate, malathion, 
methamidophos, methidathion, 
methomyl,  mevinphos monocrotophos, 
naled, omethoate, oxydemeton-methyl, 
parathion, and phostebupirim etc. 

Herbicides Unwanted plants 
and weeds 

Acetochlor, alachlor, asulam, 
benfluralin, butachlor, 2,4-D,  
hexazinone, prometon, metribuzin, 
diuron and bispyribac sodium etc. 

Fungicides Fungi or fungal 
spores 

Tea tree oil, cinnamaldehyde, 
thiabendazole, iprodione, triflumizole 
and tricyclazole. 

Algaecides Algae Benzalkonium chloride, bethoxazin, 
copper sulfate, cybutryne, dichlone, 
dichlorophen, diuron, endothal, fentin, 
hydrated lime, isoproturon, 
methabenzthiazuron, nabam, 
oxyfluorfen, pentachlorophenyl laurate, 
quinoclamine and quinonamid. 

Rodenticides Rodents (rats, 
mice, squirrels, 
woodchucks, 
chipmunks, 
porcupines, etc.) 

Warfarin, coumatetralyl, 
chlorophacinone, diphacinone, 
bromadiolone, difethialone, 
brodifacoum, bromethalin, zinc 
phosphide and strychnine 
 

Antimicrobials Microorganisms Sulphonamides,  zithromax, peridox, 
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such as bacteria 
and viruses 

chloramphenicol 

Fumigants Domestic and non-
domestic pests 

Methyl bromide, dazomet, chloropicrin, 
formaldehyde, hydrogen cyanide, 
iodoform, methyl isocyanate, and 
phosphine, etc. 

Miticides Mites Bifenazate, chlorfenapyr, clofentezine, 
cyflumetofen, dicofol, propargite, 
pyridaben, spiromesifen, spirotetramat, 
etc. 

Nematicides Nematodes Aldicarb and nematophagous fungi 
Molluscicides slugs, snails Iron(III) phosphate and aluminum 

sulfate, metaldehyde and methiocarb,  
 

2.2 Classification of pesticides on the basis of sources 

On the basis of sources, the pesticides may be classified as chemical pesticides and 
biopesticides. Chemical pesticides are further divided into three categories, namely, 
inorganic, organic and organometallic pesticides.  In the context of chemical structure, 
the organic pesticides are more complex than inorganic ones.    

2.2.1 Inorganic pesticides 

Inorganic pesticides are simpler compounds and usually water soluble. The earliest 
known inorganic pesticides were derived from sulfur and lime. The commonly used 
inorganic pesticides contain arsenic, antimony, boron, copper, fluorine, lead, manganese, 
mercury, selenium, sulfur, thallium, tin and zinc as their active ingredients. The inorganic 
pesticides are less popular because of their poor pesticidal activity, non-biodegradability 
and long persistence in environments. In some cases, they have shown extreme harmful 
effects on soil and water resources resulting in adverse impacts on human health, the 
fertility of soil and crop yields. Some common representative examples of inorganic 
pesticides are borax (insecticide), calcium polysulphide also known as lime sulfur 
(fungicide and insecticide), mercurous chloride (fungicide), potassium thiocyanate 
(fungicide), calcium arsenate (herbicide and insecticide) and potassium arsenite 
(insecticide, fungicide and herbicide) etc.  
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2.2.2 Organic pesticides  

Most of the pesticides used for agricultural and domestic activities come under this 
category. On the basis of chemical composition, important types of organic pesticides are 
compiled in Table 2 and briefly discussed below: 

Table 2: Classification of organic pesticides on the basis of chemical composition. 

Pesticide type Example Application type 

Organochlorines Aldrin, chlordane, DDT, dieldrin, 
endosulfan, endrin and heptachlor 

Insecticide 
 

Dicofol Miticide 

Organophosphate Acephate, chlorpyrifos, diazinon, 
dichlorvos, ethion, fenthion and 
malathion  

Insecticide 

Merphos and tribufos,  Herbicide 

Carbamates Bendiocarb, carbaryl, methiocarb, 
methomyl and thiodicarb 

Insecticide 

Chlorprocarb, chlorprocarb, 
dichlormate and terbucarb 

Herbicide 

Benthiavalicarb, iodocarb, 
propamocarb and thiophanate-
methyl 

Fungicide 

Triazines Atrazine, hexazinone and 
metribuzin 

Herbicide 

Pyrethroids Permethrin, cypermethrin and 
deltamethrin  

Insecticide 

Substituted urea Diuron, isoproturon and linuron Herbicide 

Carboxylic acid 
derivatives 

2,4-D (2,4-dichloro-phenoxy 
acetic   acid) and bispyribac 
sodium 

Herbicide 

Neem based 
formulations 

Azadirachta indica Insecticide 
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2.2.3 Organometallic pesticides 

The organometallic group of pesticides covers a wide range of compounds which can be 
used as insecticides, herbicides, fungicides and acaricides etc. The activity of these 
pesticides depends on the chelating action of the metal ion as well as the activity of the 
organic matrix. Details of some important organic pesticides containing metal ions are 
presented in Table 3. 

Table 3: Organometallic pesticides. 

Pesticide name Metal ion present Application type 
Aluminium phosethyl Al Fungicide 

Azocyclotin Sn Acaricide 

Alloxydim-sodium Na Herbicide 

Ferbam Fe Fungicide 

Mancozeb Mn, Zn Fungicide 

Maneb Mn Fungicide 

Metham-sodium Na Herbicide and 
fungicide 

Metiram Zn Fungicide 

Nabam Na Fungicide 

Propineb Zn Fungicide 

Zineb Zn Fungicide 

Ziram Zn Fungicide 

2.2.4 Biopesticides 

Biopesticides are a special category of pesticides found from natural resources such as 
animals, plants, bacteria and minerals. For example, baking soda and canola oil have 
pesticidal uses and therefore they may be categorized to be biopesticides. Biopesticides 
are generally less poisonous than the pesticides of other categories and usually attack the 
specified target pests or organisms. These compounds being biodegradable are 
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environment-friendly. Because of high specificity and low speed of action, biopesticides 
are less popular than the chemical pesticides. 

3. Advantages of pesticides 

Prominent attention regarding the negative impacts of pesticides towards the humankind 
has been widely emphasized. However, the actual fact is too far from the perception 
which assumes that pesticides are the enemy of humanity. In fact, the benefits of 
pesticides are much more than the risk associated with them. During recent years, 
pesticides have gained prominence for their increasing uses due to two stages of benefits: 
primary and secondary. The primary benefits are direct achievements so obtained and 
secondary benefits are based on their long-term effects. As pointed out by Cooper and 
Dobson [1], that there are 26 primary benefits (immediate and incontrovertible) and 31 
secondary benefits (as resulted from the primary benefits) associated with the use of 
pesticides. However, the most prominent benefits of pesticides are based on the direct 
crop returns [2]. The economic impact on agricultural activity is very fruitful because for 
any amount spent on pesticides results in at least four times gains on crop yields [3]. 
Some common advantages of the pesticides are briefly listed below:  

3.1 Improved crop production 

In order to accomplish the increasing demand of food production due to the continuous 
increase in world population, the use of pesticides has become essential. The world crop 
yield has already been lost due to increasing effects of pests along with decreasing areas 
of agricultural land. The crop losses would be much more if pesticides were not used.   

3.2 Pest control 

The major role of pesticides is to destroy or repel target pests faster than other pest 
control methods. This is because pesticides are formulated to act as target specific.  

3.3  Decreased cost of food 

Because of the improved crop yield by the use of pesticides, the cost of food has become 
decreased.  If these chemicals were not used, the production of many agricultural foods, 
fruits and vegetables were in short supply and prices were drastically up.  
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3.4 Vector disease control 

Vector-borne illnesses have been successfully undertaken by destroying the vectors. 
Insecticides are the useful material to govern the insects that spread serious diseases such 
as dengue, yellow fever, malaria and chikungunya, etc.  

3.5 Preventive measures  

Pesticides are generally applied to control the spread of pests during import and export 
businesses, prevent harmful weeds and protect household goods and appliances.  

3.6 Protection of pets and humans 

A lot of pesticide formulations of different trade names are available in the form of a 
spray, strips, lotion, liquid vaporizer and baits etc. to control a variety of domestic pests 
viz., pet flea, fly, mosquitoes, wasps, lice, ant and termite etc. Such products are used to 
make life more comfortable and pleasant. 

4. Disadvantages of pesticides 

Since pesticides are deliberately formulated to destroy living organisms (target species) 
and therefore they can hurt humans, animals and plants and environment as well. The 
persons who are involved in the manufacturing or applications of pesticides are more 
prone to adverse health effects. Some common negative effects of pesticides are 
discussed below: 

4.1 Acute poisoning 

Acute poisoning happens when the pesticide planned to control a pest, attacks non-target 
bodies. There are three types of pesticide poisoning ranging from – a short-term and 
high-level dose (e.g. persons committing suicide), long-term high-level regular exposure 
(e.g. persons working in manufacturing unit and agricultural field), long-term low-level 
exposure (e.g. individuals consuming pesticide from residue in food, water, or inhaling 
from the contaminated air). In the year 2002, it has been projected that the worldwide 
usage of pesticides resulted in about 220,000 deaths and 26 million cases of acute 
poisonings annually [4,5].  

4.2 Reduction of beneficial species 

Pesticides not only harm the target species such as insects and pests but also affect the 
non-target species like predators, parasites which are a scavenger of natural importance 
[6]. Thus, useful species and biodiversity are adversely affected by pesticides. The 
reduction of these beneficial species can disturb the natural biological balance.  
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4.3 Drift of sprays and vapors 

Pesticides can disturb other areas during their applications and can originate severe 
problems to non-target bodies and the general environments. The drift is the airborne 
movement of pesticides from the application area to other unwanted location. Drift 
usually observed during pesticide application time because droplets or dust are traveled 
by the wind from the target area to the non-target sites. However, drift is also possible 
after the use of pesticides when some chemicals vaporize and move to other sites. It is 
very difficult to manage pesticide drift because the full range of drift cannot be detected. 
The drift can provide the foundation of accidental exposure to people, animals, plants and 
property. Furthermore, wildlife and aquatic organisms are affected as well.  

4.4 Residues in food 

Pesticide residue in food products can cause substantial harm to the persons who 
consume such products. The residues adversely affect the human health particularly when 
such contaminated products are used frequently for a longer time. The possibility always 
exists for the presence of pesticide residues in food.  

4.5 Contamination of water resources 

The major worry for groundwater contamination with pesticides is that as soon as the 
groundwater is polluted, the pesticide residues persist for a long time. Most of the 
pesticides have high water solubility and therefore have potential to contaminate the 
water resources nearby the application areas.  

4.6 Resistance 

The widespread usage of pesticides frequently results in the development resistance in 
target pests. The development pesticide resistance in pest causes more and more 
additional use of pesticides to maintain crop yields.  

5. Formulations of pesticides 

Pesticides are very useful for human but because of their negative effects, a lot of 
precautions are required during their manufacturing, handling and applications. Pesticides 
are therefore suitably formulated before sending to market and accordingly, they are 
available in different types of formulations. Formulating a pesticide allows a small 
quantity to be mixed with a larger quantity of carrier so that they can be effectively 
applied more uniformly to a larger area. The pesticides are formulated by mixing with 
surfactants as well as some inert ingredients which may or may not be toxic. The 
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ingredients are added to improve the effectiveness of the pesticides. These ingredients as 
mentioned below generally decide the method of application. 

5.1 Dust 

Dust is generally obtained by the sorption of an active ingredient on a finely-powdered 
inert material like talc, clay or chalk. They are easy to employ because they are 
lightweight and can be handled by simple equipment such as hand bellows, bulb dusters 
etc. Dust provides outstanding coverage but due to small particle size they also create an 
inhalation and drift dangers. These are usually used as a spot treatment for insects.  

5.2  Wettable powders 

Wettable powders are fine powdered inert solid (e.g. mineral clay), to which a pesticide 
constituent is sorbed. Wettable powder is generally diluted by water to make suspension 
and sprayed to the target sites. The wettable powders deliver the best method to spray the 
active ingredient pesticide which is not easily soluble in water.  

5.3  Dry flowable/Water-dispersible granules 

Dry flowable or water-dispersible granules are just similar to wettable powder and are 
obtained by impregnating the active ingredient on a diluent or carrier like talc or clay. 
The major advantages of dry flowable/water dispersible granules over wettable powders 
include easier monitoring and the negligible possibility of inhalation problem during 
measuring and intimate mixing. Flowable formulations are possible with pesticides which 
are available in solid or semi-solid form.  

5.4  Microencapsulates 

These formulations are made of an active ingredient surrounded by a plastic or starch 
coating. The capsules are generally made available as dispersible granules (dry flowable) 
or as liquid formulations. Encapsulation provides the safety operator by giving timely 
release of the active ingredient. Liquid microencapsulates are generally diluted with 
water and spread as sprays.  

5.5  Attractants 

Attractants include pheromones, sugar, hydrolysate syrup, yeast and meat etc. Pest 
workers utilise the attractants in gummy traps and arrest bags. Attractants can also be 
mixed with pesticides and sprayed on the target area. 
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5.6  Fumigants 

Fumigants are the type of pesticides which form a poisonous gas when applied to target 
areas. They may be used as gas, liquid or solid formulations but reach to target species in 
the gaseous phase by vaporisation. Fumigants act either as respiratory poisons or as 
suffocants. 

5.7  Aerosols 

Aerosols hold one or more active ingredients and a suitable solvent. The aerosols 
generally contain low concentration of the active ingredients. The aerosol formulations 
are generally available as ready-to-use and sold as pressurised sealed containers. 
Alternatively, products are used in electrical or gasoline powered aerosol generators 
which discharge the formulation as a smoke or fog. 

5.8 Wetting agents or surfactants 

Surfactants (surface-active agents) are commonly used in pesticide formulations. These 
agents lower the surface tension of water and make the pesticides solution to become 
more dispersible and spreadable. Thus, the inclusion of a surfactant in pesticides 
formulation results in a very economical consumption of pesticides, particularly in waxy 
and hairy leaves. The use of surfactants lowers down the consumption of total pesticides 
by permitting efficient application and therefore also minimise their negative impacts. 
Surfactants are very commonly used in the formulation of pesticides.  

6. Treatment of pesticides  

The soil and water (surface and ground) contamination caused by pesticides have been 
documented as a worldwide big problem due to their persistence in water bodies and the 
subsequent bad effects on human health [7,8]. Pesticides have been commonly found to 
micro levels in ground and/or surface water nearby the application area. They come from 
intensive agricultural, domestic and industrial activities. In most cases, after the 
application of pesticides in the agricultural field, their residues remain in vessels or 
containers.  The application containers are washed by rinsing water and the washing is 
generally thrown in the nearby area which results in the formation of highly contaminated 
wastewater. Since pesticides severely contaminate the water, soil, environment and 
agricultural products, they create severe public health hazards due to their high toxicity 
and long persistence. The contaminated wastewater can adversely affect people, domestic 
animals, pets, and other beneficial organisms [9,10]. Thus, the treatment of pesticides 
containing wastewater is essential to eliminate or minimize its negative effects of 
pesticides.  
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In fact, in most cases, immediately after its application, a pesticide tends to break down 
or degrade into simpler components which are usually less toxic. Each pesticide has its 
own rate of degradation which depends on its chemical/photochemical stability, nature of 
active gradients, formulations and environmental conditions. The process may take 
anywhere from hours or days to years. Although the pesticides decomposed readily 
usually don’t persist in the environment for a longer time and have little harmful effects 
but they provide only short-term pest control. In fact, pesticides degradation is associated 
with transformation based on the breaking of bonds which comprises biological, 
photochemical and chemical decomposition. Pesticides are generally degraded by a 
number of ways. The microbial breakdown is the decomposition of molecules by 
microorganisms such as fungi and bacteria [11,12]. However, the extent of 
biodegradation depends on many factors such as climatic temperature, pH of the soil, soil 
moisture, availability of oxygen and soil fertility etc. Photodegradation is the 
decomposition of pesticides by sunlight [13,14]. Photodegradation can destroy pesticide 
on foliage, on the soil surface or even in the air. Most pesticides are susceptible to 
photodegradation and the rate of degradation is controlled by many factors such as 
intensity of light, exposure time, nature of pesticides, etc. 

Chemical degradation is based on the chemical reactions that occur in soil [15,16]. The 
rate of degradation is controlled by factors such as binding of pesticides with soil, 
climatic temperature, pH of the soil and moisture etc. At low temperatures, the chemical 
reaction may be relatively slow, but at high temperatures degradation is accelerated.  

The different treatment methods have been employed to decontaminate the water and 
wastewater containing a variety of impurities and thereby lower down the health dangers 
linked to consumption of contaminated waters and agricultural food as well. Physical 
methods like nanofiltration [17-20], slow sand filtration [21] and adsorption [22-25] etc. 
have established to be beneficial for the handling of toxic residues during water 
treatment. However, chemical oxidation is an important alternative for the degradative 
treatment of pesticides. A considerable effort has been devoted to advancement in this 
direction and variety of oxidants such as ClO2, Cl2, O3, KMnO4, MnO2, H2O2 etc. have 
been employed for this purpose [26-28].  

It is established that humic acid and organic materials undergo degradation by manganese 
compounds. Manganese exists in variable oxidation states and involves in redox 
functions of systems. Permanganates are known to be broad range oxidants and also act 
as a disinfectant. Permanganate ions are effective oxidizing agents and have high affinity 
to oxidize organic compounds containing olefin and carbonyl groups. In most cases, the 
extent of oxidation of organic compounds by permanganate ions is very high in acidic 
medium. The permanganate redox reactions involve in different oxidation states such as 
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Mn(II), Mn(III), Mn(IV) and Mn(V). It has also been suggested that the species 
containing Mn(IV) might be a soluble form of colloidal manganese dioxide [31-33]. 
Manganese oxides are extremely reactive mineral phases and influence biogeochemical 
cycles. Furthermore, it has been observed that Mn(IV) oxides i.e. MnO2 present in earth’s 
crust and natural water frequently involved in the oxidation of humic acid and organic 
materials. In fact, oxidizing capacity of MnO2 is restricted due to its water insolubility. 
However, Perez-Benito and coworkers [34-37] have successfully prepared a transparent 
solution of colloidal MnO2 by employing the redox reaction between sodium thiosulphate 
and potassium permanganate. After the preparation of the water-soluble form of colloidal 
MnO2, it has been successfully exploited for the oxidative degradation of a number of 
pesticides such as methomyl [38], metribuzin [39], tricyclazole [40], acetamiprid [41] and 
acephate [42] etc.  

The effect of surfactants on the redox reactions between a formic acid and colloidal 
MnO2 has been reported for the first time by Tuncay et al. [43]. They observed that 
surfactants, particularly non-ionic, have a catalytic effect on the rate of redox reactions. 
In the light of pioneer work of Tuncay et al. [43], the authors’ group studied the catalytic 
role of surfactants such as sodium dodecyl sulfate, cetyl trimethyl ammonium bromide 
and Triton X-100 on the oxidative degradation of a number of pesticides [38-42] and 
observed that the reaction is catalyzed by catalyst Triton X-100 in all the pesticides 
undertaken.  

7. Conclusions 

In order to fulfill the increasing demand of agricultural food, pesticides are being 
commonly used throughout the world. However, the extensive usage of pesticidal 
products has encouraged public interest due to their presence in foods as well as in 
environmental matrices such as soils, ground and surface water. Most of the pesticides 
are water soluble and have the potential to leach and contaminate surface and ground 
waters. The associated risks can be reduced by optimum and minimal use of pesticides 
which can be achieved by formulating a pesticide by taking a small quantity to be mixed 
with a larger quantity of inert carrier so that they can be effectively applied more 
uniformly to a larger area. Further, their toxic effect can be eliminated or minimized by 
the degradative treatment of pesticides. Different available methods of treatment of 
pesticides from wastewater have been reviewed in light of current development in this 
area. 
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Abstract 

Wastewater treatment has been practiced for a long time. However, in recent years the 
focus has shifted to treating textile wastewater because of the environmental degradation 
effects of the toxic industrial discharge. Many studies have been conducted on types of 
numerous technologies in treating textile wastewater with the aim of improving system 
efficiency and environmental sustainability. Among biological treatment technologies, 
hybrid anaerobic-aerobic membrane bioreactor (MBR) would be the best approach due to 
its cost effectiveness and efficient treatment processing. This chapter critically evaluates 
the potential of the hybrid wastewater treatment systems for textile wastewater and 
discusses various biological treatment systems with their strengths and limitations and 
possibility of hybrid technology adoption in developing countries.  
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1. Introduction 

With the inevitable increase in population, rapid urbanization and industrial 
developments have created an alarming situation of environmental degradation in 
developing countries. Wastewater discharge from industries containing toxic chemicals 
like acids, dyes, surfactants, metals and dispersing agents has become an environmental 
challenge for the industries and the population [1]. Textile industry encompasses 
innumerable processing steps that require use of huge amount of water for various 
processes. Therefore, the textile industry discharges vast amount of wastewater that have 
detrimental impacts on the environment [2]. The textile processing technology involves 
steps like sizing, desizing, scouring, bleaching, mercerizing, dyeing and finishing, that 
are associated with the discharging of various pollutants. The types of pollutants allied to 
the operational steps are illustrated schematically in Fig. 1. Notably, cotton dyeing 
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involves chromophore groups like azo, carbonyl and nitro which chiefly enhance the 
unacceptable toxicity to textile wastewater [3]. 

 

 

Figure 1. Schematic illustration of textile industry unit operations and pollutants 
generated at each processing level (Adopted from [3]). 

 

Textile wastewater classically composed of organic matter, suspended solids, dyes and 
numerous other chemicals like polycyclic aromatic hydrocarbons, solvents, detergents, 
recalcitrant compounds and heavy metal ions [4]. Variation in type of processes results in 
various nature of wastewaters streams generated from the textile industry [5] . In this 
chapter wastewater discharge from textile industries is not focused for potable usage but 
for reuse of water for agriculture, horticulture, landscaping and floor cleaning [6].  

Developing countries’ economy principally depend upon agriculture and almost 70% of 
the total water is consumed for agricultural purposes [7]. In addition to high organic loads 
from textile effluents, the primary target pollutant is color which if not removed, can be 
chaotic for the receiving water bodies and agriculture use [8]. Colorants releasing in 
textile outflow is mainly from the dyeing processing step which comprises the use of 
water as a standard medium for dye application [9]. The dyes used in dyeing operations 
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are usually complex organic compounds which are resilient to degrade and released as 
target pollutant in the water bodies [10].  

United States Environmental Protection Agency (USEPA) has reported that a high 
volume of water consumption is mainly due to the use of numerous technologies in 
processing steps as shown in Fig. 2. For a textile fabric production unit of 20,000 lb/day, 
a quantity of 36,000 liters of water is consumed for cotton processing [11].  

 

 

Figure 2. Volume of water required per unit operation of cotton industry (Adopted from 
[11]). 

 

Many advanced technologies have been practiced in technically advanced countries to 
treat textile wastewater irrespective of the wastewater source, a conventional chemical 
treatment is adopted until now [12]. Wastewater treatment technologies especially 
chemical treatment technologies, encompasses the coagulation processes and 
sedimentation followed by extended aeration for the treatment [13]. The use of process 
water in the textile industries should satisfy the stringent quality standards before the 
effluent can reuse in other applications. Therefore, the vision of textile wastewater 
treatment is to implement sustainably viable environmental practices to promote 
industrial sector.  
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2. Textile industry effluent discharge in developing countries  

Industrialization in developing countries though lead to many technical advancements but 
it has also brought many environmental concerns regarding environmental degradation 
[14]. Wastewater discharge from industries can be cut down to certain limits but in case 
of the textile industries, major practices are exceedingly dependent on processes that 
generate a huge amount of wastewater [13]. Practicing direct discharge of highly polluted 
industrial wastewater is worst in developing countries where treatment of industrial 
wastewater is not in practice relative to domestic wastewater treatment [15].  For 
wastewater reclamation and management, an approach to develop feasible treatment 
technologies by reducing environmental footprints has become an urge in textile 
industrial sector [16]. 

An existing affordable trend of treatment technology is the wet land or waste stabilization 
ponds [17]. Adoption of anaerobic technology in developing countries including Pakistan 
is in practice especially in arid and semi-arid regions where the warm climates provide an 
efficient level of treatment of wastewater [18].  Fig. 3 demonstrates the evolution of 
global water usage for industrial sectors as reported by United nations environment 
program (UNEP) [19].  

 
Figure 3. Evolution of global water usage for industrial sector (Adopted from [19]). 
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The unplanned industrial growth in developing countries has put a burden on the ecology 
in an alarming way. Bangladesh is known among developing countries facing serious 
crisis of environmental damage due to untreated textile discharges [4,20]. 

Textile wastewater standards are usually overlooked in under developed countries and the 
reason of this incomprehension is that either the standards are too stringent or too easy-
going that don’t even promise the environmental protection. The stringent compliance 
requirements lead to adopt alternative technologies [21]. In China, textile industry has set 
its standards to save the local environment which sets a rousing example for other highly 
populated countries to take steps in adapting the effluent treatment technologies [22,23]. 
For example, adaption of: 

• Wastewater equalization and pH adjustment approach for complying with 
conserving conditions for aquatic life in receiving water bodies 

• Chemical treatment methods to achieve high degree of treatment efficiency 

3. Biological treatment technologies 

Since the 19th century, the use of microorganisms, to degrade organic and inorganic 
pollutants present in water, is in practice with advancement in technologies like trickling 
filters, activated sludge and septic tanks [24]. A typical wastewater flow in textile 
industries is shown in Fig. 4.  In developing countries, for complete degradation of toxic 
pollutants, an approach towards biological treatment is under adaptation [15].  

Biological treatment methods treating wastewater involve microbial community 
responsible for pollutant degradation [25]. Developing countries practice biological 
treatment technologies to treat industrial wastewater more proficiently than the physico-
chemical methods because of their high chemical costs and ineffectiveness over target 
pollutant removal [26,27]. When wastewater is subjected to the conventional biological 
treatment plant, it involves a secondary treatment in which organic removal takes place 
[28]. 
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Figure 4. Wastewater flowchart from textile processing entities (Adopted from [15]). 

 

3.1 Biological trends towards removal of textile dyes from industrial effluents  

Biological treatment can be aerobic and/or anaerobic type for the treatment of textile 
wastewater. Both technologies coupled with one another can be a mainstream of 
biological treatment in comparison to the separate treatments exclusively. In textile 
wastewater, dye removal is of major concern. Typically, the amount of dyes present in 
textile effluent ranges between 10 to 50 mg/L  [29].  Color removal from dyebath 
discharge can be effectively achieved by the use of acclimatized microbial consortium. 
The reported trend of biological activity on color reduction is shown in Fig. 5 [30,31].  
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Figure 5. Color reduction profile due to biological activity in anaerobic treatment system 
(Adopted from [30,31]). 

 

Dyes, resilient to light and oxidative degradation are most likely eliminated during 
biological processes involving bacterial groups having xenobiotic nature e.g. genera of 
Basidiomycetes [32]. In addition, an anaerobic microbial consortium consisting of 
methanogenic and acetogenic species is responsible for wastewater decolorization [33]. 

3.2 Classification of biological treatment processes 

Recent biological treatment processes are generally classified in two categories, 
conventional activated sludge process (CASP) and membrane bioreactor (MBR). Both 
treatment processes are compared in Table 1 [34, 35].  

Table 1: Comparison of conventional activated sludge process vs. MBR (Adopted from 
[34,35]). 

 Conventional Activated Sludge  Membrane Bioreactors 
COD Removal Efficiency 94.5% 99.0 % 
Dissolved Organic Carbon 
Removal 

92.7% 96.9 % 

Floc Size Large Small 
Filamentous organisms Higher amount Smaller amount 
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Biomass Fraction variability High Low 
Settelability Good  Inferior  

 
The activated sludge process consists of aerobic microbes which are responsible to 
provide necessary treatment [35]. The provision of oxygen to maintain microbial growth 
in a biological tank coupled with membrane filtration, in an advanced technology of 
membrane bioreactor is the key consideration in achieving acceptable level of treatment 
[36]. 

3.2.1 Conventional activated sludge process (CASP) 

Conventional activated sludge processes (CASPs) demonstrate limited potential to 
remove pathogens from the effluents. This technology was principally adopted to treat 
domestic or municipal wastewater i.e. low strength and colorless. Studies have reported 
that amongst conventional biological treatment technologies, activated sludge technology 
is not effective for degradation of azo compounds [25,37]. Fig. 6 shows the schematic 
diagram of CASP which consists of an aerobic process occurring in an biological aeration 
tank which is followed by a clarifier for the removal of flocs resulting from bacterial 
growth [38]. 
 

 

 

 

 

 

 

 
 

 

Figure 6. Schematic of conventional activated sludge process (Adopted from [38]). 
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3.2.1.1 Limitations of CASP 

CASP is not acclaimed for treating textile wastewater as it involves high organic loading. 
Since aerobic bacteria are accountable for treating in CASP, they are inefficient and 
incapable for degrading complex dye compounds [39,40]. In addition to sensitivity to 
industrial wastewater, CASP requires high operational cost and large scale sludge 
disposal unit, and can therefore not be considered as a flexible technology.  

3.2.2 Membrane bioreactors (MBRs) 

Among all the biological treatment technologies, the most advanced and efficient 
treatment technology for treating wastewater is a membrane bioreactor (MBR). MBRs 
composed of two primary processes constitute a combination of biological treatment and 
filtration as illustrated in Fig. 7 [41,42]. 

 
 

 

 

 

 

 

 
 

 

Figure 7. Schematic of membrane bioreactor process (Adopted from [41,42]). 

 

The effluent quality of MBR in terms of chemical oxygen demand (COD) is better than 
any conventional technologies due to the absorbance and enhanced degradation of 
colloidal compounds [41]. The potential of treatment and operational flexibility of MBR 
technology are perhaps the chief advantages that drag its importance of installation 
especially for the treatment of high strength wastewaters [43]. MBR technology 
professed novelty, supports the investment decisions for the treatment of wastewater as it 
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provides the enhanced benefits of energy efficiency, improved operational procedures 
and longer warranty [12]. The MBR adoption in developed countries has been popular 
because of their small footprint treatment processes and 80-95% nutrient reduction [44]. 
Worldwide, large capacity installations of MBR are in operation, manufacturing or 
design phase. Fig. 8 shows that MBRs installation of varying capacity are increasing in 
Europe since 1998 [45].  

 

 

Figure 8. Cumulative capacity installations of MBRs (Adopted from [45]). 

4. Categories of membrane bioreactors (MBRs) 

MBRs are designed based on type of target pollutant elimination from wastewater 
discharges. Despite of the energy limitations, MBRs in Europe have been used for 
treatment of industrial wastewater [46]. The aerobic MBR (AeMBR) is energy intensive 
as compared to anaerobic MBR (AnMBR) configuration because of the recovery of 
biogas at mesophilic temperatures for wastewaters of strength 4-5 g-COD/L [47]. In 
comparison to CASP, COD removal in MBR can be achieved up to 96-99% [48] . 

4.1 Aerobic MBR (AeMBR) 

AeMBR is typically applied for the treatment of organics containing municipal 
wastewater. By-products of aerobic treatment process are generally carbon dioxide and 
bio-solids. The operating cost and greenhouse gases increase proportional with the 
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increase of organics in wastewater [49]. Aerobic MBRs require high demand of oxygen 
for the bacterial activity responsible for organic matter degradation and membrane 
scouring [50].  

4.1.1 Configurations of aerobic MBR (AeMBR) 

For the treatment of diverse types of wastewaters, variety of membranes like hollow 
fiber, flat sheet and tubular membrane can be used. Membrane process configurations can 
also be divided into categories of internal submerged (immersed) and external submerged 
(side stream) MBR [51,52]. Each membrane configuration has inherent advantages and 
disadvantages like operational flux, clogging propensity, energy usage and capital cost. In 
immersed type of membrane configuration, the membranes are operated under suction 
and the biologically active sludge is retained at the outside of the membrane [53]. This 
conformation is likely opposite to the side stream type in which sludge is allowed to 
pump into the membrane modules and the membrane unit is operated entirely separated 
from the biological tank [54].   

 

 

Figure 9. AeMBRs with sludge retention: Membrane and aeration energy demands 
(Adopted from [47,55]). 

 

Fig. 9 shows an energy demand estimation for membrane (blue bars) and aeration (green 
bars), which has been reported through operational data and modeling, in which it is 
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described that in AeMBRs, irrespective of the applied organic load, the energy demand 
approaches 2.5 KWh/m3 or more for variable strength wastewaters [47]. The energy 
demand assessment of AeMBRs and AnMBRs revealed that even though the AnMBR 
required lower energy in terms of aeration but the membrane capital cost would be 
greater due to lower flux and wide variation of gas demands utilized in anaerobic systems 
[55].  

4.2 Anaerobic MBR (AnMBRs) 

AnMBRs are the best option for exploitation of biomass retention on membrane [18].  
AnMBRs are suitably recommended for textile wastewater with strength of 4-5 g-
COD/L, as heat is required to achieve the mesophillic temperature (35oC) in the reactor 
this is only possible with high strength textile industrial wastewater [47]. AnMBRs 
though facilitates reducing energy demand and sludge production but several studies 
reported that AnMBRs operational parameters affected the biological treatment 
performance. In AnMBRs, the end products are usually in the form of biogas. Table 2 
shows the flexible degrees of methanisation in AnMBR for wastewater treatment. The 
extreme methane yield perceived from research experimentations for AnMBRs from 
domestic wastewater was in the range 0.29-0.33 L-CH4/g [56].  

Table 2: Variable degrees of methanisation in AnMBRs for actual wastewater influent 
(Adopted from [56]). 

Wastewater types Degree of Methanisation  
(CH4-L/g) 

Screened Wastewater 0.20-.23 

Raw Wastewater 0.27 

Black Water 0.09-0.12 

4.2.1 Configurations of anaerobic MBR (AnMBR) 

Anaerobic digestion process is considered as a unique type of biological treatment which 
is best suited for the treatment of high strength industrial wastewater specifically textile 
wastewaters. Different types of wastewaters have been subjected to the anaerobic 
treatment with MBRs [57].  AnMBRs are actually categorized on the basis of two main 
configurations: 

1. Anaerobic side stream/external membrane bioreactor (AnsMBR) 

2. Anaerobic immersed/submerged membrane bioreactor (AniMBR) 
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For the former configuration, the membrane module is operated individually by placing it 
outside the bioreactor and this type of design is more common in comparison to later 
configuration. AnsMBRs demand high cross flow velocity which results in sludge floc 
breakage that leads to the declination of sludge activity thus affecting the economic 
feasibility [56].  

In the AniMBR configuration, the membrane is operated under a vacuum and the system 
runs under very mild operating conditions. Energy demand for this arrangement is two 
times lower than the AnsMBRs [58]. One dominant characteristic of AniMBR is that this 
system allows self-cleaning of the membrane surface by providing biogas recirculation 
[57]. Both AnsMBR and AniMBR can be best implemented for treating synthetic, 
municipal and industrial wastewaters depicting the importance of anaerobic biological 
treatment of a wide range of wastewaters. Studies revealed that significant methane 
production occurred at mesophilic temperature that depicted temperature as an important 
parameter for submerged AnMBR design. But AnMBR operated at ambient temperature 
resulted in lowered biogas production [59]. Fig. 10 shows membrane energy demand 
(green bars) and energy from biogas converted to heat energy (blue bars) for wastewater 
of variable strength in submerged AnMBRs [47]. The energy required to heat the influent 
from 15 to 35oC in a reactor refers that 50% energy can be recovered due to the heating of 
the influent from the permeate [55]. 

 

 

Figure 10. Submerged AnMBRs with sludge retention: Membrane energy demand and 
biogas converted to heat energy (Adopted from [47 55]). 
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4.2.2 Limitations of membrane bioreactors (MBRs) 

Membrane fouling involves the attachment, entrapment, adsorption and accumulation of 
certain materials on the surface of the membrane. This results in the increase of the rate 
of hydraulic resistance [60]. Pore blocking and cake formation are the two categories of 
membrane fouling that usually occur during filtration process. Table 3 lists different 
membrane fouling types along with their characterization [61].  

Table 3: Various types of fouling (Adopted from [61]). 
Fouling Types Characterization 

Nondominant fouling Membrane scaling due to mineral deposition 

Bio-fouling Microbial biofilm formation on membrane surface 

Organic fouling Connotation of macromolecules with membrane i.e. Vander Waals forces 

Pore blocking Pores blockage by means of colloids 

 

5. Anaerobic biological treatment technologies 

For the treatment of low strength domestic wastewater, the anaerobic technology has 
been extensively used [18]. The perception of introducing anaerobic treatment systems in 
treating textile wastewaters is mainly because of the resource recovery, reduction of 
aeration cost making the technology economically viable and above all less sludge 
production relative to aerobic treatment which decreases the disposal cost and 
requirement of landfills [62]. Anaerobic treatment systems are better for use as effective 
alternatives to treat high strength industrial wastewaters at mespophillic temperatures in 
addition to the other advantages that are enlisted in Table 4 [63].  

Table 4: Advantageous characteristics of anaerobic systems for wastewater treatment 
(Adopted from [63]). 

Individualities Description 

Budget Cost effective relative to physico-chemical treatment 

Working Operation Simple in operational procedures and processing 

Energy Demand Zero energy consumption or maximum possibility of energy minimization 

Sludge Less sludge production volume which makes ease of disposal 
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For high strength textile wastewater, the adoption of anaerobic treatment allows the 
energy resource recovery i.e. methane, that not only ensure the heat balance but also 
subsidize in an electric power generation for export [64]. 

5.1 Upflow anaerobic sludge blanket (UASB) 

Anaerobic digestion involves the consortium of microorganisms which are responsible 
for better color removal in case of high strength wastewater. Upflow anaerobic sludge 
blanket (UASB) technology is the treatment technique for treating high strength 
industrial wastewater. This technology (Fig. 11) consists of expanded granular sludge bed 
in which reactions of hydrolysis, acidification, and methanogenesis take place under 
different hydraulic retention times (HRTs) [65]. An approach to degradation and 
decolorization of complex dyes along with the COD removal during anaerobic conditions 
makes this technology widely acceptable [66]. 

Decolorization efficiency of UASB for textile wastewater containing azo compounds is 
reported as approximately 95% [67]. The removal of microbes i.e. helminthes in UASB 
reactors has been reported on an average of 60-90% which makes the treated wastewater 
inadequate for direct agricultural usage [68]. UASB provides the benefit of less sludge 
production, 30-50% lower than the trickling filter technology [18]. Conventionally, the 
UASB technology encompasses the use of granular sludge or films to retain biomass 
[62]. 

 
Figure 11. Schematic of upflow anaerobic sludge blanket (UASB) reactor (Adopted from 
[65]). 
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5.2 Continuously stirred tank reactor (CSTR) 

Anaerobic CSTR has benefits of modest designing, easy operation, low capital costs and 
importantly self-regulating biomass for treating high strength wastewater [69]. The CSTR 
configuration as shown in Fig. 12, for activated sludge can be the best approach for 
several industrial applications by permitting direct control over pH and temperature [70]. 
For the treatment of textile wastewater subjected to CSTR, the influence of bacterial 
activity fluctuates the performance i.e. increase in wastewater loading rates provides an 
average of 90% COD removal in addition to the reduction in color intensity [71]. By 
providing modifications in existing wastewater treatment system designs, high stability, 
greater loading capacities and desired process efficiencies can be achieved. 

The CSTRs have been highly preferred wastewater reactors for effective wastewater 
treatment, specifically for the elimination of recalcitrant compounds from textile 
wastewater [72]. CSTR ordinarily has certain limitations like solids settling especially in 
treating municipal wastewater where COD is of low strength and solids can go down 
excessively; the wastewater instantly dilutes in the reactor and all the microorganisms are 
exposed to food scarce conditions [73]. 
 

 

 

 

 

 
 

 

Figure 12. Schematic representation of continuously stirred tank reactor (CSTR) 
(Adopted from [74]). 

5.3 Limitation of anaerobic biological treatment 

There are certain limitations that have been observed throughout the research studies 
while examining anaerobic treatment systems individually. These limitations can be due 
to:  
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• slow degradation rate in anaerobic treatment; most of the constituents removed are 
slightly at lower loading conditions which lead to the requirement of secondary 
treatment [75]. 

• though, the anaerobic degradation of pollutants is a cost-effective natural process 
but its effluent discharge is typically not in compliance with the environmental 
standards which means this treatment cannot be recommended exclusively [18]. 

• temperature is an important aspect as it plays an important role in degradation of 
pollutant kinetics. The limitations of anaerobic system is at low temperatures and 
longer SRT, where the degradation rate becomes slow suggesting the better 
potential of this treatment in warmer climates [76]. 

6. Hybrid treatment advancements 

6.1 Coupled anaerobic-aerobic MBR 

For the stringent regulations of textile wastewater discharge, MBR technology is the most 
viable option to adopt [77]. The textile wastewater characteristics and national 
environmental quality standards (NEQS) of Pakistan environmental protection agency 
(Pak-EPA) are shown in Table 5 [78]. 

Table 5: Characteristics of raw textile wastewater and NEQS for effluent discharge 
(Adopted from [78]). 

No. Parameters Influent NEQS 
1 Temperature 33.4 – 42.4oC 40oC 
2 pH 11.2 – 12.0 6-9 
3 Total Dissolved Solids (TDS) 2600 – 8900  mg/L 3500 mg/L 
4 Total Suspended Solids (TSS) 70 – 300  mg/L 200 mg/L 
5 Total Nitrogen (TN) 14 – 110  mg/L - 
6 Chemical Oxygen Demand (COD) 1500 – 4500  mg/L 150 mg/L 
7 Biochemical Oxygen Demand 

(BOD) 
300 – 1750 80 mg/L 

 

In view of the strict regulations and standards of industrial effluent wastewater, both 
aerobic and anaerobic treatments can be used in combination to achieve maximum 
degradation. The two-phase anaerobic-aerobic treatment eliminates the limitations of 
each treatment independently. For the color removal from textile industrial discharge, a 
hybrid system can be composed of two stage treatment, anaerobic CSTR coupled with 
aerobic MBR. Aromatic amines that usually show complexity in degradation, when 
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subjected to aerobic treatment after the anaerobic stage, their removal efficiency surge up 
to 87% demonstrating the potential effectiveness of a coupled treatment technology [68]. 
Nevertheless, conventionally, the typical arrangement adopted for textile wastewater 
treatment is UASB i.e. anaerobic treatment followed by activated sludge process i.e. 
aerobic treatment [40].  

The combined anaerobic-aerobic treatment has the following advantages which makes 
this hybrid technology attractive to treat textile wastewater proficiently [18]. 

• For pretreatment with UASB, the primary sedimentation tank requirement can be 
eliminated. 

• Lower volumes of sludge from anaerobic system provides an ease of disposal of 
inclusive collective sludge. 

• Cost effectiveness and environmental feasibility also adds up in compensations. 

9. Conclusions and future research directions 

The reuse of treated industrial effluent can lower the pressure on freshwater consumption 
for agriculture activities. A number of treatment technologies have been investigated to 
evaluate the performance efficiency for the treatment of textile wastewater. The treatment 
through hybrid systems would be better in the framework of sustainable development 
goals (SDG). The justifiable approach to implement hybrid anaerobic – aerobic biological 
system to treat textile wastewater would be very environmental friendly. Textile 
wastewater is considered to be of very high strength relative to municipal wastewater, so 
the treatment implementation will result in sustainable outcomes and recovery of the 
resources i.e. biogas production. Maximum removal of high load organics from 
wastewater can be effectually accomplished by anaerobic treatment in order to recover 
methane gas (biogas production). When this anaerobic treatment is coupled with aerobic 
membrane based treatment, the treatment level would reach its maximum efficiency as 
membrane thoroughly eliminates viruses and unsolicited bacterial organisms from 
wastewater. 

When aerobic treatment is coupled with anaerobic treatment, the aeration cost is cut 
down to half or less due to the reduced organic load in comparison to self-regulating 
aerobic biological system with or without membrane filtration. Aerobic membrane 
bioreactor (AeMBR) subjected to high organic load requires enhanced aeration 
operational cost. Textile industrial wastewater containing increased organics, if treated 
directly through an activated sludge process (ASP) or AeMBR would involve increase in 
the operational cost in addition to the maintenance cost. The hybrid system would be the 
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best option in which anaerobic treatment is followed by aerobic treatment for efficiency 
enhancement. The aerobic post treatment of anaerobic permeate provides the reduction of 
residual organics and ammonium nitrification. 

It is recommended that laboratory scale studies should be up-scaled to the level of pilot 
and commercial scale. The current condition of depletion of water resources dictates the 
importance of adopting hybrid anaerobic-aerobic treatment technologies to treat textile 
wastewater in order to reclaim water and protect the environment from further 
degradation. The pioneering approaches of recommended wastewater treatment 
technologies would contribute a lot towards industrial sector of a country along with the 
suggestion of conservation of energy resources like biogas that could bring new 
innovations in the industrial setup. 
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Abstract 

The presence of common industrial organic compounds and emerging micropollutants 
(e.g., pharmaceuticals and personal care products) in industrial and municipal 
wastewaters, respectively, has been recognized as a serious environmental problem 
owing to the recalcitrance and persistence of these compounds in the aquatic 
environment. In the past two decades, carbon nanotubes and their composites have been 
gradually applied for the removal of undesirable organic contaminants from water via 
adsorption. This chapter describes the removal of established toxic chemicals from oil 
and gas produced water and emerging micropollutants from treated municipal wastewater 
through the application of multiwalled carbon nanotubes (MWNTs) and their composites 
with titanium dioxide. 
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1. Introduction 

Organic compounds constitute a major portion of chemicals which are being discharged 
into water bodies through anthropogenic activities. The main sources of these aquatic 
organic contaminants are: (i) discharge of untreated industrial effluent, (ii) reinjection of 
wastewater from mining and oilfields, (iii) sewage from municipal communities, and (iv) 
runoff from agricultural farms [1]. The conventional wastewater treatment processes are 
not capable to completely remove these organic compounds from contaminated waters 
[2]. Once discharged into the environment, these find their way into water bodies and 
ultimately end up in drinking water systems [3] where these organic pollutants are held 
responsible for most of the waterborne diseases in the developing counties [4]. Therefore, 
it is important to develop and implement innovative water treatment technologies to 
effectively remove these organic compounds from water and wastewater. Several water 
treatment technologies have been developed over the years to remove organic compounds 
including biological treatment, membrane separation, chemical oxidation/reduction, 
coagulation/flocculation, ion exchange, and adsorption [5]. Adsorption is one of the most 
effective and useful water treatment technologies to remove organic contaminants due to 
its high efficiency, ease of operation, selectivity, regeneration potential, and simplicity [6, 
7]. Adsorption, in order to remove toxic chemicals from water, is usually carried out on 

Materials Research Foundations Vol. 32



243 

activated carbons, clays, polymers, and zeolites [7]. In particular, activated carbons are 
known for their high adsorption capacity for organic contaminants removal from aqueous 
systems [8]. However, their slow adsorption kinetics (towards certain organic compounds 
due to narrow pore size distribution), limited availability, and significant loss on 
regeneration have limited their effective use in removing organic pollutants from water 
[7, 9, 10]. Nanoscale materials are an emerging class of materials that are highly desired 
for a broad range of applications, including but not limited to catalysis, optical, 
biological, microelectronic, and environmental applications, due to their unique superior 
properties [11]. Carbon nanotubes, in particular, have been successfully used to remove 
organic pollutants from water and wastewater [12-15].  This chapter focuses on the use of 
multi-walled carbon nanotubes alone and in combination with TiO₂ (a photocatalyst) (i.e. 
MWNTs-TiO₂) for the removal of organic contaminates from (i) oil produced wastewater 
containing BTEX (Benzene, Toluene, Ethylbenzene, and Xylene) and other organic 
contaminants and (ii) treated water containing pharmaceuticals. 

2. Removal of hydrocarbons from produced water using MWNTs 

Produced water is a byproduct of oil & gas exploration and production activities. It 
contains a wide range of chemical constituents, including petroleum hydrocarbons, 
electrolytes, heavy metals, and radionuclides [16]. Its chemical composition (dissolved 
organic content and salinity) varies considerably over different oil fields and geological 
formations [17, 18]. The potential environmental impacts of produced water discharge 
are a matter of concern due to prevalence of significant concentrations of toxic organic 
compounds it contains. Upon the release of produced water into aquatic ecosystems, 
these compounds are accumulated in marine fauna [19]. High concentrations of 
polyaromatic hydrocarbons (PAHs), alkylphenols, and BTEX compounds (i.e. benzene, 
toluene, ethylbenzene, and xylenes) have been reported to occur in untreated produced 
water, which can potentially effect water bodies upon release into the environment [19, 
20]. 

To date, a number of physical, chemical, and biological methods have been proposed for 
the treatment of the organic constituents of produced water. Some of these methods 
include chemical oxidation, de-oiling, sand filtration, membrane-based separation, 
adsorption, cyclone separation, chemical precipitation, electrodialysis, photocatalysis, 
and trickling filters [18, 21]. The application of nanomaterials to water treatment offers 
various advantages over conventional technologies owing to their unique material 
characteristics. Carbon based nanomaterials are among the most widely used 
nanomaterials for environmental applications [10, 11, 14, 22, 23]. Amongst others, some 
of the desired properties of carbon based nanomaterials for water treatment include their 
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large surface area, high intraparticle diffusion, chemical recalcitrance and high electrical 
conductivity [10, 11, 13, 24]. 

The objective of this work was to assess the effectiveness of multiwalled carbon 
nanotubes (MWNTs) as sorbents for the treatment of dissolved hydrocarbons in produced 
water. A special emphasis was put on the human-health-risk-driving BTEX compounds, 
which often determine treatment endpoints for petroleum-contaminated waters. MWNTs 
were selected for the experiments, instead of single walled carbon nanotubes, owing to 
their bigger market share [25], easier bulk production [26], lower cost [26], and 
comparatively low cytotoxicity [27]. 

2.1 Methodology 

2.1.1 Materials 

MWNTs, having specific surface area and electrical conductivity of at least 233 m²/g and 
100 S/cm respectively, were purchased from Cheaptubes, Inc., (Brattleboro, VT, USA). 
Abu Dhabi Company for Onshore Oil Operations (ADCO) provided the crude oil from 
the onshore Asab oilfield located in the Emirate of Abu Dhabi [28] in a sealed container 
with no headspace. Pure Asab crude oil sample comprised of the BTEX, naphthalene, 
other aromatic hydrocarbon derivatives, and aliphatic hydrocarbons. The identities of 
these compounds were confirmed during gas chromatography – mass spectrometry (GC-
MS) analysis by matching the mass spectral library to the Wiley-NIST library. Normal 
alkane analytical standard (C8–C20), NaCl, KHCO3, CaCO3, and MgCl2.6H2O were 
purchased from Sigma-Aldrich® (Steinheim, Germany). HC BTEX mix standard, 
comprising of benzene, toluene, ethyl benzene, o-, m-, p-xylene, was also purchased from 
Supelco, Sigma-Aldrich® (Steinheim, Germany). Deionized (Milli-Q) water and salt-
enriched Milli-Q water were used for generating produced waters in the lab by 
equilibrating with Asab crude oil. In general, Milli-Q water (~18.2 MΩ.cm) was used 
throughout the study. 

2.1.2 Batch adsorption experiments 

The batch adsorption experiments were performed to estimate the equilibrium 
concentrations of organic compounds in MWNTs-produced water systems. All the 
adsorption experiments were performed in triplicate and at room temperature (23 ± 1 °C). 
In a typical experiment, small volumes of MWNTs stock solution were added to a 40 mL 
amber glass vial containing produced water (with minimal headspace) to acquire desired 
concentrations of MWNTs in produced water. All the vials were sealed with Teflon 
lining septa and agitated for up to five days before filtering the equilibrated suspension 
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through GF/C filter papers. The filtrate was collected in 10 mL air tight vials which were 
sealed and stored at 4°C until analysis. 

2.2 Results and discussion 

2.2.1 Characterization of MWNTs 

SEM images were used to study the morphological structure of MWNTs. The outer 
diameter of an individual MWNT was estimated between 21-25 nm, however, the 
MWNTs mostly exist in the form of large aggregates [24]. The EDS analysis showed the 
presence of some metallic impurities (such as magnesium and aluminum) as reported by 
the manufacturer. The BET isotherm of N₂ adsorption followed type IV as observed 
earlier for the similar material [29]. Nitrogen adsorption/desorption were carried out at 77 
K. The BET surface area of the MWNTs was also in reasonable agreement with the 
previously reported experimental [29, 30] and theoretical [31] values. The average 
diameter of MWNTs aggregates was observed to be in the range of 600-1500 nm. SEM 
observations along with Dynamic Light Scattering (DLS) data suggested that 50 ± 20 
MWNTs aggregated together to form a cluster through a pH range of 5 to10 [15]. The 
zeta potential of the MWNTs was frequently negative and mostly observed between -40 
to -22 mV. The detailed discussion on the surface charge of the MWNTs can be found 
elsewhere [10]. 

2.2.2 Adsorption removal of BTEX and other organic compounds by MWNTs 

MWNTs were effective to adsorb significantly high quantity of organic compounds from 
produced water. Fig. 1 exhibits the chromatographs for the total ion current of major 
compounds in produced water after and before treatment with MWNTs (50 mg/L). The 
complex mixture of organic compounds in produced water is noticeable from the 
chromatographs in Fig. 1. The BTEX peak height counts were significantly higher (~2.8 
e 7 to 4 e 7) than the other dissolved organics in the produced water. These peak heights 
significantly decreased after treatment of produced water with MWNTs along with the 
total number of peaks representing the wide range of compounds. The peak heights of 
octanol, nonane, decane, undecane, and dodecane were also significantly reduced after 
treatment. Upon comparing the chromatographs, after and before treatment with 
MWNTs, it can be inferred that MWNTs possess the ability to remove BTEX and other 
organics from produced water. Therefore, adsorption kinetics and equilibrium studies 
were carried out to understand the mechanism of adsorption responsible for the uptake of 
these organic compounds by MWNTs. 
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Figure. 1. Comparison of representative chromatograms of produced water samples (a) 
after and (b) before treatment with MWNTs (50 mg/L) at equilibrium. Aliphatic fractions 
present in the produced water sample were almost completely removed, while a reduction 
was observed in the concentration of the BTEX compounds after treatment with MWNTs.  
Key: o-X (ortho-xylene), m-X (meta- xylene), EMB (ethylmethylbenzene), TMB 
(trimethylbenzene), 1, 2, 3-TMB (1, 2, 3- trimethylbenzene). 
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Table 1: Mathematical expressions and nomenclature for the equilibrium adsorption 
models fitted for the BTEX adsorption on MWNTs. 

Adsorption 
model 

Nomenclature Mathematical 
expression 

Freundlich 
Isotherm 

𝐾𝑓 
 𝑛 

(mg/g)
/ 
(mg/L)
(1/n) 

Freundlich affinity coefficient 
Dimensionless number 

𝑞𝑒 = 𝐾𝑓𝐶𝐶1/𝑛 

Langmuir 
Isotherm 

𝑄0 
𝐾𝐿  
𝐶𝐶 

mg/g 
L/mg 
mg/L 

Maximum adsorption capacity 
Langmuir fitting parameter 
Equilibrium solution phase 
concentration 

𝑞𝑒 =
𝑄0𝐾𝐿𝐶𝐶

1 + 𝐾𝐿𝐶𝐶
 

 

The adsorption kinetics tests were performed for five days where MWNTs concentration 
was kept constant at 50 mg/L. The adsorption equilibria for benzene, toluene, 
ethylbenzene, and o-xylene reached earlier (after one day) than m-xylene (after three 
days). In order to establish the equilibration time, the adsorption kinetics was observed 
for another two days (total five days). Initially (at 0.5 h contact time), adsorption kinetics 
proceeded in the following order: toluene (34.6 mg/g-MWNTs) > o-xylene (31.2 mg/g-
MWNTs) > benzene (20.6 mg/g-MWNTs) > m-xylene (10.8 mg/g-MWNTs) > 
ethylbenzene (3.6 mg/g-MWNTs). This order, however, changed to ethylbenzene > o-
xylene > toluene > m-xylene > benzene after 4h contact time. Ultimately, after 5 days of 
contact, the cumulative adsorption of BTEX was: ethylbenzene (183.4 mg/g-MWNTs) > 
o-xylene (156 mg/g-MWNTs) > m-xylene (155.6 mg/g-MWNTs) > toluene (135 mg/g-
MWNTs) > benzene (70 mg/g-MWNTs).  

The equilibrium experiments were performed by suspending MWNTs in deionized 
produced water (DI-PW) and salt enriched produced water (SE-PW). The composition 
and characteristics of DI-PW and SE-PW can be found elsewhere [15]. After three days 
of contact time, adsorption equilibria (of BTEX on MWNTs in the presence of DI-PW 
and SE-PW) were observed. Linearized Freundlich and Langmuir isotherms were used to 
fit the adsorption data. Table 1 enlists the details of equilibrium models used to evaluate 
sorption data. The obtained fitting parameters of the two isotherms are presented in Table 
2. Langmuir and Freundlich adsorption models have been frequently used to describe 
adsorption of organic compounds on MWNTs [32-34]. Ideally, the Freundlich isotherm 
describes multilayer adsorption whereas the Langmuir isotherm assumes a single-layer 
adsorption. During multilayer adsorption process, the adsorbate molecules initially 
interact with adsorbent surface before attaching to those of their own kind. Whereas, 
during mono-layer adsorption, the adsorbate molecules only interacts with the surface of 
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adsorbent [13]. It is clear from the adsorption constants’ values listed in Table 2 that the 
BTEX adsorption on MWNTs could not be explained by Langmuir isotherm model 
(negative values of Q0 and KL). Freundlich isotherm model, on the other hand, reasonably 
explained the adsorption process. Log Kf values for SE-PW were always lower than that 
of DI-PW which indicated the suppressed adsorption of BTEX on MWNTs in the 
presence of background ions. Additionally, the values of correlation coefficient of 
Freundlich isotherms for SE-PW system were usually lower than that of DI-PW except 
m-xylene. Hence it can be hypothesized that, in a produced water, BTEX molecules are 
adsorbed on MWNTs before interacting with each other to reach the adsorption 
equilibrium state. 

Table 2: Equilibrium isotherm model constants and correlation coefficients for the 
adsorption of BTEX on MWNTs. 

 Freundlich Langmuir 
 SE-PW 
 Kf  n R2 Q0 KL R2 
Benzene 1.024 0.436 0.95 -63.29 -0.08 0.87 
Toluene 1.011 0.455 0.91 -84.03 -0.07 0.68 
Ethylbenzene 1.142 0.535 0.90 -79.37 -0.05 0.67 
o-Xylene 1.263 0.425 0.92 -102.04 -0.08 0.76 
m-Xylene 1.366 0.436 0.99 -92.59 -0.08 0.98 
 DI-PW 
Benzene 1.05 0.339 0.98 -68.87 -0.12 0.83 
Toluene 1.10 0.294 0.97 -88.89 -0.14 0.79 
Ethylbenzene 22.76 0.469 0.96 -222.22 -0.16 0.87 
o-Xylene 2.33 0.318 0.94 -113.77 -0.15 0.71 
m-Xylene 1.63 0.274 0.99 -85.69 -0.18 0.85 

 

3. Photo-regenerable MWNT/TiO₂ membranes for removing micropollutants 
from treated wastewater 

Several pharmaceutically active compounds are being considered as emerging 
contaminants because of their frequent detection in the natural environment [2]. They 
usually enter the aquatic environment either through direct disposal of unused and/or 
expired medicines or via excretion from humans and animals [35, 36]. Their occurrence 
in water and wastewater is of concern owing to their ability to adversely affect 
reproduction, growth, and behavior of non-targeted aquatic organisms [37]. Several 
researchers have pointed to the inability of wastewater treatment plants to effectively 
mineralize these pharmaceuticals into innocuous products [38]. The failure of 
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conventional wastewater treatment plants to remove these compounds and their 
biotransformed daughter products has attracted the attention of researchers around the 
world over the past two decades [2, 35, 39]. A number of treatments have been proposed, 
since then, to address this problem such as hydrolysis, chemical oxidation, 
biodegradation, volatilization, and adsorption [40, 41]. Adsorption is of special 
importance amongst these processes owing to its ability to remove not only 
pharmaceutical parent molecules, but also their daughter metabolites, which might cause 
more harm than the parent compounds [42, 43]. CNTs have been reported to be 
successfully employed for the removal of heavy metals [44], metalloids [45], polycyclic 
aromatic hydrocarbons [46], endocrine disrupting compounds [13, 47], and 
pharmaceuticals [48], chiefly through adsorption [12]. CNTs can be applied for 
adsorption of target compounds either by suspending freely in solution (as demonstrated 
in the case of dissolved aqueous contamination [47]) or by modifying them into gas 
permeable flat sheets or membranes [49]. 

In this work membranes of various thicknesses were developed from multi-walled carbon 
nanotubes (MWNTs), which were then grafted with in-house hydrothermally prepared 
titanium dioxide (TiO₂) spheres.  Detailed characterization of these membranes was 
carried out by a number of techniques, including scanning electron microscopy (SEM), 
electron dispersive x-ray spectroscopy (EDS), zeta potential measurements, 
thermogravimetric analysis (TGA), and hydrophobicity estimation.  Then the efficacy of 
these membranes for removing common pharmaceuticals from water was evaluated after 
measuring their permeate flux.  Finally, the photocatalytic regeneration potential of these 
membranes was assessed.  

3.1 Methodology 

3.1.1 Synthesis and characterization of multi-walled carbon nanotube-titanium 
dioxide (MWNT-TiO₂) membranes 

Each MWNTs-TiO₂ membrane was prepared in two steps: (1) MWNTs membrane was 
prepared by following previously developed protocol [50] with some modifications, (2)  
Grafting of TiO₂ spheres was performed by filtration of aqueous dispersion of in-house 
prepared TiO₂ spheres through the previously prepared MWNT membrane.  The TiO₂ 
retained on the surface of MWNTs membrane resulting in MWNT-TiO₂ membrane.  The 
resulting membrane was washed with copious amount of deionized water to remove 
surfactant and other soluble impurities. The relationship between permeate flux and 
thickness of MWNTs-TiO₂ membranes is presented in Fig. 2.  The membrane thickness 
was observed to be inversely related to permeate flux.  The membrane with MWNTs and 
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TiO₂ masses of 10 mg each having a thickness of 28 µm and an aqueous permeate flux 
~2 L/m².h was selected for further study. 

 

 

Figure 2.  The permeate flux of MWNTs-TiO₂ membranes for water were inversely 
proportional to their thicknesses.  The plot displays the flux of deionized water through 
MWNTs-TiO₂ membranes of various thicknesses under the effect of gravity. Red bar 
indicates the selected membrane having 10 mg each of MWNTs and TiO₂ resulting in 28 
µm thickness and providing 25 L/m².h permeate. The pressure was kept constant at 3.43 
N/cm2 by controlling water head. 

 

Thorough characterization of these membranes was carried out by a number of 
techniques, including scanning electron microscopy (SEM), electron dispersive x-ray 
spectroscopy (EDS), zeta potential measurements, thermogravemetric analysis (TGA), 
and hydrophobicity estimation. 

Continuous adsorption experiments and photocatalytic regeneration of membranes  

Three pharmaceuticals (acetaminophen, ibuprofen, and carbamazepine) were selected on 
the basis of their high frequency of occurrence in water systems [39, 43, 51-53] and their 
physicochemical properties (Table 3). A broad range of parameters like log Kow (0.46 to 
3.97) and water solubilities (17.7 to 14000 mg/L) were covered by using these 
compounds as represented in Table 3. The pharmaceuticals were allowed to adsorb on to 
the MWNTs membrane (control) and MWNTs-TiO₂ membranes. After saturation, the 
MWNTs-TiO₂ membranes were regenerated (cleaned) using UV 254 nm light.    
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Table 3. Physical properties of Compounds [59] 
Compound Formulae Mol. 

Wt 
[g/mol] 

Structure 
 
 

Log 
Kow 

Water 
Solubility 
(25 °C) 
[mg/L] 

pKa 

Acetaminophen C8H9NO2 151.17 

 

0.46 1.40E+04 9.5 

Carbamazepine C15H12N2O 236.28 

 

2.45 17.7 13.9 [60] 

Ibuprofen C13H18O2 206.29 

 

3.97 21 4.9 

3.2 Results and discussion 

3.2.1 Characterization of MWNTs, TiO₂, and MWNTs-TiO₂ membrane 

Electron microscopy, zeta potential technique, and TGA were applied to characterize 
MWNTs, in-house prepared TiO₂ spheres, and MWNTs-TiO₂ membrane. The 
morphology of the three materials was analyzed using SEM. The electron micrograph in 
Fig. 3 (a) shows the overall structure of a loosely packed dense mesh of MWNTs that 
acts as a water-permeable membrane.  Each square millimeter of the membrane contains 
a large number of MWNTs in which the interstices generated between the randomly 
ordered MWNTs may allow water and other small molecules to pass through. Fig. 3 (b) 
represents the successful grafting or embedding of functionalized TiO₂ spheres on the 
surface of MWNTs membrane. The porous morphology and the ultra-thin, superimposed 
TiO₂ spheres significantly increased the overall specific surface area of the membrane. 
The selected area in Fig. 3 (b) shows nanotubes entangling the TiO₂ spheres and 
effectively binding the two together. This arrangement is expected to offer minimum 
resistance to fluid flow. The MWNT membranes grafted with TiO₂ spheres were selected 
for further investigation. The EDS analysis was performed on the MWNTs-TiO₂ 
membrane to look into the elemental composition of the membrane.  Fig. 3(c), the EDS 
elemental analysis result, indicated the presence of carbon, titanium, and oxygen, thereby 
confirming the presence of these elemental components of the MWNTs-TiO₂ membrane.  

Zeta potential measurements revealed that MWNTs were negatively charged. This 
negative charge on MWNTs decreased with an increase in concentration of sodium 
chloride in the background medium (i.e., water).  The negative surface charge of 
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MWNTs decreased from -40.6 ± 1.5 to -22 ± 3.9 mV upon increasing the concentration 
of sodium chloride from ~0 to 100 mM. The TGA analysis was carried out for both 
MWNTs and TiO₂ in nitrogen atmosphere in order to monitor their weight loss and 
thermal stability.  In MWNTs, a 10% weight loss was observed between 53-100°C.  This 
can be attributed to moisture, volatiles, and other impurities that have a low flash point 
[54]. Contact angle measurements were applied to measure extent of hydrophilicity [55].  
The contact angles of both MWNTs and MWNTs-TiO₂ membranes were found to be less 
than the 90° showing that the membranes were hydrophilic.  However, the MWNTs-TiO₂ 
membranes appeared to be more hydrophilic than MWNTs membranes [10].  

 

Figure 3. SEM photomicrographs of (a) MWNTs membrane, (b) TiO₂ spheres distributed 
in MWNTs membrane, and (c) EDS of MWNTs- TiO₂ membrane confirming the presence 
of carbon, titanium, and oxygen. 
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3.2.2 Removal of pharmaceuticals from water by MWNTs and MWNTs-TiO₂ 
membranes 

The ability of MWNTs-TiO₂ membranes to remove pharmaceuticals from water was 
investigated.  Experiments were also conducted with MWNTs-only membranes (i.e., 
without any grafted TiO₂ spheres) to evaluate the superiority of MWNTs-TiO₂ 
membranes over MWNTs membranes in terms of pharmaceuticals removal efficiency. 
Fig. 4 illustrates the removal of pharmaceuticals from water by MWNTs and MWNTs-
TiO₂ membranes.  The influent pharmaceutical concentration (10 mg/L) and solution flux 
(40 L/m2∙h) were kept constant, and effluent fractions were analyzed to assess 
performance of membranes and their saturation over time. 

The pharmaceutical removal efficiencies of MWNTs-TiO₂ membranes were consistently 
higher than that of MWNTs-only membranes probably due to simultaneous adsorption 
and degradation of pharmaceuticals in the presence of TiO₂ [56-58].  Acetaminophen 
exhibited the least affinity towards MWNTs compared to the other two compounds. The 
removal of acetaminophen was ~10% when 10 mg/L acetaminophen solution was 
allowed to flow through a MWNTs membrane.  However, in the case of the MWNTs-
TiO₂ membrane, this removal was initially increased to ~24 % (2.4 mg/L from 10 mg/L 
influent solution). Ultimately, this removal gradually decreased to ˂1% when 20 mL of 
acetaminophen solution was passed through. The MWNTs-TiO₂ membrane was 
regenerated by UV light. After regeneration, the initial removal efficiency of MWNTs-
TiO₂ membrane decreased to ~18% (compared to 24% in the 1st run) for the removal of 
acetaminophen.  It should be noted that, even after regeneration, the adsorption removal 
efficiency of MWNTs-TiO₂ membranes was eighty percent higher than those of MWNTs 
which supports the hypothesis of continued adsorption and photolysis of acetaminophen 
on MWNTs-TiO₂ membranes. The MWNTs-only and MWNTs-TiO₂ membranes were 
tested for the removal of more hydrophobic pharmaceutical, ibuprofen. The adsorption 
removal efficiency and saturation time of both (MWNTs-only and MWNTs-TiO₂) 
membranes for ibuprofen were higher than that of acetaminophen.  A maximum of 30% 
ibuprofen removal by the MWNTs membrane for the first 5 mL of 10 mg/L ibuprofen 
solution was observed.  This removal efficiency was gradually decreased below/down to 
10% upon the passage of an additional 10 mL of the same solution.  Finally, the removal 
decreased to ~5% and after the continuous flow of (a total) 40 mL ibuprofen solution.  In 
the case of MWNTs-TiO₂ membrane, initially ~45% (4.5 mL) ibuprofen was removed.  
After 20 mL of the solution had passed through the membrane, the removal of ibuprofen 
was 37%, significantly higher than in the case of the MWNTs-only membrane.  The 
adsorption efficiency of MWNTs-TiO₂ membrane decreased to 6% after passing 100 mL 
ibuprofen (10 mg/L) solution.  After regeneration, the membrane was effective in 
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removing 32% of influent ibuprofen, initially. The trends of ibuprofen removal were 
similar in case of MWNTs and MWNTs-TiO₂ (before and after regeneration) 
membranes. Carbamazepine exhibited high affinity towards both MWNTs-only and 
MWNTs-TiO₂ membranes.  Carbamazepine removal by MWNTs-TiO₂ started from 80% 
of the influent concentration (8 mg/L was removed from 10 mg/L solution) which was 
approximately double that of the MWNTs-only membrane (39% removal). After 20 mL, 
MWNTs-TiO₂ membrane was still able to remove ~45% of the carbamazepine from the 
solution compared to only 5% removal by MWNTs-only membrane.  However, in the 
case of carbamazepine, the membranes saturated at faster rate compared to ibuprofen.  
The regenerated MWNTs-TiO₂ membrane initially removed 53% of carbamazepine from 
solution which was 13% higher than the removal by non-photoregenerable MWNTs-only 
membrane.  

 
Figure 4  The mass loadings of pharmaceuticals on (i) MWNTs membranes, (ii) MWNTs-
TiO₂ membranes during 1st run, and (iii) MWNTs-TiO₂ membranes after photo-
regeneration. The pharmaceutical mass removal was calculated upon complete 
saturation of membranes. The influent concentration of acetaminophen, ibuprofen, and 
carbamazepine was 10 mg/L each in deionized water (18 µS/cm). 
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The membranes exhibited differential trends towards the removal of different 
pharmaceuticals tested. Fig. 4 shows mass loading of membranes upon complete 
saturation with pharmaceuticals.  The results clearly exhibit superiority of MWNTs-TiO₂ 
membrane over the MWNTs-only membrane for the removal of selected 
pharmaceuticals.  For each gram of MWNTs, a total of 2.9, 6.7, and 4.8 mg of 
acetaminophen, ibuprofen, and carbamazepine were removed by MWNTs membranes, 
respectively.  This removal increased to 4.13, 22.1, and 17.2 mg in the case of MWNTs-
TiO₂ membranes for the first run and ultimately decreased to 0.78, 12.4, and 8.4 mg for 
the MWNTs-TiO₂ membranes after photo-regeneration. This adsorption removal of 
pharmaceuticals is comparable to the reported data of acetaminophen [51], ibuprofen 
[53], and carbamazepine [52] adsorption by carbonaceous materials.  However, these 
researchers chiefly performed experiments using activated carbon suspensions which 
were hard to recover from the system and almost impossible to regenerate for further use.  
In contrast, the MWNTs-only and MWNTs-TiO₂ membranes, developed and applied in 
this work, could be easily recovered and regenerated.  This improved adsorption of 
ibuprofen on MWNTs-only and MWNTs-TiO₂ membranes paved a way to further 
investigate the effect of pH on its adsorption.  In addition, the difference in removal 
between first-time sorption (or 1st run) and post-regeneration sorption for all three 
sorbates warrants further study, specifically to optimize the efficacy of the photo-
regeneration parameters such as regeneration wavelength and exposure time. 

4. Conclusions and future directions 

MWNTs have been potential contributer to improved removal of organic contaminants 
from water. Our experimental investigations showed their effectiveness for removing 
BTEX compounds and aliphatic hydrocarbons from industrial wastewater (oilfield 
produced water) with and without high concentrations of salts in the background solution. 
Along with the removal of known toxins (BTEX) from the industrial wastewater, 
MWNTs were effective in removing emerging contaminants (pharmaceuticals) from 
municipal wastewater. MWNTs and their composites with TiO₂ effectively adsorbed and 
photocatalyzed ibuprofen (an ionizable pharmaceutical) and carbamazepine (an 
antipsychotic drug). The use of MWNTs and MWNTs-metal oxide composites to remove 
undesirable aqueous organic compounds might play a major role in future water 
treatment facilities. In developing countries, where the infrastructure to construct 
advanced water treatment facility is unaffordable, MWNTs and their composites can be 
used at point of use. Conversely, in developed countries MWNTs can be used as an 
additional protective measure to ensure water quality and enhance the safety of treated 
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water. To improve the understanding of adsorption and catalysis properties of MWNTs 
and its composites with various metal oxides further research is required.  
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Abstract 

This chapter describes the use of various low-cost adsorbents for the removal of 
malachite green (MG) from water and wastewater. Malachite green is a cationic dye 
which is widely used worldwide in the aquaculture industries (silk, wool, cotton, leather, 
paper etc.) as a therapeutic agent to treat parasites, fungal, and bacterial infections in fish 
and fish eggs and as an antiseptic for external application on wounds and ulcers. Despite 
its extensive use, MG has several toxic properties, which are known to cause 
carcinogenesis, mutagenesis, teratogenesis, and respiratory toxicity. Its oral consumption 
is also hazardous and carcinogenic. Therefore, it is essential to remove MG from water 
and wastewater using different low-cost adsorbents. A literature survey reveals that 
several methods are available for the dyes removal from water and wastewater such as 
photocatalytic degradation, combined photo-Fenton and biological oxidation, advanced 
oxidation processes, aerobic degradation, nanofiltration membranes, ozonation, 
coagulation, fluid extraction, solid phase extraction, and adsorption. Among these, 
adsorption is a well-known equilibrium separation process and an effective method for 
water decontamination application. Adsorption has been found to be superior to other 
techniques for water re-use in terms of initial cost, flexibility, and simplicity of design, 
ease of operation, and insensitivity to toxic pollutants. Adsorption also does not result in 
the formation of harmful substances. 
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1. Introduction 

Water is the most important and essential component on the earth for vital activities of 
living beings. Unfortunately, the water quality of our water resources is deteriorating 
continuously due to the geometrical growth of population,  industrialization,  agricultural 
activities, and other geological as well as environmental changes.  Dyes are widely used 
in textile, paper, plastic, food and cosmetic industries. The wastes coming from these 
industries affect our environment and create pollution. The level of pollutants even at a 
very low concentration is highly visible and it affects aquatic life. Hence, contaminations 
due to dyes pose not only a severe public health concern but also many serious 
environmental problems because of their persistence in nature and non-biodegradable 
characteristics. At present, more than 100,000 commercially available dyes exist and 
more than 7 x 105 tonnes /yr and mostly associated with water pollution [1,2]. The 
wastewater containing dye is difficult to treat by conventional treatment methods as most 
of the dyes are stable to light and oxidizing agents. 

Malachite green (MG), a tri-phenylmethanedye is a cationic dye which is used worldwide 
as an antifungal, anti-bacterial and anti-parasitical therapeutic agent in aquacultures and 
animal husbandry. It is also widely used as a direct dye for silk, wool, jute, and leather. 
MG has detrimental effects on liver, gill, kidney, intestine, and gonads of aquatic 
organisms [3]. When it is inhaled or ingested by a human, it may cause irritation to the 
gastrointestinal tract and even cancer [4]. Contact of MG with skin causes irritation with 
redness and pain. Intermediate degradation products of MG have also been reported as 
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being carcinogenic [3]. Therefore, the use of MG in aquaculture has been banned in 
several countries. However, MG in fish, animal milk, and other foodstuff is still detected 
due to illegal use of MG [5] which alarm the health hazards against a human being.  

Various treatment technologies have been employed for the removal of textile dyes from 
wastewaters which include ion-exchange [6], electrochemical [7], membrane [8],  
ozonation [9], coagulation [10] and Fenton reagent [11]. Among all these techniques, 
adsorption is a well-known equilibrium separation process and an effective method for 
water decontamination application. Adsorption has been found to be superior to other 
techniques for water re-use in terms of initial cost, flexibility, and simplicity of design, 
ease of operation, and insensitivity to toxic pollutants. Adsorption generally does not 
result in the formation of harmful substances. 

2. Adsorbents 

Adsorption using activated carbon has been found to be effective for the removal of dyes, 
but it was an expensive process as both regeneration and disposal of the used carbon have 
been very difficult. Therefore, it was necessary to identify and develop easily available, 
economically viable and highly effective adsorbents for efficient and facile removal of 
dye.  

2.1 Bio- adsorbents 

Biosorption is defined as the accumulation and concentration of pollutants from aqueous 
solutions by the use of biological materials. Biological materials, such as yeast, fungi or 
bacterial biomass and biopolymers have been used as adsorbents for the removal of MG 
from aqueous media. The adsorption capacities and other parameters of important bio-
adsorbents in respect of removal of MG from water are presented in Table 1. 

Luffa cylindrical an algae was used by Seki et al.[19] in MG removal from aqueous 
solution. As the pH was increased from 3 to 5, the amount of sorbed dye also increased. 
Langmuir, Freundlich and Dubinin-Radushkevich isotherms were investigated to explain 
equilibrium data, but Langmuir isotherm exhibited the best fit with the experimental data. 
Monolayer sorption capacity increased with the increase in temperature.   
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Table 1: Adsorption capacities and other parameters of bio-adsorbents for adsorption of 
MG. 

Adsorbent Adsorption 
capacity (mg/g) 

Isotherm pH Equilibrium 
time (h) 

Ref. 

Pithophora sp.  
A fresh water 

algae 

117.64 Redlich-
peterson 

5.0 8 .0 [12] 

Sccharomyces 
cerevisiae 

17.0 Freundlich NA NA [13] 

Aerobic granules 56.80 Langmuir Alakli
ne pH 

1.0 [14] 

Heat – treated 
anaerobic 

granular sludge 

149.1 Langmuir 5.0 2 .0 [15] 

Freshwater 
macrophyte 

alligator weed 

185.54 Langmuir 6.0 NA [16] 
 

Brown marine 
algae 

turbinariaconoides 

66.60 Langmuir 8.0 2.5 [17] 

Chlorella- based 
biomass 

18.4 NA 7.0 NA [18] 

Lufiacylindrica 29.40 Langmuir 5.0 5.0 [19] 
Chitin hydrogel 33.6 Langmuir 7.0 2.5 [20] 

Hydrillaverticilat
a biomass 

91.97 Freundlich 8.0 3.5 [21] 

Hydrillaverticilat
a biomass 

69.88 Langmuir 8.0 2.5 [21] 

Yeast S. 
CerevisiaeMTTC-

174 

NA NA 6.88 1.0 [22] 

Ulvalactuca and 
systoceira algae 
based activated 

carbon 

400 Langmuir 4.0 1.5 [23] 

Amylopectin and 
poly( acrylic 

acid) (Ap-g-PAA) 

352.11 Langmuir 7.0 0.5 [24] 

Dried biomass of 
ulvalactuca (L.) 

200 Langmuir 6.0 1.0 [25] 

Cellulose 
modified with 

maleic 
anhydride ( 

CMA) 

370 Langmuir NA NA [26] 

Bacillus cerus M1 
16 

485 Langmuir and 
Redlich-
Peterson 

5.0 6.0 [27] 

NA= Not Available 
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Tang et al. [20] used chitin hydrogel (biopolymer) as an adsorbent to remove MG from 
aqueous solution. They found that the maximum adsorption capacity of hydrogel for MG 
was 26.88 mg/g. Scanning electron microscope and fourier-transform infrared 
spectroscopy results indicated that the adsorption of MG on the hydrogel was through a 
physical process. Marine algae Ulva Lactuca (ULV-AC) and Systoceirastricta (SYS-AC) 
[23] based activated carbons have proven to be potential adsorbents for the removal of 
hazardous cationic dye including MG. The surfaces of these algae were treated with 
phosphoric acid and subsequently air activated at 600 °C for 3 h. Model equations such 
as Langmuir, Freundlich and Temkin isotherms were used to analyze the adsorption 
equilibrium data and the best fits to the experimental data were provided by the first two 
isotherm models and the maximum adsorption capacity for MG and safranine O were  
400 and 526 mg/ g on the SYS-AC and ULV-AC respectively. Ulva Lactuca (L.) biomass 
has been used for the removal of methylene blue (MB) and MG dyes [25]. Correlation 
coefficient values were close to unity which suggested that adsorption data were in favor 
of Langmuir and Freundlich models. The pseudo-second-order kinetic model was found 
favorable to describe the adsorption behavior of both the dyes. The intraparticle diffusion 
was a prominent process right from the beginning of dye-solid interaction and the 
adsorption involved monolayer surface coverage and heterogeneous adsorption 
mechanism. Dry cells of B. cereus M1 16 [27] were found to be efficient biosorbent for 
the removal of MG from aqueous solution. Dry biosorbent was found to have a high 
affinity for charged species and the maximum dye uptake capacity of 485 mg/g was 
observed at pH 5.0. Langmuir and Redlich–Peterson isotherm models were used to 
describe the adsorption process.  

2.2 Industrial solid wastes adsorbents 

Industrial solid wastes such as coal fly ash, sugarcane bagasse and red mud etc. being 
low-cost materials and their local availability have been frequently used as adsorbents for 
dyes removal. However, according to a literature survey, few papers have been published 
on the use of industrial solid wastes as adsorbents for the removal of MG from water and 
wastewater samples.  Table 2 presents the adsorption capacities and other related 
parameters of such adsorbents. 

Fly ash [31], an industrial by-product abundant in India, has been widely used as a low-
cost adsorbent after modification with alkali for the removal of MG from aqueous 
solutions by batch adsorption method. The adsorption was found to be strongly 
dependent on pH of the medium and the adsorption capacity decreased with an increase 
in temperature. The Langmuir isotherm model showed a good fit to the equilibrium 
adsorption data at all temperatures. The mean free energy estimated from the Dubinin-
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Radushkevich model indicated that the adsorption mechanism was chemical ion 
exchange. The kinetic data were found to follow the pseudo-second-order kinetic model.  

Table 2: Adsorption capacities and parameters of industrial solid wastes bio-adsorbents 
for adsorption of MG 

Adsorbent Adsorption 
capacity 
( mg/g)  

Isotherm  pH Equilibrium 
time (h) 

Ref. 

Bagasse fly ash 170.33 Freundlich 7.0 4.0 [28] 
Poly ( methyacrylic acid) 

modified sugarcane 
bagasse 

103.2 Langmuir 6.0 3.0 [29] 

Ethylenediamminetetraac
eticdianhydride (DTAD) 

modified sugarcane 
bagasse 

157.20 Langmuir 6.0 3.0 [30] 

Ca(OH)2-treated fly ash 17.383 Langmuir 7.0 2.0 [31] 
Flyash 40.65 Langmuir >6.0 NA [32] 

Acid- activated sintering 
processs red mud ( ASRM) 

336.40 Langmuir >3.2 3.0 [33] 

Coal fly ash 2.23 Freundlich 8.0 2 .0 [34] 
NA=Not Available 

 

Fly ash was used as a waste material for the removal of cationic dyes (methylene blue 
and MG) from their aqueous solutions by Witek-Krowiak et al. [32]. Effects of initial dye 
concentration, contact time, pH, adsorbent dosage, solution temperature, surfactant 
addition and ionic strength on the fly ash sorption of dyes were studied. The isothermal 
data for sorption followed the Langmuir model. The maximum sorption capacities were 
reported for methylene blue and MG were 36.05 and 40.65 mg/g respectively. Kinetic 
studies indicated the pseudo-second-order for the sorption on fly ash.  

Acid-activated sintering process red mud (ASRM) was used as an attractive adsorbent for 
the removal of cationic dyes, especially MG   from aqueous solution. The maximum 
adsorption (336.4 mg/g)was realized at pH higher than 3.2. Langmuir isotherm was best 
fitted to describe the adsorption process. The thermodynamic parameters (ΔH) indicated 
that the adsorption process of MG was endothermic. [33].Gopal et al. [34] used coal fly 
ash as an adsorbent for the removal of MG dye from aqueous solution. For maximum 
adsorption, the experimental conditions were pH 8, adsorbent dose 2 g, contact time 2 h 
and temperature 303K. The maximum adsorption capacity of coal fly ash was 2.23 mg/g 
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and hence it can be considered as an attractive adsorbent for removing basic dyes from 
aqueous solutions. 

2.3 Carbonaceous adsorbents  

Adsorption is a surface phenomenon which results out of binding forces between atoms, 
molecules, and ions of adsorbate and the surface of the adsorbent. Adsorption also 
depends on the number of sites available, porosity, and specific surface area of adsorbent 
as well as various types of interactions. Generally, carbonaceous materials have been 
widely used adsorbents, as these are known, for a long time to be capable of adsorbing 
various organic compounds. Activated carbon due to its high surface area and porosity is 
very efficient to remove dyes from water and wastewater. A variety of activated carbon 
materials have been prepared from different sources for their use as adsorbents for the 
removal of MG from aqueous water systems. These materials have been listed in Table 3 
with their adsorption capacities and other important parameters particularly surface area.   

Table 3: Adsorption capacities and parameters of activated carbon for adsorption of MG 
Adsorbent Adsorption 

capacity 
(mg/g) 

Isotherm 
study 

pH Equilibrium time 
(h) 

Specific 
area.  

(m2/g) 

Ref. 

Commercial 
grade activated 

carbon 

14.8 Freundlich NA 0.25 NA [35] 

Laboratory 
grade activated 

carbon 

42.18 Redich- 
Peterson 

7.0 4.0 NA [35] 

Waste apricot 116.27 Langmiur NA 1.0 1060 [36] 
Ground nut shell 222.22 Freundlich NA 2.0 1200 [37] 

Bamboo 263.58 Langmuir 5.0 2.8 1724 [38] 
Arundo donax 

root 
8.69 Langmuir 5.0 3.0 158 [39] 

Rice husk 63.85 Langmuir 
and 

Freundlich 

N.A
. 

0.66 N.A. [40] 

Degreased coffe 
bean ( DCB) 

55.3 Langmuir 
and 

Freundlich 

4.0 2.0 120 [41] 

Annona 
squamosa 

25.91 Langmuir 
and 

Freundlich, 
Temkin 

7.0 N.A. N.A. [42] 
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Borassus 
aethiopum 

flower 

48.48 Langmuir 6.0- 
8.0 

24 9.57 [43] 

Polygonum 
orientale 

480 Langmuir 10.
0 

2.5 1398 [44] 

Epicarp of 
Ricinuscommuni

s 

27.78 Langmuir 7.0 0.82 NA [45] 

Terminalia 
catappa 

74.96 Freundlich NA 066 NA [46] 

Rice husk NA Langmuir 
and 

Freundlich 

NA NA 180.5 [47] 

Rambutan peel 329.49 Freundlich 8.0 24 988.24 [48] 
Kapok hull 30.16 N.A. N.A

. 
N.A. 158.228 [49] 

Coca shell 37.03 Langmuir NA 2.0 N.A. [50] 
Rubber seed 

coat 
72.92 Langmuir 6.0 N.A. N.A. [51] 

Coconut shell 214.63 Langmuir 8-
11 

2.0 945.74 [52] 

Musa 
paradisiaca stalk 

141.76 Langmuir 8.0 2.0 684.11 [53] 

Oil palm fruit 356.27 Langmuir 6.0-
9.0 

0.75 1254 [54] 

Spent tea leaves 256.4 Langmuir 4.0 N.A. 134 [55] 
Lemon peel 66.67 Langmuir 

and 
Freundlich 

7.0 0.41 1158 [56] 

Durian seed 476.19 Freundlich 8.0 20-22 h 980.62 [57] 
Almond shell 333.3 Langmuir N.A

. 
N.A. 1492.3 [58] 

Pomelo ( Citrus 
grandis) peels 

178.43 Langmuir 8.0 N.A. N.A. [59] 

N.A.= Not Available 

 

Ahmad et al. [53] used banana stalk activated (BSAC) carbon by activation with KOH at 
an impregnation ratio of 1:1 (KOH pellets: char). The specific surface area of the BSAC 
was calculated using the BET equation and was reported 684.11m2/g. The result showed 
that 97.3% of the dye removal was observed at pH 8.0. The equilibrium time was 90 and 
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120 min for maximum adsorption. Negative values of ∆Go indicated that the process of 
MG dye adsorption onto BSAC was spontaneous whereas the positive values of ∆Ho and 
∆So suggested that the process of dye adsorption was endothermic. 

Bello et al. [54] used oil palm fruit fibre activated carbon  (OPFAC) by activation with 10 
% KOH  at an impregnation ratio of 1:1 (KOH pellets: char)  to remove (MG) dye from 
its aqueous solution.  The positive values of ∆H° and ∆S° indicated that the process is 
endothermic in nature and showed increased the randomness of the adsorbate molecules 
on the adsorbent. Cost analysis revealed that OPFAC is 20 times cheaper than 
commercially available activated carbon. Akar et al. [55] used spent tea leaves activated 
carbon (STAC) by activation with 4% NaOH solution for the removal MG. STAC was 
effective to remove 94% of MG at pH 4. Various isotherms were used for the adsorption 
study, but Langmuir isotherm exhibited the best fit with the experimental data. The 
negative value of free energy (ΔG°) and positive value of enthalpy (ΔH°) change 
indicated the spontaneous and endothermic nature of adsorption process. 

Activated carbon prepared from durian seed was very effective for the removal of MG 
from aqueous solution.  Results showed that 97% of dye removal was observed at pH 8. 
Various adsorption isotherms were used to describe the process, but the Freundlich model 
was fitted the best. The Freundlich constant(1/n) is less than 1, indicated that the 
adsorption process is favorable.Thermodynamic studies also revealed that adsorption 
process was spontaneous and endothermic in nature. The positive value of ΔS showed the 
increased randomness of the adsorbate molecules on the solid surfaces than in the 
solution [57].   

Ahmad et al. [59] used activated carbon produced from pomelo peels (PPAC) for the 
removal of MG dye from aqueous solution. Dye removal was pH dependent through 
which 95.06% removal of MG was observed at pH 8.0. Various adsorption isotherms 
were used to describe the adsorption process, but Langmuir isotherm fit the adsorption 
data most with maximum monolayer adsorption capacity of 178.43 mg/g The kinetic data 
fitted the pseudo-second-order model with a correlation coefficient greater than 0.99. 
Thermodynamic parameters studies indicated that the adsorption process was 
spontaneous and endothermic in nature. 

2.4 Natural materials as adsorbents 

Natural clay minerals are well known to mankind from the earliest days of civilization. 
Because of their low cost, abundance in most continents of the world, high sorption 
properties, and potential for ion exchange, clay materials have been considered most 
useful adsorbents. These adsorbents possess layered structure and are considered as host 
materials for the adsorbates and counter ions. In recent years there has been an increasing 
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interest in utilizing clay minerals such as cloisite, clinoptilolite, eluthrilithe, kerolite, 
faujasite, montmorillonite, and palygorskite to adsorb not only inorganic ions but also 
organic molecules. More recently, low-cost adsorbents, for example, organoclay complex 
adsorbents, have been investigated as an alternative to activated carbon. Table 4 lists the 
relative adsorption capacities of natural sorbents used for the removal of MG from the 
water. 

Table 4: Adsorption capacities and parameters of natural materials for adsorption of MG 
Adsorbent Adsorption 

capacity (mg/g) 
Isotherm 

study 
pH Equilibrium 

time (h) 
Ref. 

Bentonite clay 7.72 Langmuir, 
Freundlich 

and D-R 

9.0 0.16 [60] 

Zeolite 46.35 Langmuir 6.0 NA [61] 
Bentonite 178.60 Langmuir 5.0 1.0 [62] 

Perlite 3.36 Freundlich 8.0- 
9.0 

0.66 [63] 

Montmorillonite NA Langmuir NA NA [64] 
Clayey soil of Indian 

origin 
78.57 Langmuir 6.0 1.5 [65] 

Halloysite nanotubes 
(NTs) 

99.60 Langmuir 9.5 0.5 [66] 

Aminopropyl 
functionalized 

magnesium 
phyllosilicate (AMP) 

clay 

334.80 Langmuir 9.8 3.0 [67] 

Natural rarasaponin 
surfactants  modified 

kaolin 

NA Sips NA NA [68] 

Talc 
 

20.96 Langmuir 8.0 NA [69] 

Organically modified 
clay (OC) 

56.82 Langmuir 6.0 0.5 [70] 

Activated sintering 
process red mud 

336.4 Langmuir >3.2 NA [71] 

Zeolite- iron oxide 
magnetic nano- 

composite 

13.8 Langmuir 8.0 1.0 [72] 

NA= Not Available 
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The clayey soil of Indian origin [65] has been proven as a potential adsorbent for the 
removal of MG from its aqueous solutions. Langmuir isotherm model was fitted the best. 
The activation energy of the adsorption process was calculated by using Arrhenius 
equation which indicated that the adsorption of MG onto clayey soil was chemisorptions 
in nature. Thermodynamic studies also revealed that the adsorption process was 
spontaneous and exothermic in nature. Halloysite nanotubes [66] (HNTs) were used as 
nano-adsorbent for the adsorption of MG from aqueous solutions.  The maximum 
adsorption was observed after 30 min of contact time and at pH 9.5. Thermodynamic 
parameters studies indicated that the adsorption process was spontaneous and 
endothermic. Nano-sized aminopropyl functionalized magnesium phyllosilicate (AMP) 
clay [67] was used as an adsorbent for the treatment of MG by adsorption and 
precipitation methods. An AMP clay dosage of 0.1 mg/mL showed a maximum removal 
capacity of 334.80 mg/g. Kaolin modified with natural surfactants rarasaponin was used 
for the removal of MG from the aqueous solution by Ismadji et al.[68]. Various isotherms 
were used to study the adsorption process but Sips was best fitted among all the 
isotherms.  Acid-activated sintering red mud (ASRM) was investigated [71] as an 
adsorbent for the removal of MG and crystal violet (CV) from aqueous solution. The pH 
higher than 3.2 was favorable for the adsorption of both the dyes on ASRM. From the 
Langmuir isotherm, the maximum adsorption capacities were found 336.4 and 60.5 mg/g 
for MG and CV respectively. Thermodynamic studies revealed that adsorption process 
was endothermic for MG whereas it was exothermic for CV.  

Table 5: Adsorption capacities and parameters of agricultural solid waste for adsorption 
of MG. 

Adsorbent Adsorptio
n capacity 

(mg/g) 

Isotherm 
study 

pH Equilibrium 
time (h) 

Ref. 

De- oiled soya 20.44 Langmuir 5.0 NA [73] 
Citric acid modified rice 

straw 
256.41 Langmuir 6.0 10h [74] 

Jute fibre carbon 136.58 Freundlich 8.0 3.6 [75] 
Rubber wood saw dust 36.45 Langmuir NA 3.0 [76] 

Lemon peel 51.73 Langmuir 
and Redlich-

Peterson 

NA 24.0 [77] 

Orange peel 483.63 Langmuir 
and Redlich-

Peterson 

NA NA [78] 

Rattan saw dust 62.71 Langmuir 4.0 - 
9.0 

3.5 [79] 
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Oil palm trunck fibre ( 
OPTF) 

149.35 Langmuir 8.0 3,25 [80] 

Chitosan bead 98.5 Langmuir 8.0 5.0 [81] 
Dead pine needless 33.56 Freundlich - 5.5 [82] 

Eucalyptus bark 59.88 Langmuir 5.0 4.5 [83] 
 

Treated ginger waste 188.6 Langmuir 9.0 2.5 [84] 
Almond shell 29.0 Langmuir NA 3.0 [85] 

Sea shell powder 42.33 Langmuir 8.0 2.0 [86] 
Mango seed husk 47.9 Freundlich 5.0 2.0 [87] 

Rice husk 15.5 Freundlich NA NA [88] 
Pine tree root decayed 

by brown root fungi 
42.63 Langmuir 4.0 24 [89] 

Conch shell powder 92.254 Langmuir 8.0 2.0 [90] 
Odina bark     [91] 

Waste rapeseed press 
cake   

17.85 Langmuir 6.5 3.0 [92] 

Scots pine saw dust ( 
Pinussylvestria) 

71.67 Langmuir 5.0 NA [93] 

Sawdust a timber waste 13.87 Freundlich NA 1.6 [94] 
Tartaric acid modified 

Cinnamomum 
camphora sawdust 

156.70 Langmuir 8.0 3.25 [95] 

Citric acid modified 
Cinnamomum 

camphora sawdust 

260.40 Langmuir 8.0 3.0 [95] 

Citric acid treated pea 
shell 

14.49 Freundlich 7.0 0.66 [96] 

Walnut shell 90.80 Langmuir 5.0 1.5 [97] 
Carrot leaves powder 

(CLP) 
52.60 Freundlich 7.0 0.5 [98] 

Carrot stem powder 
(CSP) 

43.40 Freundlich 7.0 0.5 [98] 

Coco- peat 276.80 Sips 7.0 1.0 [99] 
Hydrothermally 

carbonized pine needles 
(HTC- APN) 

97.08 Langmuir 7.0 NA [100] 

Hydrothermally 
carbonized pine needles 

(HTC- PN) 

52.91 Langmuir 7.0 NA [100] 

Sawdust modified with 
triethyl amine 

NA Freundlich 5.08 6.0 [101] 

NA= Not Available  
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2.5 Agricultural solid wastes adsorbents 

There are various agricultural solid wastes, easily available due to their abundance in 
nature which are used as adsorbents for the removal of MG from aqueous solution. The 
adsorption capacities of these adsorbents are reported in Table 5. 

The removal of MG from aqueous solutions by adsorption onto rubber wood sawdust 
showed that adsorption process reached to equilibrium after 2.5 h and at optimum pH of 5 
and the adsorption process was exothermic in nature.  Equilibrium data fitted well in 
Langmuir isotherm model (R2 = 0.7776). The maximum adsorption capacity was found 
27.4 mg/g at temperature 310 K. [76].  Sawdust ( SD),  a timber waste has been used as 
bio – sorbent for the removal of a cationic dye, MG from aqueous solutions by Uma et al. 
[94].The experimental results indicated that 5 g / L  of SD was able to remove 93 % of 
dye from an initial concentration of 20 mg L-1 in 100 min of equilibrium time, The 
removal of dye decreased with the increase in temperature confirming adsorption process 
as is exothermic. Adsorption data were better fitted in Freundlich isotherm model and 
followed the pseudo-second-order kinetics. The maximum adsorption capacity of 
adsorbent was 13.87 mg/g at 298 K.  Wang et al [95] used natural adsorbent 
(Cinnamomum camphora sawdust) modified by organic acids (oxalic acid, citric acid, 
and tartaric acid)  for the removal of MG dye in aqueous media through a batch process. 
The extent of MG adsorption onto modified sawdust increased with increasing organic 
acid concentration, pH, contact time, and temperature but decreased with increasing the 
adsorbent dosage and ionic strength. Kinetic studies indicated that the pseudo-second-
order kinetic model could best describe the adsorption kinetics of MG. Equilibrium data 
were found to fit well with the Langmuir model, and the maximum adsorption capacity of 
the three kinds of organic acids-modified sawdust was 280.3, 222.8, and 157.5 mg/g, 
respectively. Thermodynamic parameters also suggested that the sorption of MG was 
through the endothermic process. 

Yinghua Song et al. [101] synthesized   a new adsorbent from sawdust, a forest residue, 
in which methanol was used as a solvent and triethylamine as a modification agent under 
the following optimum conditions: 25 °C of reaction temperature, 1 : 8.75 of the ratio of 
sawdust to triethylamine (g:mL) and 1h of reaction time. The results indicated that the 
maximum adsorption capacity can be achieved at 5.08 of pH value and adsorption 
equilibrium can be reached in 6h.  The Freundlich isotherm model provided a better 
description for the adsorption equilibrium when compared with the Langmuir 
equation.  The adsorption process of MG on sawdust tended to be controlled 
simultaneously by film mass transfer and intra-particle diffusion. It showed that the 
sawdust modified with triethylamine had good performance for cationic dyes.  
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Rice husk - Das et al [88] used rice husk treated with NaOH, as a low-cost adsorbent for 
the removal of MG from aqueous solution in batch adsorption procedure. The adsorption 
was found to be strongly dependent on pH of the medium. The Freundlich isotherm 
model showed a good fit to the equilibrium adsorption data and the maximum adsorption 
capacity was found to be 15.5 mg/g. The mean free energy (E) estimated from the 
Dubinin–Radushkevich model indicated that the main mechanism governing the sorption 
process was chemical ion-exchange. The kinetics of adsorption followed the pseudo-
second-order model and the rate constant increased with increase in temperature 
indicating endothermic nature of adsorption. Thermodynamic studies suggested the 
spontaneous and endothermic nature of adsorption of MG by treated rice husk. The 
isosteric heat of adsorption was also determined from the equilibrium information using 
the Clausius–Clapeyron equation.  

Eucalyptus bark a forest waste was evaluated for its ability to remove MG from aqueous 
solutions [83]. The equilibrium sorption data of MG by eucalyptus bark were analyzed by 
Langmuir and Freundlich isotherm models. The results indicated that both the Langmuir 
and Freundlich equations provided good correlation of the experimental data, but the 
Langmuir expression fit the equilibrium data better and the maximum sorption capacity 
of eucalyptus bark was found to be 59.88 mg/g at 293K. Among the kinetic models 
studied, the pseudo-second-order was the best applicable model to describe the sorption 
of MG by eucalyptus bark. The overall rate of dye uptake was found to be controlled by 
external mass transfer at the beginning of sorption, while intraparticle diffusion 
controlled the overall rate of sorption at a later stage. The results indicated the potential 
of eucalyptus bark as biosorbent for the removal of basic dye from aqueous solution. 
Batch adsorption behavior of MG from aqueous solution by using OdinaWodier bark 
carbon (OWC) [91] was investigated as a function of parameters such as initial  MG  
concentration,  adsorbent dose, pH, contact time and temperature.  Freundlich and  
Langmuir adsorption models were applied to describe the equilibrium. The 
thermodynamic parameters (∆Go, ∆Ho and ∆So) indicated that the adsorption process was 
favorable.  The pseudo-first-order, pseudo second-order, elovich and intraparticle 
diffusion models were used to describe the kinetic parameters.  
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Table 6: Adsorption capacities and parameters of miscellaneous  for adsorption of MG 
Adsorbent Adsorption 

capacity (mg/g) 
Isotherm pH Equilibrium 

time (h) 
Ref. 

Hen feathers 26.10 Langmuir 5.0 2.5 [102] 
Melamine/maleic 

anhydride ( S-Me/MA) 
641.03 Langmuir 9.0 24.0 [103] 

Cyclodextrin based 
adsorbent 

91.90 Langmuir 8.0 2.0 [104] 

Surfactant- modified 
alumina (SMA) 

185.00 Langmuir NA 1.0 [105] 

Activated-carbon / 
CoFe2O4 composite 

89.20 Langmuir 5.0 0.09 [106] 

Egg shell 56.76 Langmuir >3.
 

3.0 [107] 

Fish scale 38.46 Langmuir 8.0 1.0 [108] 
Vinyl- modified 

Mesoporouspoly 
Acrylicacid)/Sio2(PAA/Si

O2)Composite 
Nanofibremembranes 

220.49 Redlich-
Peterson 

NA 4.0 [109] 

Functionalized multi 
walled carbon 

nanotubes 

142.85 Langmuir 7.0 1.4 [110] 

Novel 
superparamagnetic 

sodium alginate- coated 
Fe3O4 nano particles 

47.84 Langmuir 9.0 0.67 [111] 

amylopectin and 
poly(acrylic acid) (ap-g-

ppa) 

352.11 Langmuir NA 0.5 [112] 

cadmium hydroxide 
nanowires loaded on 

activated carbon 

19.0 Langmuir NA NA [113] 
 
 

copper nano wires 
loaded on activated 

carbon 

434.8 Langmuir 5.0 0.34 [114] 

magnetic β- 
cyclodextrin- graphene 
oxide nano composites 

990.10 Langmuir 7.0 2.0 [115] 

zno-nanorod loaded 
activated carbon 

59.17 Langmuir NA NA [116] 

NA= Not Available 
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2.6 Miscellaneous adsorbents 

The adsorbents, not included under specified categories of adsorbents in this chapter, 
have been summarized as miscellaneous adsorbents in Table 6.  

Activated carbon/CoFe2O4 composite (AC/CFO) [106] was synthesized by a simple one-
step refluxing route and was used as an adsorbent for the removal of MG dye from water.  
The results indicated that CoFe2O4 particles deposited on the surface of activated carbon 
in the composite were uniform with the particle size in the range of 14–20 nm. The 
composite adsorbents exhibited a clearly hysteretic behavior under applied magnetic 
field, which allowed their magnetic separation from water. Batch experiments were 
carried out to investigate adsorption isotherms and kinetics of MG onto the composite. 
The experimental data fitted well with the Langmuir model with a monolayer adsorption 
capacity of 89.29 mg /g. The adsorption kinetics was found to follow pseudo-second-
order kinetic model.  

Vinyl-modified mesoporous poly(acrylic acid)/SiO2 (PAA/SiO2) composite [109] 
nanofiber membranes were prepared by a sol-gel electro-spinning process and the 
sorption behavior of MG on the resultant membranes was examined. Fourier transform 
infrared (FTIR) results demonstrated that vinyl groups were grafted onto the silica 
skeleton. Transmission electron microscopy (TEM) images confirmed the formation of 
mesopores on the electrospun nanofibers and the pore size was 3.8 nm based on the 
Barrett–Joyner–Halenda (BJH) model. According to Brunauer–Emmett–Teller (BET) 
method, the specific surface area of the membranes was 523.84 m2/g. Three widely used 
isotherms, Freundlich, Langmuir, and Redlich–Peterson isotherms, were used to model 
the experimental data of MG adsorption on PAA/SiO2nanofiber membranes. The best fit 
was found to be Redlich–Peterson isotherm and the equilibrium adsorption capacity was 
220.49 mg/g. The adsorption kinetics followed a pseudo-second-order model. The 
removal of MG from the aqueous phase within 240 min was 98.8%. The membranes can 
be regenerated to reuse for multiple cycles, which is beneficial for practical application. 
Shirmadi et al. [110] studied the adsorption of MG as a cationic dye onto 
functionalized multi-walled carbon nanotubes. The results showed that by 
increasing of contact time, pH and adsorbent dose, the removal of dye increased, 
while by increasing initial dye concentration, the removal efficiency was 
decreased. The experimental data were correlated with the Langmuir isotherm 
with maximum adsorption capacity and regression coefficient of 142.85 mg/g and 
0.997, respectively. 

Sarkar et al.[112] investigated the application of a high-performance biodegradable 
adsorbent based on amylopectin and poly(acrylic acid) (AP-g-PAA) for removal of toxic 
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MG from aqueous solution. The adsorbent showed excellent potential with the removal 
of 99.05% of MG within 30 min from aqueous solution. It has been observed that point to 
zero charges (pzc) of graft copolymer played a significant role in adsorption efficacy. The 
adsorption kinetics and isotherm followed pseudo-second-order and Langmuir isotherm 
models, respectively. Thermodynamic parameters suggested that the process of dye 
uptake was spontaneous. Finally, the desorption study showed excellent regeneration 
efficiency of adsorbent. The Magnetic β-cyclodextrin- graphene oxide (Fe3O4- CD/GO) 
nanocomposites [115] have been utilized for the adsorptive removal of MG from aqueous 
solutions. The factors such as adsorption time, adsorption temperature, pH of the 
solution, adsorption kinetics and isotherms were investigated. The results indicated that 
the Fe3O4

- CD/GO nanocomposites had good adsorption ability with maximum 
adsorption capacity of 990.10 mg/ g at pH 7. The adsorption capacity reduced to 80% 
after five cycles. The adsorption process with MG was found fitted pseudo-second-order 
kinetics equations and the Langmuir adsorption model. Thermodynamic parameters were 
also calculated which indicated that the adsorption process was spontaneous and 
endothermic in nature.  

3. Conclusions and future perspectives 

This chapter describes the use of various low-cost materials as adsorbents including 
agriculture solid waste. A literature survey revealed that amongst all the adsorbents, 
agricultural solid wastes and activated carbon, have been extensively used for the 
removal of MG from aqueous solutions as well as from industrial effluents. The 
Langmuir and Freundlich adsorption isotherm models have been frequently applied to 
evaluate the adsorption capacity of various adsorbents for MG. Thermodynamic studies 
for the adsorption of MG showed that most of the processes were spontaneous in nature. 
Since most of the reported studies had been performed using batch and small-scale 
column adsorption tests, further research is required for the development of more 
effective adsorbents, modeling of adsorption mechanism, regeneration of spent 
adsorbents and treatment of real industrial wastewater. More and more nanomaterials are 
expected to be used as effective adsorbents for the removal of organic dyes in future. 
According to the available results on the use of different materials as adsorbents during 
2005-2015 for the removal of MG from aqueous media (Fig. 1), following trends is 
evident-: Agricultural solid waste > activated carbon > natural materials >biosorbents> 
industrial solid waste.  
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Figure 1:  Preferential trend of using different adsorbents during 2005-2015 for the 
removal of malachite green dye from aqueous media. 
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