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1 Introduction

The textile industry is among the most significant polluters of water owing to the
existence of various types of pollution streams generated by printing processes
and textile dyeing. Finishing and dyeing wastes are highly colored in the textile
industry. Dye’s complicated chromophoric groups result in stability to heat/oxidizing
agents and non-biodegradability. The generated wastewater contains large amounts
of toxic dyes that require difficult treatment methods [1]. Dye effluents dispensed
from paper-making, plastic, textile, dyestuff, and leather industries have mutagenic
and toxic effects on humans and aquatic biota [2, 3]. It is critical to eliminate dyes
from the effluent before it is discharged into natural water bodies. Traditional treat-
ment methods, on the other hand, have not proved to be useful for colored efflu-
ents. Various techniques such as biological treatment, ozonation [4], coagulation [5],
electrochemical oxidation [6], advanced oxidation processes [7], membrane filtra-
tion [8], adsorption in combination with photocatalytic degradation [9] have been
established to get rid of several contaminants from water. Each of these techniques
does have its own set of advantages and disadvantages. The adsorption method, for
instance, is particularly appealing due to its low-cost, ease of design, simplicity, effec-
tiveness, economic viability, insensitivity to toxins, trouble-free operation, environ-
mental friendliness, and ease of recovery. Several attempts were made in the last
years to evolve an effective and low-cost adsorbent [10, 11]. Powdery adsorbents
including inorganic/organic hybrid catalysts, inorganic porous nanomaterials, func-
tional porous polymeric materials are subjected to time-consuming sorbent separa-
tion, posing the danger of secondary pollution, and increasing costs. Although adsor-
bents with large-size configurations or magnetism can alleviate separation issues to a
certain extent, most materials still are challenged by inadequate alkali/acid stability
and unsatisfying adsorption capacities. Industrial-colored wastewater, on the other
hand, is generally a complex combination containing a variety of dyes.

The great emphasis of scientific research is photocatalytic oxidation of contami-
nant dyes. Low operating expenses, the capacity to eliminate complicated chemicals,
no need for extra materials, the use of free sunlight, and flexibility to complete the
mission at ambient pressure and temperature are all advantages of this technology.
According to the explanation above, effluent remedies include both adsorption and
photodegradation of colors. Furthermore, simultaneous dye adsorption and degra-
dation is a frequent method. Today’s strict environmental rules for dye-containing
discharges are prompting textile manufacturers to investigate the possibility of recov-
ering the water using the latest technology. The membrane filtration method is also
an efficient wastewater treatment alternate. To handle the complex-colored wastew-
ater problem, improved catalyst-loaded materials are required. Several materials
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have been tested on the prospect of hazardous dye removal such as carbon nanotube
[12], activated carbon [13], fly ash [14], zeolite [15], polymers [3], low-cost adsor-
bents [16], graphene oxide nanocomposites [17]. Most low-cost adsorbents, such
as fly ashes, charcoal, biochar, activated carbon, and several inorganic adsorbent
materials, are non-biodegradable which may cause particle contamination if they
are not adequately removed from reaction media following the adsorption process
[18]. Hence, it is needed to explore more cost-effective and efficient adsorbents.
Clean, low-cost technologies using biodegradable materials might be effective tools
for minimizing the environmental influence of textile effluents. As a result, poly-
meric adsorbents exhibiting large pore structures and surface area have recently
been discovered to be the most promising materials for the adsorption, filtration, and
degradation processes.

Adsorbents based on Polyvinyl alcohol (PVA) have significantly higher adsorption
capacity than non-traditional cheap adsorbents. Many studies have been performed
on the use of PVA-composites, gels, membranes for water treatment. This chapter
is a brief evaluation of PVA-based materials work that has been published in the
past decade for the removal of dyes outlining different methods (especially adsorp-
tion, degradation, and filtration) for dyes removal. PVA-based materials for water
refinement are widely used for their outstanding characteristics, structure/properties,
and oxygen-containing surface functional moieties; these active sites make different
strong interactions with various kinds of dyes [19]. This chapter is aimed to high-
light innovations related to polymer technology as a response to textile wastewater
remediation.

2 Polyvinyl Alcohol (PVA): Structure and Properties

Polyvinyl alcohol (PVA) is a linear water-soluble thermoplastic synthetic-polymer
exhibiting many distinguishing characteristics, including low-cost, outstanding
thermal and chemical resistance, high crystallinity, good mechanical strength, non-
toxicity, flexibility, non-carcinogenic, high intrinsic hydrophilicity, good biocompat-
ibility, good electro spinnability, and good processability. It is made by hydrolyzing
poly (vinyl acetate) [20-22]. This polymer is available in various hydrolysis degrees
[23]. Figure 1 depicts the synthesis and chemical structure of PVA. Due to its
unique physicochemical characteristics and flexibility in structure, PVA has a broad
range of commercial applications in a variety of areas.

3 PVA-Based Materials

In fact, PVA has lately been ranked as one of the most significant polymers,
owing to its high characteristics and broad variety of uses, as well as its ease
of production, resistance to climatic conditions, visibility, affordability, and other
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Fig. 1 Synthesis and Hydrolysis
structure of polyvinyl r\ e
alcohol (PVA) / 2 ‘\\\
FCH—CHE  —n ":i—CH CH-;
2 . methanol | g | )
? \ ? /
€=0 N, H A
CH; g T
poly(vinyl acetate) poly(vinyl alcohol) PVA

YYYYY

OH OH OH OH OH

factors [24]. Unfortunately, PVA cannot be employed in wastewater treatment due
to its water solubility. As a result, different crosslinking techniques (1) chemical
crosslinking (by chemical agents/radiation crosslinking) or (2) physical crosslinking
(by heat, physical interactions) must be used to transform it into a fully insoluble
material exhibiting excellent mechanical characteristics. Crosslinked PVA has good
mechanical strength and can be employed to make a range of materials such as hydro-
gels, fibers, films, composite particles, and membranes. Figure 2 describes various
structural and morphological forms of materials derived from PVA. According to
the most recent research, the structural and physicochemical properties of PVA are
subjected to change when doped with different nano-fillers and other materials. Many
writers have investigated the structure-property relationship, good reactivity, and
compatibility of PVA with several other inorganic materials, biomaterials, poly-
mers, carbonaceous and metallic materials [20, 25]. So far, various types of PVA-
based structures such as nanofibers, membranes, gels, thin films, microspheres, and
nanocomposites have been formulated by different techniques. Furthermore, in some
studies, PVA 1is used as a capping agent fueling in nanocrystal formation [26]. It
also acts as dispersing medium and avoids the agglomeration of particles. PVA has
favorable characteristics, and its molecule contains many hydroxyl groups, giving it
excellent hydrophilicity and interfacial compliance, allowing it to be mixed with a
variety of materials to make different functional materials. It results in high-quality
ultra-thin films (nano/micro) with outstanding tensile strength and elasticity, for a
wide range of applications. PVA is more suitable as a membrane-material due to its
excellent film forming and adhesive properties [23, 27].
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Fig. 2 Different categories of structural and morphological forms of PVA materials being used in
water treatment

4 Interaction Mechanisms Between Dyes and PVA-Based
Materials

A universal-adsorption process applicable to different dyes is required for broad-
spectrum decontamination. In general, dyes adsorption requires hydrophilic adsor-
bent materials and depends heavily on several non-covalent contacts for example
electrostatic interactions, hydrophobic interaction, hydrogen bonding, and Van der
Waals forces with PVA-based functional materials of various morphological and
structural forms including hydrogels, aerogels, membranes, composites, fibers and
so on. The electrostatic interaction mechanism is typically only applicable to ionic
(cationic or anionic) dyes, making it ineffective for removing both negatively and
positively charged dyes together. Ionic and non-ionic (neutral) dyes having aromatic
chemical structures benefit from the p-p interaction among dyes and PVA-based
composite materials with graphene, GO, CNTs, MWCNTs, etc. [19, 20, 28, 29].
Figure 3 illustrates different non-covalent interactions between a variety of dyes and
PVA-based materials. The blue rectangular area of the image contains various surface
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Fig. 3 Interaction mechanisms between textile dyes and PVA-derived materials

functionalities offered by different PVA materials for example PVA/chitosan blend
would offer -OH and -NH, groups fo2r interaction with dyes.

In addition to the adsorbent’s surface functionalities and type/structure/nature
of the dye, the kind of non-covalent interaction between adsorbent and adsor-
bate (dyes) is greatly influenced by the reaction conditions also. The dye
molecule’s charge, as well as the surface charge of PVA-adsorbing material, may
be affected by the pH of reaction solutions. Various research findings on the deletion
of textile dyes using PVA materials have concentrated on the thorough assessment
of factors such as pH, time, dye concentration, adsorbent/photocatalyst quantity, and
so on [30-32]. Thus, for the removal of various types of dyes, different reaction
conditions can be suitable which need to be optimized for practical implementations
of these newly developed PVA-based materials [33].

5 Wastewater Treatment Technologies

In practice, the multicomponent system of textile wastewater containing various
types of complex dyes is always simplified as a binary system of water/dye, because
the goal of adsorbent-based treatment options is to recover clean water instead of
achieving well-separated dyes. It is not viable because adsorption remediation only
accomplishes contaminant transference from water to adsorbent, leaving the user
with the choice of dumping the adsorption equilibrated adsorbent or generating
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Fig. 4 Different treatment options and methodologies utilizing PVA-derived materials to remediate
textile wastewater

extra complex-colored water for adsorbent reuse. Because of dye recovery, adsor-
bent reusability, economy, green process, selectively adsorbing materials, robust
acid/alkali resistance, and increased adsorption capacity are desirable. Because of
easy operation, low energy input, effective and clean semiconductor heterogeneous
photocatalytic technique has been increasingly employed to degrade contaminants
and water decomposition to produce hydrogen. It is more appealing to use filtering
materials for removing recalcitrant dyes from water than other conventional stan-
dard approaches (such as biodegradation/adsorption/chemical methods) [34]. Filtra-
tion is a low-cost type of membrane technology, which is environmentally sound
and energy-efficient. Membrane reactors featuring photocatalytic and bioreactors
are also an alternative treatment technology for wastewater reuse applications [1].
Thus, PVA materials for water treatment applications can be executed in different
methods. Figure 4 illustrates water treatment technologies utilizing PVA materials.

6 PVA-Based Materials for Dyes Removal Application

Multifunctional adsorbents featuring high efficiency, simple reusability, interactive
components, and wide-ranging adsorption performance are required for the thorough
treatment of various dye contaminants in water bodies. Pure PVA-based materials
have many limitations in terms of poor mechanical properties and stability. Hybrid
materials mitigate the drawbacks of native counterparts by combining the benefits
of individual components. Adding component materials to PVA results in additional
features and better applicability for dye removal. Combining various materials into
composites may result in a variety of hybrid hydrogels, membranes, fibers, and films
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that can be used in a variety of water treatment settings satisfying various situations,
e.g., degradation, filtration, and adsorption.

6.1 Composites Based on PVA

PVA is reported to be combined with a variety of materials including carbonaceous,
metallic, and polymeric. These hybrids have the merits of single components and
improved dye elimination capacity. A xylan/PVA/TiO; hybrid material was employed
as a photocatalyst for the photocatalytic decolorization of Astrazon brilliant red-4G
and ethyl-violet dyes under visible light illumination. The impacts of different opera-
tional factors were examined on the photodegradation process. More than 94% decol-
orization was accomplished. Positive holes (h*) were discovered to be the most
active radical component in the photodegradation process [35]. The preparation of
glutaraldehyde crosslinked PVA/Vitamin-C-MWCNTs composite particles and their
adsorption capability for cationic dye methylene blue is described. Because of the
homogeneous dispersal of VC-MWCNTs in the polymer matrix, the thermal stabil-
ities of PVA/VC-MWCNTs of 3 and 5 wt% were higher than native PVA. The
PVA/VC-MWCNTs composite of 7 wt% could effectively remove approximately
97.3% of dye in 45 min from aqueous solution at room temperature, according to
adsorption tests. However, the electrical conductivity test revealed that high conduc-
tivity was obtained at a concentration of 3 wt% VC-MWCNTs [20]. The sol-gel
technique was used to manufacture three-dimensional networked PVA/sodium algi-
nate/GO spherical porous composites for methylene blue adsorption in an aqueous
solution. Batch studies were also used to examine the adsorption characteristics of
MB. The findings revealed that the spherical composites possessed 3D porous archi-
tectures. The self-assembly process, hydrogen bonding, physical interweaving, and
boric acid and Ca** crosslinking’s were utilized to fuse and connect PVA, GO, and
sodium alginate together. The adsorption capacities and removal percentages are
displayed in the Table 1 [36].

Under various experimental conditions, the adsorption/desorption behavior of
dyes including direct red-31, direct blue-67, direct orange-26, and ever direct
orange-3GL on native, rice husk modified PVA, alginate, carboxymethyl cellu-
lose, and immobilized biomasses was examined. Various physical and chemical
procedures were used to modify the adsorbents. The finding indicated that pre-
treating dyes with HCI significantly improved their sorption capability as compared
to native biomass. The 2-step rate equation was obeyed for dye desorption kinetics,
according to this finding. FTIR research disclosed that the -carboxylic, -hydroxyl, and
-amino groups are involved in the adsorption of dye molecules onto biomasses.
According to studies, the modified rice husk has the best capability for dyes
elimination from textile effluents [37].

The efficacy of the chitosan/PVA/talc composite to remove Methyl orange, Congo
red, and metal ions was tested. Flocculation was the most common phenomenon in the
elimination of Congo red and Methyl orange at 100 ppm concentration. Furthermore,
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kinetic studies revealed that a pseudo second-order equation was followed by these
adsorbents [38].

The impregnation technique was used to make incredibly hydrophilic PVA/SBA-
15 composites for methylene blue adsorption. Various proportions of PVA were
impregnated into surfaces of mesoporous silica (SBA-15) to investigate the impact
of PVA on the structural and textural characteristics of prepared composites. The
acquired findings revealed that following PVA impregnation, the structure of SBA-
15 swelled, indicating PVA dispersion within the pores. Higher PVA percentages
cause the lattice parameters to drop, resulting in the development of PVA aggrega-
tion beyond the surface. The hydrophilicity of the resulting composite has improved
because of the growing number of hydroxyl groups. Regarding adsorption capacity,
the impacts of PVA content, contact time, adsorbent weight, and initial dye concentra-
tion were studied and addressed [39]. Utilizing either PVA or sodium dodecylsulfate
(surfactant) as a capping agent, two kinds of ZnO nanostructures were effectively
produced in large yield via a simple and low-temperature chemical precipitation
technique and used for azo dye degradation. The surfactant had a significant Impact
on the ZnO photocatalyst’s shape, surface area, and photocatalytic activity. This
provided some insights into the advancement of technical applications linked to
industrial dye photodegradation. The method can be used to make additional II-
VI type semiconductors on a big scale. The morphology of PVA-capped ZnO was
found to be spherical. The photodegradation efficiency of the produced ZnO nano-
material aided by surfactant was significantly greater than PVA-capped ZnO, with
approximately 95% and 88% of the Reactive red 141 destroyed following irradiation
in 240 min under UV and sunlight, respectively. This is owing to the higher specific
surface area of the thin nanorod and plate-like morphological features [40].

6.2 PVA-Based Gel Materials

A gel is defined to be a non-fluid polymer or colloidal network expanded by a fluid
all through its entire volume. Polymer gel is a kind of macromolecular network
having a major portion of its structure made up of a solvent. Gels have a large
surface area, ideal mechanical properties, customizable chemical structure, regen-
eration ability under moderate circumstances, feasibility, and effective porosities
as few characteristics. Gels may be manufactured in bulk (macro), or they can take
the micro/nano-particle forms. As a linear polymer, PVA has been used in separation
procedures for a long time. Chemical crosslinking is necessary to build different
gel materials. Furthermore, the presence of PVA in gels increases the susceptibility
of crosslinking through intermolecular or/and intramolecular hydrogen bonding by
H-groups [10, 19, 41].

PVA as a potential candidate in polymeric hydrogels is used as a crosslinker, rheo-
logical modifier, and matrix template owing to its simplicity of use and compatibility,
however, its use as the hydrogel’s main backbone is restricted due to brittle/soft
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resulting hydrogels with difficult recovery, poor mechanical properties, and fluc-
tuating dimensions with changes in water content. The mechanical characteristics
of hydrogels based on PVA can be primarily increased by the creation of an inor-
ganic/organic network structure, which can efficiently disperse stress over a large area
and boost the hydrogel’s load-carrying capacity. Incorporating Fe;O4 and TiO, into
hydrogels, for instance, results in magnetic and photocatalyzed hybrid hydrogels,
respectively. Finally, most hybrid hydrogels exhibit high mechanical characteris-
tics and can withstand external, violent stirring, which is critical for adsorbent
reusing. Because of their intriguing mechanical qualities, non-toxicity, biocom-
patibility, and the inclusion of PVA into other natural or manufactured (e.g., poly
(ethylene glycol) (PEG), polyacrylamides PAM), polymer frameworks are of great
interest. The addition of a biopolymer increases not only the network stability, but
also the hydrophilicity, biocompatibility, biodegradability, and rheological char-
acteristics of PVA-based hydrogels [10, 18, 42]. In recent times, Zhang et al.
[43] successfully developed yeast comprising PVA/CMC hybrid hydrogel capable
of methylene blue dye degradation. CMC offers structural stability with Fe3*
or AI** and pH-sensitive higher swelling capacity.

6.2.1 Physical Gels

Hydrogen bonding, electrostatic interactions, ionic interactions, van der Waal
forces, chain entanglements, and hydrophobicity, are all physical interacting factors
contributing to the formation of physical gels. A binding force defined by an
equilibrium between the van der Waal and electrostatic interactions can be used
to physically interlink different charged polymeric groups/fibers/molecules. Phys-
ically crosslinked hydrogels are often sustainable and reusable, making them an
environmentally beneficial option. By breaking the dynamic force among fibers,
such reversible interactions may simply be reversed.

A smart hydrogel made of graphite-like carbon nitride (g-C3Ny4) and cellulose
nanocrystals (CNC) reinforced sodium carboxymethylcellulose (CMC-Na)/PVA
was recently made to exhibit outstanding tensile strength (~ 648 kPa), tough-
ness (340 kJ m~?), and elongation (1169%). The hydroge’s equilibrium swelling
capability is strong, resulting in improved methylene blue adsorption capacity
(198.6™¢&=1), The kinetic and isotherm models are listed in Table 1. The hydroge’s
high adsorption efficiency is attributed to t—x stacking and hydrogen bonding [44].
Wau et al. [45], synthesized PVA/CNCs/graphene hybrid gel by suspension titration
of t-butanol solution substitution and freeze-drying method. The effectiveness of
gel in removing methyl blue from wastewater was tested. In the adsorption reaction
phase, the optimal concentration of gel was determined to be 2.0 g L~!, and maximal
adsorption was achieved in 120 min. The greater the elimination action, the higher
the starting pH value of the MB solution.
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6.2.2 Chemical Gels

Chemical crosslinking results in robust and long-lasting fibers and is achieved with
covalent bonding either through radical polymerization, enzymatic, irradiation, and
chemical reactions. Chemical hydrogels are created by covalent crosslinking, elec-
trostatic, or hydrophobic interactions with added chemical species. Chemical cross-
linkers for example epichlorohydrin (ECH), citric acid, aldehydes, succinic anhy-
dride, metal ions, and many others can covalently link PVA. Among aldehydes,
glutaraldehyde (GA) has indeed been frequently employed for chemical crosslinking
of PVA accomplished by an effective reaction between the -OH groups of PVA and
the carbonyl (C=0) groups of GA in an acidic medium [20, 46]. Native PVA hydrogel
beads crosslinked using glutaraldehyde were produced for Congo Red removal from a
prototype industrial effluent by fixed-bed reactor and batch techniques. The highest
adsorption capacity (34 mg g~') was reached using this newly developed adsor-
bent (at pH 6 and 45 °C). Multi-layered adsorption regulated by the Harkins Jura
model was discovered in batch investigations. The adsorption kinetics, on the other
hand, were regulated by intraparticle diffusion processes and followed a fractal-
like pseudo second-order model. When low bed height and high dye influent rates
were employed in fixed-bed investigations, steeper break-through curves were seen
during removal operations. Thomas mathematical model best described this behavior.
According to the research, internal and external mass diffusion became no longer
rate-limiting throughout these studies [47].

Novel magnetic chitosan/PVA hydrogel beads were synthesized by a freeze-
thawing process for methyl orange adsorption. The initial concentration of dye and
pH played the greatest impact on the removal process. The dye adsorption onto
the beads was quick. Furthermore, the low-cost magnetic adsorbent can be renewed
and reused for color removal in basic media [48]. The freeze-thaw method was used to
make glutaraldehyde crosslinked PVA/cellulose nanofibril aerogel nanocomposites,
succeeded by in-situ production of ZnO particles using precursors. Methylene blue in
an aqueous solution was decolorized using the aerogels through combined adsorption
and catalytic degradation using sodium borohydride. After 10 cycles of treatments,
the inclusion of ZnO particles in the highly durable and recyclable crosslinked PVA-
based aerogel enhanced MB removal by twofold. PVA improved the mechanical
properties and structural integrity of aerogels, acting as areinforcing agent and binder.
To speed up the degradation of organic dyes, reducing agents including benzoin radi-
cals, diphenyl phosphine, and sodium borohydride (NaBH,4) were employed. In the
existence of NaBH4, the generated ZnO-filled PVA-based aerogel was utilized as
a bi-functional catalytic substrate for concurrent dye adsorption and discoloration
[49].

Although the immobilization process may increase TiO, separation ability, it typi-
cally reduces the overall photocatalytic effect when compared to dispersed TiO,
owing to a reduced surface/volume ratio and substantial depletion of photocat-
alytic active surface sites. As a result, a new synthesis technique to create TiO,
photocatalysts that not only have strong photocatalytic performance but could also
be reliably separated following photocatalytic events is required. The surface area
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of the photocatalyst is needed to be extended to optimize photocatalytic effective-
ness. The surface/volume ratio of micro and nanospheres is quite high. They exhibit
colloidal characteristics at the smaller end of their size distribution range. Micro or
nanospher’s interfacial characteristics are particularly essential and often indicate
their activity. The following are the most essential physicochemical properties that
may be regulated during microsphere production: size and dispersion of particles and
molecular weight of the polymer. Microgels, particularly ones with large size, maybe
easily isolated from the system via sedimentation or filtration, which is a benefit when
compared to nanostructured materials, and has been used and forecasted as reliable
catalysts [34].

6.3 Fibers Based on PVA

PVA-based fibers are dipped in the dye solution to get them adsorbed onto fibers.
Mahmoodi et al. [50], used a mesoporous PVA/chitosan/SiO, hybrid nanofiber as
a potential dye removing material. The optimum conditions of pH = 2, adsor-
bent dosage of 0.015 g, initial dye concentration of 515 mg/L, and maximum
adsorption capacity of 322 mg/g were found in this report. Metal-organic frame-
works have attracted researchers in the past decade because of their well-known
features such as extreme porosity, high adsorption capacity, chemical, and phys-
ical stability, huge surface area, and other well-known qualities. The development
of bio-nanocomposites based on MOF for water treatment applications has been
more popular recently. In this regard, Mahmoodi et al. [51], coated ZIF-8 @CS/PVA
electrospun nanofiber, a zeolitic imidazolate framework-8 crystal was deposited
onto chitosan/PVA blend nanofiber. The composite fiber followed Langmuir adsorp-
tion isotherm.

6.4 PVA-Based Membranes

PVA-based composite membranes can be used as adsorbing as well as a filtering mate-
rial for dyes due to their surface functionalities and porous texture. These membranes
can also be used in photocatalytic reactors if modified by a photocatalytic compo-
nent, e.g., TiO, or Fe;0y4. The electrospun nanofibrous composite membrane made
of PVA, chitosan, and zeolite was used to adsorb methyl orange. Due to the addition
of zeolite to blended chitosan/PVA, the membrane’s Young’s Modulus improved by
> 100%. Most of the dye was adsorbed onto the membrane in 6 min, according to
UV-VIS measurements. With the increase in pH value, the adsorption performance
dropped. After many cycles with methyl orange, the resultant nanofiber became less
effective. Chitosa’s binding sites are -hydroxyl and -amino groups, which aid in
the interaction of organic dyes. Under harsh conditions, however, it is less stable.
PVA acted as a crosslinker also that helped chitosan stay more stable. It strengthens
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chitosan by forming hydrogen bonding, resulting in additional binding sites for dye
interaction. Thus, an appropriate filler material like zeolite can improve the nanofi-
brous membran’s tensile strength. Zeolites also provide the opportunity for ion
exchange during dyes interaction due to their aluminosilicate framework containing
cations that may be exchanged. Thus, the membrane can serve as a powerful adsorbent
because of its porous architecture and cation exchange capacity [53].

A dip coating technique was used to create novel PVA/poly (vinylidene fluo-
ride) hollow fiber hybrid membranes amended by nano-TiO, for dye wastewater
treatment and desalination. To upgrade the chemical/mechanical/thermal stability,
the composite membrane was crosslinked employing glutaraldehyde. The dye/salt
separation process of the composite membrane was significantly affected by pH, dye
and salt concentration, and feed solution temperature. With Congo red, NaCl, and
Na,SO4 as model chemicals, the fouling, separation, and thermal stability were
also assessed. According to the separation results, the 1,/L nano-TiO, amended
membrane had the best accomplishment regarding CR, MB, and MO rejections,
being 9472.57%, 9272.20%, and 52.172.45%, respectively. Furthermore, none of
the PVA-composite membranes were salt rejecting (NaCl, Na;SO4). The nano-
TiO, amended PVA-composite membrane has better antifouling, separation effi-
ciency, and thermal properties than the unmodified PVA-composite membrane.
The membrane can be used under high-temperature conditions and strong acid dye
solution treatments [54].

A new method has been devised for eliminating water-soluble impurities and oil
droplets from stabilized oil/water emulsions at the same time. The PVA/Si0, hybrid
coatings were made by a single-step hydrolysis/co-condensation process, resulting
in a mesoporous structure with a nano-sized pore width (9.31 ,,) and an abundance
of -NH, groups. PVDF membranes stuck strongly by hybrid coatings, possess super-
hydrophilicity, extremely high-water flux, underwater superoleophobicity, excellent
antifouling activity, extremely effective oil-in-water emulsion segregating capability,
and gravity-driven separation capacity. Furthermore, methyl blue and copper ions
can be efficiently absorbed from the aqueous phase, with adsorption capacity values
of 41.88 mg/g and 52.8 mg/g, respectively. The prepared membranes are a worthy
material in practical implementation for water treatment, filling the gap between
oil/water separation and contaminants adsorption, thanks to their ultra-low oil adhe-
sive properties, significant lasting chemical durability, and outstanding reusability
[22].

6.5 PVA-Based Films

Films can be used for the adsorption and degradation of dyes. The adsorbent films
or photo-catalytically active films are usually immersed in dye contaminated solu-
tion and either adsorption and/or degradation involving radicals species takes place in
reaction media. For a variety of technological applications, the synthesis of plasmonic
nanocomposite coatings with adjustable photocatalytic and optical characteristics is
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critical. The photocatalytic, optical, and microstructural, characteristics of an Ag-
TiO,-PVA thin film nanocomposite have been modified. Ag-TiO,-PVA thin films
were formed on silica glass. With increased ion fluence, the morphological develop-
ment of thin films caused by ion irradiation showed intriguing variations in the particle
size distribution of nanostructures. Ion irradiation at 1 * 1013 ions/cm? significantly
improved the photocatalytic activity of thin film nanocomposite for methylene blue
photodegradation [56]. New PVA/CQDs film nanocomposites for methylene blue
elimination were prepared. These films were obtained by combining PVA and CQDs
nanoparticles (prepared in zero-dimension using microwave heating). The signifi-
cant association between PVA and CQDs nanoparticles through hydrogen bonding
was verified by XRD and FTIR spectra. The quantities of CQDs implanted in the
PVA matrix are accountable for the adjustable structural and optical characteristics
of nanocomposite film. Nanocomposites including (PVA/CQDs 2 wt%) can remove
a higher concentration of dye (30 mg/L) from the solution. Anti-ultraviolet, desalina-
tion and catalytic water decomposition are all anticipated benefits of PVA/CQDs films
[55].

7 Conclusion

PVA has a great potential for the elimination of toxic textile dyes from water,
due to its enormous compatibility to be combined with several materials including
conventional adsorbents (activated carbons, fly ashes, clays, biomasses), biomate-
rials (biopolymers, biochar, etc.), polymers (synthetic and natural), carbonaceous
materials (graphene, graphene oxide, graphitic carbon nitride, CNTs/MW-CNTs,
carbon quantum dots), waste-derived materials (fly ashes, used biomasses, etc.),
metallic materials (semiconductors, metal-oxides, metal-sulfides, etc.), and advanced
materials (Metal-organic frameworks, layered double hydroxides, etc.). PVA-based
hybrid materials show much-improved performance than their native counterparts.
Moreover, these materials can be transformed into various forms, e.g., membranes,
fibers, composites, films, and gels for different treatment technologies, e.g., filtration,
adsorption, and degradation. However, discussions of all these materials’ detailed
applications for dyes removal are beyond the scope of this chapter. The chapter
outlined the important material categories and removal methods employed for the
elimination of dyes. The research is continued to develop, optimize, and implement
these polymer-based technologies for dye decontamination.
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PMMA  Polymethyl methacrylate
PPSU Polyphenylsulfone

Psf Polysulfone

PT Polyester textile

PVA Polyvinyl alcohol

PVDF Polyvinylidene fluoride

RO Reverse osmosis

SDS Sodium dodecyl sulfate

SEM Scanning electron microscope
TPC Triphthaloyldechloride

UF Ultra-filtration

uv Ultraviolet

ZIF67 Zeolitic like framework-67

1 Introduction

Conventional water technologies have long been supplanted and superseded by
polymer technology. The techniques have been refurbished by advent of nanotech-
nology that facilitated supply of quality water through use of safe and modern
technologies.

Dyes are an important class of organic compounds, having functional groups
responsible for color, (Fig. 1a) that can be divided into various classes as per descrip-
tion of color index (Fig. 1b). These dyes especially the azo ones (—N=N—) which
accounts for 65-70% of total dyes production, are regarded as one of the poten-
tial contaminants that can deteriorate the water quality even at small quantities and
owing to their biodegradable nature pose serious threats to the environment as well
as aquatic system [73]. The world dye consumption data as presented in Chem-
ical Economics Handbook (2021) determines it to be population based with Asia as
highest (Fig. 1c).

Dyes are consumed in various industries like textile, leather, cosmetics, pharma-
ceutical etc. but the largest consumption is in textile sector [67]. The textile industry
waste water is deemed as a complex system consisting of dyes, salts, heavy metals,
oils and greases, solvents, detergents etc. based on the processing protocols. Further-
more, high COD (chemical oxygen demand) and pH values offer much challenges
in water processing [107]. There are number of methods that are used for treat-
ment of dye containing effluent which include coagulation, flocculation, adsorption,
electrolysis, membranes, oxidation etc. [102]. Among these, the membrane tech-
nologies are considered as one of the promising techniques that have potential of
incorporating advance technologies and removal of large amounts of water while
maintaining the desired efficacy and quality of water. This chapter hence focuses
on latest developments pertaining to membrane technology while focusing on dye
removal.
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\

Sulphur dyes Colloidal, Water insoluble

Fig. 1 Dyes’ a functional groups, b classification, ¢ consumption pattern in the world

2 Polymeric Membranes

One of the noble challenges to assist the novel society is to defend adequate resources
of water of desirable quality for several designated purpose. To compensate this chal-
lenge for water treatment polymeric membrane played a significant role in treatment
of drinking brackish water and waste water for their reuse [110]. A membrane can be
stated as an intermixing of two phases behaving as a selective barrier that allows some
molecules, ions and particles to pass through while curtailing others [31]. Hence-
forth, enabling removal of different inorganic and organic molecules including low
molecular weight solutes from solution [94]. Polymeric membranes are usually cate-
gorized on basis of applications: (1) Ultra-filtration (UF) (2) Microfiltration (MF) (3)
Nanofiltration (NF) and (4) Reverse osmosis (RO) which also becomes the criteria
of classification based on pore-size and applied pressure (Fig. 2).
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Fig. 2 Different polymeric membranes with a their structure, pore size, applied pressure and b
selective filtration

These synthetic membranes are available in diverse nature and forms [26, 27] and
offer certain advantages in essence that they are easy to handle, easy to scale-up,
less costly, low energy consumption and flexible in use and applications but they
also suffer from some critical drawbacks like chemical attack and fouling. Hence-
forth, most of the studies have been focusing on thorough blending and modifica-
tions of these polymeric materials to improvise and revamp the their properties with
special focus on salt rejection, water flux, antifouling and chemical resistant proper-
ties [13, 30]. This offers added advantages of improved mechanical strength, higher
stability, hydraulics performance, high stability, tunable properties with focus on
pore structure, surface functionalization and skeleton chemistry [72].

Polyimide ultrafiltration membrane fabricated from 2,4,6-trimethyl-
1,3-phenylenediamine, 4,4'-diaminodiphenylmethane and 1,2,4,5-
benzenetetracarboxylic dianhydride molecular weight cut off (MWCO) cut off
of 9320 Da resulting in passing of both monovalent and divalent salts (NaCl and
Na,;S04) and rejection of dyes (Direct red 23 > Congo red > Coomassie brilliant blue
> Evans blue) in range of 93-98%. The operating temperature range of 20-90 °C
was deemed suitable for textile industry but these membranes show de-structuring at
pH > 13 [107]. On other hand, the surface functionalization of polymeric membrane
(Cardo poly (arylene ether ketone) equipped with hydrophilic carboxylic acid
groups) depicted improved uptake for all the dyes (99.8-98%) with dye rejection
order: Congo red dye > Direct red 23 > Coomassie brilliant blue > Evans blue at
0.4 MPa. This ultrafiltration membrane possesses dye permeation flux of 100.9 L
m~2"~1 and resulted in complete penetration of monovalent ions with MW cutoff of
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9260 Da but resulted in 10% rejection of divalent salts. The membrane is operatable
till 95 °C and pH range of 1-10 with added advantage of possessing anti-fouling
behavior as well as anti-dye adsorption properties with a high flux recovery ratio [51,
53]. Utilization of pre-synthesized GN polymeric membrane (MWCO ~ 10,000)
was only able to reject 78.95% of Direct 15 dye at operating pH range of 2-11,
pressure 276—1379 kPa and temperature of 50 °C. The cake resistance of 4.66 x
10719m=1 was observed when 20 ppm dye concentration was used [1].

Ultrafiltration polymeric membrane prepared from blending of polyphenylsulfone
(PPSU) with increasing concentration of polyethersulfone (PES) helps in improving
porosity, enhancing hydrophilicity and decreasing the contact angle enabling better
uptake of acid black 210 (99% at 3 bar) at 35 ppm dye concentration with PES concen-
tration of 4%. The rejection rate was not impacted by changes in pH and temperature
[4]. Similar studies on blended PPSU-PES also confirmed the influence of blending
ratio on contact angle and consequently dye elimination efficiency. The increase in
blending ratio of PES (i.e. 0, 1, 2, 3, 4%) was also observed to increase pore size, pore
density and roughness. The roughness was also found to be related to antifouling
and with 4% PES, roughness value increased to about 93% with significant reduction
in contact angle. Room temperature studies of the prepared membrane PPSU-PES
(16:4 wt./wt%) showed 96.62% dye (Drupel Black NT) separation at 50 ppm [28].

Modification of polymeric membranes with surfactant was found important factor
in controlling dye rejection rate. Cellulose acetate modified PVA (CA-PVA)-based
polymeric membranes with improved mechanical strength, enhanced antifouling
and surface wettability were produced by employing different ratios of PVA. With
different doping ratios of PVA, the resulting membranes showed different morpho-
logical changes that impact the rejection rate as well as flux. The membrane produced
at blending ratio of 6% having molecular weight of 800 Daltion showed good dura-
bility for long-term applications resulting in almost 100% rejection of crystal violet
dye at flux of 17 LHM. The rejection rate was observed to be highly pH dependent
which increases as the pH increased from 3 to 11 [56].

Polyvinylidene fluoride (PVDF) membranes modified by Brijj-58 depicted
improved hydrophilic character as compared to the one modified by using same
weight percentage of PEG-400. The water contact angle decreases in the order Pris-
tine membrane > PEG 400 additive (2%) > PEG 400 additive (4%) > Brij-58 additive
(2%) > Brij-58 (4%) which can be attributed to structural differences between the
two surfactants i.e. molecular weight and hydrophobic tailing. Generally, dye rejec-
tion faces reduction with decrease in membrane hydrophilicity but in current case
the opposite scenario was observed which can be due to development of enhanced
porosity induced with increase in surfactants ratio which also effects the molecular
weight cutoff factor of these modified membranes [68].



28 R. Nazir et al.

3 Metal and Metal Oxide-Based Polymeric Membranes

Amalgamation of Metal/metal oxide into the polymeric materials is another area that
is exploited by researchers to explore new horizons in water treatment applications.
These composite membranes are much appreciated for their enhanced durability,
better selectivity, tunable properties, improved antifouling properties, structural
flexibility and photoluminescence behavior. Inspite of their added advantages these
membranes pose some difficulty owing to issues with homogeneous dispersion of
metal/metal oxide NPs into the polymer matrix which can be further aggravated by
aggregation of NPs. This can be attributed to multiple factors like liquid—solid surface
interactions, NPs concentration and solution’s pH and ionic strength. Hence, in the
fabrication of polymeric membranes the synthetic protocols, nature of functional
groups present in the backbone of polymer and metal/metal oxide nature are deemed
very important [65, 69]. Two synthetic protocols are usually preferred for synthesis
of metal/metal oxide polymeric composite membranes: (i) addition of NPs to casting
solution resulting in Phase inversion and (ii) immersion of polymeric membrane into
NPs aqueous suspension [15]. There is a huge list of NPs that have been incorporated
into the polymeric matrix (Table 1), few of which are highlighted in this chapter.

3.1 Silver NP

Silver ions are long recognized as effective antimicrobial agent, even at very low
dosages, making them suitable material for handling fouling of membranes from
microbial growth [88]. Most of the reported literature, hence, is targeted on antimicro-
bial properties of the Ag-doped membranes while few of them address dye rejection
potential of these membranes.

Nanofiltration membrane decorated with Ag NPs was prepared by polyvinyli-
dene fluoride (PVDF), polyethylene glycol (PEG), zeolitic like framework-67
(ZIF67), ethylenediamine and polyester textile (PT) support. The membrane i.e.
(PT/Ag/PVDF-PEG/ZIF-67) selectively removes rose bengal dye (96%) in presence
of interfering dyes (amido black and methylene blue) with selectivity factor of 12.7
and 14.4, respectively [60]. Another hybrid membrane is prepared by incorporation
of Ag-AgBr into triethanolamine modified PAN (PAN-ETA) with help of chitosan-
TiO;. The resulting polymeric membrane (PAN-ETA/CS-TiO,/Ag-AgBr) was able
to reject methyl orange (88%) > Congo red (95%) > methylene blue (97%) > rose
bangal (~ 100%). When the membrane is irradiated in visible light, it resulted in
high photocatalytic degradation of dyes (90-97%) which was attributed to formation
of electron-hole pair in Ag/Ag-Br. These electrons and holes will result in radicle
formation i.e. -O,~, -Br~ and -OH which are responsible for degradation of dye
molecules [101].
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Table 1 Metal and MO-based polymeric membranes and their application in removal
Polymer Metal/metal oxide Synthetic Dye Removal References
NPs approach capacity
PVDF Ag - Rose 96% [60]
Bengal
Psf Pd (2%) Phase inversion | Crystal 99% [33]
violet
PVDF TiOy (1.5%); Phase inversion | Methylene | 99% [66]
anatase blue
PVDF TiO, (0-1%) - Brilliant 81; 89% [95]
green;
indigo
carmine
PES TiO; (13%) mixture | Phase inversion | Methyl 90% [40]
of anatase and rutile orange
PES TiO, with N and Pd | Phase inversion | Eosin 92% [47]
(7%) yellow
Psf PANI modified TiO; | Phase inversion | Reactive 81.5; [78]
black 5; 96.5%
reactive
orange 16
PES ZnO (0.035%) Phase inversion | Methyl 82.3% [14]
blue
Polyethylene ZnO Thermal Blue 99% [97]
induced phase | indigo dye
separation and
chemical bath
deposition
method
PS{/PVA ZnO (0.5%) - Congored |53.5% [46]
Psf/PVA SiOy - Congo red | Negligible | [46]
Polyamide ZnO-TiO; (1:1-2:1) | One step and Methylene |30-51% [12]
(polydopamine two step blue
modified)
-do- TiO; (0.01-0.05%) Methylene | 30-35%
blue
-do- ZnO-TiO2 (1:1-2:1) Methylene |31-53%
blue
PVDF ZnO-La (37%) Electrospinning | Methylene | 96.3% [76]
blue 3.4%
Rhodamine
B
PES Zn0 (17%) Phase inversion | Methyl 100% [62]
orange
PVDF Lead-zinc oxide Non-solvent Reactive 98% [24]
induced phase | black 5

separation

(continued)
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Table 1 (continued)

Polymer Metal/metal oxide Synthetic Dye Removal References
NPs approach capacity
PVDF Zn0O Phase inversion | Methylene |>90% [25]
blue
Polypyrrole Zn0O Immersion Methylene |96.1% [113]
blue
Chitosan Zn0O/CuO - Fast green | 91.2% [6]
Chitosan ZnO - Fat green | 71.4%
Cellulose ZnO Solution Reactive - [91]
acetate-polyurethane dispersion red 11;
blending reactive
method orange 84
Polyethyleneimine SiO; (0.1%) - Crystal 99% [45]
(PEI) violet
Chitosan/PVA Si0; (1.0%) Electrospinning | Directred | 98% [41]
23
PES-polyvinyl SiO; coated Phase inversion | Rhodamine | 90% [98]
pyrrolidone magnetite B, direct
black 38,
reactive
green 19
PES Fe304@SiOy.NH; | Phase inversion | Methyl red | 97% [43]
PVA Si0y One-step Methyl 41.8 mg/g | [52]
hydrolysis and | blue
co-condensation
PVA Pd decorated Electrospinning | Methylene | 99% [109]
polydopamine-SiOp blue 99%
Congo red
Vinyl-modified SiOy Electrospinning | Malachite | 220.5 mg/g | [105]
mesoporous green
poly(acrylic acid)

3.2 TiO; NPs

TiO, NPs is known for its photocatalytic activity and have been used in various water
treatment applications. TiO, exists in three forms (Rutile, Anatase and Brookit) and
most stable form is rutile [15]. Dye removal is mediated by synergistic effects of
adsorption and photodegradation and hence resulting in improved rejection.
Polyvinylidene fluoride (PVDF) membranes decorated with anatase TiO, showed
incremental increase in porosity of membrane with enhancement in TiO,/PVDF ratio
[66, 95] which consequently decreases the rejection capability of doped membranes
(21% from 45%) [66]. Further increase in TiO,/PVDF (> 0.5) led to collapsing
of structure and consequently decrease in porosity [95]. Different treatments of
membrane like ethanol conditioning or addition of sodium dodecyl sulfate (SDS)
into the methylene blue solution significantly improve dye rejection rate. In case of
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SDS, rejection rate jumps to 99% from 21% which is attributed to SDS deposition
and gel layer formation onto membrane surface resulting of clogging of pores [66]. In
case of ethanol, structural changes of membrane are not evidences but enhancement
in contact angle was observed owing to wetting of both external as well as internal
pore surfaces which increases dye rejection [95].

UV-cleaning of membranes showed significant rejection recovery (91%) and
degradation of methylene blue by cleavage of C=N bond [66]. Increase in membrane
porosity with increase in TiO; loading (0—13 wt%) was also observed for TiO,—PES
film while further rise results to pores blockage. Contrary to previous finding increase
in TiO, content led to high photocatalytic degradation of dye by the composite
membrane under UV irradiation [40]. Visible light irradiation for 180 min was found
successful to degrade 92% eosin yellow dye when PES matrix was co-doped with 7%
N, Pd and TiO,. Moreover, same relation between porosity, wt% of doped content
and dye degradation hold good in this case as well [47].

Modification of TiO, by various means is also known to impact photodegradation
of dyes. Polyaniline (PANI) modified TiO, NPs, when incorporated in polysulfone
(Psf) resulted in hollow fiber membranes which dye rejection rate directly depends
on PANI-TiO; concentration. The NH* of the polymeric membrane interacts electro-
statistically with anionic dyes i.e. Reactive Black 5 and Reactive Orange 16 leading
to rejection of 81.5% and 96.5%, respectively [78].

Selectivity of the polymeric membranes toward specific dye can also be enhanced
by modification of TiO, NPs with molecular imprinting polymer. The resulting
membrane TiO,/Psf, promotes selective uptake and consequently degradation of
methylene blue (90%) owing to electrostatic attraction between dye molecule and
polymeric surface [59]. Self-cleaning properties were also inculcated in membranes
by modification of TiO, with two different Polydimethylsiloxanes (PDMS) i.e.
Vinyl-terminated (AHV) and hydroxyl-terminated (AHH). AHV gives hydrophobic
character to the membrane while AHH resulted in hydrophilic surface. The AHV-
PDMS/TiO, membrane depicted almost similar kind of dye photodegradation
activity as was noticed by TiO, NPs suggesting the presence of exposed TiO, regions
on the polymeric surface promoting direct interaction of dye molecules with TiO,.
On the other hand, continuous polymeric films result in complete layering on TiO,
which consequently doesn’t allow direct contact of dye molecules with NPs and hence
no photocatalytic degradation of dyes (rhodamine B). Such surfaces which are not
completely covered by polymer layer help in degradation of dyes which contributes
to self-cleaning property of these membranes which facilitates their reuse-ability
with almost same efficacy for number of cycles [64].

3.3 ZnO NPs

ZnO NPs’ capability to perform under sunlight radiation, high photocatalytic activity,
enhanced stability and less toxicity makes these materials excellent candidate for
polymeric composite membranes [91].
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Impregnation of ZnO into PES membrane at lower concentration results in homo-
geneous distributed membranes having microvoids. Increase in ZnO loading (> 17%)
causes increase in agglomeration of ZnO and reduction in pores which consequently
damage the membrane structure [62]. Similar studies performed by varying both ZnO
and PES weight percentages showed that enhancement in ZnO resulted in formation
of hydrophilic membranes while on other hand increase in polymer concentration
induces hydrophobic character to the membranes. Furthermore, rise in PES ratio also
led to reduction in macrovoids which together with ZnO induced charge effects and
hydrophilicity enables rejection of dyes with molecular weight smaller than 400 Da
[14].

Surface modification of polyethylene with ZnO layer was affected by activation
of PE either with KMnOy or plasma by varying immersion time, Zn and KMnO4
concentration. The thickness of leafy structure obtained by immersion of polymer
into Zn(NOs3), solution gets more dense with increase in immersion time which
indicates higher concentration of Zn deposition on the PE layer. Furthermore, reduc-
tion in contact angle and improved hydrophilicity was also found connected with
Zn deposition. Significant variations in pure water flux were recorded with change
in immersion time as well as Zn(NO3), and KMnQO,4 concentration which attains
maximum value at 40 min, 0.5 M and 5 M, respectively resulting in almost 99% dye
rejection which stays considerably constant even after 5 cycles [97].

Doping of rare earth/ZnO nanostructures into PVDF matrix impacts pore size in
order La > Er > Sm. Higher color removal was achieved by increasing the rare earth
concentration while the maximum was achieved at La/ZnO (37%) concentration
leading to 96 and 93% removal of Methylene blue and rhodamine B after 360 min
irradiation. The membrane still retains its capability to 98% even after 10 cycles [76].
Transition metal (Pb) co-doping with ZnO also effects the dye rejection capacity of
polymeric membranes. Sol-gel prepared ZnOPb, when immersed in PVDF at varying
ratios resulted in formation of membrane with finger like macrovoids which increase
as the loading ratio rises. Contrary to the earlier results, increase in ZnOPb upto
10% weight didn’t impact porosity and hydrophilic character of membranes but
after that increase in dopant amount reduces the hydrophilicity of membrane, while
no significant change in porosity was observed. There is appreciable increase in
dye rejection with increase in doping of NPs as compared to neat membrane which
follows the order: PVDF (68.5%) < PVDF/ZnOPb-5% (86.6%) < PVDF/ZnOPb-
10% (95.5%) < PVDF/ZnOPb-20% (98.9%) [24].

3.4 SiO; NPs

SiO, nanoparticles are another metal oxide that is fancied by the researchers
involved in water treatment technologies. These NPs have strong surface energy
and are capable of forming membranes that offer high selectivity, permeability,
hydrophilicity, chemical stability with appreciable flux and antifouling potential [17].
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Interfacial polymerization was PEI with triphthaloyldechloride (TPC) resulted in
positively charged surfaces, further incorporation of SiO, at different weight concen-
trations resulted in hydrophilic polymeric membranes. The contact angle reduces
with increase in SiO, doping which consequently improves their fouling resistance
and dye rejection rate. Maximum dye (crystal violet) uptake i.e. 100 and 99% was
observed for 0.1% loading of NPs in water and 2-propanol, respectively [45]. Amino
functionalized PVA/SiO, gel layering onto PVDF induces hydrophilic character
resulting in easy wettability of the coated membranes as compared to the uncoated
ones (PVA/PVDF). These coated membranes interact with Methylene blue at acidic
pH as aresult of electrostatic interaction with membranes’ protonated primary amine
groups (-NH3 + ) at acidic pH resulting in uptake capacity of 41.88 mg/g and
high removal efficiencies (99.76%) even after 5 cycles [52]. The modification of
poly(acrylic acid)/SiO, by triethoxyvinylsilane to enable higher uptake of dye i.e.
220 mg/g owing to formation of nanofibrous vinyl modified polymeric membrane
which was found absent in unmodified membrane (Fig. 3a, b). Three mechanisms
were proposed for probable interaction of polymeric membrane and dye molecule
(malachite green) as presented in Fig. 3c, (1) Electrostatic interaction between silica
(negatively charged —Si—O~ and —COO™) and malachite green (positively charged
—N™*), (2) physical adsorption and (3) Conjugation effect between membrane (vinyl
or carbonyl group) and dye’s delocalized m bond.

©

Fig. 3 SEM images of a unmodified and b vinyl modified poly(acrylic acid)/SiO, and ¢ mechanism
of interaction with modified one with malachite green [105]
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Modifications of membranes through metallic impurity doping were also tried
in an effort to alter the membranes properties and consequently dye rejection rate.
Co-deposition of dopamine and Pd NPs onto PVA/SiO, resulted in formation of Pd
decorated polydopamine-SiO,/PVA membrane which showed degradation efficacy
of 99% toward methyl blue and Congo red dyes in presence of NaBH, which was
proposed to donate electron to Pd that were onwards transmitted to dye molecule
to affect its degradation. The developed membranes show superhydrophilicity with
contact angle of 0° enabling their good recyclability upto 5 cycles while maintaining
same degradation potential i.e. 99% [109].

4 Clay-Based Polymeric Membranes

Clays have gained considerable attention owing to their high surface area, porous
and layered structure and nanoscale sizes. Performance of the polymeric membranes
can be enhanced by their combination with clay materials resulting in advanced and
tailored properties of the resulting composite membranes like pore size, roughness
and hydrophilicity [16, 85] which are useful for removal of dyes. There are number of
inorganic clays (Table 2) that are used for the purpose after surface modifications to
enhance their compatibility with organic polymer [39]. These clay-polymeric hybrid
membranes (CPM) can be classified into three types: (i) Exfoliated nanocomposites,
(i) intercalated nanocomposites, (iii) micro-composites [7].

The ratio of clay nanoparticles to that of polymer, polymer nature and presence
of other additives have considerable impact on the properties of membranes like
pore structure, fouling potential, water permeability [8, 85]. In addition to these,
polymerization approach used also affects the membrane properties as well as dye
removal. Increasing the clay to monomer ratio initially results in increasing the
adsorption capacity but further increase results in aggregation of clay particles into
the polymeric matrix making it difficult for dye molecules to reach the ionic sites
and hence reduction in dye removal [49].

Chitosan/PVA composite prepared by taking varying ratios (30:70; 50:50; 70:30)
which when physically blended with 5% MMT resulted in polymeric membranes
with different swelling ratio and dye adsorption. Swelling ratio increase with increase
in PVA in MMT/chitosan/PVA membrane but in general addition of clay into the
chitosan/PVA was observed to decrease the swelling ratio owing to intercalation of
clay with polymeric structure which makes membranes more rigid. In case of dye
adsorption addition of MMT to the chitosan/PVA membranes slightly reduces the
uptake capacity of the hybrid membrane. Freundlich model best describes the dye
adsorption by the membrane [8].

Intercalation of organically modified clay MMT with Polyacrylonitrile (PAN)
resulted in nanofibrous polymeric membranes which morphology, diameter and dye
degradation potential are highly dependent on MMT ratio added to the polymer.
There is incremental decrease in the average diameter of pure PAN (350-375 nm)
with increasing ratio of MMT i.e. 325 nm (1%), 240 nm (3%) and 138 nm (5%) was
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recorded with formation of beaded structure owing to aggregation (Fig. 4a—d). This
decrease in diameter is associated with increase in surface area and porosity which
consequently enhanced the dye removal with maximum uptake of 97% at 5% loading
ratio. Introduction of TiO, multiple layers (3—6) by spin coating onto the PAN/MMT

Nanofiber
membrane

Spin coating
Sy

TiO; coated composite
nanofiber membrane

Photocatalytic

Adsorption degradation
e R

" e N e N N T,

CHy CHa

Fig. 4 SEM images of a PAN/MMT—O0wt% MT; b PAN/MMT—1wt% MT; ¢ PAN/MMT—
3wt% MT; d PAN/MMT—5wt% MT; e PAN/MMT—O0wt% MT and TiO;; f PAN/MMT—1wt%
MT and TiOz; g PAN/MMT—3wt% MT and TiO>; h PAN/MMT—5wt% MT and TiO; and i
PAN/MMT/TiO; synthesis and degradation mechanism for methylene blue [100]
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membranes further reduce the average diameters of membranes introducing steric
hindrance (Fig. 4e-h) that resulted in delayed adsorption but no significant impact on
dye adsorption was recorded (98.66% with 3 layers). On other hand presence of TiO,
significantly enhances the dye degradation when membranes having adsorbed dyes
were UV irradiated owing to formation of oxidative species which makes membranes
recyclable (Fig. 4i) [100].

Halloysite, a volcanic clay material with high silica and alumina content, is
also a material of choice for preparing CPM with and without modifications.
Depending upon the application various modifiers are used to improve their surface
properties [34]. Dopamine treatment of halloysite nanotubes considerably affected
the Polyvinylidene fluoride (PVDF)-based polymeric membranes’ hydrophilicity,
surface roughness, porosity, contact and antifouling properties. The dye rejection was
recorded to be 86.5, 85 and 93.7% for Direct Red 28, Direct Yellow 4 and Direct Blue
14, respectively. Studies showed that the membrane prepared by halloysite without
dopamine modification showed comparable dyes uptake [112]. Amine modifica-
tion of the halloysite with [3-(2-Aminoethylamino)propyl]trimethoxysilane resulted
in polyetherimide membrane with uniform distribution of the clay. Hydrophilicity
character of the hybrid membrane increases with rise in clay content leading to
dye uptake capacity of 20.4 and 19.6 mg/g for methylene blue and rhodamine B,
respectively [39].

Supporting thin film membrane of Polyvinylpyrrolidone into spongy polysulfone
followed by intercalation with halloysite nanotubes (10, 20 and 30 wt%) resulted
in membranes with thickness of 108, 122 and 228 nm, respectively and negatively
charged surfaces. The dye rejection rate was dependent on temperature while pH
shown to have insignificant effect. 20% Doping of nanotubes resulted in slightly
enhanced uptake of dyes (Setazol red reactive dye and Reactive orange dye) as
compared to undoped membrane; below and above this concentration addition to
nanotubes negatively impacts the removal rate [70].

5 Hydrogels, Xerogels and Aerogels-Based Membranes

5.1 Hydrogels-Based Polymeric Membranes

Typically, hydrogel is three-dimensional matrix constituted by linear/branched
hydrophilic polymers which are cross-linked either chemical or physical bonding.
These are characterized by their ability to absorb water with swelling ratio greater
than 100 and keeping stable network even in their swollen state [35]. Hydrogels are
hydrophilic in nature which are insoluble in water, have large water content and poor
mechanical strength [48]. These can be synthesized both physically and chemically
and in variety of forms, including slabs, nanoparticles, microparticles, films and coat-
ings [83]. On industrial scale following four methods are employed for the synthesis
of Hydrogels: (i) ultraviolet radiation [57], (ii) cross-linking through chemical [71]
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and (iii) through y radiation [3], (iv) and cross-linking agent such as glutaraldehyde
[93] and (v) through freezing—thawing of successive cycles [75]. The last method
is preferred because of its biocompatible nature and convenience, while the chem-
ical bonds (hydrogen bonds) in molecules formed by freezing thawing of polymeric
aqueous solutions, act as crosslinks [37].

These hydrogels are deemed highly feasible materials for dye removal from water
as they possess both cationic and anionic groups [22]. In this regard natural polymer-
based hydrogels have sought attention of researchers as a potential material for effec-
tive removal of both cationic and anionic dyes. Gum Sharma et al. [90], carrageenan
[22], hydroxyapatite [96], chitosan [87], wheat flour [58] are few of the materials
that have been exploited as source of biopolymer.

Guar gum-based biodegradable hydrogel (i.e. Guar gum-cl-poly(AA)) was modi-
fied with aniline followed by its acid doping with HCI to result in undoped and
doped Guar gum-cl-poly(AA-ipn-aniline) with conducting interpenetrating networks
(IPN), respectively. The studies showed increase in surface roughness in order: Guar
gum-cl-poly(AA) < Undoped Guar gum-cl-poly(AA-ipn-aniline) < Doped Guar
gum-cl-poly(AA-ipn-aniline) which also impacted its uptake capacity for methy-
lene blue dye. The semi IPN (Guar gum-cl-poly(AA)) resulted in 93% dye removal
while the undoped and doped depicted reduction in sorption capacity to 88 and 85%,
respectively at 70 °C and pH 10 [90]. A similar gum-based hydrogel prepared by
grafting of poly(acrylic acid-co-N-vinylimidazole) on katira gum was found effec-
tive for removal of both cationic dyes (i.e. Methylene blue and methyl violet) and
anionic dyes (i.e. Tartrazine, Carmoisine-A). The uptake is governed by pH resulting
in maximum removal of cationic dyes at 7 and that of anionic at pH 2-3 owing to
ionic interaction. In case of anionic dyes-SO3Na and imidazolic nitrogen of hydrogel
interact while for cationic dyes Y-NR,* interacts with the —COOH group of hydro-
gels as shown in Fig. 5. The removal of dyes by katira gum hydrogels follows the
order MB (331.5 mg/g) > Methyl violet (286.0 mg/g) > Carmoisine-A (273.5 mg/g)
> Tartrazine (201.5 mg/g) [42]. Contrary to that pH of dye (crystal violet cationic
dye) solution had almost no impact on the adsorption capacity but depicted high
dependence on Kappa-carrageenan (KC) ratio in the prepared polymer resulting
in an increase with increasing ratio, highest being recorded PVA:KC (0.6:1.4) i.e.
78.2 mg/g [54]. Considerable impact on sorption capacity of crystal violet dye
(198 mg/g) was also recorded by doping of nano silver chloride into KC-based
hydrogel i.e. [22].

Chitosan, another natural cationic polymer, is extensively used for the hydrogels’
synthesis [2, 61]. These chitosan-based hydrogels were found effective for removal
against wide range of dyes for both cationic and anionic dyes (Table 3). Adsorption
potential is determined by degree of cross-linking, more the cross-linking, more rigid
the structure is which drastically reduces the adsorption potential as well as swelling
ratio [21] (Table 3).
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Fig. 5 Interaction of cationic and anionic dyes with katira gum-cl-poly(AA-co-NVI) hydrogel at
different pHs [42]

5.2 Xerogels-Based Polymers

Xerogels, solid gel, is a porous structure produced from hydrogels through their
slow drying by interchanging a liquid phase (solvent crystals) with a gaseous phase
resulting in dense polymer with porous solid architecture [38, 63, 80]. Owing to their
high surface area these materials have been extensively used for dye removal [38].
Carbon-based xerogels (CX) are very prominent because of the presence of
conducting structures and enhancement in surface area and porosity resulting in
better uptake properties [114]. In addition to that an added advantage of these is
reusability making them cost effective [80]. The usual protocol of their synthesis is
by organic reactants’ sol-gel polymerization and polycondensation reactions. The
resulting xerogel porosity and surface area are impacted to great deal by pH of
initial precursor solutions. CXs were prepared from resorcinol, furfural and hexam-
ethylenetetramine at 4 different pH ranging 6.96-9.93 followed by the carbonization
at 900 °C. Xerogels hence obtained showed maximum BET area at pH 8.07 below
and above that reduction was observed. Similar order was noticed for the adsorp-
tion of dyes which followed the order: Methylene blue (250 mg/g), Acid blue 40
(245 mg/g), Reactive black 5 (~ 25 mg/g). The materials prepared had the advantage
of 70% regeneration [114]. Resorcinol to catalyst ratio as well as heat treatment
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temperature also found to influence the BET surface area and consequently the dye
uptake capacity. The former impacts the surface area more while the later has greater
influence on the pore volume [29].

Activation and modification of carbon are also deemed as factors that play impor-
tant role in the dye sorption capacity of the xerogels. The xerogel of resorcinol and
formaldehyde modified by different ratios of KOH performed superior to those modi-
fied either with steam or H3PO,4. The dye removal was maximized with KOH ratio
(4:1) resulting in uptake capacity of 455 mg/g and 499 mg/g for Chromotrope 2R and
Orange II, respectively [84]. Amine activation of xerogel obtained from hybrid mate-
riali.e. silica gel and diatomaceous earth promotes not only the scavenging activity of
Eriochrome black T but also promotes its selective uptake. The adsorption takes place
at acidic pH which protonates—NH, of xerogel to —NH;3;" which interacts strongly
with the sulphonic group of the dye molecule. On other hand other dyes (Malachite
green, Chrysoidine Y and Methyl orange) having tertiary or primary amine get proto-
nated at lower pH resulting in repelling of the dye molecules, hence no interaction
between dye and xerogel and promoting of selective uptake of Eriochrome black
[92]. Another hybrid material anilinepropylsilica xerogel with mesopores achieved
from aniline, 3-chloropropyltrimethoxysilane and etraethylorthosilicate was found
effective in pH range of 5.0 and 7.0 but resulted in poor adsorption of dye (22.6 mg/g)
[77].

2-Amino-5-mercpto- 1,-3,-4-thiadiazole (AMTD)-based Cu(Il)-AMTD coordina-
tion polymeric xerogel having highly porous structure was obtained at 80 °C after
4 h drying (Fig. 6). The gel was checked against multiple dyes (i.e. Congo red, Acid
fuchsin, naphthol green, methyl orange, thymol blue, azure I, crystal violet, methy-
lene blue, brilliant green, and safranine T) and was effective toward sulphonic dyes
only i.e. Thymol blue, Acid fuchsin and Methyl orange. The possible reason was
attributed to possible interactions (hydrogen bonding and electrostatic interactions)
between xerogel amino functional groups and dyes’ sulfonic groups. The order of
removal is as follows: Congo red [19.60 mg/g) > Acid fuchsin (16.12 mg/g) > naph-
thol green (15.88 mg/g) > methyl orange (14.86 mg/g) > thymol blue (10.50 mg/g)

Fig. 6 Cu(II)-AMTD xerogel a SEM image and b proposed 2D structure [20]
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> azure I (6.58 mg/g) > crystal violet (6.19 mg/g) > methylene blue (5.69 mg/g) >
brilliant green (3.69 mg/g) > safranine T (2.60 mg/g)] [20].

5.3 Aerogel-Based Polymeric Membranes

Aerogels are sol-gels in which the internal part is occupied with gas (air). They are
extensively branched, high porosity and high connectivity materials with density in
range of 1-1000 kg/m?. Almost 90-99% volume of these is occupied of air and very
little solid [9, 63]. As in case of xerogels, carbon-based aerogels are most promising
owing to their tunable properties and morphologies. They occur in different types
i.e. CNT aerogels, graphene aerogels, nano-diamond-based aerogels, and composite
of these [9].

Absorption capacity of carbon aerogels is dependent on their textural properties as
well as on the surface functionalities which can be hampered by employing different
carbonization temperature as well as surface modifications. Increase in carboniza-
tion temperature of carbon aerogel upto 500 °C caused decrease in adsorption
capacity of aerogel irrespective of dye used. After that further increase in carboniza-
tion temperature lead to increase in dye uptake for all the four dyes (i.e. Methylene
blue, rhodamine B, crystal violet, Acridine orange). The surface oxidation of these
carbon aerogels by different agents enhances their oxygen level which follows the
order: HNO;3; > air > H,O,. Higher absorption rates were noticed for HNO3 and
rest of the two had little impact on uptake capacity of gel [108]. Modification of the
graphene oxide-based aerogels with cellulose acetate nanofibers resulted in selec-
tive adsorption of cationic dyes which recorded exponential increase in adsorption
capacity i.e. 825 mg/g (Neutral red), 750 mg/g (methylene blue), 700 mg/g (methy-
lene green), 650 mg/g (thodamine B), 600 mg/g (crystal violet) while for anionic
dyes (indigo carmine) no adsorption was observed. The phenomenon was attributed
to negative charge on aerogel which interacts strongly with the cationic dyes [103].
A green approach was also tried for the synthesis of carbon aerogels using starch as
raw materials. The resulting aerogel has both meso and micropores which facilitate
the uptake of cationic dyes i.e. crystal violet (1515 mg/g), methyl violet (1423 mg/g)
and methylene blue (1181 mg/g) [18].

An aerogel designed by using hydrothermal route i.e. Graphene/PVA aerogel
was found effective in removing cationic, anionic and non-ionic dyes (i.e. Neutral
red, rhodamine B, crystal violet, methylene blue, methylene green, indigo carmine,
methyl orange, eosin Y, amido black 10B, oil 3 red O, acid fuchsin) owing to
synergistic effects. In binary dye system, the adsorption capacity for dye reached
> 900 mg/g. The gels were found solvent resistant and hence can be easily cleaned
up resulting in 5 adsorption—desorption cycles with dye removal capacity staying
around 75 and 67 mg/g for Neutral Red and Indigo carmine [104]. Effective sepa-
ration of the adsorbents was facilitated by using Fe;O4 doping. Magnetic bacterial
cellulose nanofiber/graphene oxide PVA aerogel prepared by freeze drying route
showed dye (Malachite green) sorption percentage of 270 mg/g. The adsorption was
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facilitated by 3D interconnected porous network which disappears after dye adsorp-
tion and several interactions between the adsorbent and dye molecule as explained
in Fig. 7. The adsorbent had the advantage of maintaining the adsorption capacity
around 62.7% up to seven cycles but desorption solvents impact to little extant [10].
Effective separation of adsorbent was also facilitated by its foamy nature. The aerogel
(mesoporous SnO; aerogel polystyrene composite) formed by use of emulsion poly-
merization in conjunction with epoxide-assisted gelation facilitated the formation of
dense aerogel with mesopores occupied by the Sn. Degradation of methylene blue
dye was facilitated by electron-hole pair and interfacial charge transfer promoted by
Sn resulting increased degradation rate [74].

A GO-based aerogel polymer achieved by varying ratios of GO, chitosan and
lignosulfonate led to formation of composite aerogel consisting of interconnected
3D porous structure. The uptake capacity of aerogels was observed to increase with
increase in chitosan ratio as well as increase in pH. The surface of aerogel was
equipped with carboxyl, hydroxyl and sulfonic acid groups which at lower pH get
protonated and hence repel the cationic dye while with increase in pH the surface
becomes negatively charged leading to electrostatic interaction between dye and
aerogel and hence better adsorption [106].

Fig. 7 a Probable interactions between dye and aerogel and SEM image of aerogel, b before and
c after dye adsorption [10]

&)
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6 Conclusion

Polymeric membranes have undergone series of advancements over the year in
essence to improve their properties, dye rejection, degradation, antifouling poten-
tial selectivity and cost-effectiveness. In this regard polymeric hybrid materials have
offered a way forward with its tunable properties that enable the removal of dyes
and in some cases its degradation as well that enhance their re-use. Incorporation
of metal/metal oxides, graphene oxide and use of natural polymers are one of the
few promising areas that have much more potential and depth to open new hori-
zons of research. The researches done have limitation in aspect that much of the
work presented is related to efficacy of developed membranes in simulated samples;
as the situation is much more rigorous and different in actual applied setups the
effectiveness of these membranes remains debatable.
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UF Ultrafiltration
VOCs  Volatile organic compounds

1 Introduction

Water is an essential and vital feature of our life because it covers around 71% of the
earth’s surface. In additional total amount of water contain 97.5% is saline water and
approx. 2.5% is freshwater, hardly 0.007% drinking water is found [1]. The industries
of wastewater such as textile industries produce different kinds of pollutants (i.e.,
inorganic and organic). In this industrialization era, the ejection of waste from textile
industries can cause the serious problems in future [2]. Historically, textile industries
used vast amounts of water and released huge- amounts of wastewater, that contained
high salts and dyes which is an environmental concern. Dyes are non-biodegradable
and toxic in nature causing major damage to human health and aquatic ecosystems.
On the basis of TWIC 2016 database (Bangladesh PaCT (Partnership for Cleaner
Textiles), “Feasibility Study for Setting Up CETP in the Konabari Cluster”, TWIC
Report, 2016) the textile effluents contain various types of chemicals as depicted
in Fig. 1. Basically, the crisis of fresh water demand caused by textile industrial
activities, along with that pollution and supplementary factors has become one of
the soberest global troubles threatening human existence and improvement [3]. As
a result of their complicated, stable chemical structures, hazardous nature, non-
biodegradable, and high molecular weight of most of the effluents, the chemicals
discharged cause major environmental issues, as shown in Table 1. Textile wastewater
management has gotten a lot of attention from the previous year [4].

Textile effluents to waste water

Dyes

3%

Soda ash
13%

Caustic
4%

Peroxide

5%

Enzyme

3%

Soaping agent
3%

Salt

Other

Fig. 1 Percentage division of effluents in textile wastewater
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Table 1 Illustrated criticaI. S. No. Aspect/component Range
components of wastewater in
textile process [35] 1 pH 2-10
2 BOD (mg/L) 200-300
3 Color (mg/L) > 300
4 COD (mg/L) 50-5000
5 Organic nitrogen (mg/L) 18-39
6 TSS (mg/L) 50-500
7 Total chromium (mg/L) 0.2-0.5
8 Total phosphorus (mg/L) 0.3-15
9 Temperature (°C) 30-80

Furthermore, colors are viewed as a potentially harmful earth poison, with even
a small concentration (less than one part per million) having a significant impact on
water bodies’ trendy authenticity, straightforwardness, and gas dissolvability [6].

Textile manufacturers have thus transformed the conventional wastefulness pollu-
tion management mechanism into a profitable activity by recycling waste effluent
[7]. This activity allows reusable chemicals and water to be recovered from a variety
of processing sources in textile industry [4].

Various efforts have been taken over time to introduce textile waste water treat-
ment solutions, such as coagulation-flocculation, biological treatment systems, and
traditional filtering systems, among others. Existing technologies are also there to
meet current reuse standards and discharge effluents. One of the textile waste water
treatment technologies that have come in scenario of foremost advanced technology
is term as membrane technology. The technology of membrane has developed consid-
erably nowadays. On the basis of its nature it provides a better treatment of textile
wastewater. Because of the lower energy usage, lower startup costs, and smaller
equipment footprint, membrane technology has great promise for treating textile
effluent [8].

The technology of membrane has been confirmed to be most enthusiastic choice
in wastewater (textile) treatment processes in most modern. Although membrane
technology is not a recent creation, untrustworthy behavior and there’s still space
for change when it comes to textile wastewater, in terms of requirements, efficiency,
energy, technical skills, and quality of permeate requirements. After that, membrane
components and membrane modules are established to enhance membrane reduction
which is a significant task for these processes. Water treatment facilities are contin-
uously looking for new ways to combine two or more membrane processes, such as
adsorption and/or coagulation, in a hybrid fashion [9].

Membranes, in general, act as a barrier between two phases, restricting component
mobility through it in a selective fashion [10]. The period of eighteenth century was
known for existence of membranes. Since then, numerous advancements made for
more favorable membranes in order to attain their several applications [11]. Based
on their properties the membranes can be categorized as anisotropic and isotropic.
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Isotropic membranes are homogeneous in physical structure and their chemical
composition. They are microporous, which also means they have high permeation
fluxes, or nonporous (dense), which means its applicability is greatly limited due to
having lesser permeation fluxes.

In microfiltration membranes, an isotropic membrane is commonly applied. Simi-
larly, the anisotropic membranes are uneven across the whole membrane surface and
it composed of many layers with different chemical compositions and structures.
Selected thin layer is covered with a thicker, highly spongy layer in these membranes.
Which are predominantly useful in RO (reverse osmosis) systems [12]. According to
their material nature, membranes are commonly classified as inorganic and organic.
Nowadays, the synthetic organic polymers are prepared by organic membrane.

Mostly, the parting process of membranes is based on pressure (nanofiltration,
microfiltration, ultrafiltration, and reverse osmosis) is almost exclusively made of
organic polymers (synthetic). Cellulose acetate, Polyethylene (PE), polypropylene,
and polytetrafluoroethylene (PTFE), are few examples of zeolites, metals, silica, and
ceramics, are all examples of inorganic membrane materials [13]. Thermally and
Chemically stable are commonly used in various industries such as separation of
hydrogen, ultrafiltration, and microfiltration [14].

Polymeric membrane is widely used as a treatment method because of the ineffec-
tiveness of traditional treatment systems. Polymeric membrane has been described in
properties which are Ultrafiltration (UF), Nanofiltration (NF), and Reverse Osmosis
(RO). Which provides major benefits in the form of lesser osmotic pressure differ-
ential, higher permeate flux, molecular weight compounds (> 300), higher retention
of multivalent salts, and adequacy of assets as well as operating and maintenance
costs [15]. Generally, polymeric membranes are studied in the way of COD reten-
tion, dye persistence, permeate flux, and salt eliminations. The properties of various
textile wastewater reclamation and membrane properties have been thoroughly inves-
tigated. The conclusions demonstrated that polymeric membranes are an appropriate
therapy for the purification of textile wastewater, with a tolerable failure rate [16].
Nevertheless, using an appropriate previous treatment to avoid contamination and
significant harm to the module is essential to maintain the efficiency of polymeric
membranes at acceptable operating expenses [17].

The focus of this chapter is to re-examine and critically analyze the working mode
of various techniques control over industrial effluent, precisely discharged from the
dyeing process, another the testing facility, in contrast to membranes of polymer. To
combine the different conditions of polymeric membranes for the purifications of
industrial wastewater. A summary of the presently offered transport models is also
conducted to attain a better perspective of the transport properties of dyes and salts in
polymeric membranes. In order to serve the most effective ways to mitigate fouling,
a basic understanding of fouling processes and reported strategies for fouling control
are also addressed. In addition, the ultimate fate of polymeric membrane in the textile
industry is discussed to develop cost-effective polymeric membrane, especially for
the textile wastewater treatment.
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2 Textile Wastewater

Textile manufacture is a complicated process that incorporates multiple phases and
chemicals for the creation of various products [18-21]. The study employed a sample
of wastewater from a textile industry that uses a variety of dyes (both reactive and
direct) as well as chemicals such as salts, detergents, auxiliaries (such as emulsifiers
and surfactants), and caustic soda [22]. Their quantities are determined by the type
of process that produces the various effluents. The wastewater is usually produced
by dyeing, washing, and other processes. These steps need a considerable amount of
water and chemicals.

2.1 Characteristics of Textile Wastewater

The volumes of waste water are significantly heavily potentially and colored
discharged in the form of hazardous effluents from the textile industries. The textile
industry in China used roughly 8650 million m?/year of fresh water and released
1840 million m?/year of wastewater, ranking third among significant sectors in China
[23]. Approximately 830 million m>/year of textile industry effluent is generated in
India each year, with an additional 640 million m*/year of wastewater discharged.
Treating this wastewater and releasing it into receiving water bodies might cost over a
billion dollars per year [24]. The textile industries are generating waste water during
the dyeing and washing process. Production of 8000 kg fabric per day in textile and
typical textile industry uses 1.6 m (million) liters of ground water from this, 30—40% is
used for dyeing process, 60—70% for washing level, and 10-50% for unused dyes. The
total produced waste water has been directly discharged into ground without adding
any anti-contamination [21, 25, 26]. Textile industry mechanisms such as bleaching,
printing, scouring, and accomplish produce large amounts of wastewater, up to 1-10
million liters per day. In addition, more than 500 tons of dyestuffs have been produced
from the only textile industries. The high dye content, higher temperature, chemical
and biological demand of oxygen, pH, total organic carbon and dissolved solids, TS,
TSS, SS, phosphate, chlorides, and other characteristics of Textile wastewater [27—
29]. Generally, the textile waste water is containing chlorobenzenes, nitrates, sulfates,
phenols, turbidity, VOCs (volatile organic compounds), salts, alkalinity, acid, bases,
mordants, bleaching, surfactants, dioxin, electrical conductivity, fixing, and finishing
agents, as well as several metals like as, Cr, Cd, Ni, Pb, Cu, Sb, and Zn are all found
in Textile wastewater [25, 26, 30, 31]. Furthermore, the chemical composition and
nature of Textile wastewater is mostly depending on the used chemicals as well as
mechanisms used by the Textile industry.
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2.2 Nature of Textile Effluents

On average, significant quantities of water, salts, and chemically active dyes are used
in textile refining processes for each kilogram’s cotton production. As a result, it
generates a wastewater in huge amounts that contains stable pollutants. Depending
on the textile, textile effluents usually contain a variety of colors, solvents, detergents,
and multivalent salts. Textile effluents usually include a variety of detergents, salts,
solvents, and dyes as per their nature of releasing in the textile procedure (bleaching,
printing, dyeing, scouring, and finishing). Table 1 depicts the usual components of
wastewater in the finishing and dyeing processes effluents, which includes the number
of components in varying concentrations [5, 32].

A range of values is given for each of the parameters involved, verifying the
high variability of the dyeing wastewater [33]. In addition of surfactants into these
elements, are used to minimization of water surface tension during processing.
Although, they exclusively account for a limited portion of the wastewater. The
non-ionic surfactants such as alkyl phenol ethoxylates in textile wastewater should
be managed in proper manner so, alkyl phenol can be biodegraded because it is
more toxic as compared to ethoxylated [34]. Reactive dyes are used in huge amounts
and owing to the vast usage of chemically reactive dyes for cellulosic fiber is still
economic limitations of other dyes [35]. In general, reactive dyes are chemically
reacting among the substrate of fiber for making a stable bond [36]. The chemically
active dyes are met to react with water instead of the functional groups are present
on textile fabric after that hydrogen-based dyes are produced. By the degree of fiber
mixture and dye’s fixation, the total exhaust amount effluent can be analyzed [37]. In
the nut shell, all dye groups have the common environmental problem. In conclusion,
it is necessary to eliminate all or maximum amounts of the effluent before releasing
it directly to environment. On the other hand, Inorganic salt is applied to the process
of dyeing to improve dye absorption by the fabric. The most popular inorganic salt
is sodium chloride (NaCl), which is commonly applied in the process of dyeing.
Sodium sulfate (Na;SOy) is the divalent salts, that are used in the place of NaCl
during the process. In few regions, there is major ecological issue due to the high
attention of salt in the waste stream and salinization of the soil. As a result, it is
important to remember that the treatment of wastewater system is not just a way to
deal with a problem with the environment, it is also a way to recycle precious rinsed
water and reduce the amount of waste that is discharged.

3 Various Technologies for the Treatment of Water Waste
in Textile

Numerous studies have been described a variety of biological, Physico-chemical, and
advanced oxidation approaches for the treatments of wastewater products in textile
are shown in Fig. 2. To improve or accelerate the of textile wastewater products
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Fig. 2 An overview of techniques for treatment of wastewater in textile

treatment, these treatments can be utilized separately or in combination.
Despite various methods (physical, chemical, biological, etc.), subcategories of
physical methods for treatment of textile wastewater are the most commonly used

methods.

&)
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3.1 Physical Methods for Treatment of Wastewater in Textile

Physical methods are used for textile wastewater treatments; the approaches are based
on the mass transfer process [38]. These procedures have a degradation range of 86.8—
99%, with the adsorption procedure being the most effective. These are capable of
easily decomposing practically any color or dye combination [38]. These strategies
are frequently used because of their simplicity and efficacy. When compared to
biological and chemical methods for textile wastewater treatment procedures, this
process requires the least amount of chemicals along with several qualities in terms
of less cost, ease of design, and simplicity of operation, high efficiency, and lack of
hazardous substance effect [39]. This process is more predictable than the other two
textile wastewater treatment procedures since it does not deal with living organisms
[38]. Basically, three types of physical treatments were adopted can be shown in
Fig. 3.

(a) Adsorption

In this method, adsorbate or ion molecules (liquid or gas) are concerned on adsor-
bent’s (solid) surface, which is known as a surface phenomenon. The two types
of adsorption are physisorption and chemisorption. These classifications are based
on how dye molecules or other components bind to the adsorbent surface [40].
Hydrogen bonding, vander-wall interactions, electrostatic interactions, hydrophobic
interactions, and other forms of interactions may exist in the process of adsorption
in the molecules’ dye [41]. In order to be more successful in adsorption, adsorbents
commonly have a porous structure. This shape increases the total surface area to allow
liquid more quickly. This technology helps to remove dyes from textile wastewater
in a simple and cost-effective manner [42]. This approach has various advantages,
including immense treatment efficiency and the ability to be reused. The performance
of most adsorbents is affected by various parameters such as starting dye concentra-
tion, contact time, temperature, pH, and adsorbent quantity. A good adsorbent has

Fig. 3 Illustration of
physical treatment

techniques Adsorption

Physical
Treatment

Membrane Ion
filtration exchange
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a rough surface like porous formation (which leads toward highly surface area) and
a short adsorption symmetry traditional period for eliminating dye wastes in less
time [43, 44]. The most important component is adsorbent in the adsorption process.
The most significant characteristics of an adsorbent are its surface area, adsorption
capacity, and less adsorption period [45, 46]. The effluents that can be removed from
textile wastewater are frequently done with zeolites, activated carbon, alumina, and
silica gel [40]. Well-structured activated carbons are represented by its porous struc-
ture, high surface area, and excellent adsorption capabilities against numerous types
of contaminants [47]. Generally, Adsorption increases when pH rises [48].

(b) Ion exchange

The ion conversion approach has generated a lot of curiosity. Due to its conve-
nient applications such as water treatments, removal of heavy and toxic metals, and
effluent, high efficiency, low prices, and interesting features in the textile wastewater.
One of the most effective procedures is the removal of dyes with the strong interac-
tions among charged dyes and available functional groups on ion exchange resins.
The formation of strong interactions among solutes and resins leads to successful
parting in this technique [49, 50]. The solutes were separated with differing surface
charges, cation exchangers, or anion exchangers as resins are utilized [51]. Marin
et al. confirmed that the 98.6% Acid Orange 10 Dye (conc: 10 M) was removed
from the textile waste water with the help of Amberlite IRA 400 anion-exchange
resin [52]. Various effective ion exchangers have been also mentioned by Samsami
et al. [53].

(¢c) Membrane filtration

Membrane separation is a method of filtering and separating certain compounds
in wastewater by using the membrane’s micropores and selective permeability.
Presently, membrane separation processes based upon pressure on membrane, i.e.,
microfiltration, ultrafiltration, nanofiltration, and reverse osmosis are most commonly
used for the treatment of textile effluent.

4 Membrane Fabrication Methods

The membrane preparation process is influenced by different variables, including
the polymer used and the membrane’s desired structure. Membrane fabrication
techniques consist of phase inversion, track-etching, interfacial polymerization,
stretching, and electrospinning. Let’s take a closer look at these methods.

1. Phase Inversion

Phase inversion is a method in which an apparently homogenous polymeric solution
is managed to transition to solid from a liquid state [54]. This is the most preva-
lent approach, and it aids in the construction of polymeric porous membranes with
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complex structures [55]. The selections of polymer, as well as the additive materials
used in the polymer blend, influences the chemical interaction, membrane struc-
ture, and characteristics, by using this process [56, 57]. In phase inversion process,
phase transformations are the options of thermally induced phase separation, immer-
sion precipitation, vapor-driven, and evaporation-driven phase separation. However,
immersion precipitation is widely utilized process with diverse morphologies in the
synthesis of polymeric membranes. Sidney Loeb and Srinivasa Sourirajan devel-
oped the technique, which is also popular as the Loeb-Sourirajan method [58]. They
employed this approach for seawater treatments, which promote the expansion of
the cellulose acetate membrane at very first. This is the well-known way of making
polymeric membranes. Furthermore, the total time is taken in the coagulation or
precipitation period in the precipitation bath of the polymer during the process of
membrane creation for the casting solution-based film to dissolve and then remixed.

The total time for solvent-nonsolvent diffusion in solution precipitation bath inter-
face among the casting solution [59]. In 1975 research described the straight-line
plot between the coagulation time and the square of membrane thickness. Kang et al.
discovered the equation as follows in 1993 [60]:

X =2(D.1)'" (1)
By squaring both sides, the equation can be written as

X = 2(D,t) 2)

where X = membrane thickness (mm); ¢+ = the coagulation/precipitation time (s);
and D, = coefficient of effective diffusion (mm?/s).

Zheng et al. elaborate an expression among the coagulation/precipitation time and
thickness of a membrane (wet) [61]:

D, = X*/t (3)

where D, = kinetic parameter (mm?/s).
II. Electrospinning

Electrospinning is a relatively recent method of fabricating porous membranes for a
variety of utilization including desalination and filtration. In this method, high amount
of potential is required for the grounded collector and polymer solution droplet. The
electrostatic potential is strong sufficient which overcomes the surface tension of the
droplet and results in the formation of a charged liquid jet. Controllable aspect ratios
are a unique property of these fibrous membranes:

Aspectratio = L/d(where L = length of fiber; d = diameter of fiber)
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The porosity, hydrophobic nature, surface design, and distribution of pore size
electrospun fibrous membranes must be determined or finalized employing fiber size,
shape, and morphology. The effects of humidity and nonsolvent among polystyrene
(PS) electrospun fiber size and morphology were investigated by Pai et al. [62].
They discovered to increase in PS fiber diameter from 0.9 to 3.93 mm, electrospun
from 30% by weight PS/DMF solution, and a relative humidity (RH) rise from 11
to 43%. Because RH impacts the rate of solidification of electrospun fibers, the
fibers electrospun above % RH had favorable smooth surfaces. The fibers exhibit
wrinkled surfaces below % RH, resulting in smaller diameter fibers. Again, Lin et al.
reported the alteration of solvent composition and polystyrene solution concentration,
nanoporous and micro structures in PS fiber can be formed. When electrospun with
the solution in tetrahydrofuran (THF) 30% by weight PS solution in the fibers have
densely packed nanopores with ribbon-like and densely packed nanopores shape [63].
By adding tetrahydrofuran (THF) and dimethylformamide (DMF), the fiber surface
becomes free nanopores. The formation of beaded structure nanofibers occurs when
the absorption of PS in DMF/THF is taken as less.

III.  Stretching

In the 1970s, a method for stretching polymer membranes was invented. Extru-
sion is used to make microporous membranes for microfiltration, ultrafiltration, and
membrane distillation after the stretching procedure. In this technique a thin sheet
forms by extruding polymer and making it porous via stretching and then increasing
the temperature up to melting point in order to make it more porous. The crystalline
sections of the polymer give strength, while the amorphous sections form a porous
structure, resulting in extremely crystalline polymers using this approach.
Stretching is performed in two parts: cold stretching first, then hot stretching.

1. In cold stretching: For nucleate micropores in the precursor film.
2. In hot stretching: For control/increase membrane’s end pore shape.

The mixture of (dissimilar molecular weights) pore density and uniformity,
Polypropylene (PP) on crystallinity, and tensile characteristics was examined
by Tabatabaei et al. [64]. For the large molecular-weight species increases the
membranes of homogeneous, better connection, and distribution of pores. Kim
et al. examined the PP hollow fibers as a precursor and the effect of annealing on
crystallinity size before stretching [65].

IV. Track-etching

The energetic heavy metal ions are commonly used to irradiate a nonporous poly-
meric film, to get result in form of linear spoiled tracks around the exposed polymeric
surface. This approach is defined as its ability to precisely adjust the membrane’s
pore density, size, and distribution. These parameters are self-contained and can be
adjusted throughout a large number of values, ranging from nanometer to microm-
eter. From these characteristics developed a straightforward link between membrane
structure (pore shape and size) and qualities of water transport.
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Since 1970s, polycarbonate (PC) track-etched-based membranes are available.
Fleischer et al. contain basic information on particle track generation, the track-
etching recipes, track production mechanism, and prospective applications [66].
Komaki and Tsujimura examined the impact of etching rate of porous polyethy-
lene naphthalate (PET) films on the hole density and diameter and increased linearly
with etching time [67]. They bombarded polyimide films with various heavy ions
(Ag, I, Cu, and Br) before treating them with gamma rays in the presence of oxygen
[68]. Gamma rays’ exposure during existence of oxygen, the formation of etched
tracks accelerates. The film is bombarded with the lighter ions and found the effect
was more pronounced. Starosta et al. used a cyclotron to irradiate heavy ion beams
with PET films and then etched with a NaOH solution [69]. Pore sizes ranged
from 0.1 to 0.5 mm. The most commonly utilized polymers are PET and PC for
track-etching because of their numerous characteristic resistances of acids, organic
solvents, and their mechanical qualities. Additionally, PVDF (polyvinylidene fluo-
ride) and its copolymers have been used as fluorinated polymers [70]. However, the
pore formation takes a long period because of its strong oxidizer resistance.

V. Interfacial Polymerization

NF (Nanofiltration) is a process that defines the RO membranes and thin-film
composite (TFC) are built by combining polymerization (IP), which is the most
useful approach for commercial creation. Cadotte et al. introduced the first TFC
membranes manufactured by using this approach for the RO applications, as a result
of this discovery the membrane performance used for RO applications [71, 72]. The
TFC membrane has been successfully synthesized with the independent qualification
of the surface and microporous substrate layer by the IP method [73].

The structural morphology, solvent type, monomer concentration, reaction period,
and constituent of the barrier membrane layer are all affected and considered by
many parameters such as posttreatment conditions. A membrane of TFC polyurea
showed greater water flux and salt rejection than an intrinsic membrane of skinned
asymmetric cellulose acetate, which is confirmed by the IP technique’s authenticity.
Most RO and NF membranes are made by the IP technique have a thin sheet of
polyamide (PA) on surface of the membrane support. Trimesoyl chloride (TMC) and
M-phenylenediamine (MPD) are the most frequent reactive monomers are employed
to generate the functionalized PA layer on RO/NF membranes. Li et al. reported TFC
and RO membranes with MPD are prepared by two new chemicals which are tri-
and tetra-functional biphenyl acid chlorides: 3,30,5,50-biphenyl tetraacyl chloride
and 3,40,5-biphenyl triacyl chloride [74].

On the basis of recent studies, the monomers have been utilized for the synthesis
of TFC membranes by using the IP approach. However, the monomers consist of
more polar functional groups and functional groups, that produce membranes have a
smooth surface or are more hydrophilic in nature. The increased hydrophilicity aids
in the improvement of the membranes’ antifouling properties. In addition, great work
has been put toward avoiding chlorine from oxidizing membranes of PA TFC. More-
over, the chemical alterations of the PA layer with diamine moieties can significantly
improve the membranes’ chlorine resistance, with aromatic, aliphatic diamines and
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Fig. 4 Illustration of working mode of polymeric membrane filtration

cycloaliphatic having the most effective chlorine resistance. The development of
polymeric membranes TFC polyester, polyesteramide, and TFC-PA by using the IP
method.

4.1 Polymeric Membrane Filtration

To eliminate the color, salinity, and COD from the textile wastewater the filtration of
polymeric membrane is most favorable cutting-edge treatment [75, 76]. The process
involves passing textile wastewater into a membrane with small pores, that allow
larger solutes than the holes on membrane and the larger solutes to be stuck on it
after that the passing solution is free from solutes. Filter cake is formed by the trapped
solutes (see Fig. 4).

These layers must be cleaned on a regular basis in order to facilitate the filtration
process. Membranes can be classified depending on several aspects, including the
size of their holes. Its performance is typically defined by rejection and penetrates
flux [50].

Phase inversion, is a fabrication method that provides an anisotropic material that
may subsequently be utilized as a substrate for a film composite membrane, and the
most important for the textile wastewater treatment. Table 2 provides a closer look
at recently used polymeric materials for manufacture of commercial membranes.
According to Wagner [77], the total worldwide usage of membranes is generally as
follows:

polysulfone UF and MF membranes: 5-7%

composite NF membranes: 3-5%

composite RO membranes: 85%

other membranes (polyacrylonitrile, ceramic materials, and cellulose system):
3-5%.
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4.1.1 Microfiltration (MF)

Microporous membranes are used in this membrane technique to filter pollutants
from the fluid. The pore size range of a common microfiltration membrane, which
is between 0.1 and 10 micrometers (mm), can be used to classify it. The removal of
suspended solid particles is one of the uses of this method [77].

4.1.2 Ultrafiltration (UF)

Ultrafiltration membranes are found in the diameters of pores ranging from 0.1
to 0.001 microns, the reverse osmosis and nanofiltration are more cost-effective
because they require less pressure. Large pore size causes low rejection but it is an
inexpensive way to reject organic dyes from textile wastewater [77]. Despite the
fact that MEUF has been proposed as a sustainable model for the retention of heavy
metal ions, and organic pollutants in various studies, it has yet to be tested on a
large amount. In this method, in the aqueous solution with pollutants, the surfactants
were added, which were very concentrated to order to compare with CMC (critical
micelle concentration). Therefore, the produced micelles of surfactant molecules
dissolve the organic and inorganic pollutants. The non-dispersed solutes-containing
micelles are then eliminated throughout by ultrafiltration membrane treatment. They
are practically pollutant-free after passing through the membrane [79].

4.1.3 Reverse Osmosis (RO)

Reverse osmosis (RO) is a technique for reducing and separating dissolved solids,
nitrate, bacteria, organics, pyrogens, submicron colloidal material, and color from
water using RO wound membranes [80]. This technique has been worked in the textile
effluents elimination of salts and dyes from solutions, resulting in nearly refined water
[81]. The benefits of this technology or membrane-based process include achieving
separation and concentration none changing the state nor using the chemical as well
as thermal energy. These characteristics result in acceptable recovery applications
and efficient process of energy. Some of the uses of RO systems include the distillery
wasted wash, groundwater treatment, beverage industry, recovery of chemicals such
as phenol, wastewater reclamation, and seawater reverse osmosis (SWRO) treatment
[80].

4.1.4 Nanofiltration (NF)

Nanofiltration (NF) is a recently developed membrane method that may be used to
treat and decontaminate a variety of wastewaters [82]. Textile effluents have been
treated with NF. NF has currently been demonstrated as a viable treatment method
that can be used to replace or supplement several traditional separation procedures,
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specifically in the elimination of textile effluents [83]. Its aperture is merely a few
nanometers wide, with a retention molecular weight of 80-1000 Da. Textile dye
effluents can be treated using a mix of adsorption and nanofiltration. Because the
adsorption step comes before the nanofiltration stage, the concentration polarization
during the filtration process is reduced, increasing the process output. Lower the
weight (molecular) of organic molecules, reactive hydrolyzed dyes, large monova-
lent ions, divalent ions, and auxiliaries of dyeing are all retained by nanofiltration
membranes as shown in Fig. 5 [50, 84]. Reverse osmosis (RO) and Ultrafiltration
(UF) have been illustrated in this technique. Kurt et al. examined the removal of textile
effluents, salts, and COD from the industrial sewages using a commercial NF-270,
Dow Filmtec, with 200-300 MWCO (molecular weight cutoff) (NF membrane).

The NF-270 can remove approx. 100% of dyes in continuous mode, eliminate
maximum to 95% of COD, and 76% of salts [85]. Furthermore, lower fouling
tendency of NF membrane and also lesser the expending of energy than RO and UF
[86-88]. An outline of polymeric NF membranes that are commercially available
and used for textile effluent treatment can be shown in Table 3.

Polymers are commonly utilized as flotation aids, flocculants, and coagulants
in addition to being frequently attained for purification of water in membrane
technology. Polymers are appealing materials for membrane construction due to
their distinctive qualities that are low cost, flexibility, and enhanced controllability

Fig. 5 Illustrations of membrane use for textile wastewater treatment. Symbols COD—carbon
organic dissolved; TDS—total dissolved solids

&)
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Table 3 Various applications for commercially available NF membranes in textile wastage [7]

S. No.

Membrane
(company)

Polymer
material

MWCO
(Da)

Process methods

Remarks

ATF 50 (Adv.
Membr. Tech)

Spiral
wound
(TFC® of
PIPd on
PSf®)

340

The wastewater of
Industries was
examined mainly
two types as (a)
COD = 14,200 mg
L~! with pH 10.2;
(b) COD = 5430
mg L~! with pH
5.5. The
transmembrane
pressure taken in
between 0.2 and
1.1 MPa along
with the
temperature was
taken as 25-40 °C
[89]

Rcop = 80.9% for
pH 5.5 wastewater
Rcop = 95% for
pH 10.2 wastewater

Desal 5 DK
(Osmonics)

Flat sheet
(TFCc
—PAyp)

150-300

The concentration
of dye was taken 1
gL~! and prepared
a synthetic
solution of dye
without
incorporating the
auxiliary
components. This
synthesis was
performed with

10 bar of pressure,
25 °C temperature,
and pH 6 without
and without
stirring the
solution [16]

Pave = 41.1 L/(m?
h) Rdye, ave = 100%
for direct red 80 at
Reynolds no. of
4100

1073 DK
(Osmonics)

Spiral
wound
(PA)

300

The concentrations
of dye varying
from 400 to 500
mg L1 at the
temperature 60 °C
with pressure were
taken 25 bars. The
solution contains
NaxSO4 (15 ¢
L1, NaCl (10 g
L~1) and CaCl,
(10 g L") [90]

Payve = 60.25 L/(m?
h) Rage, ave = 94.5%

(continued)
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S. No. Membrane

(company)

Polymer
material

MWCO
(Da)

Process methods

Remarks

4 2540 DK
(Osmonics)

Spiral
wound
(NA)*

The COD 1576 g
L, conductivity
3.5 wS/cm and the
color > 500 Hz of
Industrial
wastewater and the
transmembrane
pressure was 25
bars taken along
that the cross-flow
velocity of

1.66 ms™! was used
during the
experiments [91]

Pave = ~ 60 L/(m?
h) Reare = 60-80%

5 4040F DL
(Osmonics)

Spiral
wound
(NA)*

150-300

The three stage
treatment system
used for the
process of dyeing
and finishing plant
of textile
wastewater are NF,
UF and Sand
filtration. The pH
7.8, COD 142 mg
L', TSS 12 mg
L~ and the
conductivity 3950
wS/cm are the
mean values of
these parameters.
NF and UF
modules are
worked at 9 and
0.4 bar,
respectively [92]

Rcop = >93% Rrss
=>60%

R conductivity =
40.5%

6 31 MPS
(Weizmann)

Spiral
wound
(NA)*

NA

The concentrations
of dye varying
from 400 to 500
mg L1 at the
temperature 60 °C
with pressure were
taken 25 bars. The
solution contains
NapS04 (15 ¢
L), NaCl (10 g
L~1) and CaCl,
(10 g L") [90]

Pave = 66.25
L/(m2.h) Raye, ave =
94.9%

(continued)
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S. No. Membrane

(company)

Polymer
material

MWCO
(Da)

Process methods

Remarks

7 70 NF

(Dow/Film Tec)

Flat sheet
(PA)®

250

The mainly two
types of exhausted
dye baths from the
wool dyeing
process were used
in this
experimental
process, i.e., (1)
Metal complete
dye bath, (2) Acid
dye bath. The
pressure of the
transmembrane
were taken at

10 bar [93]

Psa = 33 L/(m2 h)
Puc = 32 L/(m? h)

8 NF45

(Dow/Film Tec)

Spiral
wound
(PA)

200

The concentrations
of dye varying
from 400 to 500
mg L1 at the
temperature 60 °C
with pressure were
taken 25 bars. The
solution contains
NapSO4 (15 g
L"), NaCl (10 g
L~") and CaCl,
(10 g L~") [90]

Pave = 39.2 L/(m?
h) Rdye, ave — 92%

9 NTR 7450

(Nitto—Denko)

Flat sheet
(sPES)f

600-800

The experiment
conducted with the
0-60 bar pressure
and the cross-flow
velocity was
0-0.75 ms™! for
reactive blue 2 or
reactive orange 16
(15gL7h,
NaxS04 (56 g
Lh,
surfactant-EDTA
(02gL™h,
Na,SO3 (1 gL™h)
and NaOH (2.5 g
L~1) contained
synthetic dye bath
solution [94]

P = 64 L/(m? h)
Raye = 92.1% Rsat
=87.3% at
operating pressure
of 20 bar

(continued)
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Table 3 (continued)

S.No. |Membrane Polymer MWCO Process methods Remarks
(company) material (Da)
10 TFC-SR2 (fluid | Flat sheet | 200-400 | The wastewater Pave = 45.05 L/(m?
system) (TFC® of sample solutions h) Raye, ave =
PSf®) prepared by 97.71%

92-1583 ppm of
reactive black 5
and NaCl (10-80 g
L~1) and these
solutions are
filtered under
100-500 Kpa
pressure and the
cross-flow velocity
were taken 3-5

L/min [95]
11 UTC 20 (Toray | Flat sheet | 180 Reactive orange 16 | Raye, RO16 = ~99%
Ind) (PA)b and reactive black | Raye, kB2 = >99.3%

2 taken 1 g L7!
dye were examined
with the addition
of NaOH 2.5 g
L), NaS0; (1 g
L), EDTA (02 g
L1, NaySOy (11
g L™1), Nay;SOy
(19gL™") [93]

* Not available, ® Polyamide, ¢ Thin-film composite, d Piperazineamide, ¢ Polysulfone, f Sulfonated
polyethersulfone, P,y Average permeability, R Rejection

[96]. The most commonly used polymers are polyethylene, polypropylene, cellu-
lose acetate, polysulfone, polyethersulfone, poly-acrylonitrile, polycarbonates, and
poly (vinylidene fluoride) in membrane technology. Table 4 shows an outline of
current studies on textile wastewater treatment utilizing membranes of polymeric
material. Membrane fouling has been successfully controlled with polymeric mate-
rials in a variety of systematic filtration. On the membrane’s surface, the addition of
grafting polymer chains is a typical method of improving the membrane’s antifouling
capabilities [97].

Tian et al., synthesized an MF membrane for the adsorption of higher molecular
weight metal ions via electrospinning method along with surface modification by
PMAA (polymethacrylic acid) [98]. The adsorption selectivity of this membrane for
Hg?* is quite high. By employing a saturated ethylene dinitrilotetra acetic acid solu-
tion, the deposited heavy ions are removed easily from the surface of membrane and
can be reused for the adsorption of metal ions. Gao et al., investigated the efficiency
of anaerobic membrane bioreactor containing the artificial sewage protein 30% and
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indicate the PEI is much better than the cPVDF also explain the reaffirm is an impor-
tant material in fouling [110]. Polyether-block- amide used as a coating agent on poly
(vinylidene fluride) shows very slower fouling as compared to uncoated polyether-
imide. Because hydrophobic membranes are sensitive to fouling, incorporating poly-
mers that are hydrophilic in nature into them, for example poly (vinylidene fluo-
ride) membranes, is a straightforward way to improve interaction of water in nature
[111]. During the phase separation, before incorporating into the polymer (vinyli-
dene fluoride) the pyrrolidone and polyvinyl alcohol which is hydrophilic polymer
can be added for making of membrane solution. Despite their beneficial factor on
membrane fouling but also, they are incompatible with hydrophobic matrices, which
can lead to serious issues such as the development of interfacial micro-voids [112].
Srivastava investigated the large reduction in COD, the modified PVDF membranes
were able to successfully remove over 70% of RB5 dye and over 97% of CR dye
from the pure solutions. PVDF UF membranes among 60% SAN content have
outstanding antifouling behavior (83% FRR) and tailored PVDF membranes can
be again used for various continuous works with the recovery of substantial flux
using only for water cleaning. Nevertheless, it is all modified membranes showed
lesser membrane fouling, reduction in COD, minor membrane fouling, and mild
color removal for purification and separation of textile wastewater effluents [101]. S.
Ma et al., fabricated a novel catalytic (POM) membrane by grafting an ionic liquid
polymeric membrane onto a membrane of polypropylene and after that complexing
via polyoxometalate. Under visible light, the membrane was successfully employed
to degrade dyes in water. Firstly, Photoinduced grafting of poly(1-(4-vinylbenzyl)-3-
methylimidazolium chloride) (PVBMC) is used for the modification of PP nonwoven
fabric membrane (PP NWF) after that anchored by POM. This membrane is capable
of degradation of 95% of AO7 in 0.02 g L™! of the solution in 2 h with the help
of two fluorescent lamps (55 W). A membrane disk with a diameter of 47 mm may
degrade AO7 with the percent of 70 in 250 mL of 0.02 g L~! solution in 10 min only
by using cycled filtration. The catalytic membrane shows great stability as well as
great reusability, supported by long-term stability tests and cyclic usages [113].

Akbari et al., reported in their work the membrane generally demonstrated good
rejection for dyes of anionic such as acid red 4, acid orange 10, direct red 80, direct
yellow 8, and reactive orange 16, are owing to its comparatively less cutoff, but the
dyes of cationic were persisting in excess of 95% regardless of pH and concentration
employed. Direct yellow 80 and red 8, in particular, were fully maintained, resulting
in permeate that could be reused. However, due to its sensitivity to fouling, the
membrane’s flow dropped. The osmotic pressure caused a further drop in flux in the
presence of salt. Furthermore, more decrement in flux was found in the presence of
salt [98].

Yung et al., examined the retention ratio of NaCl is very low in the membrane of
PAR NF, indicating for dye/NaCl fractionation separation selectivity was great. As
a result, the acid-tolerant PAR NF membrane has a lot of promise for treating higher
salinity and acidic textile dye effluents efficiently. Interfacial polymerization of IPC
(isophthaloyl dichloride) and TTSBI (5,50,6,60-tetrahydroxy-3,3,30,30-tetramethyl-
1,10-spirobisindane) produced an active layer of ultrathin PAR on the surface of
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SWCNT/PES support membrane. Herein, a promising technique is PAR NF is found
for the treatment of high salinity and the acidic textile dyes effluents with great
efficiency [108].

Gabriel et al., reported that the extraction of azo-based dyes and Reactive Black
5 from textile wastewater the NF thin-film composite membranes with a polymeric
materials polyetherimide (PEI) are used. PEl is initially dissolved in the solvent which
is N-methyl-2 pyrollidone (NMP) after a while it is mixed with nonsolvent which is
acetone transformed to a membrane that indicates the phase inversion process found
in this procedure. Then the IP process was used for changing the membrane, in which
the m-phenylene diamine (MPD) and trimesoyl chloride (TMC) as acyl chloride,
the precursors amine was taken and immersed into two immiscible solvents such
as hexane and water. The PEI-TFC membrane was produced by addition of TFC
selective layer, and it was able to separate the dyes in textile wastewater for ex. RBS,
150 ppm with the rejection rate of 92%, which is proved by various characterization
techniques [114].

5 Conclusion and Future Scope

It is intricate to figure out a wide-ranging conclusion on the efficiency and the
feasibility of membrane in favor of treatment of the wastewater in textile indus-
tries. This chapter mainly focused on the physical treatment of textile wastew-
ater such as membrane filtration, Ion exchange, and adsorption. Among all textile
effluents removal methods, membrane filtration (physical method) can be the best
way to eliminate colors and other chemical substances. The polymeric membranes
have been confirmed to be effective in dealing with highly colored textile effluent
that is also highly saturated with monovalent and/or divalent ions, according to
various researches carried out thus far. The interconnections between polymeric
membrane structure, synthesis, performance, and surface properties have been exam-
ined in this chapter. We saw that the production of membranes for water treat-
ment has made significant development. In general, it can be stated that poly-
meric membranes provide much more positives than conventional treatment methods
and various membrane technologies. The development and optimization of poly-
meric membranes with various methods have been mentioned in this chapter. More-
over, thorough relationship understanding among surface properties, structure of
porous and the membrane performance in textile wastewater treatment processes.
At the commercial scale, the disadvantage of using these technologies is membrane
fouling, which leads to the lesser permeate flux, and membrane cleaning is required
repeatedly.

Polymeric membrane processes can be more efficient if the right polymeric mate-
rials are chosen, taking into account factors like permeability, selectivity, chemical,
and mechanical resistance. It has been concluded in comparison of RO, NF, UF, and
MF membrane filtration processes that indicate the NF is more effective. Although
the NF membrane cannot achieve the retention behavior than RO membrane, dyeing
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tests showed that treated water can be used instead of fresh water in textile opera-
tions. Furthermore, NF operates under lesser demanding conditions (approximately
pressure 6.5-7.0 bar) than RO, which allows for even more cost reductions. We look
forward to the more advanced technologies are developed so that wastewater may
be handled cheaply as possible at both the pilot and industrial scales.
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Rwiddhi Sarkhel, Shubhalakshmi Sengupta, Papita Das, and Avijit Bhowal

1 Introduction

The utilization and regeneration of the sustainable resources for the development
of industrial technology has become a great concern worldwide. Water pollution
has become a major worldwide environmental issue harming the sustainability of
the environment [4, 27]. Water pollution disrupts the supply chain in industrial belts
posing a serious threat to the environmental feasibility [53]. During last few decades,
there has been a lot of research for the minimization of toxic pollutants from the
environment to make it healthy and sustainable. Highly toxic compounds have been
released into the environment directly or indirectly. These compounds maybe dyes,
pesticides, polycyclic aromatic hydrocarbons, radionuclides, and heavy metals [14].
They are widely used in industries like paper mills, leather, textile, pharmaceuticals,
and cosmetics [44, 57, 58].

It has been reviewed that the main causes of water pollution are caused by the
excessive discharge of textile wastewater which can pose harmful effects on the
human mankind like cancer, skin allergies, headaches, different mutations, etc. due to
its complex aromatic structure [17]. The removal of organic dyes from the ecosystem
is found to be a challenging task, so effective approaches are developed to mitigate
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the destruction of natural resources. The minimization of dye wastes can reduce
the risk of water pollution [42]. Due to the complex molecular structure of dyes,
they can resist degradation caused by light, physical or biological pathways using
micro-organisms [8]. More than 10,000 different dyes have been utilized in phar-
maceutical, leather, cosmetics, textile, and paper industries [38]. Approximately 2%
of these textile industry dyes directly end up as effluent in water sources. There-
fore, the amount of dye concentration estimated in wastewater varies in the range of
5-200 mg/L [2].

Different techniques are available for the removal of dye which includes micro-
bial as well as physical methods like advanced oxidation (by photodegradation),
coagulation, flocculation, membrane separation, adsorption, microbial degradation
[7, 18].

The complete depletion of dye molecule can be readily obtained by the process
of oxidation, either by photochemical process or simple chemical method [20]. The
main goal of any advanced oxidation technique is to synthesize the hydroxyl molecule
(HO*) for better interaction through hydrogen bonding and utilizing it as a strong
oxidizing agent to degrade the contaminant in the aqueous solution. Photocatalytic
degradation method is one of the most attractive and promising techniques among
the various approaches due to its reliability on the utilization of irradiation energy,
generation to less harmful by-products, simplicity, and eco-friendly. Coagulation and
flocculation are the processes utilized in water treatment to remove pollutants like
oil, grease, dyes, metals maintaining COD, and water concentration. This can lead to
development of highly cost-effective polymer composites [65]. Membrane separation
process is widely used nowadays to remove the contaminants in a physical manner
by the utilization of a membrane thus yielding a high environmental stability and
the removal capacity is also high by involving high pressure-driven methods such as
ultrafiltration, nanofiltration, reverse osmosis [32]. The stability of the membrane is at
high permeation flux with 99% in neutral or alkaline environments [52]. Adsorption
process is the most widely used technology for the dye removal process among all
these methods due to its cost-effectiveness, high stability, low toxicity [6, 13].

The second important aspect is designing and commercial utilization of affordable
and novel material for the industrial wastewater treatment has gained a significant
growth in a few years. Nanocomposite materials have proven as a suitable alternative
in order to overcome the drawbacks of monolithic and micro composites [48].

Nano-structured polymer composites help in improving the water quality thus
enhancing environmental stability [56, 66]. Research on polymer composites helps
in effective enhancement of wastewater treatment removing the micropollutants and
focusing on the challenges of future research. Research on the Polymer composite
was done due to their attractive properties like better adsorption and removal char-
acteristics of metal ions, dyes, and other toxic pollutants [10]. Polymer composites
consist of organic or inorganic compounds to provide allied advantageous properties
such as stiffness, low density, high thermal resistance, chemical stability [40].

Polymer composites blended with natural fibers like cellulose obtained from
different Agro waste like sugarcane bagasse, peanut shell proved to be an attrac-
tive option for the researchers. The polymer composites blended with graphene,



Dye Removal Using Polymer Composites as Adsorbents 87

carbon, or clay-based were majorly used in water treatment as well as desalination
technologies [33, 59]. The development of a reinforced composite polymer by the
addition of different linked monomers into it, which are derived from easily available
and user-friendly agricultural wastes makes it productive and enhances sustainability
[26]. The generation of the polymer reinforced composites in wastewater remedi-
ation and involving it in dye removal techniques is gaining worldwide interest for
researchers and young scientists. Utilization of the industrial wastes used for the
preparation of polymer composites reinforced with polymer, clay, cellulose/chitin,
and carbon can functionalize the fiber surfaces and reduce the absorption of moisture
making them compatible [29].

In this chapter, we have discussed various types of polymer composites that have
been used for dye removal purposes. Recent works in this field have also been
discussed here.

2 Various Types of Polymer Composites in Dye Removal

Different types of Polymers and polymeric composites are used for dye removal
purposes (Fig. 1). The polymer composites are filled with fillers like clay, metal,
carbon, or fibers.

Fig. 1 Diagram illustrating
different types of polymer

‘ : Polymer-
reinforced composites ca rbon
composites
Different types
of polymer
Fiber composites in Pol )
reinforced dye removal og|mer
polymer ay'
R composites



88 R. Sarkhel et al.

3 Polymer Composites

Polymer-polymer composites are mainly used in the process of dye removal since
it has many attractive and advantageous properties like mechanical strength, high
thermal stability, flexibility, durability, and high surface area with high surface-
to-volume ratio. These properties make the polymer capable of doping with the
other polymer composites by the synthesis involving functionalization by the method
of crosslinking and blending with different fillers. The fillers maybe comprised of
different Agrowaste like Sugarcane bagasse, peanut shells, rice husk ash, etc. The
polymer-polymer composites have attracted the scientists and researchers all over
the world because of their properties. So, these composites are well utilized in the
purpose of wastewater treatment and in the desalination methods. The main advan-
tage of these types of composites is wider range of pollutants can be utilized for the
Bioremediation treatment, but the disadvantage is high production cost [11].
Polymers are often used as fillers in polymers, or one or more polymers are
synthesized to form a new polymeric material where different fillers are reinforced
to form a composite system. Elkady and co-workers developed a copolymer were
developed using Styrene and acrylonitrile by the in-situ polymerization method and
using nanofibers as filler and used it for dye removal (by basic Crystal violet dye)
through the adsorption batch process. The polymer composite was produced by the
technique of electrospinning [19]. The composite morphology is shown in (Fig. 2).
The surface morphological characteristics were identified by the SEM technique
indicating a uniformity for the carboxylated nanofibers. The adsorptivity of the
process was also been affected by the structural modifications with the isolated
microbes. The adsorption capacity was noted at about 30 min as 67.11 mg/g. This
is because of the toxicological and structural changes interpreted in the copolymer
with the functional groups of carboxyl acid and amino acid bringing about immuno-
logical changes in the polymer by the high adsorptive power in the removal of basic
dyes like Crystal violet and Methylene blue dye [34]. Synthesis of cyclodextrin
composites also proved to be an exceptional group of polymer-polymer composites
with cost-effective power, high feasibility, and effectiveness in the process of dye
removal due to their good physicochemical properties [31, 68]. The efficacy for dye
removal was increased by crosslinking the cyclodextrins with the polydopamine for
the high thermal stability and structural feasibility immobilized with starch to utilize
it in wastewater and biodegradation treatment using fungi and cyanobacteria due to
their microporous nature. The 8 cyclodextrin plays a significant role in the adsorp-
tion process of dye removal using microbes due to the intraparticle diffusion and
interlinking forces of attraction in dyes with the polymer doped composites [63].
Similarly, polymer composites like PVA/Cellulose, PVA/chitin were generated
from the fillers combined with the monomers. The fillers were utilized as the natural
fibers like cellulose. Cellulose was extracted from the Agrowaste like Sugarcane
bagasse, Peanut shell waste. The cellulose was also grafted with 2-acrylamido-
methylpropane generating efficient polymer composites for dye and heavy metal
removal involving micro-organisms like Aspergillus sp. For the preparation of
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Fig. 2 SEM micrographs of a poly (Acrylonitrile-Styrene copolymer (AN-co-ST)) nanofibers;
and b modified poly (AN-co-ST) nanofibers; ¢ effect of initial dye concentration on dye removal
capacity and percentage decolorization onto the chemically modified nanofiber (reproduced from
[20], open-access article)

PVA/chitosan or PVA/Cellulose polymer, initially, PVA polymeric membrane was
produced by adding 4 g PVA with 100 mL water, and continuously stirred for two
hours. After the solution turns transparent, some amount of chitosan or cellulose in a
1:2 ratio is added to form a homogenous solution by the process of ultra-sonification.
Finally, the polymer composites were obtained. And then the weights were measured,
analyzed for the dye removal with Methyl orange dye solution under dark conditions
with UV irradiation and the adsorption-desorption study was evaluated through UV-
vis spectroscopy. Then the dye-loaded composites were used for the Biodegradation
treatment using microbes like fungi and bacteria maintaining an optimum alkaline
pH and temperature of about 35 °C [47]. Also, polymer composites with diethylen-
etriamine with polyacrylonitrile were produced by the membrane separation and
electrospinning technique. The composites were characterized by SEM and TGA.
SEM confirmed the presence of roughness in the structure due to the incorporation of
diethylamine with the presence of microbes which affected the dye removal process
[3]. The advantages and disadvantages of Polymer doped polymer composites are
represented in (Table 1).
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Table 1 Interpretation of

. Advantages Disadvantages
advantages and disadvantages
of polymer-polymer (1) Polymer composites are very | (1) High cost of production
composites cost-effective to use

(2) High dye removal efficacy and | (2) High labor cost
adsorptive capacity

(3) Structural feasibility increases | (3) High viscous nature
due to highly porous nature inherits low electrical
conductivity

As mentioned earlier various types of fillers are reinforced in polymer matrices to
form polymer composites which can be used in wastewater treatment. Some of these
types of filler reinforced composites are discussed in detail in the following sections.

4 Polymer-Carbon Composites

Carbon when effectively involved with Polymer composites has been significantly
used in the water treatment involving Biodegradation processes and adsorption with
dye removal process exists in different molecular properties with advantages like
high mechanical and chemical properties, high thermal stability, and cost-effective
technique. Polymer doped carbon composites are generated with different forms of
carbon like carbon nanotubes (CNT), Activated carbon, Graphene and can be utilized
in various industrial and commercial applications. The advantages of the composites
enable them for the high removal efficiency of varied micropollutants like dye, heavy
metals from wastewater. The polymer doped carbon composites have attracted the
scientists due to the excellent properties of high surface area and high solubility
persists. The generation process of polymer-carbon composites is represented in
(Fig. 3).

Carbon nanotubes (CNT) are the cylindrical structure of carbon materials with a
one-dimensional graphitic structure having high surface area making it promizable to
be utilized in Bioremediation process involving dye and oil removal. They are of two
types multiwalled carbon tubes and single-walled carbon nanotubes. But the carbon
nanotubes possess a low solubility technique due to the absence of surface functional
groups which resulted in low adsorption performance. The carbon nanotubes show

Activated Carbon | PVA Soln mixed Finally.
generated from the with prepared =

. : Polymer-carbon
agricultural waste | g | AC to generate g
keeping in muffle PVA/AC H,Iod 1‘?:(1‘ i
furnace for 2 hrs. membrane. producec.

Fig. 3 Synthesis process of polymer-carbon composites, a generalized scheme using polyvinyl
alcohol (PVA) as matrix and activated carbon as filler [9]
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an excellent functionalization property for the degradation process. Graphene when
interlinked with the multiwalled nanotube structure grafted with a PVA polymer
enhances the functional property due to crosslinking by sp? hybridization [50]. The
polymer composites in the combination of activated carbon and Graphene possess a
high stability for the bioremediation by the utilization of advanced treatment tech-
nologies like Photodegradation and ozonation (in presence of ozone) and micro-
organisms. Activated Carbon preparation from the agricultural wastes has foreseen
the environmental problems and thus increases the mechanical stability of the carbon
nanocomposites with the reinforcement of activated carbon derived from Agrowaste
like Sugarcane bagasse, Rice husk ash, Peanut, Coconut waste, Tea waste, etc.

The composite research on carbon nanotubes attracted attention due to the
improved characteristics by surface modifications in the adsorption performance
involving dye removal enhancing the thermal and mechanical stability. Fabrication
of carbon nanotubes by surface functionalization is a facile approach. A recent liter-
ature study was done where carbon nanotubes were grafted with poly (sodium-p-
styrene sulfonate) where the CNT was initially coated with a layer of dopamine and
then polymerized to utilize in water treatment involving biodegradation by Azolla
cyanobacteria then in the removal of a basic Methylene blue dye. The enhanced dye
removal showed a great adsorptive capacity at 25 min with 174 mg/g [61]. Polyaniline
when encapsulated with multiwalled CNT’s by the in-situ polymerization process
possesses a high removal capacity of about 884.84 mg/g with alizarin yellow dye
[60]. This suggested that the adsorption study interpreted pseudo second-order Lang-
muir isotherm and thus the polymer doped carbon CNT composite may be hence
utilized as a cost-effective adsorbent for the removal of various dyes.

PVA/AC polymer doped composite is synthesized by the process of 4 g of PVA
(Polyvinyl Alcohol) powder was mixed with 100 mL of distilled water and kept for
stirring for 2 h to form a transparent solution [47]. Then 2 g of activated carbon was
generated from Agrowaste Sugarcane bagasse and carbonized in muffle furnace to
obtain the activated carbon then was added in 10 ml of prepared PVA solution and
stirred for about 1 h. Hence, the obtained solution was ultrasonicated for 30 min.
Then cast on a sterile petri dish by the solution casting polymerization technique
and utilized in dye removal process and finally dye-loaded composites were used in
biodegradation using bacterial strains [47].

Polymer doped graphene composites have gained a lot of interest due to their
effective physicochemical properties and their three-dimensional structure which
enhances the porous nature, high thermal resistance, and high electrical conductivity.
Polymer-Graphene composites can be structured and fabricated onto membranous
films to enhance the bioremediation and dye removal process, also may be used
in ultrafiltration membrane separation techniques [28]. Sodium alginate beads were
grafted with Graphene to form a composite with excellent selectivity and permeavity
[12]. In a study Poly (N, N-2-ethyl aminoethyl methacrylate) was cast with graphene
oxide for the removal of methylene orange dyes [15]. A nanoporous fibrous membra-
nous composite was developed using multiwalled carbon nanotube encapsulated
with polymer for dye removal by Methylene blue and Congo red because of its low
permeation flux and low pressure-driven process carried out by electrospinning and
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Table 2 Representation of advantages and disadvantages of polymer-carbon composites

Advantages Disadvantages

(1) These polymer composites are easy to use | (1) Ability of dispersion is poor
and cost-effective

(2) High surface area and porosity (2) Production process is very critical with the
advanced treatment methods

(3) High adsorptive capacity (3) Lack of design guidance

spraying technique [51]. The polymer composites doped with graphene possess good
adsorption properties focusing on magnetic adsorbents with biopolymers. Biopoly-
mers were used where iron oxide played a significant role in the magnetic prop-
erty. The dye removal by polymer-graphene composites was subjected to photocat-
alytic processes by the isolated micro-organisms of fungi [69]. The polymer doped
graphene composite is most commonly used composite because of its high adsorption
and removal property due to the functionalization and high porosity which enables it
in the utilization of Bioremediation process. The advantages and Disadvantages of
Polymer doped Carbon composites are interpreted in (Table 2).

5 Polymer-Clay Composites

Some treatment technologies for the water treatment processes involving Bioremedi-
ation and Adsorption process are favored due to their attractive properties such as high
effectiveness in the removal process, easy operation technique, and high efficiency.
Polymer doped clay composites are one of them which are emerging technologies
utilized in the wastewater processes with flexible nature and nature of adsorbents.
Clays constitute natural materials with low cost used as natural efficacious adsor-
bents for the removal of many micropollutants like oil, heavy metals, and dyes. The
advantage of these types of composites is their high porosity and high surface-to-
volume ratio. But their disadvantage is their wettability process is very poor and
slow. Polymer-clay composites can be produced by different associative methods
like flocculation, exfoliation, coating, and intercalation (explained in Fig. 4).

A polymer cationic clay composite was grafted with polyvinyl pyridine (polymer)
and montmorillonite (cationic clay) as a novel adsorbent for the removal of dyes like
Methylene blue with an effective pH response. The high elimination of organic pollu-
tants has been due to the high presence of leachate ions and high zeta potential. At
an increase of pH level, the desorption of pollutants takes place using these types of
composites [21]. A similar study was conducted using montmorillonite and sodium
2-acrylamido-2-methylpropane sulfonate and N isopropylacrylamide with a graft
polymerization using a sulfate free technique. This enhanced the dye removal prop-
erty by Methylene blue dye and the bioremediation process with these dye-loaded
composites. The composites have been so efficient that they can be reused three to
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Polymer

clay
composites

Polymer Clay

Fig. 4 Diagram representing the formation of polymer-clay composites by different methods

four times with no removal loss [5]. The dye has an adsorption capacity of 1875 mg/g
representing the highest removal involving mercuric ions due to its highly porous
nature and chelation property [64]. Also, a polymer-clay composite produced from
montmorillonite with polyvinyl alcohol and poly (4-styrenesulfonic acid-comaleic
acid having highly efficient and cost-effective adsorbents [36]. A hydrogel composite
with polymer doped clay composite comprising polymers with montmorillonite was
exfoliated using bis [2-(methacryloyloxyethyl] phosphate as a crosslinker used for
the elimination of methyl red, methylene blue, and crystal violet from wastewater
with maximum adsorption capacity of 113, 155, and 176 mg/g. The desorption
technique was exhibited in the Ethanol solution [39]. From the recent literature
survey, anionic clay-based composite of magnesium aluminum coated with poly-
dopamine was produced for the desalination and water treatment for the bioreme-
diation purposes by using microbes. Also, utilizing removal of copper ions as well
as dye removal by Methylene blue and Methyl orange with an adsorption capacity
of 198.73 mg/g [11]. The good adsorption capacity was due to the interaction of
hydroxyl molecules through hydrogen bonding with removal of dye from wastew-
ater enhancing the adsorption and thus this composite can be effectively used for the
bioremediation purposes too [16, 62]. The schematic representation of synthesis of
acrylamide and N-isopropyl acrylamide-montmorillonite composite and its use for
methylene blue elimination from aqueous media is represented in (Fig. 5).

The advantages and disadvantages of Polymer-clay composites are discussed in
(Table 3).

6 Fiber-Reinforced Polymer Composites

Fiber-reinforced composites have been nowadays the most prominent option to be
used in case of water treatment since they are very lightweight and have high tensile
strength due to the reinforcement of fillers into them. The fillers maybe of metal,
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Fig. 5 A schematic representation of synthesis of acrylamide and N-isopropyl acrylamide-
montmorillonite composite, and its use for methylene blue elimination from aqueous media
(reproduced from Berber et al. [11], open-access article)

Table 3 Representation of advantages and disadvantages of polymer-clay composites

Advantages Disadvantages

(1) Utilization of cost-effective adsorbents

(1) High labor cost

(2) High adsorption capacity due to more
interaction of hydroxyl molecules

(2) Structure of composites was complex

(3) High efficacy for bioremediation purposes

(3) Production costs for developing these

composites are very high

ceramic, carbon, and natural fibers like cellulose. These composites are a hetero-
geneous mixture of two materials, one embedded into the other. Fiber-reinforced
polymer composites have high performance due to their crosslinking nature of cellu-
losic fibers with excellent structural properties. These properties make the polymer
capable of reinforcing with fillers by the synthesis involving functionalization by
the method of crosslinking and blending. The fillers maybe comprised of cellulose
extracted from different Agrowaste like Sugarcane bagasse, peanut shells, rice husk
ash, etc. The synthesis of fiber-reinforced polymer composite has been interpreted
in (Fig. 6).

Polyvinyl composites reinforced with nanocellulose, chitin, carbon were synthe-
sized. These composites were cost-effective, eco-friendly, and reusable. The
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Nanocellulose Fiber (cellulose) reinforced
synthesis polymer (PVA) composite

Agricultural waste cellulose preparation

Fig. 6 Synthesis of fiber-reinforced polymer composite membrane, a pictorial representation with
nanocellulose as filler and PVA as matrix [37]

crosslinking component was the maleic acid to generate the biopolymer composite
film. The composite film was evaluated for the dye removal process involving Methy-
lene blue dye, and the effect of parameters like pH, temperature, concentration
was studied for the batch process. The adsorption capacity was extremely high as
467.5 mg/g, confirmed from the FTIR and SEM analysis. SEM analysis showed a
rough surface after the incorporation of methylene blue dye into it. FTIR evaluated
structural bonds linked to the fillers with different functional characteristics [37].

PVA/Chitin and PVA/nanocellulose was prepared by initially preparing PVA film,
dissolving 10 g of PVA granules with 70 g of water, and kept stirring until the solution
becomes homogenous at 85 °C for about 2 h. Then nanocellulose was prepared by
ultrasonicating the prepared cellulose mixture for 15 min. Now, finally, the chitin or
nanocellulose is mixed with maleic acid and PVA in a weight ratio of 1:5 and stirring
it for about 3 h. at 500 rpm. HCL was added to the mixture of maleic acid since it
behaves as a catalyst. After the solution turns homogenous, pour into a sterile petri
dish and keep it under a low heat for the generation of the fiber-reinforced polymeric
composite membrane [22]. Finally, the polymer composites were utilized for the
bioremediation process involving dye removal and the dye-loaded composites can
also be used for the biodegradation process. The isotherm and adsorption studies were
done to investigate the adsorption-desorption, and kinetic parameters at an alkaline
pH range about 8.5 so that the composites can be regenerated again for further use
[43]. The advantages and disadvantages of Fiber-reinforced polymer composites are
discussed in (Table 4). Various properties of all these polymer reinforced composites
have been explained in (Table 5).

Table 4 Advantages and disadvantages of fiber-reinforced polymer composites

Advantages Disadvantages

(1) They have high strength and good rigidity | (1) They have low electrical conductivity

(2) The adsorption properties with respect to | (2) The density of these composites is low so
dye removal are very high adsorption resistance is high

(3) They have high thermal resistance, so (3) They are fragile and hard to repair
durability is high and thus can be used for
bioremediation purposes
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7 Dye Removal Properties for the Different Polymer
Composites Used in the Study

See Table 5.

Table 5 Representing SWOT analysis of the composites

Types of composites | Strengths Weaknesses Opportunities Threats
(1) Polymer-polymer | (1) Very (1) Low density (1) Utilization of (1) High
composites lightweight (2) Low natural fibers as production costs
(2) Cost-effective performance on fillers (2) Disposal is not
(3) Environment mechanical (2) Design may be | easy
friendly properties changed when
needed
(2) Polymer-carbon (1) Cost-effective (1) Untrained labor | (1) High adsorption | (1) Low energy
composites (2) High (2) Dispersion capacity density
surface-to-volume | ability is low (2) High porosity (2) Regeneration is
ratio (3) Advanced (3) Use of critical
(3) Manufacturing | treatment sustainable (3) Little applied
processes benefits | technologies are renewable R&D
bioremediation critical resources
techniques through | (4) No loss with (4) New
dye elimination and | recycling applications are
using microbes produced
(4) Rise of market
economy
(3) Polymer-clay (1) High electrical | (1) Thermal (1) New and (1) Lack of
composites conductivity resistance is not emerging market production chains
(2) Weight loss in | very high technologies (2) High labor cost
composites is high | (2) Mechanical (2) Sustainability (3) High demand
(3) High adsorption | properties are low | with green for dimensional
(3) Fatigue materials analysis with
properties develop | (3) Surface areais | biomass cropping
high
(4) Fiber-reinforced (1) High porosity (1) High (1) Cost-efficient (1) They are hard
composites (2) High strength to | production cost (2) Easily available | to repair due to
volume ratio (2) Low electrical | (3) Durability is fragility and
(3) Adsorption conductivity high, and high porosity
capacity is high (3) No magnetic thermal resistance | (2) Low corrosion
thus enabling high | property so reinforcement is | resistance

removal efficiency

strong

(3) Maintenance
and production
cost is very high




Dye Removal Using Polymer Composites as Adsorbents 97

8 Recent Works of Dye Removal Using Polymer
Composites

In the recent literature survey, for the purpose of photocatalytic process, a hybrid
composite was produced. Polyoxometalate reinforced with polymer was prepared
at optimum temperature conditions by the photocatalysis technique. The polyox-
ometalate was reinforced into the polymeric resin and then was studied under light
intensity to interpret the dye removal capacity. The prepared composites reinforced
into the polymer matrix revealed high adsorption properties, and the photocatalytic
ability was studied under UV irradiation on the Eosin dye [25]. It was noted that the
removal efficiency was about 98 and 93%, respectively using these polyoxometalate
hybrid composites, whereas it was 94% using silicon reinforced with polyoxomet-
alate composites. The photocatalytic characteristics were studied to increase the
quantum yield for the dye decolorization which is crosslinked with the ligands of
functional groups occupying oxygen molecules [45].

The characteristics of the polymer were evaluated by the FTIR analysis. After the
photopolymerization process, the photocatalytic properties of the prepared polyox-
ometalate reinforced with the polymeric resin were reserved thus enabling efficient
dye removal using Eosin dye. The composites were generated due to the immobi-
lization process studied under UV light. The composite efficiency was interpreted
utilizing UV spectroscopy with a wavelength of 405 nm maintaining a pH of 8. The
development of these composites leads to high yield and offers new possibilities to
remove contaminants from wastewater enhancing the photocatalytic efficacy. Thus,
these polymer composites can be regenerated, recycled, and utilized for bioremedi-
ation removing pollutants like dye and for other purposes to enhance environmental
sustainability.

The development of polymer composites of clay with the green composite
polyethylene was done for removing methylene blue dye from wastewater. The
different optimum parameters were maintained during the experimental process such
as pH (9), concentration of the dye at 1 x 10~> M with an agitation speed of 1440 rpm.
The removal of methylene blue dye from the polymer composites was due to the inter-
action of the molecules through hydrogen bonding increasing the surface area and
porosity [23]. The adsorption and kinetic parameters like temperature, pH, and dye
concentrations were investigated for the composites having high adsorptive capacity
stated that the adsorption process depicted pseudo second-order.

The three different concentrations were maintained as 5 x 107°, 10 10~% and
25 * 107° M, with room temperature and the values of pH were 5.5, 7, and 9, respec-
tively. The sample was used for the adsorption experiments evaluated through UV-vis
spectroscopy and was characterized by SEM, TGA. The literature survey revealed
from the results increasing methylene blue dye concentration enhances the adsorp-
tion capacity maintaining a pH value of 5.5-9. Due to the molecular interaction and
hydrogen bonding, the kinetic energy increases. The adsorption isotherm models
for the best fit curve were obtained by pseudo first-order, pseudo second-order,
mass transfer diffusion, and intraparticle diffusion. The activation energies, isotherm
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studies evaluating kinetic as well as thermodynamic parameters were discussed. The
Gibbs’s free energy was found to be — 70.64 kJ/mol, Entropy — 70.64 J/mol/K,
and the activation energy as 12.37 kJ/mol maintaining a room temperature. The
results revealed that the reaction was spontaneous and exothermic and thus this type
of composites can be utilized in water treatment and providing green, sustainable
environment [49]. Formation of the polymer-clay composite and its dye removal
characteristics has been shown in (Figs. 7 and 8).

The polymer composites of polyaniline reinforced with hexaferrite and PVA was
prepared and examined for dye removal analysis by Reactive black dye. Composite
hydrogels were produced by the process of oxidation of aniline hydrochloride mixed
with ammonium sulfate with 5% PVA in the presence of hexaferrite particles. These
composites show a good adsorptive and magnetic power due to the presence of
ferrite molecules with crosslinking of functional bonds incorporated into the hydrogel
composites. The mixture prepared was initially kept for thawing at — 5 °C for 5 days
for the polymerization to take place [54]. After the thawing process, the composites
were produced by the lyophilization process. The innovation for the electromagnetic
property of the polymer composites attracted different researchers and scientists
worldwide. These polymer composites were prepared due to their advantageous
properties such as high chemical strength, high thermal stability, cost-effectiveness,
high electrical conductivity, and environmental feasibility.

The porosity of the composites becomes high due to the presence of hexafer-
rite molecules thus enabling high efficacy for dye removal utilizing the hydrogels
[11]. The freezing attitude of the hydrogels reinforced with polyaniline was incorpo-
rated because of the magnetic hexaferrite molecules which exhibit easy separation of
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Fig. 7 Formation of GCPf (clay polyethylene composite) and its removal of methylene blue from
water solution (reproduced from [49], open-access article)
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Fig. 8 Removal of methylene blue by clay polyethylene composites from water in the laboratory
(reproduced from [49], open-access article)

adsorbents from the fluid. The adsorptive removal capacity was about 99% by Reac-
tive black dye, this is due to the reason of cohesive forces present in the hydrogels
by the reinforcement of polyaniline and hexaferrite in presence of PVA, thus can
be utilized in bioremediation and water treatment. The deformation of composites
results in effective magnetic anisotropy and low coerciveness [46].

An eco-friendly bio adsorbent polymer composite was generated by the process
of graft polymerization with high removal capacity of azo dyes from solutions.
1,1-diallyl-4-carboxypiperidin-1-ium bromide was incorporated into biomaterials
like cellulose, chitosan. Different parameters which affected the adsorption prop-
erty of dye are temperature, pH, adsorbent dosage, and solution concentration. The
biopolymer composites served as efficient adsorbents with excellent amphoteric
approach which enabled the composites in the bioremediation, desalination, and
water treatment study. The bio adsorbent composite served as a pH-responsive mate-
rial for the removal of azo dyes such as indigo and Congo red from the solutions
[35, 67]. The polymer composites helped in the decontamination of dye-containing
water solutions. The surface morphological properties and functionalization char-
acteristics were determined by SEM, FTIR, TGA, and VSM which revealed the
roughness nature of the composites after dye degradation. The adsorption isotherm
models like Langmuir isotherm and pseudo second-order kinetic model were inves-
tigated to obtain the best fit model for the experimental analysis and use it further.
The polymer composites were regenerated with a basic solution of HCL or NaOH
[41]. The adsorption capacity for the azo dyes was 840.33 mg/g and 909.1 mg/g,
respectively. This is due to the entrapment and immobilization of dye molecules into
the polymer bio adsorbents with cost-effective materials as an environment-friendly
technique that enables the sustainability with regeneration, and ease in magnetic
separation for the polymer composites.
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9 Future Perspectives

The chapter foresees the generation of different types of polymer composites and their
application in dye removal as well as for bioremediation in water treatment and desali-
nation. The demand for clean water has been increased drastically in past decades due
to increased marine pollution. Different methods were being employed for the treat-
ment of above problems [1, 24]. The removal processes mainly involved adsorption
techniques and separation processes (bioremediation or phytoremediation).

A vast variety of polymer reinforced composites for dye removal have been exhib-
ited and utilized in lab-scale experimentation techniques, therefore exhibiting a posi-
tive outcome. Thus, challenges can be overcome by employing more applications to
these composites in removing dyes and other micropollutants. Elimination of dye
and weight loss of the composites results due to the polymerization techniques and
electrochemical processes [30, 55].

10 Conclusion

As discussed in this chapter, the polymer reinforced composites made of all synthetic
and natural polymers have remarkable, and attractive properties of adsorption and
bioremediation when combined with different adsorbents like polymer, clay, cellu-
lose, and carbon. The recent works related to the dye removal study utilizing the
polymer composites have also been discussed in this chapter. These composites are
prepared for the sustainability of the environment since they are cost-effective, and
environment friendly. The production of these polymers yields a high cost, but they
have easy fabrication, have high chemical and thermal strength, and application
process. Using Agro waste in the preparation of natural fibers as a filler in devel-
oping the polymer-polymer composites and in the generation of activated carbon for
polymer-carbon composites exhibit high efficacy. A lot of research has been done to
make the polymers durable, highly efficient, and have high adsorption properties to
be utilized in dye removal from industrial wastewaters.
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1 Introduction

The global population has been increasing at an exponential rate over the past decade.
This has led to the increase in the industries to cope up with the demands of the
growing population in terms of food, cloth, shelter, and energy. Thus, industrialization
is a vital sector for the welfare and development of a country. But, this growth
in the industries has resulted in the deterioration of the environment to a larger
scale especially the water bodies. According to the CDP (Carbon Disclosure Project)
Global Water Report 2018, companies in the seven sectors (food, textile, energy,
industry, chemicals, pharmaceuticals, and mining) account for and wield influence
over 70% of the world’s freshwater use and pollution [10]. Among these sectors, the
textile industry is one of the largest consumers of freshwater and also generates tons
of wastewater [30]. It is reported that for average-sized textile mills about 100-200
L of water is utilized for one kilogram of fabric processed in a single day [42] and
generates around 2700 MLD of wastewater in India alone by woolen industries [32].

Textile wastewater is the result of a magnitude of processes involved in the
textile industry—de-sizing, scouring, bleaching, mercerizing, dyeing, printing, and
finishing stages—and it utilizes numerous synthetic dyes. As the uptake of these
synthetic dyes by fabrics is very poor, large amounts of highly colored water are often
discharged as wastewater. These wastewater effluents contain a multifarious load of
pollutants—waxes, ammonia, disinfectants, insecticides, surfactants, oils, anti-static
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agents, solvents, organic stabilizers, colors, metal ions, salts, sulfide, and formalde-
hyde—which differ from mill to mill, country to country, fashion trend, fabric weight
and type, season, and chemicals applied [41]. These pollutants directly devitalize the
quality—pH, biological oxygen demand (BOD), chemical oxygen demand (COD),
hardness, electrical conductivity, and total alkalinity—of water [28]. All these relate
mostly to the dyeing and finishing processes and add to the larger portion of the total
wastewater, as they are mostly released to the environment without prior treatment.
Globally, an estimated 80% of all industrial and municipal wastewater is released
into the environment without any prior treatment, with detrimental effects on human
health and ecosystems [38].

Itis reported that in India the textile industry due to the high demand for polyester
and cotton, consumes around 80% of the total global production of 130,000 tons
of dyestuff [18]. Dyes even in trace quantity can affect the quality of water as no
one will drink colored water even in the least diluted form; they even hinder munic-
ipal treatment processes such as ultraviolent decontamination [18]. Dyes can affect
aquatic plants since they diminish sunlight transmission through water. Likewise,
dyes may pose a danger to amphibian life and aquatic life; their presence in water
results in the increase of turbidity, which obstructs the synthesis of food and oxygen
by aquatic plants such as algae [6]. Most of the dyes used in the textile industry
have complicated and stable aromatic structures, which make their biodegradation
ineffective both chemically and photolytically. Even if they degrade, these degraded
products might be mutagenic or teratogenic, carcinogenic, and may cause serious
damage to people [1]. For example, failure of the kidneys, regenerative framework,
liver, mind, and focal sensory system [28].

Though dyes have a wider application yet because of the risk associated with
dyes and toxic derivatives, the treatment of wastewater from dyes becomes signif-
icantly important and also challenging. Over the years, numerous methods have
been used to remove dyes such as biological treatment, ultrafiltration, photocatal-
ysis, electrochemical processes, and adsorption. Adsorption over other techniques is
advantageous due to its low cost, ease of operation, and high removal efficiency and
it is regarded as the most effective process of advanced wastewater treatment which
industries employ to reduce/treat wastewater effluents [40].

Though various adsorbents—clays, porous carbon, biomass, zeolites—are exten-
sively investigated for removal of pollutants, substantial works are dedicated
currently toward the development of new adsorbent material or to improve the perfor-
mance of existing adsorbents. In this regard, polymer-derived ceramics (PDCs) offer
many advantages as they can be easily prepared by preceramic polymers (PP) as
the molecular composition/architecture of PP can be altered easily to obtain various
forms via plastic forming technique. PDCs are great nano-porous adsorbent mate-
rials with large surface area, tunable porosity, good corrosion resistance, excellent
mechanical strength, and high thermal stability due to which PDCs can be signifi-
cantly employed for advanced adsorption and catalysis. These advance and enhanced
properties of PDCs makes them an interesting candidate for applications in the fields
of adsorption and catalyst support.
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Since, “water is a basic human need, required for drinking and to support sani-
tation and hygiene, sustaining life and health. In fact, both water and sanitation are
human rights” [36]. Thus, in this chapter, our focus is to highlight the different types
of PDCs with reference to organosilicon polymers especially polysiloxane, as the
preceramic polymer precursor, its synthesis and its application for removal of dyes
from water by both adsorption and as catalyst support for dye degradation. The idea
behind this chapter is to understand how polymer-derived ceramics can serve as a
treatment method for textile wastewater especially colored substances like dye which
is considered as a significant pool of pollution.

2 Polymer-Derived Ceramics

Polymer-derived ceramics (PDCs) are a recent class of porous ceramic materials,
which are synthesized by direct thermal conversion of preceramic polymer (PP) into
ceramics in an inert atmosphere. They are a novel class of multifunctional nanos-
tructured materials that are composed chiefly of silicon, carbon, nitrogen, boron, and
oxygen. The properties of PDCs depend on various parameters: preceramic polymer
composition, temperature, heating rate, heating time, and chamber atmosphere. The
PP are of various classes however, organosilicon polymers—polysiloxanes, polycar-
bosilanes, and polysilazanes—are of significant interest and are widely investigated
due to their versatile properties: heat resistance, high mechanical strength, and chem-
ical stability [25]. These properties provide the PP-derived PDCs with high potential
applications in high-temperature sensors, electrode materials, optical devices, gas
separation, catalysis, and water filtration.

2.1 Preceramic Polymers

Though PDCs can be prepared by powder technology, which requires the presence
of sintering additives that constrain technical applications, they are preferably and
easily obtained through PP. The type of PDCs, depends on the types of preceramic
polymers (PPs) from which it is derived and are classified as binary systems (Si3Ny,
SiC, BN, and AIN), ternary systems (SiCN, SiCO, and BCN), quaternary systems
(SiCNO, SiBCN, SiBCO, SiAICN, and SiAlCO), and even pentanary systems.

Among many available preceramic polymers, organosilicon polymers are widely
used for the preparation of PDCs and are therefore selected for discussion under this
chapter; some of the organosilicon polymers that are used as a precursor to derive
PDCs are shown in Fig. 1.



108 P. C. Bhomick et al.

3} 1 -+

Polysilane Polysiloxane Polycarbosiloxane
{ .I } { |
o . Lo } E o }
Polycarbosilane Polysilazane Polysilylcarbodiimides

Fig. 1 Some examples of organosilicon preceramic polymers (R and R’ are organic substituents)

2.1.1 Polysilanes

They are the simplest one-dimensional organosilicon polymers that are composed
of a Si-Si backbone where organic substituents are attached. These organic side-
chain substituents are responsible for the varied molecular weight of polysilanes
and also affect their properties. Delocalization of o electrons on—Si—Si—bonds (o
conjugation) produces varied properties in polysilanes such as photoconductivity,
luminescence, and high thermal stability [13].

2.1.2 Polysiloxane (Silicones)

Polysiloxanes are made up of silicon—oxygen—silicon backbone with low inter-
molecular force. The reason behind the flexibility of the polymers which results
in low glass transition temperature. They are a class of organosilicon polymers that
have been used in various industries—textile, electronics, medicine—as preceramic
polymers because of their high resistance to temperatures, low surface tension and
energy, and high gas permeability.

2.1.3 Polycarbosilane
Polycarbosilanes are polymer with—Si—C—backbone. The carbon chain in this

backbone varies such as methylene, vinylidene, phenylene—the reason behind
the complexity of the polycarbosilane structure—through which different ceramic



Polymer-Derived Ceramic Adsorbent for Removal of Dyes from Water 109

yields are obtained. But, in some cases the polycarbosilanes possess an alternate -
conjugated unit like phenylene, ethenylene, and a sil(an)ylene unit. Polycarbosilanes
as a precursor are mostly used for SiC-based fibers because of their high ceramic
yield [11].

2.14 Polycarbosiloxane

Polycarbosiloxanes are usually inexpensive and are widely used for sealing appli-
cations or as semiconductor encapsulant material. A variety of derivatives poly-
carbosiloxane are commercially available. Many of them have excellent chemical,
physical, and electrical properties. The general synthesis method for the preparation
of polycarbosiloxanes comprises the reaction of chloro(organo)silanes with water
[11]. Additionally, hyperbranched polycarbosiloxanes synthesized via the Piers—
Rubinsztajn (P-R) and hydrosilylation reactions unveil as a promising candidate for
high-technology performance such as solar space and solar applications [39, 48].

2.1.5 Polysilazane

They are polymers that consist of alternating silicon—nitrogen bonds with carbon
containing side groups. They are mostly used as the precursors for constructing
SiCN ceramics. Polysilazanes have a versatile property such as high thermal stability,
oxidation, and corrosion resistance due to which they are significantly used for heat
exchange barriers or on steel against oxidation. Eventhough they were used as precur-
sors to prepare silicon (carbo)nitrides and other related materials back in the 1950s,
they are widely used even to this day as silylating agents and as precursors for the
preparation of ceramic materials.

3 Preparation of PDCs

PDC:s are traditionally prepared by powder technology; since it uses sintering suit-
able powders, this method constrains technical applications [11]. In recent years, the
use of preceramic polymers especially silicon-based polymer as precursors for the
synthesis of PDCs have been mushrooming as it provides several advantages—homo-
geneous distribution of the elements in PDCs, PDCs with high purity, synthesis at
relatively low temperatures (800—-1000 °C), ease of changing the molecular structure
of the precursors, and ease of tailorability (producing ceramics with new elemental
compositions)—compared to powder technology. Another advantage of PPs is that
different elements—Si, C, N, and O can be easily grafted on the polymer backbone to
get different organosilicon polymer, which various side chains on Si can be modified
to give the final ceramic a versatile decomposition property. The final PDCs compo-
sition depends on the type and synthesis of PPs—organosilicon polymers. To prepare
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silicon-based polymer ceramics, the organosilicon polymers should possess certain
properties such as an appropriate solubility for shaping, high molecular weight,
cross-linking ability [13]. Thus, the preparation of preceramic polymers is the first
vital phase to construct polymer-derived ceramics. This is because the properties
and composition of PPs affect the final compositions of PDCs, which subsequently
determine the ceramic properties.

3.1 Conversion of Molecular Precursors to Preceramic
Polymers

In this process, normally, PP are prepared from molecular precursors, this opens
a gateway for the researchers to manually tailor the architecture and cross-linking
ability of the PPs, which will help to produce PDCs with high purity and versa-
tility at lower processing temperature, and easily alterable to a multi-component
hybrid material at molecular levels. In a typical synthesis, the preceramic polymer is
first synthesized and shaped using conventional polymer-forming techniques such as
polymer infiltration pyrolysis (PIP), injection molding, coating from solvent, extru-
sion, or resin transfer molding (RTM). Preceramic polymers especially organosilicon
polymers are generally produced by polymerization of halosilanes as the molecular
precursor.

For example, PPs such as Polysilanes are known to be synthesized by Wurtz
type Coupling of halosilanes, by anionic polymerization reaction, or by catalytic
dehydrogenation of silanes and by reduction of silanes [13]; Polycarbosilane can
be synthesized by Kumada rearrangement [20]. This rearrangement is based on
the thermal decomposition of a polymethylsilane—synthesized by the reaction
of dimethyldichlorosilane with sodium at 120 °C in xylene—to yield the poly-
carbosilane [22]; Polycarbosilane can also be prepared by a sequential Grignard
coupling reaction of (chloromethyl) triethoxysilane and vinyl magnesium bromide
followed by LiAlH4 reduction [15]. They can also be prepared by ring-opening
polymerization [13]. Polysilazanes is synthesized by ammonolysis of chlorosi-
lanes with ammonia or by ring-opening polymerization of cyclic polysilanane
[31]. Polysiloxanes are prepared by polycondensation of linear silanes with termi-
nated active functional groups (e.g., usually dimethyl-dichloro silane) and by ring-
opening polymerization of cyclic silaethers [11], while Polysilylcarbodiimides can
be synthesized by pyridine catalyzed polycondensation reaction of chlorosilanes
with bis(trimethylsilylcarbodiimide) prepared via reaction hexamethyldisilazane,
cyanoguanidine, and a catalytic amount of ammonium sulfate [19]. Figure 2 shows
the route of formation of some polyorganosilicon polymers via halosilanes through
various approaches.
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Fig. 2 Transformation of molecular precursors to preceramic polymer

3.2 Conversion of Preceramic Polymers to Polymer-Derived
Ceramics

Polymer-derived ceramics can be easily prepared through controlled heat treatment
of preceramic polymers. Since the physical state and rheological properties of prece-
ramic polymers can be tailored and controlled, polymers can be shaped before
or during the cross-linking steps followed by pyrolysis and annealing if required
(Fig. 3). Preceramic polymers are converted into ceramic through pyrolysis at temper-
atures (generally > 800 °C) in an inert atmosphere; pyrolysis results in the release
of organic small volatile species such as Hy, CHy4, or other volatile compounds,
from the polymer matrix due to the breaking of C—H bonds. This route allows the
preparation of unusual ceramic structures with tuned mesoporosity, which cannot
be obtained with any other method. It takes into consideration the advantage of the
chemistry of molecular and polymeric precursors and their ability to be coupled with
forming methods to form into ceramics after pyrolysis [21]. For example, polycar-
bosilanes can be directly converted to SiC by pyrolysis; [24] prepared SiC foams with
a tunable porosity (Fig. 4a, b). They synthesized high molecular weight polycarbosi-
lanes via the thermal backbone rearrangement of polydimethylsilane granules, and
then they were modified with epoxy by dissolving in epoxy-tetrahydrofuran solution
to generate the controlled foaming sites in the PCS. SiC foams (Fig. 4c) were derived
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Fig. 3 Processes associated with the conversion of preceramic polymers to Polymer-Derived
Ceramics (taking polysiloxane as the preceramic polymer example)

Fig.4 a, b SEM images of SiC foam converted from PCS powder, ¢ showing shape and size of
synthesized SiC form, Dia = 50 mm, ht = 80 mm (Reproduced from [24] with permission Elsevier,
Copyright 2017), d SEM images of the M—SiOC pyrolyzed at 1000 °C (Reproduced from [46]
with permission Elsevier, Copyright 2011), e SEM image of fracture surfaces of pyrolyzed SiOC
Ceramics [37], f SEM images of SiOC ceramic foams showing struts formed during the solvent
evaporation [35]

from the pyrolysis of polycarbosilanes at 1000 °C and ceramization over 1200 °C in
a vacuum furnace at a heating rate of 1-2 °C/min by maintaining the furnace pressure
at 100 mbar [24].

Of various polymer-derived ceramics, Silicon carbide oxide (SiCO) and silicon
oxycarbide (SiOC) ceramics have gained immense attention because of their wide
application in the field of adsorption studies especially due to their surface area,
pore-volume, high-temperature stability, and thermal-mechanical durability.

As the presence of porous structure is significant to employ as an adsorbent or
catalyst support, the formation of this porous structure is created by direct foam
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methods, replica, sacrificial template, sacrificial filler, freeze casting, preceramic
polymer mixtures, preceramic polymer decomposition, etc. For example, Yu et al.
[43], fabricated a mesoporous SiOC ceramic by pyrolysis of polymeric gels prepared
from mixtures of cross-linkable methyl-terminated polydimethylsiloxane(PDMS) as
pore-former and allylhydridopolycarbosilane as a preceramic precursor. The poly-
meric gel was then pyrolyzed at 900 °C in an argon atmosphere for 2 h giving a specific
surface area and a total pore volume of 87.83 m?g~! and 0.195 cm>g ™!, respectively.
They also prepared macroporous ceramics by mixing PDMS with polysiloxane,
followed by cross-linking and then pyrolyzing it at 900 °C. [27] have followed a
soft templating approach using polyurethane sponge as a porous template infiltrated
with silicone resin pyrolyzed at 1400 °C in an argon atmosphere to synthesize SiC
nanowires-filled cellular SiCO ceramics [27].

Yuan et al. [46] fabricated ordered mesoporous SiOC composites using liquid
poly(hydridomethylsiloxane) as preceramic polymer and mesoporous carbon as
a direct template by replica technique via double nano casting. They mixed
poly(hydridomethylsiloxane) and mesoporous carbon CMK-3 with tetrahydrofuran
to form a gel-like mixture (composite monoliths), which were cross-linked at 150
°C for 20 h in a muffle furnace under humid air. The sample was then pyrolyzed at
1000-1200 °C in a horizontal ceramic tube furnace for 2 h in an argon atmosphere to
obtain the SiOC-carbon composite monoliths. Finally, the ordered mesoporous SiOC
monoliths were produced by removing the carbon template by thermally treating the
composite monolith at 1000°C in an ammonia atmosphere for 10 h.

Shibuya et al. [34] prepared porous SiOC ceramics by pyrolysis of methylsilicone
resin with the help of sacrificial microbeads of polymethyl methacrylate (PMMA).
The precursors were melt mixed at 90 °C for 5 min and were uniaxially pressed at
200 °C for 1-2 h at a pressure of 20 MPa. While, cross-linking and elimination of
PMMA were performed by heating the samples in vacuum at 400 °C for 1 h and
were then pyrolyzed at 800, 1000, and 1200 °C in vacuum, with heating for 2 h, to
produce SiOC ceramics. [29], tailored a porous SiOC aerogel by using a linear poly-
hydridomethyl siloxane cross-linked with divinylbenzene (DVB) via hydrosilylation
reaction in presence of a Platinum divinyltetramethyldisiloxane complex as Pt cata-
lyst in presence of acetone as solvent. The mixture was autoclaved at a temperature
of 150 °C for cross-linking reactions to form a gel. The wet gels were supercritically
dried and pyrolyzed at 1000 °C in an alumina tubular furnace at a rate of 5 °C/min for
1 h to obtain SiOC aerogel with a surface area of 180 m?>g~! and pore volume of 1.09
cm?g~! [29]. SiOC microcellular foams were prepared by [7] using a preceramic
polymer (MK silicone resin) and polymethylmetacrylate (PMMA) microbeads as
sacrificial filler. MK silicone resin and PMMA were dry mixed at a 2:8 ratio using a
ball mill and then warm pressed at 150 °C for cross-linking and to put the PP in the
PMMA voids. The sample obtained was then treated in the air at 300 °C for 2 h to
burn out the PMMA microbeads and for cross-linking, which was then pyrolyzed at
1100 °C for 2 h at nitrogen atmosphere and etched in an HF solution and heated to
produce the SiOC foam [7].
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SiOC ceramic foams were prepared via replica method using polyurethane
foam waste and a linear polysiloxane—polyhydridomethylsiloxane(PHMS)—
containing Si—H as well as Si—-CH3 moieties as a preceramic polymer crossed
linked using a cyclic siloxane containing allyl groups 2.4,6,8-tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane (TMTVS) via hydrosilylation reactions and pyrolyzed
at 1100-1300 °C. The sample was then etched with HF, washed and oven-dried to
form the final ceramic foams with a maximum surface area of 167 m*g~! and total
pore volume of 0.068 cm>g~! [35] (Table 1).

4 PDCs for Removal of Dyes From Textile Wastewater

PDCs especially derived from poly(organo)silanes are widely used as an adsorbent
and as catalyst support for removal of various organic matter from textile water.

Gou et al. [14], prepared porous silicon oxycarbide (SiOC) ceramic membranes
with high corrosion resistivity and with tunable pore structures (pore size in the
range of 50 nm-2 pm and porosity of 35-40%) for industrial wastewater treatment.
They reported that the polymer-derived membrane on treating with 20% H,SO4
lost only a minor fraction of the weight i.e., 0.07 wt% and a negligible decrease
in water permeate flux. Bruzzoniti et al. [9] successfully synthesized porous silicon
carbide-based polymer-derived ceramics, SiOC ceramic aerogels as adsorbents to
remove methyl blue from water. SiOC aerogel found to have a SSA of 163 m?g™!
and total pore volume of 0.723 cm3g~". It showed a maximum capacity for methyl
blue removal of 44.2 mgg~! conducted at pH 5. They reported that the maximum
adsorption capacity of SiOC aerogels were much higher than that of commercial
mesoporous silica, SBA-15 (41.2 mgg~!) with respect to its SSA (490 m?g~!).
Their group elaborated that the higher adsorption of methyl blue could be because
of the multifunctionality of the SiOC aerogels surface which led to the adsorption of
MB through strong adsorbate-adsorbent ionic interactions and also through van der
Waals interactions with sp® free carbon phase present in the Si-based PDCs due to
pyrolysis process.

Hojamberdiev et al. [16], reported the synthesis of polymer-derived ceramic
composites to remove organic dyes from contaminated water by both adsorption
and photocatalysis. They prepared mesoporous polymer-derived ceramic compos-
ites (SiOC/TiO; and SiOC/N-doped TiO;) by incorporating TiO, and N-doped TiO,
powders into vinyl-functionalized polysiloxane polymer having high Sggr values of
(336m2g~'and254m?g~") and narrow pore size distributions. They found that higher
adsorption and degradation for SiOC/N-doped TiO, ceramic as N-doped TiO, is more
negative than that of pure TiO,. This resulted in a higher rate constant of 27 x 10~
min~! mostly due to the change of the electronic structures and crystallinity of TiO,
with nitrogen doping and also due to homogeneously dispersed TiO, nanoparticles,
the large Sggr value also facilitates the adsorption, utilization of light and offers more
active sites.
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Hojamberdiev et al. [17] synthesized a mesoporous polymer-derived ceramics
nanocomposite using ZnO and vinyl-functionalized polysiloxane as the preceramic
polymer with Sggr of 220 m?g~! and total pore volume of 0.34 mlg~' at 20%
ZnO. They studied the adsorption and photoactivity of the ceramic nanocomposite
toward methyl blue removal and degradation. They carried out methyl blue was
adsorption onto the composite in the dark and photodegradation under UV light. The
equilibrium adsorption capacity was found to be in the range 0.0067-0.0074 mmol/l
for the nanocomposite. The MB degradation rate of the SIOC/ZnO nanocomposite
containing 20 wt% ZnO showed 100% removal of MB at just 30 minutes. An increase
in ZnO dosage significantly increased the removal of MB to 100%. The reaction of
SiOC ceramic toward dye adsorption and degradation is shown in Fig. 5.

In another study by Yu et al. [43], they used methyl-terminated polydimethyl-
siloxane (PDMS) as pore-former and allylhydridopolycarbosilane (AHPCS) as a
preceramic precursor to produce mesoporous SiC(O) ceramic. The latter was used
to investigate the adsorption of Rhodamine B (RhB) dye from water. They found
temperature to affect the morphology of the ceramics, which was a result of different
polymer-polymer miscibility. The samples also were having high thermal stability till
1400 °C as they were shown to retain their mesoporous structure. They reported that
the ceramic to have a specific surface area and a total pore volume of 87.83 m?g~!
and 0.195 cm®g~!, respectively. The mesoporous ceramic was reported to have a
higher R hB removal efficiency of more than 90% within 20 min, which indicates
the adsorbent’s outstanding application for removal of dye from textile wastewater.

Feng et al. [12] reported the ceramic nanocomposites made of allylhydridopoly-
carbosilane (AHPCS) and Bi; WOg nanopowders which were cross-linked to form
a polymeric gel and then pyrolyzed (Fig. 6). The nanocomposite was found to have
elevated photodegradation efficiency toward RhB. The ceramic nanocomposite was
having both meso and macroporous features in it. They studied the degradation of
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RhB using both pure Bi;WOg and the ceramic nanocomposite. They reported that
the degradation efficiency to RhB solution (10 mg/L) was as high as around 90%,
indicating that the Bi, WOg/SiC(O) ceramic nanocomposites as a promising material
for the purification of water contaminated with organic dyes. They also reported
the effect of heating, Bi,WOg content on the degradation behavior of the ceramic
nanocomposites.

They explained the RhB photodegradation of the PDC nanocomposite, with the
first step being the adsorption of RhB onto the composite surface, followed by the
excitation of, Bi;WOg on the nanocomposite by UV radiation to generate super-
oxide and hydroxyl radical and finally the degradation of Rhodamine B into smaller
degradation products (Fig. 5).

Bruzzoniti et al. [8] reported the synthesis of SiC aerogel via cross-linkage of
liquid allyllhydropolycarbosilane (SMP-10) with divinyl benzene (DVB) and SiC
foams from PU foams impregnated with preceramic polymeric solution. Similarly,
SiOC aerogel was synthesized from polyhydridomethylsiloxane and DVB at 900 °C
under an inert atmosphere. The synthesized aerogels (SiC and SiOC) and SiC foams
were used against methyl blue (MB) and rhodamine-B (RB) removal. Based on the
experimental data, it was observed that both aerogels (SiC and SiOC) showed rapid
sorption of dyes at 85% within the first hour and achieved maximum sorption at 5
h. However, the SiC foam was found to have maximum sorption of 70 and 30% for
MB and RB indicating the dependency of SiC foam on the dye concentration. To
further understand the complexity and performance of the SiOC aerogel under diverse
interfering species, various textile wastewater and water samples from Po River
were used in their study. It was found that the SiOC aerogels showed a quantitative
adsorption capacity of 91.8% from textile wastewater and 93.4% for the river sample
with no effect from the interfering species.

Awin et al. [2] reported the synthesis of polymer-derived ceramics/TiN composite
having (BET) surface area of 0.9 m?g~!, i.e., predominantly macroporous with a
pore diameter of approximately ~ 73 wm. They studied the potential application
of the composite for the photodegradation of dyes taking MB as the model. The
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photocatalytic activity of the nanocomposite showed a degradation efficiency of 64%
and the hydroxyl radicals were found to be the active species for dye degradation.

In another study, Yu et al. [44] investigated the efficiency of magnetic porous
Ni-modified SiOC(H) ceramic nanocomposites with BET surface area of 253-344
m?g~! and pore volume of 0.134-0.185 cm®g~! toward adsorption of acid fuchsin.
They found that the few composites despite their lower BET surface area shows a
significantly enhanced adsorption performance describing factors such as microstruc-
ture and surface chemistry as the other essential factors for the dye adsorption. The
equilibrium adsorption capacity for the composite was found to be between 129.8
and 123.8 mg g~! at 120 min.

Bazarjani et al. [4] synthesized c-WO;_/WO3; xH,O/[—Si(O)CH, —] , nanocom-
posite using WO3 x H,O nanowhiskers dispersed in a homogeneous solution of
mesoporous polycarbosilane-siloxane ([—Si(O)CH,—] n) matrix. In their study, the
nanocomposites displayed high photocatalytic activity toward the degradation of
methyl blue (~ 70%) as compared to WO3 x H,O and ([—Si(O)CH;,—] n) species
under visible light irradiation. The degradation mechanism of methyl blue by the
nanocomposites was attributed to the diffusion of electrons and holes to the surfaces
of WO3 x H,O nanowhiskers due to the presence of a high surface-to-bulk ratio of
the nanowhiskers, thereby, reducing the recombination rate of photo-generated elec-
trons and holes. The other mechanistic approach was predominant by the extensive
electron reduction reactions of O, and the formation of the c-WO;_,/WO3 xH,0
nano heterostructures enabling high catalytic activity.

Pan et al. [25] reported the synthesis of a porous polymer-derived ceramic from
polysiloxane preceramic polymer and wood biomass for dye adsorption application.
The composite pyrolyzed at 1400 °C was found to have the highest BET surface of
463 m?g~! and pore volume of 0.311 cm3g~!. They reported that adsorption was
affected by the pyrolysis temperature and maximum methyl blue adsorption capacity
of 173.5 mgg~' and followed Langmuir adsorption of monolayer adsorption. The
highest MB adsorption was found to occur at an adsorbent dosage of 10 mg and pH
of 6.6 and equilibrium was achieved at a time of 2 h.

Awin et al. [3] successfully synthesized TiO,/SiOC nanocomposite to achieve
visible light photocatalytic degradation of organic dye. Based on their characteris-
tics result, the anatase TiO, was uniformly distributed on the amorphous SiOC matrix
enhancing robust stability on the newly formed nanocomposites. Accordingly, the
Ti0,/SiOC nanocomposite achieved BET surface area of 129 m?g~! with a pore
volume of 0.22 cm®g~! and an average pore size of 6.8 nm. Based on their exper-
imental analysis, the photocatalytic degradation of methyl blue under visible light
showed high adsorption attributing to the high surface area/mesoporous and macro-
porous nature of the nanocomposite. The other mechanism was explained by the
reduction in the bandgap (formation of heterojunction between the crystalline TiO,
and the amorphous SiOC matrix) as compared to pure titania, thereby, enhancing the
photocatalytic activity.

Hierarchically micro/macro-porous SiCN hybrid material was selectively applied
for the adsorption of organic dyes by Meng et al., and co-workers [23]. In their
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study, polysilazane precursor, polydivinylbenzene microspheres (PDVB) as sacrifi-
cial templates and Nickelocene (Nicp,) were used to synthesize the hybrid material.
According to their study, the hybrid material synthesized at 600 °C (C1) showed a
better BET surface area of 256.6 m?>g~! and pore volume of 0.09 cm?g~! as compared
to hybrid material at 700 °C (C2). It was observed that dyes with an azobenzene struc-
ture (methyl orange, methyl red, and congo red) showed no adsorption capability on
C1. However, the bulky triphenyl structure (methyl blue, basic fuchsin and methyl
violet) showed excellent adsorption on the hybrid material. The high adsorption
capacity could potentially be attributed to the van der Waals interaction between
the dyes aromatic structure and sp? hybridized carbon domain or via the electro-
static interaction between the hybrid SiCN matrix and the organic dye molecules. In
addition, the regeneration and recyclability of the SiICN hybrid material exhibit high
sorption capacity for methyl blue (MB), basic fuchsin (BF), methyl orange (MO),
and acid fuchsin (AF). Further, the Langmuir isotherm model showed better fitting
with a sorption capacity of 1327.7 mgg~! for MB and 1084.5 mgg~! for AF.

Bruzzoniti et al. [9] synthesized three different porous polymer-derived ceramics
(SiC and SiOC aerogels and SiC foam) as an adsorbent for organic dyes removal
from aqueous solution. Based on their experimental observation (1 ppm dye concer-
tation, 48 h contact time), it unveiled that both SiC and SiOC aerogels showed
100% removal efficiency for methyl blue and rhodamine-B as well (MB and RB).
However, while compared to the SiC foam, the removal percentage was 65.3% (MB)
and 35.5% (RB), respectively. The lower sorption capacity of the SiC foam maybe
attributed to van der Waals interaction between the sp® hybridized carbon present
during the pyrolysis of the Si-based PDCs and the aromatic structure of the dye
molecules. They also suggested the presence of electrostatic interaction between
the cross-linked Si-OH moieties or the carbon-oxygen complex may also result to
lower adsorption efficiency. Further, it was observed SiOC aerogel showed maximum
adsorption capacity of 44.2 mgg~' (MB) which may correspond to the free carbon
and presence of monolithic aerogel structure, thereby increasing the van der Waals
interaction with the organic dye.

Bhaskar co-workers [5] designed the nanocomposites made of t-ZrO, crystal-
lized in situ in an amorphous precursor route of SIOC(N) matrix for visible light
photocatalytic degradation of methyl blue. According to their research finding, the
structural characterization of #-ZrO,/SiOC(N) nanocomposite rendered the hierar-
chical porous nature of the nanocomposites. Additionally, the presence of oxygen
and carbon vacancies in the zirconia lattice resulted in the reduction with a bandgap
of 2.2 eV. The retention of ¢-ZrO, confined in the nanocomposite matrix exhibit
high photodegradation removal rate (72%). The photocatalytic mechanism could be
explained due to the formation of heterojunctions between the crystalline and amor-
phous material, easing a way for the visible light photocatalysis process with a lower
bandgap.

Zeydanli et al. [47] employed the use of polymer-derived ceramics for the removal
of various organic dyes from water. The maximum adsorption capacity was found to
be 104.27, 185.87, and 110.74 mgg~' for methyl blue, crystal violet, and Rhodamine
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B, respectively. They also studied the thermal regeneration studies for MB, which
showed that the efficiency decreased slightly from 100 to 99% after the third cycle.

Yu et al. [45] reported the in-situ synthesis of a template-free synthesis of
Fe;04/SiOC(H) nanocomposites. Herein, Fe;O4 nanoparticles were grafted homo-
geneously onto the cross-linked nanoporous SiOC(H) matrix via pyrolysis under
argon atmosphere to synthesize the nanocomposite material. In their study, the struc-
tural characteristics reported a high micropore surface area of 301 m?>g~!, micropore
volume of 0.142 cmg ™!, and BET surface area up to 390 m?g~!. Further adsorption
analysis displays that the in-situ Fe;04/SiOC(H) nanocomposite effectively increases
the catalytic degradation of xylene orange in aqueous solution using H,O, as oxidant
as compared with the commercial Fe;O4 nanospheres.

Zhang et al. [49] synthesized a novel mesoporous polymer-derived ceramic
membrane demonstrating its excellent efficiency on rhodamine B removal. The
porous polymer-derived ceramic membrane was prepared using the polydimethyl-
siloxane and Karstedt’s catalyst followed by the addition of a solution mixture
of 2,4,6,8-tetramethylcyclotetrasiloxane (D4H) and 2.4,6,8-tertramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane (D4V). Their study suggested the cyclosiloxane used
as a precursor showed a high ceramic yield of 83% at 1000 °C possibly decreasing
the shrinkage size and keeping the pristine skeletal structure of SiOC ceramic more
intact. Their study observed the size exclusion mechanism was not ideal to explain
the high removal rate of 95% of rhodamine B onto the SiOC membrane primarily
due to the molecular size of RB and small pore size. The ideal mechanism may
be attributed to van der Waals forces that exist between the sp” free carbon phase
present in the SiOC network and the aromatic structure of RB. Additionally, the
electrostatic ionic interaction between the positively charged surface of RB and the
carbon/silicon-oxygen complex may also explain the mechanistic approach for the
high removal rate of RB.

5 Conclusion and Future Outlook

Adsorbents for the removal of pollutants from water bodies have an age-old
method; polymer-derived ceramics in this regard have been mushrooming recently as
compared to other adsorbents like activated carbon, chiefly because of its tunability
and high surface area for removal of pollutants from water. The application of
polymer-derived ceramic materials in wastewater treatment serves as a promising
material and holds great assurance. They are a novel class of multifunctional nanos-
tructured materials and their promising nature attributes to their higher specific
surface area, eco-friendly nature, variation in the types of chemical bonds and func-
tional groups, high adsorption capabilities, tunable porosity, heat resistance, chemical
stability, and excellent mechanical properties. This chapter deals with the preparation
of PDCs and their application in the removal of dyes from water via adsorption and
photodegradation. It is seen that PDCs hold a superior prospect as an adsorbent for
the removal of organic dyes from textile wastewater. However, despite the wide range
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of PDCs available as an adsorbent prepared so far; there is still a need to fabricate
methods and processing, which will innovate steps to develop PDCs with tunable
pore size for wastewater treatment in the future.
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1 Introduction

Water is the main constituent of Earth and it is vital for all the living organisms
(plants, animals and humans). Unsafe chemical compounds, produced by different
industries (paper, textile, plastics) are discharged into water and determine a great
quantity of polluted wastewater. So, the removal of hazardous pollutants from water
becomes crucial to maintain pure water resources.

Between different types of wastewaters, dyeing wastewater has a significant
percentage due to the development of dyeing industry. Dyes are chemical substances
which impart color to textiles, leather, paper, plastics, rubber [3, 4, 19, 73, 79, 180,
223, 255]. Nowadays, according to the Color Index, above 10,000 various dyes and
pigments are used in the industry.

Their presence in big amount in the wastewater can reduce sunlight transmis-
sion in rivers and thus, affects the photosynthetic activities of aquatic species and
determines the decrease of dissolved oxygen level in water. Also, dyes contain toxic
compounds, like trace heavy metals (Cd, Cu, Pb, Zn, Co), amines and aromatics.
What is serious is that dyes have mutagenic, teratogenic and carcinogenic effects and
lead to malfunction of several humans’ organs [166]. Dyes also cause: dermatitis,
allergic conjunctivitis, rhinitis, skin irritation, asthma or different tissular changes.
Unfortunately, these synthetic compounds are very hard to degrade (i.e. half-life time
of many years), having a strong chemical stability at light, heat or oxidizing agents
[46, 242].

Based on the source of made, dyes can be divided into natural and synthetic
dyes. Natural dyes, extracted from natural resources (plants, invertebrates, minerals),
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have not been able to meet the market demand. Consequently, synthetic dyes were
produced and replaced natural dyes, mainly in textile industry. Depending on their
electric charge, synthetic dyes are ionic (cationic or anionic) and non-ionic. Anionic
(reactive, direct, acid) and cationic (basic) dyes have a good solubility in water while
non-ionic ones (disperse, vat) have not.

Because of the adverse effects and long-lasting stay in water, it is essential to
employ treat methods and technologies for dyes removal from wastewater. Treatment
methods consist of physical separation (filtration, coagulation/flocculation, adsorp-
tion), chemical processes (oxidation, ozonation) or biological degradation by using
microbes or enzymes. Among all the techniques of dye elimination, the adsorption
process is the best choice. It is a simple and cheap method, with a short analysis
time and safe by-products. Due to its high efficiency and possibility of adsorbent
regeneration for multiple reuses, it is one of the most popular and used treat methods
for dyes removal [107, 193].

Activated carbon has an excellent adsorption ability to remove dyes in wastewater
and its sorption is one of the best accessible control technologies [59]. The main
drawback of activated carbon is its high price which determined the search for other
efficient adsorbents. Several unconventional sorbents, having low cost, were reported
for dyes elimination in water. Such adsorbents consist of: clay/zeolites materials
(bentonite, kaolinite, smectite, montmorillonite), siliceous material (alunite, perlite,
sepiolite, attapulgite), agricultural wastes like as peels, leaves, seeds (bagasse pith,
wheat straw, rice husk, sawdust, bark, coconut shell, sugarcane bagasse, cotton fiber,
coffee residues, different fruit peels), industrial waste products (waste carbon slurries,
metal hydroxide sludge, fly ash, red mud), biomass (algae, fungi, bacteria) [45].

Polysaccharides are an important class of natural polymeric materials. They are
stable, abundant, non-toxic, biodegradable and low cost. Polysaccharide-based mate-
rials, in different frameworks (hydrogels, membranes, beads/resins or films), have
a wide range of applications, including wastewater treatment. The existence of
numerous hydrophilic functional groups (-OH, -COOH, -NH,, -SO3;H, -CONH,)
in their chemical structure affords the adsorption of the contaminants, like dyes or
heavy metals [168].

2 Hydrogels

Hydrogels are hydrophilic polymeric 3D-network crosslinked structures that are
able to retain in their swollen state a large amount of water or biological fluids
through their pores [226, 20, 64, 196]. Crosslinking determines their insolubility
in water and affords mechanical strength. In the dry state, hydrogels contract and
restore their original volume. Generally, these polymers retain a significant fraction
(20-100%) of water inside their tridimensional network, but there are hydrogels
called superabsorbent that can imbibe water between 1000 and 100,000% [29, 160].
Hydrogels have been used in: regenerative medicine [66, 190], tissue engineering [9,
138, 237], drug delivery [48, 55, 92, 148, 244], wastewater treatment, wound healing
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[183], agriculture and horticultural [67], as antibacterial [225] or antifouling [231]
agents.

Hydrogels can be classified according to various criteria. Thus, gels can be
physically or chemically crosslinked according to crosslinking mechanism. Several
methods were described in the literature for obtaining physically crosslinked hydro-
gels: freeze-thawing [87, 167], stereocomplex formation [220, 221], ionic interaction
[254], H-bonding [218], maturation (heat-induced aggregation) [11, 12]. Methods
reported in the literature for achieving chemically crosslinked hydrogels, were:
chemical crosslinking [8, 91], chemical [14] or radiation grafting [184], radical
polymerization [224, 102, 100], condensation reaction [56, 57], enzymatic reaction
[205, 253], high-energy radiation [118, 215, 247]. Based on polymeric composition,
hydrogels can be: homo-polymeric, co-polymeric and interpenetrating polymeric
hydrogel-IPN (semi or full). Consistent with network electrical charge, hydrogels
are: non-ionic (neutral), ionic (cationic or anionic), amphoteric electrolyte (having
both acidic and basic functional groups) and zwitterion (polybetaines) (with anionic
and cationic groups in each unit). According to starting materials, hydrogels are clas-
sified into: natural, synthetic or hybrid (combinations of both natural and synthetic
gels).

Neat hydrogels have a poor mechanical strength and thermal stability. The addition
of nanofillers, such as: graphene oxide, carbon clay, bentonite, hydroxyapatite or
montmorillonite into gel matrix determines the formation of new materials, called
nanocomposite, with superior properties.

2.1 Techniques Used for Hydrogels Characterization

Adsorption capacity (¢g.) and removal efficienscy (R) are the parameters used to
evaluate sorption efficiency (Egs. 1, 2).

_ (Ci - Ceq)

qe = 100 xm , mmol/g (1
Ci—C

R(%) = (C—q) x 100 )

where C; is the initial dye concentration while C,, is the residual dye concentration
at equilibrium (mM) and m is the mass (g) of dry gel.

Swelling behavior, Fourier transform infrared spectroscopy, scanning electron
microscopy and X-ray diffraction are among the most employed methods to study
structure and properties of the hydrogels.
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2.1.1 Swelling Behavior

The swelling ratio is defined as the fractional increase in the weight of the hydrogel
due to water absorption. The water uptake at equilibrium, R,, (g H,O/g dry gel),
represents the ratio between the amount of water retained by the gel and the weight
of the dry gel (Eq. 3). The amount of water retained by the gel (g H,O) is calculated as
the difference between the weight of swollen gel (W) and that of initial dry material
(Wy). R, is determined by immersing a known amount of the dry gel in deionized
water until the equilibrium is reached, followed by the centrifugation of the hydrogel.

_ (Wr - Wd)

R
w W,

3)

The water retention at equilibrium depends on several factors: sorbent chemical
structure and crosslinking degree, pH, temperature, ionic strength. The augmentation
of crosslinking density will decrease the probability of water molecules penetration
in the polymer matrix, so, will decrease R,, values.

2.1.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a widely used technique employed for the detection of the functional groups
of the hydrogels by using the infrared radiations. The polymers having functional
groups can absorb infrared radiations, the result being the oscillation of their bonds.
The infrared spectrum is obtained by plotting the measured infrared light intensity
against the energy range, expressed in wavenumber. This method helps in determina-
tion of the success of the chemical reactions by following the shifting, appearance or
disappearance of specific absorption bands, which each of them are characteristic to
a functional group. Also, the occurrence of hydrogen bonds can be proved by using
FTIR technique.

2.1.3 Scanning Electron Microscopy (SEM)

SEM is one of the most employed methods used to analyze the shape, size,
crosslinking degree and porosity of the hydrogels. Morphology of dextran-based
gels, bearing two types of pendant quaternary ammonium chloride groups, was
investigated with the aid of scanning electron microscopy (Fig. 1) [207, 208].

The polymeric microparticles, inspected in dry state, were perfectly spherical,
having a diameter between 100 and 220 pum. At a magnification up to 1000 (Fig. 1a,b),
their surface looked to be flatten, while at a magnification of 10,000 (Fig. le), the
surface was creased, the look being obtained during the drying process due to the
contraction of the surface layer by gradual dehydration. The surface and the cross-
section of microspheres was free of pores (Fig. 1a—e). These results definitely indicate
the absence of porosity for the hydrogels in dry state, as has been already proved for



Polymeric Hydrogels for Dye Adsorption 129

Py ’ 'rt !
<P e .
- ETS

! {

Fig. 1 SEM images of dextran-based microspheres, increased 74 times a, and 1000 times b;
polysaccharide-based microparticles in cross-section, magnified 1000 times ¢, and 5000 times d;
dextran hydrogel surface, increased 10,000 times e. Reprinted by the permission from Elsevier,
Stanciu et al. [209]

other microparticles based on dextran which were obtained without porogen agents
[81].
2.1.4 X-Ray Diffraction (XRD)

XRD is another technique frequently used for hydrogels characterization. This
method consisted in the irradiation of the hydrogels with beam of monochromatic

&)
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X-rays. The resulted diffracted rays were examined depending on angle of diffrac-
tion, and the intensity of the diffracted rays offers details about the crystallinity
percent, crystallite dimension and orientation, interplanar atomic spacing. As regards
hydrogel nanocomposites, the addition of nanoparticles in the polymeric matrix deter-
mined the modification of XRD spectrum compared to pure gel which proves the
success of the nanocomposite synthesis.

3 Natural Polysaccharides-Based Hydrogels

3.1 Chitosan and Chitin-Based Hydrogels

Chitin, the second most abundant natural biopolymer, is extracted from the
exoskeleton of crustaceans (crabs, shrimps), mollusk cartilages and cell walls of
fungi (Fig. 2a). It is composed of B-(1 — 4) linked N-acetyl-D-glucosamine units.
Chitin is biocompatible, biodegradable, low cost and reusable. Some chitin-based
derivatives were employed as adsorbents for the elimination of various pollutants
from aqueous solution [26].

Fig. 2 Chemical structure of a chitin and b chitosan
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Chitosan (poly-B-(1 — 4)-2-amino-2-deoxy-D-glucose) (Fig. 2b) is a linear
polysaccharide composed of randomly distributed 8-(1 — 4)-linked D-glucosamine
and N-acetyl-D-glucosamine in its chemical structure [156, 179, 212]. Chitosan is
produced by N-deacetylation of chitin [98, 124]. The intrinsic properties of chitosan
and its derivatives (hydrophilicity, biocompatibility, biodegradability, bioadhesivity)
afford their use in many domains, like: drug delivery [176, 171, 177, 112], biomed-
ical research [99, 157, 23, 117, 189, 191], biotechnology [120], catalysis [82, 140],
cosmetic industry [176], textiles [78], paper industry [176], enology [27].

Chitosan-based polymers are environment-friendly bio-absorbents in wastewater
treatment due to their remarkable capacity of adsorption, low cost and the versa-
tility of the manufacturing process (gels, beads, films, membranes, nanoparticles)
[121, 123]. Chitosan can be derivatized due to the existence of amino group (C-2)
along with both primary (C-6) and secondary (C-3) hydroxyl groups (Fig. 1a) which
affords the obtaining of new polymers having improved properties, including adsorp-
tion capacity and a good endurance in severe media conditions. Hydrogels-based
chitosan was mainly obtained by crosslinking and grafting reactions. The addition
of supplementary functional groups on chitosan, as a result of its grafting reac-
tion, augments the number of adsorption sites and therefore, the sorption capacity.
Crosslinking reaction enhances the mechanical properties and consolidates the chem-
ical stability of chitosan in acidic solutions. However, this reaction decreases the sorp-
tion process because of the binding of free amino groups of the polysaccharide with
the crosslinker. Typical crosslinkers used with chitosan are: dialdehydes (glyoxal,
formaldehyde, glutaraldehyde), epoxides (epichlorohydrin, ethylene glycol digly-
cidyl ether), isocyanates (hexamethylene diisocyanate) carboxylic acids, genipin.
Also, chitosan-based gels can be obtained due to its ionotropic gelation with specific
polyanions, like tripolyphosphate.

Chitosan-based sorbent, prepared by free radical crosslink copolymerization
of acrylamide and acrylic acid on the polysaccharide in the presence of ceric
ammonium nitrate/ascorbic acid (initiator) and N, N-methylene bisacrylamide
(crosslinking agent), was used for Methyl orange removal [121]. Furthermore, the
crosslinked copolymer proved a good antibacterial activity (Pseudomonas aerugi-
nosa, Escherichia coli, Staphylococcus aureus), showing a 62% growth reduction in
comparison with neat polysaccharide.

Poly(2-acrylamido-2-methylpropane sulfonic acid) grafted magnetic chitosan,
was synthesized through free radical polymerization and used for cationic Methy-
lene blue adsorption [239]. Magnetic nanoparticles of Fe;O4 and SiO,, prepared
by covering silica shell on the surface of Fe;O4, were inserted into chitosan
matrix and polysaccharide microspheres resulted were grafted with 2-acrylamido-
2-methylpropane sulfonic acid by free radical polymerization. The interactions
between magnetic grafted chitosan and Methylene blue were both electrostatic and
hydrophobic. Magnetic grafted chitosan microspheres could be quickly separated
under magnetic field and efficiently regenerated under acid conditions.

Chitosan/montmorillonite intercalated composite, obtained by adding chitosan
solution to montmorillonite suspension and then heated at 60 °C, was used for the
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Reactive red 136 removal [131]. The sorption was both on the surface and inter-
calation, and the reactive functional groups of the composite (hydroxyl, amide,
amino, siloxane) were involved in the adsorption process. Toth isotherm model
and Brouers-Weron-Sotolongo kinetic model fitted best with the experimental
data. The composite-based chitosan proved great adsorption results still after 15
adsorption—desorption cycles.

Graphene oxide (GO) is a distinctive material that consisted of a single
monomolecular layer of graphite with various oxygen-containing functionalities.
GO shows exceptional properties such as: high specific surface area [211], high
mechanical toughness, electrical and thermal conductivity, lack of corrosion [133,
159]. Several composites, in which multilayered graphene oxide sheets were mixed
with natural or synthetic hydrogels, showed improved adsorption properties due to
electrostatic and hydrogen bonding interactions with sorbates [88, 126, 127, 216].
The occurrence on graphene oxide basal planes of epoxide and hydroxyl groups
and at its edges, of carboxyl and carbonyl groups led to an easy penetration of
water molecules between nanosheets’ layers which explains the high adsorbing
capacity of these composites against dyes [18, 115, 210]. Dyes adsorption behavior
of polysaccharide-based nanocomposites containing GO was described by many
papers. Chitosan, chitin, starch, sodium alginate and xanthan are among the polysac-
charides which were used for the synthesis of GO-based composites aiming to dyes
sorption.

Hybrid gels composed of chitin and graphene oxide mixed in different ratios were
employed for the removal of two dyes, namely Remazol Black and Neutral Red [80].
Sips and Redlich—Peterson isotherm models fitted well with the experimental sorption
data. The optimum desorption pH values of Remazol Black and Neutral Red were
9.0 and 10.0 respectively.

A composite chitin-based hydrogel strengthened by tannic acid and having in its
structure modified reduced graphene oxide was prepared via freezing—thawing [136].
The composite was used for the removal of Congo red dye. Tannic acid was utilized
as reducing agent and surface modifier of graphene oxide. The hydroxyl groups of
chitin and phenolic hydroxyl groups of tannic acid, adsorbed onto graphene oxide
surface by —m interactions, afforded the crosslinking reaction with epichlorohydrin
and the obtained composite proved enhanced mechanical and adsorption properties.

A new chitosan/polyacrylate/graphene oxide composite hydrogel was tested for
the removal of Food yellow 3 and Methylene blue dyes [35]. Polyacrylate, chitosan
and deionized water were mixed into a reactor to obtain semi-soluble slurry like
mixture over which graphene oxide was added and finally, this mixture was converted
into a composite hydrogel by sol—gel conversion under acetic acid vapor. The swelling
and mechanical properties of the composite hydrogel were improved by the presence
of polyacrylic acid and graphene oxide, respectively. Dyes were retained on chitosan-
based composite via hydrogen bonding, ionic bonding and covalent bonding.

The blending of B-chitosan with graphene oxide, previously functionalized with
triethylenetetramine, was used as hybrid adsorbent for C.I. Reactive Blue 221 [43].
The presence of triethylenetetramine—graphene oxide in the hybrid polymer allowed
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both w—m interactions and electrostatic attraction with the reactive dyes and also
preserved a good acid and alkali resistance of the sorbent.

The adsorption isotherm data for most of chitin/chitosan-based hydrogels fitted
well with Freundlich or Langmuir models while the kinetic data obeyed the
pseudo-second-order kinetics. Some of the latest dyes removal studies by using
chitin/chitosan-based gels are summarized in Table 1.

3.2 Cellulose-Based Hydrogels

Cellulose, having the formula (CgH;¢Os),, is the most abundant biomaterial on the
globe. It contains glucose units which are linked by B-1,4 linkages and the degree of
polymerization varies between several hundreds to ten thousands (Fig. 3).

Usually, cellulose is synthesized by plants, but in some cases it is produced by
certain bacteria. Its chains are packed into microfibrils which are kept together due to
intramolecular hydrogen bonds between the three hydroxyl reactive groups of each
polysaccharide unit. This polysaccharide is biocompatible and biodegradable. With
a rough and fibrous structure, neat cellulose is insoluble in water and it has high
mechanical properties compared to other polysaccharides. Alkali/urea (thiourea),
LiCl/dimethylacetamide, N-methyl morpholine-N-oxide are appropriate solvents for
cellulose. The formation of a stable three-dimensional network of cellulose-based
derivatives was possible due to the occurrence of the hydroxyl reactive groups in each
polymeric unit and it is the result of physical or chemical crosslinking of polysac-
charide chains [106, 202, 32, 214, 34]. Methods employed for physical crosslinking
of cellulose-based materials are: freeze—thaw [249], self-assembling [175], instanta-
neous gelation [70, 161], reconstitution [230], inverse emulsion technique [63], and
ionotropic gelation [164]. Chemical crosslinking can be obtained by chemical reac-
tion [246], polymerization [114] or by radiation (gamma, microwave, ultraviolet)
[162]. Some derivatives of the cellulose, used for the synthesis of cellulose-based
hydrogels, were: esters (hydroxypropyl methylcellulose phthalate, hydroxypropyl
methylcellulose acetate succinate), ethers (methylcellulose, ethylcellulose, hydrox-
ypropyl cellulose, carboxymethyl cellulose), composites (interpenetrating polymer
networks or polymeric blendings). Hydrogels based on cellulose derivatives are
favorable adsorbents for various contaminants [6, 53, 194].

Quaternized cellulose, grafted with polyacrylic acid by free radical polymer-
ization, was employed as adsorbent for Methylene blue removal [235]. Dye was
adsorbed by quaternized polysaccharide due to electrostatic interactions between
ammonium groups of cellulose-based gel and carboxylic groups of polyacrylic acid.

New magnetic superabsorbent hydrogel nanocomposites based on carboxymethyl
cellulose were synthesized in one-pot reaction [94]. The magnetic iron oxide nanopar-
ticles were incorporated into carboxymethyl cellulose grafted with poly(acrylic acid)
via the addition of two magnetic hydrates, namely FeCl, 4H,0 and FeCl;'6H,O. The
nanocomposites were employed for Crystal violet removal from aqueous solutions.
Redlich—Peterson isotherm model fitted well with the experimental adsorption data.
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Table 1 Removal performances of chitin/chitosan-based hydrogels for different dyes

Sorbent Dye Dye removal References
performance
Chitosan-g-poly(acrylamide-co-acrylic | Methyl orange 90% removal [121]
acid) efficiency
Chitosan-g-poly(acrylamide-co-sodium | Fuchsin 97.2% removal [97]
methacrylate) efficiency
Chitosan grafted with Congo red 1607 (mg/g)/ [217]
ethylenediamine/methyl acrylate 1143 (mg/g)
Magnetic chitosan grafted with Methylene blue 1000 mg/L [239]
2-acrylamido-2-methylpropane sulfonic
acid
Chitosan grafted with acrylamide Acid blue 113 255.5 (mg/g)/ [50]
(microwave-assisted/conventional 151.7 (mg/g)
method)
Biohybrid chitosan/carbon-clay Methylene blue | 86.08 mg/g [147]
Acid blue 29 132.04 mg/g
Chitosan-modified B-cyclodextrin C.I. Reactive 80% removal [252]
blue 49 efficiency
Reactive yellow |-
176, Reactive
blue 14, Reactive
black 5, Reactive
red 141
Magnetic chitosan nanocomposite Methylene blue | 20.408 mg/g [174]
Chitosan/oil palm ash zeolite composite | Methylene blue | 151.51 mg/g [116]
Acid blue 29 212.76 mg/g
Nano-ZnO/chitosan composite Reactive black 5 | 189.44 mg/g [33]
Chitosan/Ag-hydroxyapatite Rhodamine B 127.61 mg/g [132]
nanocomposite
Chitosan/montmorillonite intercalated Reactive red 136 | 473 mg/g [131]
composite
Zr (IV) surface-immobilized Amido black 10B | 418.4 mg/g [250]
chitosan/bentonite composite
Chitin/graphene oxide hybrid gels Remazol black 9.3 x [80]
1072 mmol/g
Neutral red 57 x 102 mmol/g
Chitin/reduced graphene oxide Congo red 230.5 mg/g [136]
composite gels
Chitosan/polyacrylate/graphene oxide Food yellow 3 296.5 £31.7 [35]
composite (mg/g)
Methylene blue | 280.3 £ 23.9
(mg/g)
(continued)
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Table 1 (continued)

Sorbent Dye Dye removal References
performance

B-chitosan/polyamine/graphene oxide Reactive blue 221 | 56.1 mg/g (pH = | [43]

hybrid gel 2)

37.2mg/g (pH =

12)
Hybrid composite Cusz(btc);, Methylene blue | 357.14 mg/g [187]
-immobilized chitosan/graphene oxide
Magnetic chitosan/graphene Basic brown 4 650 mg/g [54]
oxide-quaternary ammonium salt
composite
Magnetic chitosan/polypyrrole/graphene | Ponceau 4R 85% removal [185]
oxide nanohybrid efficiency (pH =

2)
B-cyclodextrin/chitosan functionalized Methylene blue | 1134 mg/g [139]

graphene oxide hydrogel

OH

H OH
H (0] 0 /—KH
H
OH H \/ o, u /K
H H
9 OH

Fig. 3 Chemical structure of
cellulose

New cellulose-based composites were obtained by mixing of hydroxypropyl cellu-
lose powder with hydroxypropyl cellulose functionalized with molybdenum disulfide
via esterification [37]. The derivatization of hydroxypropyl cellulose with nanosheets
of molybdenum disulfide was done by treated MoS, with thioglycolic acid for the
introduction of carboxyl reactive groups on its surface followed by the reaction with
SOCI; for the conversion of MoS, —COOH to MoS,—COCI. Finally, MoS,—-COCI
nanosheets were grafted on hydroxypropyl cellulose under sonication. A high content
of MoS,-hydroxypropyl cellulose in the composite increased the sorption due to the
existence of anionic groups and a large specific surface area of MoS,-HPC. The
composite was used for the catalyzation of Methylene blue degradation and it can
be recycled upon contact to the sun light.

CdS-quantum dots were integrated in various molar ratios inside carboxymethyl
cellulose-g-poly(acrylic  acid-co-2-acrylamido-2-methylpropane sulfonic acid)
hydrogel matrix and the resulted nanocomposite was employed for Rhodamine B
elimination from aqueous solution [95]. Quantum dots are semiconductor nanoparti-
cles having special optical and electronic properties [173]. Cadmium sulfide is known
because of its availability, low price, thermal stability, low cytotoxicity [128]. The
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inclusion of CdS-quantum dots nanoparticles into polymeric network improved the
thermal stability because the nanoparticles behaved as heat protective barricades.
Desorption studies showed great regeneration capacity at various temperatures (25,
35, 45, 55 °C). Thus, after five cycles of adsorption—desorption, dye removal was
between 95 and 75%.

Sepiolite is a fibrous magnesium hydrosilicate with a unique pore structure
composed of an alteration of blocks and channels extending in the fiber direction.
An organic—inorganic hybrid adsorbent based on cellulose and sepiolite was synthe-
sized and employed for Malachite green dye elimination [105]. Hybrid was carried
out by the adding of pretreated sepiolite over cellulose dissolved in NaOH/urea
aqueous solution and the mixture was dropped into a diluted HC1-CaCl, solution.
The resulted hybrid beads showed a high thermal resistance due to thermal insulation
effect of sepiolite molecules.

Carboxymethyl cellulose-acrylamide-graphene oxide hydrogels, prepared by
free-radical polymerization by varying carboxymethyl cellulose content, were used
for Acid Blue-133 elimination from aqueous solution [227]. The swelling kinetic
data showed that the gels have super Case II diffusion transport mechanism. Removal
capacity varied between 47 and 99.97%, depending on graphene oxide percent in the
hydrogels.

Cellulose modified magnetic nanoparticles were incorporated together with
reduced graphene oxide into poly(ethylene glycol) dimethacrylate-based hydrogels
using photo-polymerization [85]. Magnetic hydrogels were employed for Methy-
lene blue removal. Cellulose having bound magnetic particles was prepared by
co-precipitation reaction of Fe?* and Fe** in NH;OH and post-coating with the
polysaccharide. The reduced graphene oxide was prepared from graphene oxide
through hydrazine reduction. The resulted hybrid gels proved a high thermal stability.
Magnetic reduced graphene oxide-charged hydrogel can be regenerated with the
maintaining of the adsorption ability.

Langmuir isotherm and pseudo second-order model best followed the experi-
mental adsorption data for most of cellulose-based gels. A part of the most recent
dyes elimination studies by using cellulose-based gels are collected in Table 2.

3.3 Starch-Based Hydrogels

Starch is an abundant, losw cost, biocompatible and biodegradable biopolymer which
occurs in plants (wheat, maize, potatoes, rice) as a reserve carbohydrate. Granules
of starch consist of a mixture of amylose (20%) and amylopectin (80%). Amylose
comprises of linear a-D-glucose units linked by a(1 — 4) glycosidic bonds while
amylopectin consists of highly branched a-D-glucose units linked by a(1 — 4) or
a(l — 6) glycosidic bonds (Fig. 4) [229].

Native starch does not have adsorption ability but the problem can be resolved by
chemical modification of the polysaccharide. General methods for obtaining starch
derivatives are: grafting (free radical, living polymerization, ionic), crosslinking,
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Table 2 Dyes elimination results of cellulose-based gels
Sorbent Dye Dye removal References
performance
Cellulose grafted with acrylamide Methylene blue | 734.816 mg/g [235]
Chemi-mechanical pretreated Methylene blue | 3,003 mg/g [135]
cellulose-based superabsorbent gel
Carboxymethyl cellulose-based Crystal violet 200 mg/L [94]
magnetic superabsorbent
nanocomposites
Hydroxypropyl cellulose-based Methylene blue | 6153 mg/g [37]
molybdenum disulfide composite
Cellulose-g-poly(acrylic Acid blue 93 85% removal for [137]
acid-co-acrylamide) Methylene blue | both dyes in single
system;
60% removal for
both dyes in dual
system
Carboxymethyl Methyl violet 96.43 mg/g [195]
cellulose/graphitic-carbon nitride/zinc
oxide composite
Hydroxypropylmethyl cellulose-based | Crystal violet 76% removal [141]
nanocomposites efficiency (5 cycles)
Lignocellulose-g-poly(acrylic acid)/ Methylene blue | 1,994.38 mg/g [197]
montmorillonite nanocomposites
Carboxymethy]l Methyl Orange 84.2% removal [248]
cellulose-g-poly(acrylic acid) gel ability
Disperse Blue 79.6% removal
BLN ability
Malachite green | 99.9% removal
chloride ability
CdS quantum dots templated hydrogel | Rhodamine B 137 mg/g [95]
nanocomposites
Organic—inorganic hybrid beads from | Malachite green | 314.47 mg/g [105]
sepiolite and cellulose
Carboxymethy] cellulose/ Acid blue-133 185.45 mg/g [227]
acrylamide/graphene oxide hydrogels
Polyvinyl alcohol/carboxymethyl Methylene blue 172.14 mg/g (30 °C) | [52]
cellulose/graphene oxide/bentonite
hydrogels
Carboxymethyl cellulose/carboxylated | Methylene blue | 180.32 mg/g [65]
graphene oxide composite microbeads
Magnetic reduced graphene oxide Methylene blue | 119 mg/g [85]
loaded hydrogels
Cellulose grafted with Methylene blue | 15 mg/g [77]
acrylamidomethylated-B-cyclodextrin Methy! orange 12 mg/g
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Fig. 4 Chemical structure of amylose a and amylopectine b

etherification, esterification and dual modification [38, 47]. Several derivatives of
starch were used as sorbents in wastewater treatment.

Magnetic nanocomposite hydrogel beads were obtained by instantaneous gela-
tion in boric acid of carboxymethyl starch-g-polyvinyl imidazole with a mixture
composed by poly(vinyl alcohol) and Fe;O,4, followed by crosslinking with
glutaraldehyde [169]. The hydrogel beads were employed for Crystal violet and
Congo red adsorption studies. Thermodynamic studies showed that chemisorption
process was spontaneous and endothermic.

Composite hydrogel beads based on starch and humic acid were obtained
by inverse suspension crosslinking method, using epichlorohydrin as crosslinker
[38]. The composite was employed for Methylene blue adsorption studies. Dye
was retained on the composite gel by n—m interactions and ion exchanging. The
regeneration capacity of the composite was high (95%), even after five cycles of
adsorption—desorption.

Starch hydroxypropyl sulphate was obtained from 2-hydroxy-3-chloropropyl
sulphate and starch in basic medium (NaOH), by using epichlorohydrin as
crosslinking agent [90]. The polymer proved to be an effective adsorbent for
Methylene blue removal due to good sorption results and its full regeneration
capacity.
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Porous nanocomposite hydrogel based on starch was prepared by free radical
copolymerization of acrylamide and 2-acrylamido-2-methylpropane sulfonic acid
onto the polysaccharide in the presence of CaCO; and graphene oxide [170]. The
gel was employed for the elimination of Methylene blue from aqueous solution.
Calcium carbonate particles acted as porogen agent and in the end of the synthesis
these inorganic solid nanoparticles were removed by dissolving the gel in HCI solu-
tion. The adsorption capacity of Methylene blue increased by the augmentation of
hydrogel porosity. After five cycles of adsorption—desorption, the removal efficiency
of Methylene blue was 95.4%.

Starch-g-poly(acrylamide)/graphene  oxide/hydroxyapatite  nanocomposite,
prepared by free radical copolymerization in the presence of graphene oxide
nanosheets and different contents of hydroxyapatite, was used for Malachite green
removal [96]. Thermogravimetric studies revealed that hydroxyapatite nanoparticles
operate as thermal barriers, so their presence in nanocomposite structure increased
the initial decomposition temperatures. Desorption efficiency increased with the
decrease of the amount of hydroxyapatite occurred in the hydrogel structure.
The introduction of hydroxyapatite in sorbent matrix contracts the free spaces
of the network, and diminishes the porosity percent. Thus, after fifth cycles
adsorption—desorption, 27, 19 and 14% of Malachite green were released from gel
nanocomposite having 11, 25 and 30% porosity, respectively.

Langmuir isotherm and pseudo second order kinetic data best fitted with the
experimental data for most of starch-based gels. Some of the latest dyes removal
studies by using starch-based gels are summed up in Table 3.

3.4 Sodium Alginate-Based Hydrogels

Alginic acid is a natural polysaccharide derived from brown seaweeds but it can also
be synthesized by microbial fermentation [84] (Fig. 5). It has applications in different
areas, like: pharmaceutical industry [31, 42, 72], wastewater treatment [71, 103, 104],
food industry [7, 186, 256], catalysts [58, 206]. Sodium alginate was the majority
compound extracted from seaweed. It is a white or light yellow powder which is
able to form an extremely viscous aqueous solution [93]. This property gives to
sodium alginate the capacity to form gels, films or spinning fibers. Sodium alginate is
composed of two alternating blocks 1-4-linked, namely f-D-mannuronic acid and a-
L-guluronic acid which were arranged in a non-regular linear form [28]. This polysac-
charide is biocompatible and non-toxic but its availability is confined due to its poor
mechanical strength. For improving its mechanical properties, alginate was modified
either by crosslinking (ionic or chemical) or via grafting polymerization. Some of
the alginate-based hydrogels were further mixed with different (nano)fillers (carbon
materials, oxides, organic matter) for obtaining composites which can selectively
absorb antibiotics, dyes, heavy metal ions, or other contaminants.
Acrylamide/potassium 3-sulfopropyl methacrylate/sodium alginate/bentonite
composite gels were synthesized by free radical solution polymerization [111].
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Table 3 Dyes removal performances of starch-based hydrogels
Sorbent Dye Dye removal References
performance
Magnetic (carboxymethyl Crystal violet | 91.58 mg/g [169]
starch-g-polyvinyl imidazole/poly(vinyl Congo red 83.66 mg/g
alcohol)/ Fe304) nanocomposite
hydrogel beads
Magnetic Fe3O4-based starch-g-poly Methylene 31.847 mg/g [182]
(acrylic acid) nanocomposite hydrogel violet
Crosslinked amphoteric starch with Acid light 227.39 mg/g [240]
carboxymethyl and quaternary yellow 2G
ammonium groups Acid red G, 217.27 mg/g
Methyl green | 133.33 mg/g
Methyl violet | 333.33 mg/g
Dithiocarbamate-modified starch gel Acid orange 7 | 282 mg/g [41]
Acid orange 10 | 204 mg/g
Acid black 1 221 mg/g
Acid green 25 | 276 mg/g
Acid red 18 271 mgl/g
Chitosan/oxidized starch/silica hybrid Blue 71 75 mglg [89]
membrane Red 31 55 mg/g
Composite hydrogel beads based on Methylene blue | 111.10 mg/g [38]
starch and humic acid
Starch-g-(acrylic acid-co-acrylamide)/ Methylene blue | 2276 mg/ g (pH | [144]
polydopamine hydrogel 9)
Starch hydroxypropyl sulphate Methylene blue | 100% dye [90]
removal
Starch grafted with Basic Violet 7 | 600 mg/g [69]
2-acrylamido-propanesulphonic acid and
dimethylaminoethyl methacrylate/benzyl
chloride gel
Hydroxyethyl Malachite 390 mg/g [119]
starch-g-poly(N,N-dimethyl green
acrylamide-co-acrylic acid) hydrogel
Starch/poly(N,N-Diethylaminoethyl Direct red 81 112 mg/g [1]
methacrylate) graft copolymer
Graphene oxide/hydrogel Methylene blue | 769.23 mg/g [170]
nanocomposites
Starch-g-poly(acrylamide)/graphene Malachite 297 mg/g [96]
oxide/hydroxyapatite nanocomposite green




Polymeric Hydrogels for Dye Adsorption 141

Fig. 5 Chemical structure of
alginic acid

Ammonium persulfate/N,N,N’,N'-tetramethylethylenediamine was the redox pair of
initiators while poly(ethylene glycol) diacrylate was the crosslinker. The composites
were employed to retain by hydrogen bonds cationic dye Lauths violet from aqueous
solution. The values of Lauths violet sorption percent of the hydrogels were between
87.11 and 96.39%.

Interpenetrating polymeric hydrogels were prepared by mixing sodium alginate
and acrylamide in various molar ratios under the irradiation with ®°Co-y source
[203]. The percentage of conversion of the synthesis was 100%. These hydrogels
were employed for removal of some reactive dyes, namely Magenta, Safranine-O,
Methylene Blue and Methyl Violet.

A composite copolymer based upon sodium alginate was prepared through in-situ
controlled precipitation via the reaction between AgNO; and NaCl in the gel matrix
of the polysaccharide included poly(acrylic acid-co-(hydroxyethyl)methacrylate)
[25]. N,N’-methylene-bis-acryl amide was the crosslinker and potassium persul-
fate/sodium metabisulphite were the redox pair of initiators. The composite was
utilized for the removal of Brilliant cresyl blue and the adsorption studies were done in
fixed bed column. Dye was photocatalytic degraded in the presence of UV rays. Recy-
cling of hydrogels was pretty good, thus, after five cycles of adsorption—desorption,
the composite copolymer kept 94% of initial adsorption.

Hydrogel nanocomposites, synthesized by free radical graft copolymerization of
acrylic acid on sodium alginate in the presence of TiO, nanoparticle, were used for
Methyl violet dye removal [219]. TiO, increased dye sorption process due to the
augmentation of both surface area and the pore volume of the nanocomposites.

Composite hydrogels, achieved by hydrothermal treatment of sodium alginate
and graphene oxide solutions followed by ionically crosslinking of several metal
ions (Cu?*, Ca®*, Ba%*, Fe3*), were utilized for elimination of some dyes (Methyl
orange, Neutral red, Rhodamine B, Methylene blue and Congo red) [238]. Algi-
nate/reduced graphene oxide composite hydrogel crosslinked by Fe** ions was more
stable, having the highest compressive strength and lowest swelling ratio between
the studied composite gels. Reusability studies showed for Fe**-composite hydrogel
a high adsorption percentage (90% of its original adsorption capacity) after ten
adsorption/desorption cycles.

The hydrogel composite based on sodium alginate crosslinked with acrylic
acid/graphite was utilized in the elimination of Malachite green dye from aqueous
solution [228]. Graphite has a tridimensional structure of graphene sheets held by van
der Waals forces and it is often used due to its good reactivity, thermal stability and
mechanical strength [24, 68]. Graphite is frequently used as nanofiller for improving



142 M. C. Stanciu

the mechanical strength and sorption capacity of the polymers. The composite
revealed 91% adsorption capacity after three adsorption—desorption cycles.

Langmuir isotherm and pseudo-second-order kinetic model obeyed with the
experimental adsorption data for the most xanthan-based gels. A part of the more
recent dyes elimination studies by using sodium alginate-based hydrogels are
summarized in Table 4.

3.5 Xanthan-Based Hydrogels

Xanthan is a bacterial and anionic polysaccharide obtained from Xanthomonas
campestris (Fig. 6). The main chain of the polysaccharide is composed of (1—4)-
linked B-D-glucopyranose units. The side chain contains two $-D- mannose and one
B-D-glucuronic acid. In the end position, mannopyranose moieties are (1 — 4)-linked
to glucuronic acid and these are (1 — 2)-bound to non-terminal a-D-mannopyranose.
Xanthan and its derivatives have several applications, such as agriculture [76], petrol
refining industry [113], wastewater treatment [2], biomedicine [17, 30], food industry
[61].

Hydrogel nanocomposite, based on xanthan-g-poly(acrylic acid-co-acrylamide)
with included Fe;O, magnetic nanoparticles, was used for Malachite green dye
removal from aqueous solution [149]. The composite was obtained by graft copoly-
merization of acrylic acid and acrylamide onto xanthan, followed by inclusion of
magnetic nanoparticles Fe;O,4 within the polymer network. The binding sites of the
gel could be simply regenerated by using 0.1 M HCI solution with significance loss
in adsorption capacity.

Nanocomposite containing xanthan gum, methionine and bentonite was used for
the removal of Congo red dye [5]. L-methionine was employed for the modification
of nanofiller bentonite. Desorption studies showed that the nanocomposite could be
regenerated (65%) up to five sorption—desorption cycles by employing 0.1 M NaOH
solution.

Xanthan-g-poly(acrylic acid)/oxidized multi-walled carbon nanotubes hydrogel
nanocomposites were used for Methylene blue removal [145]. Graft copolymeriza-
tion of acrylic acid on the xanthan was inducted by microwave radiations and various
weight percents of oxidized multi-walled carbon nanotubes were included into the
gels network during free radical polymerization. It is known that multi-walled carbon
nanotubes act as good sorbents due to their great surface area, porous and layered
structure [178]. A high dye removal capacity (96%) could be observed after four
sorption—desorption cycles.

Xanthan-g-poly(acrylic acid)/reduced graphene oxide hydrogel composite was
prepared by microwave-assisted-free radical graft copolymerization of acrylic acid
onto xanthan and was further employed as sorbent for two dyes (Methylene blue
and Methyl violet) removal [146]. Reduced graphene oxide solution was introduced
during the graft copolymerization reaction and its role was to increase the adsorption
capacity and thermal stability of the xanthan-based composite. Dye removal capacity
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Table 4 Dyes elimination results of sodium alginate-based gels
Sorbent Dye Dye removal References
performance
Acrylamide/potassium 3-sulfopropyl Lauths violet | 100% dye [111]
methacrylate/sodium alginate/bentonite removal
hybrid gels
Chitin/alginate magnetic nanogel beads Methyl orange | 107.5 mg/g [129]
Sodium alginate/titania nanoparticles Direct Red 80 | 163.934 mg/g [143]
composite Acid Green 25 | 151.515 mg/g
(Alginate/acrylamide)-interpenetrating Magenta 0.05 g hydrogel, |[203]
polymeric hydrogels Safranine-O | 25 °C, 0.1 ionic
Methylene strength, pH 7.0
blue, Methyl | (optimal
violet conditions for dye
elimination)
Sodium alginate-g-poly(sodium Methylene 1843.46 mg/g [230]
acrylate-co-styrene)/organo-illite/smectite blue
clay
Alginate-g-poly(acrylic Brilliant UV photocatalytic | [25]
acid-co-(hydroxyethyl)methacrylate)/AgCl | cresyl blue degradation of
composite dye
Sodium alginate-g-acrylic acid/TiO; Methyl violet | 1156.61 mg/g [219]
hydrogel nanocomposites
Nano-iron oxide-loaded alginate Malachite 93.9% dye [204]
microspheres green elimination
Zn—Al-Fe304 sodium alginate beads Rhodamin B | 97% dye [122]
elimination
Montmorillonite—alginate nanobiocomposite | Basic red 46 | 35 mg/g [86]
Magnetic Fe3Og4/activated Methylene 2,079 mg/g [241]
charcoal/B-cyclodextrin/alginate polymer blue 99.53% dye
nanocomposite removal (pH 6)
Glucose oxidase/laccase/MnFe;O4/calcium | Indigo 44.03% dye [200]
alginate nanocomposites removal (pH 5)
Methylene 93.46% dye
blue removal (pH 9)
Acid red 14 46.5% dye
removal (pH 3)
Alginate/reduced graphene oxide/Cu?*, Methyl orange | 23.8 mg/g [238]
Ca”, Ba>*, Fe?* composite hydrogels Neutral red, | 20.5 mg/g
Rhodamine B | 18.4 mg/g
Methylene 23.8 mg/g
blue
Congo red 8.3 mg/g
(continued)
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Table 4 (continued)

Sorbent Dye Dye removal References
performance
Alginate/graphene oxide hydrogel beads Methylene 245 mg/g [75]
blue

Rhodamine B | 252 mg/g
Vat green 1 122 mg/g

Methyl orange | 111 mg/g

Sodium alginate/graphite hybrid hydrogel Malachite 628.93 mg/g [228]
green

_OH
H -0
R ™
—K " oo
,.'H OH
n

Fig. 6 Chemical structure of xanthan

remained high even after four cycles of sorption—desorption (96% for Methylene blue
and 95% for Methyl violet).

Adsorption process followed the pseudo-second-order rate model and Langmuir
adsorption isotherm for most of xanthan-based hydrogels. Some of the latest dyes
removal studies by using xanthan-based gels are summarized in Table 5.
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Table 5 Dyes removal performances of xanthan-based hydrogels

Sorbent Dye Dye removal References
performance
Xanthan-g-poly(acrylic Malachite green | 497.15 mg/g [149]

acid-co-acrylamide)/Fe3O4 magnetic
nanoparticles hydrogel

nanocomposites
Xanthan-g-poly(acrylic acid)/FezO4 Methyl violet 642.0 mg/g [154]
magnetic nanoparticles hydrogel
nanocomposites
Xanthan/methionine-bentonite Congo red 142.71 mg/g [5]
hydrogel nanocomposite 30 °C)

278.84 mg/g

(40 °C)

530.54 mg/g

(50 °C)

Xanthan-g-poly(acrylic acid)/oxidized | Methylene blue 521.0 mg/g (30 °C) | [145]
multi-walled carbon nanotubes
hydrogel nanocomposite

Xanthan-g-poly(acrylic acid)/reduced | Methylene blue 793.65 mg/g [146]
graphene oxide hydrogel composite Methyl violet 1052.63 mg/g

Poly(vinyl alcohol)-xanthan gum Methylene blue 80% dye removal | [251]
composite hydrogel (after five cycles)
Xanthan-psyllium-g-poly(acrylic Auramine-O 95.63% dye [36]
acid-co-itaconic acid) removal

3.6 Miscellaneous Natural Polysaccharides-Based Hydrogels

3.6.1 Gum (Ghatti, Karaya, Guar) Polysaccharides-Based Hydrogels

Gum ghatti is an anionic natural polysaccharide containing alternating 4-O-
substituted and 2-O-substituted a-D-mannopyranose units and also, 1 — 6 linked
B-D-galactopyranose with side chains of I-arabinofuranose moieties (Fig. 7a). It is
known that gum ghatti powder fortifies the immune system, reduces the choles-
terol level, speeds up the healing of wounds, diminishes the side effects after
chemotherapy, decelerates the ageing and also, it is employed as supplement for
weight loss [108, 155]. Hydrogels and nanocomposites based on gum ghatti had
several applications, one of them being the removal of different contaminants (dyes,
heavy metal cations) from wastewater.

Gum ghatti—g-poly(acrylic acid-co-acrylamide)/Fe; O4 magnetic nanocomposites
were synthesized and used as sorbent for Rhodamine B removal [150]. Acrylic acid
and acrylamide were grafted onto gum polysaccharide by free radical copolymer-
ization. The presence of Fe;O, in nanocomposites structure enhanced the adsorp-
tion capacity due to the augmentation of pore volume and surface area. Also,
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Fig. 7 Chemical structure of gum ghatti a and gum guar b

thermal stability increased after the incorporation of Fe;O4 in the polymeric network.
Adsorption efficiency slightly decreased (12%) after five sorption—desorption cycles.

Gum karaya is an acetylated polysaccharide, having about 37% galacturonic acid.
Itis partially acetylated (8% acetyl groups by weight) [22]. This gum polysaccharide
and its derivatives are used as adhesives, binding agents and sorbents due to their
capacity to retain great quantities of water. Nanosilica-containing hydrogel nanocom-
posite of gum karaya grafted with acrylic acid and acrylamide was employed for
Methylene blue elimination from aqueous solutions [153]. The regeneration capacity
of the nanocomposite in acidic medium was 100% over three adsorption—desorption
cycles.



Polymeric Hydrogels for Dye Adsorption 147

Guar gum is a non-ionic polysaccharide, consisting of (I — 4)-linked B-D-
mannopyranose units having as side chains (1 — 6)-linked-a-D-galactopyranose
(Fig. 7b). This gum polysaccharide acts as laxative and so, determines regular bowel
movements, being used in the treatment of chronical diseases, like diverticulosis
and colitis [21]. A hybrid nanocomposite based on guar gum grafted with acry-
lamide and having silica included in its structure was synthesized and used for the
removal of Reactive blue 4 and Congo red dyes [163]. The reusability studies showed
83.46% of Reactive blue 4 and 82.09% of Congo red (pH = 10) desorption after four
sorption—adsorption cycles.

3.6.2 Pullulan and Dextran-Based Hydrogels
Pullulan is a biocompatible and non-toxic polysaccharide. It consisting of maltotriose

units bound by a(1-4) glycosidic bond, while consecutive maltotriose moieties are
linked by a(1-6) glycosidic bonds (Fig. 8a). The polysaccharide and its derivatives
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Fig. 8 Chemical structure of pullulan a and dextran b



148 M. C. Stanciu

have numerous applications, like biomedicine, pharmaceuticals, food industry, elec-
tronics. Some of its derivatives were employed as adsorbents of different pollutants
in wastewater treatment.

Pullulan-graft-poly(3-acrylamidopropyl trimethylammonium chloride) micro-
spheres were synthesized in two stages of reaction and were further used for
several dyes (Azocarmine B, Acid Orange 7, Methyl Orange, Ponceau 6R, Congo
Red) adsorption studies [44]. In the first step of the synthesis, 3-acrylamidopropyl
trimethylammonium chloride was grafted onto the polysaccharide while in the second
stage, the obtained graft polymer was crosslinked with epichlorohydrine.

Dextran is a biocompatible and non-toxic polysaccharide. Its main chain is
composed of a-D-glucopyranose units which are linked by linear a-1,6 glycosidic
bonds, with a reduced degree of a-1,3-linked side chains (Fig. 8b). Some of its appli-
cations included: biomedical, pharmaceutical, food and chemical industries. Certain
dextran derivatives were employed as sorbents in wastewater detoxification.

An amphiphilic cationic dextran hydrogel, with two types of quaternary ammo-
nium side-chains with different polarities and having the same molar ratio between
hydrophilic and hydrophobic pendant groups, was prepared and tested as sorbent
for several dyes (Methyl orange, Indigo Carmin, Orange II, Rose-bengal) [208].
The sorption capacity of the dextran-based hydrogel was higher, for the same
dyes, compared to inorganic—polymer hybrids. A rapid and full regeneration of the
hydrogel was obtained by using the consecutive addition of water, NaCl 0.5 M, and
methanol.

For all above-mentioned gels based on miscellaneous natural polysaccharides,
the sorption process obeyed the pseudo-second-order rate model and Langmuir
adsorption isotherm while thermodynamic studies showed a spontaneous evolu-
tion. Table 6 condensed the latest dyes sorption studies by using miscellaneous
polysaccharides-based hydrogels.

4 Synthetic Polymers-Based Hydrogels

Several (co)polymers hydrogels, based on: acrylic acid, (meth)acrylamide, viny-
lalcohol, vinylpyrrolidone, vinyl phosphonic acid, 3-(methacryloylamino)propyl-
trimethyl ammonium chloride, sodium p-styrene sulfonate, ethylenimine, 2-
acylamido-2-methylpropanesulfonate and N-isopropylacrylamide, were synthesized
and used for dyes elimination in wastewater treatment (Table 7).

Different fillers, like clays (kaolin, laponite, attapulgite, montmorillonite,
bentonite), metals (Co, Cu) or metal oxides (Fe;Oy4, TiO,), carbon-based materials
(sulfonated graphene, graphene oxide) were incorporated in the hydrogel matrix,
thus, increasing thermal and mechanical stability, chemical strength and also, the
adsorption potential [165].

For the most sorption studies of synthetic polymers-based gels, Langmuir isotherm
and pseudo-second-order kinetic were the models that fitted pretty well with the
experimental data.
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Table 6 Dyes elimination results of miscellaneous polysaccharides-based gels
Sorbent Dye Dye removal References
performance
Gum ghatti—g-poly(acrylic Rhodamine B 654.87 mg/L [150]
acid-co-acrylamide)/Fe3O4 nanocomposite
Gum ghatti—g-poly(acrylic Methylene blue | 694.44 mg/g [152]
acid-co-methacrylamide) hydrogel Methy! violet 543.478 mg/g
Gum ghatti—g-poly(acrylic acid)/FezO4 Methylene blue | 671.14 mg/g [151]
nanocomposite
Gum karaya-g-poly(acrylic Methylene blue | 1,408.67 mg/g | [153]
acid-co-acrylamide) /nanosilica
nanocomposite
Gum guar-g-poly(acrylamide)/silica hybrid | Reactive blue 4 | 579.01 mg/g [163]
nanocomposite Congo red 233.24 mg/g
Pullulan-g-poly(3-acrylamidopropyl Azocarmine B 113.63 mg/g [44]
trimethylammonium chloride) microspheres |  .iq Orange 7, | —
Congo Red
Methyl Orange,
Ponceau 6R
Pullulan-g-polyacrylamide porous hydrogel | Methylene blue | 386.81 mg/g [181]
Reactive blue 2 | 273.24 mg/g
Montmorillonite-included pullulan-based Crystal violet 80.00 mg/g [213]
nanocomposite hydrogel
Polydopamine/montmorillonite-embedded | Crystal violet 112.45 mg/g [172]
pullulan hydrogels
Amphiphilic cationic dextran hydrogel Methyl orange | 705 mg/g [208]
Indigo carmin 732 mgl/g
Orange 11 652 mg/g
Rose-bengal 654 mg/g
Amphiphilic cationic dextran hydrogels Methyl orange | 893 mg/g [207]
Rose-bengal 1718 mg/g
Dextran-glycidyl methacrylate/acrylic acid | Methylene blue | 1994 mg/g [245]
hydrogel Crystal violet 2390 mg/g

S The Influence of Different Parameters on Sorption

Ability

5.1 Contact Time

Dye removal from aqueous solution showed a rapid increase at the beginning of

adsorption, followed by a slowing of the process, and the reaching of an equilibrium
state in the end. Initially, dyes molecules were rapidly attached to gel surface via
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Fig. 9 Variation of dye adsorption against time, as a function of dye nature a, initial Orange II
concentration (0.27, 0.75 and 1.5 mM) b, temperature (25, 35, 45 °C) (for Orange II) ¢, pH (for
Rose bengal and Methyl orange) d. Initial dye concentration was 1.5 mM a, ¢, d and temperature
25 °C a, b, d. Reprinted by permission from Springer Nature, Stanciu and Nichifor [208]

surface mass transfer. Further, sorption was slowed down due to the progressive
reduction of hydrogel external sites left unoccupied and also due to the slow diffusion
of dye molecules into polymeric matrix to the internal sites. In the end, the available
sorption sites became rarer and the equilibrium state is reached. Indigo-carmin (IC),
Methyl orange (MO), Orange II (O II) and Rose-bengal (RB)) were employed as
dyes for the study of the influence of contact time on removal performances by using
dextran-based hydrogel as sorbent (Fig. 9a—c) [208].

5.2 Dye Nature

The adsorption efficiency was influenced by dye nature. So, for dyes having high
molar masses there was a limitation of their amount which could be adsorbed by the
hydrogel. The quantity of Rose bengal adsorbed by dextran-based hydrogel was the
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smallest compared with other dyes (Methyl orange, Indigo Carmine, Orange II) due
to Rose bengal bulky structure and its high molar mass [208].

Also, the presence of two or more functional groups in chemical structure of dye
led to the binding of more active sites of the sorbent, thus, decreasing the amount of
adsorbed dye. An example in this regard was Indigo carmin dye which was adsorbed
in a smaller amount in comparison with other dyes (Orange II, Methyl orange) due
to the existence of two sulphonate groups in its chemical structure [208] (Fig. 9a).

5.3 Initial Dye Concentration

The increase of initial dye concentration determines an augmentation of dye amount
which was adsorbed on the gel, due to the improvement of dye mass transfer
between aqueous solution and solid sorbent (Fig. 9b). But, the percent of dye
removal decreases with the augmentation of initial dye concentration as a result
of the saturation of hydrogel’ active sites.

5.4 Temperature

The increase of temperature can favor or not the adsorption process. Generally,
the augmentation of the temperature determines a higher mobility of dye inside
the adsorbent and/or a pore size enlargement. The increase of dye removal with
the augmentation of temperature proves an endothermic process while its decrease
with the increase of the temperature, shows an exothermic adsorption. The sorption
of several dyes (Methyl orange, Indigo Carmin, Rose bengal and Orange II) on
dextran gel, having two types of quaternary ammonium pendant groups with different
polarities, was endothermic (Fig. 9c) [208].

5.5 pH

pH is a key factor in dye adsorption, if the main forces between sorbent and adsorbate
are electrostatic. Studies regarding the adsorption of Methyl orange and Rose bengal
dyes on dextran gel showed the influence of pH value on sorption process [208].
Thus, for a pH range between 4 and 10, the adsorption capability showed a reduced
variation for both dyes, but the trend was different for each dye. The amount of
Methyl orange adsorbed by the hydrogel thinly increased with pH augmentation
due to the increase of gel ionization degree. The amount of Rose bengal retained
by the hydrogel slightly decreased with pH increase because of the occurrence of
electrostatic attraction between one dye molecule and two positively charged sites of
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the hydrogel, which reduced the number of dye molecules adsorbed by dextran-based
gel (Fig. 9d).

6 Adsorption Kinetics

Adsorption kinetics, representing the variation of water uptake versus time at a perma-
nent concentration, gives details about the rate of adsorption steps and the sorption
mechanism. There are four stages in the adsorption process. The first stage consists
in the migration of dye molecules from bulk liquid phase to the boundary layer. The
second stage is the diffusion of the sorbate via the boundary layer to the external
surface of the adsorbent (external diffusion). The third stage is composed of trans-
port of dye molecules into the adsorbent pores (internal diffusion). The last stage
consists in the interactions between dye molecules and the adsorbent active sites [222,
232]. Pseudo-first-order, pseudo-second-order and intraparticle diffusion models are
among the most used kinetic models in sorption studies. The correlation coefficient
(R?) was utilized to determine the most appropriate equations.

6.1 Pseudo-First-Order Kinetic Model

Pseudo-first-order kinetic model, also named Lagergren model, takes into considera-
tion that the mass transfer between solution and solid is the predominant mechanism
in adsorption process [201]. The rate of sorption is directly proportional with the
difference between the amount of adsorbed dye on hydrogel at equilibrium time and
a fixed time. The linear form of pseudo-first-order kinetic equation is depicted in
Eq. (4).

kit
2.303

log(gexp — ¢1) = logQy — 4

where 7 is the contact time (min), k; (min~!) is the rate constant for the first-
order kinetic model, g.y, (mmol/g) is the amount of adsorbed dye at equilibrium,
q:; (mmol/g) is the dye quantity which was sorbed at moment ¢ and Q; (mmol/g) is
the calculated maximum adsorption value. Obtaining of a straight line by plotting
log (gexp — 1) against t shows the fitting of Lagergren model for adsorption kinetics.
k; is found out from the slope of the graph and Q; from its intercept.
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6.2 Pseudo-Second-Order Kinetic Model

Pseudo-second-order kinetic model, also called Ho and McKay rate equation model,
is frequently related with chemisorption process, in which electrons were shared or
exchanged between the adsorbent and the sorbate [201]. The linear form of pseudo-
second-order kinetic equation is showed in Eq. (5).

o 1 +t 5)
@  kQ} O

where ¢ is the contact time (min), k, (g/mmol min) is the rate constants for the second-
order kinetic model. ¢, (mmol/g) is the dye quantity which was sorbed at moment
t while O, (mmol/g) is the calculated maximum adsorption value. A straight line
achieved by plotting #/q, against ¢ is the indication that Ho and McKay rate equation
model is suitable to describe the adsorption kinetics. Q> is determined from the slope
of the graph and k, from its intercept.

6.3 Intraparticle Diffusion Kinetic Model

The intraparticle diffusion model, designed by Weber and Morris, is used for the
evaluation of adsorption diffusion mechanism [236]. The linear form of this kinetic
model is revealed in Eq. (6).

g = kigNt +C (6)

kiq (mmol/g min®?) is the rate constant for the intraparticle diffusion model while
C (mmol/g) is a parameter direct proportional with the boundary layer thickness. g,
(mmol/g) is the dye quantity which was sorbed at moment ¢ and #(min) is the time. In
case of Weber and Morris equation, the obtaining of a single straight line, who crossed
the origin, proved that intraparticle diffusion is the only sorption mechanism. A multi-
linear plot proved the existence of more stages in the adsorption process and each line
corresponded to one step: (1) surface adsorption, (2) intraparticle diffusion and (3)
adsorption near to equilibrium. Sometimes, because of the fast surface adsorption, the
first two stages merged. That is the case of Methyl orange sorption on dextran-based
hydrogels having quaternary ammonium groups as side-chains (Fig. 10).

Thus, the first line of the graph corresponded to intraparticle diffusion and it was
characterized by k;; ; constant, while the second line described the saturation process
and it was defined by k;;, constant.
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7 Adsorption Isotherms

Adsorption isotherms supply the relations between the concentration of sorbate
retained on the solid phase and its concentration in solution at equilibrium state
and indicate possible interactions between adsorbate and sorbent. Also, the adsorp-
tion efficiency of the sorbents can be evaluated and compared with the help of the
isotherm models. Two-parameter model isotherms such as Langmuir, Freundlich and
Dubinin—Raduskevich were often selected to describe the sorption characteristics at
equilibrium state. A correlation coefficient, R?, very close to 1 is an indication of a
good fitting of the experimental data with respective to isotherm model.

7.1 Langmuir Model

Langmuir isotherm model supposes a monolayer homogeneous sorption on equiva-
lent binding sites [40, 125]. The linear form of the binding isotherm model is depicted
in Eq. (7).

Coy _ Ceg |
exp QL KLQL

)

where g, (mmol/g) is the experimental dye amount adsorbed at equilibrium, C,,
(mM) is concentration of sorbate at equilibrium, Q; is maximum adsorbent capacity
(mmol/g) and K; (L/mmol) is Langmuir equilibrium constant. Another parameter
of Langmuir equation is R, a non-dimensional separation factor stated by Eq. 8:

1

Rp=——
14+ K.C;

®)
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where C; (mM) is the initial concentration of adsorbate. R;, values specify the sorption
efficacy. Thus, adsorption can be unfavorable (R, > 1), linear (R, = 1), favorable (0
< R; < 1) or irreversible (R; = 0).

7.2 Freundlich Model

Freundlich isotherm considers a reversible and non-ideal sorption that happens on
heterogeneous surfaces and consists in a multi-layer adsorption (Eq. 9) [40, 74].

1
loggexp = logKr + n_IOgCeq &)
F

where gexp (mmol/g) is the experimental dye amount adsorbed at equilibrium, C,,
(mM) is concentration of sorbate at equilibrium, K (mmol/g) is Freundlich equilib-
rium constant. ng, the heterogeneity factor, is a measure of type of adsorption and
heterogeneity of the adsorbate sites. If 0 < 1/np < 1, the sorption process is favorable.

7.3 Dubinin—-Radushkevich Model

Dubinin—Radushkevich isotherm takes into consideration that adsorption energy has
a Gaussian distribution on the heterogeneous surfaces [51, 60]. Its linear form is
showed in Eq. (10):

InGexp = InQrp — P&’ (10)

where gex, (mmol/g) is the experimental dye amount adsorbed at equilibrium, Opg
is maximum adsorbent capacity (mmol/g). 8 (mol/J?) is a constant associated with
the mean free energy per molecule of adsorbate for shifting from its location in the
solution to the infinity and ¢ is Polanyi potential (Eq. 11)

1
= RTIn|1 11
& n( +Ceq) arn

where R is the universal gas constant (8.314 J/mol K) and T is the soluon temperature
expressed in Kelvin scale (K).

Dubinin—Radushkevich model affords to find the mean free energy of adsorption
for ligand molecules, E (kJ/mol). This parameter is essential to reveal the main forces
of sorption (physical or chemical ones). When the energy of sorption is less than
8 kJ/mol, physical forces control the sorption, when E is in the range 8—16 kJ/mol,
the adsorption mechanism is based on ion exchange and if E is greater than 16 kJ/mol,
the sorption is derived by chemisorption.
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Fig. 11 Linear plots of Methyl orange adsorption data on dextran hydrogel in accordance with
Langmuir a, Freundlich b and Dubinin—Radushkevich ¢ isotherm models. Reprinted by permission
from Springer Nature, Stanciu and Nichifor [208]

Langmuir and Dubinin—Radushkevich models depicted pretty well the experi-
mental data for Methyl orange sorption on dextran-based cationic hydrogel (R? >
0.96) [208]. Instead, the usability of Freundlich equation begins after Methyl orange
was bound to 40% of gel cationic sites. So, the linear form of Freundlich isotherm gave
two straight lines and Freundlich parameters were calculated from the breakpoint
connecting the lines (Fig. 11).

8 Recycling of the Hydrogel-Based Sorbents

Regeneration of adsorbents is essential because it helps in reducing both the total cost
of wastewater treatment and the generated trash. Another benefit of gels recycling
studies is a better clarification of the adsorption mechanism. Desorption studies are
the basis for the research of gels reusability. Thus, several adsorption—desorption
cycles are resumed by using every time a fresh dye solution, the sorbent being



160 M. C. Stanciu

washed and dried after each adsorption process. Recycling capacity of a sorbent is
determined by the number of cycles for which the adsorption ability of the hydrogel
is close to its initial value.

9 Conclusions

Several dyes, generated from agriculture and industry, pollute different water
resources, producing a worldwide worry connected with their effect on the health
of plants, animals and humans. Different methods were used for dyes removal from
wastewater and adsorption is one of the most efficient, cheap and simple handling
techniques. This chapter details dyes adsorption efficiency of the latest natural or
synthetic (co)polymers-based hydrogels. Furthermore, factors that influence the sorp-
tion process together with kinetics and isotherm models employed in sorption studies
are revealed.
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1 Introduction

Synthetic chemicals are the major cause of Environmental pollution in present era.
These chemicals have adverse effects of the health of all type of life and now need
to be monitored [72]. The most precious compound on earth is water. In recent
eras, the worth of water has been worsening because of anthropogenetic activities,
unplanned urbanization, population growth, rapid industrialization, and amateurish
employment of the natural water assets and result in water pollution. Implausible
extent of dyes pour forth frequently from several industries as textile, pharmaceuti-
cals, paper-making, cosmetics, food, tannery, and dyes producing industries. Water
contaminated with dyes expelled into fresh water channels without pre-treatment
is the major threat to the human health and environment as well because most of
the dyes content remains unaffected in the water for long time [6]. The industrial
effluent produced during different manufacturing processes have adverse effect for
aquaculture and other organisms due to high toxicity of toxins and different types
of pollutants fabrics, leather, plastics, pulp, ink, soap, paper, and palm oil present
in wastewater. The short-term exposure to these toxins may cause nervous disorders
but long-term exposure may cause generalized hypoxia, thyroid dysfunction, and
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weight loss. So the treatment of toxic water is mandatory before its final elimina-
tion in water channels for the protection of biodiversity and pure water reserves for
future generation [28]. Natural and the synthetic dyes have been universally used to
shade substances, including textile products, paper leather, plastics cosmetics, food,
and pharmaceutical products. Synthetic dyes are in fabric and textile industry than
natural dyes, which unsatisfactorily fulfill the demands of textile industries so that
more used in food industry [52]. In industries there are about 10,000 different types
of dyes used. Synthetic dyes are produced more than 8 x 10° tons annually world-
wide and about 10-15% is released into fresh water [22, 68]. Synthetic dyes are
non-biodegradable, and their persistence in waterways causes pollution, which has
become a serious concern around the world [34]. Synthetic dyes are carcinogenic,
mutagenic, and poisonous in nature. As a result, dyes should be properly degraded
prior to wastewater disposal [16].

The dyes have high tectorial values so that researchers showed great interest for
the treatment of wastewater. The physical and chemical properties of water signifi-
cantly changed even the presence of dyes less than 1 ppm in water. The traditional
wastewater treatment technology depends mainly on physical, chemical, and biolog-
ical methods which contribute effectively to improve the quality of wastewater as
biochemical oxygen demand (BOD), chemical oxygen demand (COD), turbidity
and total suspension solids (TSS). Regrettably, these processes are unsatisfactory to
confiscate the dyes from the effluent. Coagulation/flocculation is a prospective substi-
tute, and an exceedingly competent technique for eliminating dyes from wastewaters.
As a result, there is a pressing need to find low-cost substrates to replace expen-
sive traditional media substrates and, as a result, lower bioflocculant manufacturing
costs [75]. The biological treatment of azo dye wastewater has been thoroughly
investigated, and various bacteria have been identified, e.g., Acinetobacter sp. [39],
Shewanella oneidensis [39], Pseudomonas sp. [61] and Bacillus sp. [37], Klebsiella
sp. [51] have been well-known from different sources. However, an anaerobic condi-
tion is dynamic to reduce azo dyes in the prokaryote kingdom, as the aerobic envi-
ronment decreases the accessible electron donors for the breakdown of azo bond
of dyes [55]. Bioremediation is the most effective technology for the treatment of
environmental pollution. This technique is eco-friendly and cost-effective because
living organisms such as bacteria, fungi, and algae involved in the treatment of
pollutants in air, soil, and water [72]. The microbes masses present in biological
wastewater treatment system forms biofilm, sludge flocs, and granules that result in
the formation of mixture of highly complex with high molecular weight polymers
known as extracellular polymeric substances (EPS). EPS have a significant impact
on the physicochemical characteristics of microbial masses, including their struc-
ture, settling properties, surface charge, dewatering properties, adsorption ability,
and flocculation. EPS have the ability to form and protect aggregate from dewatering
by developing vast net-like structure by complex interaction for storage of plenty of
water. EPS is the best source of carbon and energy for the cells in extreme conditions
[70].

In last decade prompted development of economic and industries consequences
increase in the pollutants, inorganic and organic increasing significantly in water
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channels. Aerobic and anaerobic advance biological wastewater treatment technolo-
gies were dominantly in wastewater treatment plants. Microbial communities play
a promising role in removing pollutants from water. Even though they can remove
exogenous compounds which are detrimental to the sludge by biodegradation and
biosorption. The presence of exogenous compounds such as heavy metals and toxic
organic substances stimulates the live cells to produce EPS for their own protection
from the toxicity of these substances which reveals that exogenous compound and
EPS have interaction. Recently, many researchers focus on the use of bacterial EPS
in environmental applications. On the other hand, evidence of EPS’s impact on envi-
ronmental applications is sparse, and no accompanying report has been published
to yet that highlights the characteristics of EPS and their significance to environ-
mental applications. Because they retain both hydrophobic and hydrophilic sections
within their structures, EPS have considerable binding capacities toward heavy metal
ions and organic contaminants [29]. In addition, microbial strains manufacture more
EPS to protect themselves from unfavorable environments, such as harmful chemi-
cals. As a result, EPS could play a significant role in the reduction or detoxification
of organic and inorganic contaminants in wastewater and/or polluted soil. Many
researches have looked at the composition and structure of EPS from natural strains
and active sludges when it comes to EPS characterization [8]. EPS are considered as
an operative adsorbent and broadly used for wastewater treatment due to their copious
binding sites and functional groups [42]. Metabolization/transformation, adsorption
is the basic mechanism involved in the bioremediation of textile dyes by bacterial
cell mass. The bacterial consortiums exist in the form of biofilm that has potential
to decolorize and metabolize the textile dyes while the intracellular processes can
perform degradation and biosorption of dyes. Biofilm is a mixture of bacterial cells
surrounded by exopolysaccharides and the natural environment for biofilm is same
as bacterial cells. Biofilms are made up of a diverse microbial population of cells that
grow on surfaces encased in exopolysaccharides. As a result, biofilm is the dominant
microbial lifestyle in most natural habitats. The EPS generated by different bacte-
rial strains is primarily used to protect bacteria against desiccation and predation, as
well as to aid adherence to surfaces. EPS is formed in two forms: capsule, which
is strongly connected to the bacterium’s surface, and slime, which is only loosely
attached to the bacterium’s surface. EPS are also considered as the most immediate
interfacial boundary between the bulk aqueous phase and the bacterial cells. EPS
generally consist of a wide variety of macromolecular compounds including acidic
polysaccharides and proteins, as well as lipids. The goal of this study was to see
if a biofilm made up of selected indigenous and foreign bacteria could be used to
bioremediate color from textile effluent. This work will provide useful data for future
EPS research.
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2 Extracellular Polymeric Substances

Secretion, excretion, cell lysis, and sorption in bacteria produce EPS, which are
particularly unusual macromolecules. Polysaccharides, DNA/nucleic acids, lipids,
protein, uronic acids, humic-like compounds, and other micro-molecules make up
EPS chemically [2, 8, 13, 14, 46]. Due to the presence of functional groups (e.g.,
hydroxyl, carboxylic, sulthydryl, phosphate groups, etc.) in the EPS, it forms a
protective coating surrounding the bacteria against the harsh external environment
containing heavy metals and highly poisonous chemical compounds [5, 7, 21].
Polysaccharides have frequently been supposed most copious components of EPS
in primary biofilm research [11]. That is why the term “EPS” has been used as
abbreviation for “extracellular polysaccharides” or “exopolysaccharides.” However,
proteins and nucleic acids [54, 60], in addition to amphiphilic compounds with phos-
pholipids, have also been seen in significant amounts in EPS preparations from pure
cultures of bacteria, sewer biofilms, activated sludge, and trickling filter biofilms.
Furthermore, some researchers pronounced humic substances as components of
EPS grounds of soil and water biofilms [63]. EPS have attracted much concern
and ubiquitous impact on the biosorption, sludge performance, sludge settle ability,
sludge bioflocculability, surface charge characteristic, oxidation—reduction property,
hydrophilicity/hydrophobicity and biodegradability for environmental remediation
[21, 46, 71]. According to the nature of their interaction with cells or the proce-
dure used to remove EPS from microbial cells, EPS are classified as slime (S-EPS),
capsular (CEPS), tightly bound (TB-EPS), and loosely bound (LB-EPS).
Extracellular polymeric substances (EPS) are polymers produced by a variety of
microorganism strains. Polysaccharides, proteins, and DNA make up the majority
of them. Environmental cues are principally responsible for the development of
these slimes. Because their biosynthesis is so costly, they should provide a benefit
to the producer microbe [19, 20]. These substances are reflected as sustainable,
eco-friendly, and cost-effective as compared to auxiliary, the prevailing chemical
compounds [49]. EPS exist both in internal and external environment of microbial
cells. They are glycocalyx or slime that are found on or near the microbial cell surface,
and speed up and facilitate microbial adhesion to the substratum. Bacterial secre-
tions, shedding materials from the cell surface, cell lysates, and hydrolysates, and
the adsorption of organic molecules from the surrounding environment are all exam-
ples of EPS [63]. Microorganisms secrete EPS, a complex mixture of biomolecules
(proteins, polysaccharides, nucleic acids, lipids, and other macromolecules) that
hold microbial aggregation together [70]. Proteins and exopolysaccharides, which
constitute 40-95% of EPS, are the most important components of macromolecules.
“Organic polymers of bacterial origin are usually responsible for the binding of cells
and other particulate matter together in biofilm systems (cohesion) and bonding
to the matrix (adhesion),” according to the definition. The abbreviation EPS is
used for “Extracellular Polymeric Substances,” “exo-polysaccharides,” “extracellular
polysaccharides,” and “exo-polymers” [53, 70]. Nielsen and Jahn [53] suggested that
sometimes extracellular polymeric substances are not anchored with murein layer or
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Fig. 1 The structural composition diagram of EPS (Adapted from [67])

external membrane of the cell. Moreover, selected organic matters from effluent can
also be adhering to EPS [41]. In the study of microbial aggregates, EPS linked with
microbial metabolism may be more useful and can change their physical and chem-
ical properties. Outside of the cells, EPS is split into two types: bound EPS (loosely
bound polymers, sheaths, capsular polymers, and condensed gels) and soluble EPS
(soluble macromolecules, slimes, and colloids) [38]. EPS can be easily separated by
centrifugation: soluble EPS in supernatant and bound EPS in the pellet of cells. The
origin of both types is still unknown. There is a weak interaction of soluble EPS with
cell as compared to bound EPS and has crucial effects on the microbial activities
and structure of sludge surface. However, the soluble EPS has limited study. The
structure of the bound EPS is generally described by a double-layer model (Fig. 1).
The inner layer is made up of tightly bound EPS (TB-EPS) with a defined form and
a strong bond to the cell surface. The outer layer is made up of loosely bound EPS
(LB-EPS), a dispersible mucus layer with no defined form. Because the fraction of
LB-EPS in microbial aggregates is always lower than that of TB-EPS, it may have
an effect on microbial aggregate properties [62].

EPS are macromolecules that have features such as precipitation, adsorption,
flocculation, and dehydration. They are made from activated sludge by microbial
metabolite excretion, shredding of cell surface components, cell lysis, and adsorption
of organic or inorganic compounds from the external environment to the cell wall
surface [67]. EPS play an important role in biological wastewater treatment. To
begin with, they build a dense protective barrier around cells to protect them from
environmental toxins (such as heavy metals, PAHs, phenols, antibiotics, and so on).
Second, they stick to activated sludge and form a spatial network to absorb and
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degrade contaminants, third, in the absence of nutrition, they offer energy and carbon
for vital life functions [47].

3 Bacterial Extracellular Polymeric Substances

Microbial cells have EPS as a key component (bacteria, algae, fungi, and yeast). EPS
is often made up of sugar polymers containing charged functional groups such as
phosphate, amine, acetate, carbonyl, and hydroxyl. They convert them into natural
ligand sources, providing binding sites for other charged molecules as well as seques-
tering or immobilizing them through the formation of numerous complexes. Bacterial
extracellular polymeric substances (EPS) secreted by bacterial strains may also act
as outstanding adsorbents. They give slimy appearance to bacterial masses. Bacteria
are generally present in an aggregated form where they are surrounded by EPS [60].
Bacterial EPS are mainly composed of curli (a proteinaceous surface appendages),
lipids, anocellulose-rich polysaccharides, and nucleic acids [45, 50]. Bacteria can
produce extracellular DNA during growth. But it is still unknown whether DNA is
actively secreted or passively released due to rise in cell envelope permeability [23,
43]. The spontaneous release of integral cellular components such as lipopolysac-
charides (LPS) from Gram-negative bacteria’s outer membrane is another route for
extracellular polymer release [3, 4, 15]. EPS can be found outside archaeobacteria’s
cell wall (pseudomurein layer), Gram-positive eubacteria’s cell wall (peptidoglycan
layer), and Gram-negative eubacteria’s outer membrane. Because polysaccharides
were recognized as common elements in bacterial EPS, the term “glycocalyx” was
coined to describe polysaccharide-containing structures of bacterial origin [11, 58].
EPS-containing structures such as capsules, slimes, and sheaths are referred to as
“glycocalyx.” “Integral capsules” are unique structures with distinct shapes that have
a firm link with the cell surface. Non-covalent interactions bind capsular polymers
to the cell surface, although they can also be covalently linked to phospholipid at
the cell surface. Sheaths are present in filamentous bacteria (for example, certain
cyanobacteria or bacteria of the genera Sphaerotilus and Leptothrix). S-layers are
also considered as glycocalyx components [11]. These are noncovalent interactions
between monomolecular proteins or glycoprotein complexes and underlying inte-
gral cell surface components. In Bacteria and Archaea, S-layers are one of the most
common cell surface structures. MEX (EPS from Klebsiella sp. J1) has been used in
previous study for adsorbing tetracycline and other pollutants. An attempt was made
for efficient degradation of textile dyes, Congo red, methyl orange, and food coloring
agents (yellow and green) with EPS-stabilized AgNPs. AgNPs and bacterial degra-
dation were shown to be inferior. These EPS-stabilized AgNPs can be employed as
a low-cost and environmentally benign method for degrading hazardous colors, with
applications in textiles and food additives [1].
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4 Characteristics of Bacterial Extracellular Polymeric
Substances

The EPS in the bacterial clumps can adsorb metals and organics in many places, such
as the aromatic and aliphatic in protein and the hydrophobic area in carbohydrates.
This reveals the latent role of bacterial EPS in heavy metal and dyes adsorption
with bacterial cells and transportation in the environment [26]. The carboxyl group,
phosphoric acid group, sulthydryl group, phenol group, and hydroxyl group are
all functional groups in EPS that can form complexes with heavy metals [25, 32].
EPS is thought to have a very high binding power potential based on the projected
number of carboxyl and hydroxyl groups [24]. Heavy metals and dyes have the ability
to combine with proteins, nucleic acids, and carbohydrates in the EPS [73]. The
adsorption isotherm obeyed the Langmuir isotherm or Freundlich isotherm equations,
and the binding ability and power of the bonds existent between heavy metals/dyes
and EPS were recognized to be high [48]. Similarly, soluble EPS has a greater
dye adsorptive capacity than bound EPS from a slurry [9]. Various mechanisms
involved for adsorption of metals and dye removal are presented in literature. EPS
can also adsorb other pollutants, such as textile dyes [63], reactive brilliant red X-
3B, phenanthrene [40] benzene [64], and humic acids [17]. EPS contain specific
hydrophobic regions for the attachment of dyes and metals [18]. Spéth et al. [65]
described that EPS can absorb 60% or more of benzene, m-xylene, and toluene, and
only a small portion of these contaminants were adsorbed by bacterial cells. Because
EPS particles are negatively charged, they can easily bond with cationic pollutants
via an electrostatic contact [17]. Furthermore, unlike humic acid, the proteins have a
strong binding ability and proficiency because loosed EPS contain higher percentage
of proteins than bounded EPS, due to higher binding capacity [56].

EPS are the source of carbon and energy for the bacterial aggregates. Generally,
carbohydrates and proteins are the major components of EPS, and enzymes that
breakdown these polymers are common in biological wastewater treatment reactors.
These bacteria can utilize EPS emitted by other bacteria for metabolic activities
in activated sludge [74]. However, [38] discussed that microorganisms are unable to
degrade certain components of EPS. Wang et al. [69], explained a portion of bacterial
EPS from aerobic sludge was biodegradable, and it was revealed that the bacterial
EPS in the periphery of aerobic granular sludge could not be biodegraded, but those
in the core layer could. Park and Novak [57], demonstrated how the biodegradability
of bacterial EPS collected using various procedures differed. For example, EPS
extracted using a cationic exchange resin methodology is aerobic biodegradable,
whereas EPS extracted using a sulfide method is anaerobic biodegradable. In times
of nutrient scarcity, the small molecular compounds created by EPS breakdown can
be utilized as carbon and energy sources for cell development. Sludge flocs can be
deflocculated as a result of EPS breakdown. The nondegradable part of EPS may
mix with reactor waste, lowering the effluent’s prominence.
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EPS in microbial cell aggregates have a polar group and several functional groups
(e.g., hydroxyl carboxyl, sulfhydryl, phenolic, and phosphoric groups) (e.g., aliphatic
in proteins aromatics and hydrophobic parts in the carbohydrates). The development
of hydrophobic regions in the EPS would be advantageous for organic contaminant
adsorption (Spath et al., 1998). The presence of hydrophobic and hydrophilic groups
specifies that EPS are the amphoteric compounds. The composition of EPS is based
on the relative ratio of two groups. Jorand et al. [31], to separate the hydrophobic
and hydrophilic EPS fractions by using XAD resin, found that nearly 7% were
the hydrophobic EPS and mostly included proteins, while the hydrophilic portion
chiefly comprised of carbohydrates. The analysis of amino acid and monosaccha-
ride contents in EPS revealed that about 25% of the amino acids were negatively
charged and about 24% were hydrophobic after hydrolysis. The hydrophobicity or
hydrophilicity of the EPS is likely to expressively impact the hydrophobicity of the
microbial cell aggregates and their development in the bioreactors [41]. It also deter-
mines the significance of the EPS as the sorption places for organic contaminants
[18].

5 Chemical Composition of Extracellular Polymeric
Substances

Chemical composition of EPS varies in different microbes. The general composition
of EPS is given in the Fig. 2. The quantity and chemical composition of EPS depend
upon the kind of microorganisms, age of the biofilms, and ecological actors during
biofilm formation. It has been discovered, for example, that EPS productivity is
high during the early phases of biofilm development [67]. Under difficult conditions,
EPS production is generally significantly increased. For example, [30] discovered
that the carbohydrate-to-protein ratios for acidophilic microbial biofilms were much
greater than previously reported ratios. To some extent, EPS production can reflect
the physiological status of biofilms.

5.1 Carbohydrates

Carbohydrates are the most important component of EPS. Neutral carbohydrates
(mainly hexose, seldom pentose) and uronic acids make up the microbial secre-
tions (galacturonic, glucuronic, and mannuronic acids). The nature of EPS macro-
molecules (anionic, cationic, neutral) can be determined by the presence of these
components. Exopolysaccharides are polymers with molecular weights ranging from
500 to 2000 kDa. Exopolysaccharides are long, linear, or branching substances found
in bacteria [20]. They have been termed as “adhesive polymers” due to their adhe-
sive and cohesive interactions and play an important role in stabilizing the structural
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Fig. 2 The chemical composition of EPS (Adapted from [67])

integrity of biofilms. They are of two types, either homo-polysaccharides or hetero-
polysaccharides. Homo-polysaccharides, in general, are neutral and made up of only
one monosaccharide, such as L-fructose or D-glucose. Homo-polysaccharides are
divided into three categories. The first group consists of Leuconostoc mesenteroides-
produced a-D-glucans. The second group consists of b-D-glucan produced by the
bacteria such as Streptococcus sp. and Pediococcus sp., and the third group consists
of fructans which are produced by Streptococcus salivarius. Homo-polysaccharides
include Dextran, Cellulose, and Curdlan, to name a few. Lactic acid bacteria produce
hetero-polysaccharides, which are made up of repeating units of monosaccharides
like D-glucose, L-fructose, and D-galactose. The bonding nature between monosac-
charides units and the branching of the chains determine the physical properties
of microbial hetero-polysaccharides. Most hetero-polysaccharides are also succi-
nate, pyruvate, and formate process substitutes. Alginate is a well-studied hetero-
polysaccharide that plays a role in the synthesis of EPS in pathogens like Azotobacter
and Pseudomonas aeruginosa [20].

5.2 Protein

EPS contain proteins such as enzymatic proteins and structural proteins. Numerous
enzymes have been detected in EPS matrix, many of which are involved in the EPS

&)
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degradation. Enzymatic proteins play an important role in metabolism and act as
an efficient external digestive system [20]. EPS can be successfully degraded by
enzymes released by bacteria during hunger. These enzymes can attack EPS from
the same bacteria or from different species [20]. Bacillus subtilis makes peptide
antibiotics that are resistant to protease hydrolysis. The formation of polysaccha-
rides matrix network is aided by EPS structural proteins, which serve as a link
between the extracellular and bacterial surfaces [20]. For example, lectin-like protein
is found in the matrix of activated sludge flocs that aids in the formation of flocs via
bacterial aggregation [57]. Sugar and protein are covalently linked to produce glyco-
proteins. They aid in signaling and intercellular communications structural integrity
and stability. In prokaryotes, there are two forms of glycosylation: N-glycosylation
and O-glycosylation. Membrane-associated, surface-layered, cellular, and secretory
glycoproteins are the four types of glycoproteins found in bacterial cells. Glyco-
proteins secreted by gram-positive bacteria have been discovered (e.g., Bacillus
macerans, Bacillus amyloliquefaciens, Cellulomonas fimi, and Clostridium aceto-
butylicum) and gram-negative bacteria (e.g., Mycobacterium tuberculosis, Flavobac-
terium meningosepticum, and Mycobacterium bovis). Microbial adhesion to various
solid surfaces is regulated by structural proteins. Electrostatic forces between charged
proteins in EPS, according to [35], could contribute cohesive stability to the biofilm
matrix.

5.3 Extracellular DNA

Extracellular DNA has been discovered in EPS from a variety of sources (e.g., soils,
wastewater sludge, and marine sediments) (E-DNA). Itis a key component of Staphy-
lococcus aureus’ EPS matrix, but just a small component of Staphylococcus epider-
midis’ EPS [20]. E-DNA is the part of the EPS matrix of Bacillus cereus [44]. The
export of competence-signaling peptides to the medium is connected to E-DNA in
the EPS matrix of Streptococcus mutans, which aids horizontal gene transfer.

5.4 Lipids and Surfactant

The polysaccharides-linked methyl and acetyl groups were found to be responsible
for the hydrophobic properties of EPS. Lipids and lipid derivatives are also present
in the EPS matrix. Adhesion is aided by lipopolysaccharides (e.g., attachment of
Thiobacillus ferrooxidans to pyrite surfaces) [20]. Biosurfactants come in a variety
of forms (viscosin, surfactin, and emulsion). They are vital for bacterial adhesion and
dissociation from oil droplets and can have antibacterial and antifungal properties.
Rhamnolipid (glycolipid) found in the EPS matrix of Pseudomonas aeruginosa is
an example of biosurfactants that aid colonization and resource competition [44].
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5.5 Humic Substances

Although humic substances are not secreted by microbes, however, they are the essen-
tial part of EPS. EPS matrix adsorbed these substances from the natural environment
(e.g., soils, wastewater sludge). They can influence the EPS properties, for instance,
biodegradability and adsorption ability [70]. These chemicals make up around 30—
80% of total dissolved organic matter in natural aquatic systems. Humin, humic acids,
and fulvic acids are the three components that make up humin. The majority of humic
compounds are composed of humic acids. The alkali-soluble humus fragments are
represented by humic acids and fulvic acids, whereas the insoluble remainder is
represented by humin.

6 Mechanism of Degradation

The extracellular mechanism of degradation of dyes existed by nonspecific cyto-
plasmic enzymes present in the extracellular substances such as reductive enzymes
(azoreductase, laccase, and peroxidases) through chemical reduction by transfer-
ring the electrons from reduced flavin group to the molecule of dye. Keck et al.
[36], elaborated those redox mediators help to transport azo dye molecules from
the membrane of bacterial cells, during the metabolic activity these mediators are
quinone dependent. It was confirmed by many scientists from University of Stuttgart,
Germany that cytoplasmic extracellular bacterial azoreductase involved in the in vivo
degradation of azo dyes. Stolz et al. [66], described that Sphingomonas xenophaga,
a novel gram-negative bacterium, has the ability to “consume foreign compound.”
They had explored that NADPH-dependent flavin oxidoreductases can be cloned
and overexpressed in S. xenophaga and E. coli strains. The azoreductase activity
confirmed by extracts shows that they have improved their ability to degrade the
dyes. Russ et al. [59], also explored the evidence that aerobic azoreductases have
higher flavin-dependent reductase activities. Mustafa et al. [51], explored a novel
strain Klebsiella pneumoniae involved in the reduction of azo disperse blue 284 dye
and it was confirmed that azoreductase gene sequence is present in its genomic DNA.
The modification in the color, toxicity, and high inorganic load of textile industrial
wastewater is due to dyes. When this toxic, highly inorganic load containing water
enters into the natural sources of water, they not only destroy the quality of water but
also destroy the marine life present there. During the last few decades, textile indus-
trial wastewaters have been treated with a potentially accepted technology known
as biosorption. The bacteria have high biosorption capacity due to the presence of
hetero-polysaccharide and lipids EPS in the cell wall that consist up of diverse amount
of functional groups for example, hydroxyl, amino, phosphate, and carboxyl, etc.,
that is mainly responsible for attraction between the cell wall and the dye. Today
several studies have shown the applicability of EPS as a biosorbent material. There
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are several species of bacteria like Exiguobacterium, Staphylococcus Bacillus, Kleb-
siella, and Pseudomonas that have the ability to use EPS in the removal of textile dye,
while using EPS as a biosorbent element the efficiency in decolorization was 99.9%.
EPS give 93% efficiency in degradation, while working with basic fuchsine and 28%
efficiency with chromium (VI) of 280 mg/L. The efficiency of the decolorization or
biosorbents depends on a lot of factors like EPS concentration, temperature, contact
time, pH, and concentration of dye, ionic strength, microorganism, and structure of
dye. EPS produced by Bacillus species were studied by [27] for removal of a basic
brown dye at altered pH and temperature. They studied that with the increase in
temperature the rate of dye adsorption increase, whereas with the reduction in the
rate of temperature the adsorption capacity also reduces. The pH 5 was count as
the maximum pH at which dye adsorption occurs effectively. The EPS formed by
Klebsiella mobilis in the dairy wastewater were competent in flocculating aqueous
solutions containing disperse dyes and have degradation efficiency of about 91% for
disperse violet dye [69]. In case of hazardous dyes, the EPS produced by Proteus
mirabilis have proved effective in degradation of basic blue 54 in batch systems
from aqueous solution. The rate of uptake observed by EPS is 2.005 g/g which was
observed while using basic blue 54. According to [12], the adsorption of dye occurs
due to the existence of a huge number of binding sites of high molecular weight
present in EPS matrix along with stronger van der Waals forces, which attaches with
the molecules of dye. As a consequence of this EPS matrix was entirely rooted in
adsorbed molecules of dye. The consortiums of containing bacteria hold high dye
degradation efficiency on comparison to the single bacterium. Costa et al. [10] studied
that the EPS formed by a consortium of Pseudomonas sp. and Staphylococcus sp. had
capability of printing dyeing and treating wastewater. Kamath Miyar et al. [33] had
studied that the EPS obtained from the backwashed mud exposed high decoloriza-
tion efficiency of 82% in fast blue aqueous and malachite green solutions. Overall,
the EPS exposed the probability to become a good biosorbent for degradation and
improvement of dye from diverse wastewaters and solutions. A large number of
researchers are determined on developing strategies to employ EPS for biosorption.
The information about the biosorption using EPS is expected to rise in near future
as it is a striking cost-efficient treatment choice.

7 Summary and Future Perspectives

Most bacteria that dwell in contaminated environments can develop biofilms to
help them survive. Because of their complex EPS matrix structure, intercellular
gene transfer, quorum sensing, and chemotaxis features, they have been shown
to be feasible candidates for bioremediation of a variety of harmful and resistant
substances. Numerous studies have found that bacterial biofilms made up of single
or multiple species in various environments can be successfully used in in-situ and ex-
situ bioremediation procedures. This chapter aims to offer a comprehensive knowl-
edge of the creation, growth, and many uses of biofilms in the bioremediation of
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contaminated settings, in light of the rising interest in biofilm research across the
world. More study into successful gene transfer, the creation of genetic engineering
biofilms, and the correct examination of bioremediation of aquatic and terrestrial
systems should result in a long-term green solution for pollution management. Bacte-
rial fauna that dwell in a contaminated environment have the potential to create a
biofilm in order to survive. Because of their sophisticated organized EPS matrix,
intercellular gene transfer, quorum sensing, and chemotaxis capabilities, they have
proven to be a potential competitor for the bioremediation of various harmful recal-
citrant substances. Several studies have found that bacterial biofilms including single
or multiple species from various habitats can be successfully exploited for both in-
situ and ex-situ bioremediation techniques. This chapter should have offered a solid
grasp of biofilm formation, development, and many aspects of biofilm application for
bioremediation of a contaminated environment, given the growing interest in biofilm
research around the world. More study into effective gene transfer for producing a
genetically engineered biofilm, as well as adequate bioremediation for both aquatic
and terrestrial systems, could lead to a long-term green pollution control solution.
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Polymer-Derived Electrospun Ceramic )
Nanofibers Adsorbents for Textile Geca
Wastewater Treatment

Abhipsa Mahapatra, Manamohan Tripathy, and G. Hota

1 Introduction

Contamination of water due to inadequate disposal of industrial and mining waste is
a serious threat to the biological ecosystem [20, 24, 29]. Over the years, this problem
has been exacerbated globally due to increasing wastewater and its continual release
into water bodies. The threat of insufficiency of water across the world is unable
to reach the minimum daily requirement [31]. Major countries of Asia and Africa
will be facing acute drinkable water shortages soon. According to recent statistics,
surface water pollution has increased 20 times since the industrial revolution [25].
From the reported literature it is found that about half the world’s population will
be vulnerable to water shortages by 2025 [28]. The major cause of such a rise could
be attributed directly to various anthropogenic activities such as agriculture, animal
husbandry, urbanization, industrialization, etc. [19]. Most of the contaminants that
affect water quality are organic pollutants (dyes, pesticides, pharmaceutical, fertil-
izers, etc.), inorganic (heavy metal ions, metal oxides, salts, etc.), pathogens, or
particulates [1, 4, 5, 8, 9, 47]. Among them, organic pollutants have been demanded
focus due to their several utilization in industries and day to day life, which, when
discharged to aquatic environment or earth surface, has a longer persistence and
negative impact on the biological ecosystem [7, 12].

Dyeing wastewater is one of the most hazardous wastewaters that is associated
with water pollution because of its ability to change the quality of water even in
minute concentrations. Dyeing wastewater usually results from many industries such
as textile, cosmetic, tannery, photographs, food, and plastic industries. Dyeing or
coloring products are used in industries, such as plastic, paper, leather, and textile.
Among all, the textile industrial segment in India is spearheading at an alarming
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rate [21]. The textile industry is also known for its longest most complicated indus-
trial chains in the manufacturing industry. Although the main issue inside the textile
industry is the extensive water consumption, a significant amount of colored wastew-
ater is generated, during the coloration process, which greatly endangers human and
aquatic life [38]. The waste dyes can hinder light penetration and intervene in the
photosynthetic process that is crucial for living beings [18]. It can also increase
biochemical (BOD) and chemical (COD) oxygen demand in water bodies. The dyes
mostly discharged from industries as pollutants have very complex composition, high
concentration, high color, and contains a variety of toxic properties like carcinogenic,
teratogenic, and mutagenic which are detrimental for all forms of living organisms
[26]. In general, dyes can be defined as organic compounds that contain two key
components: chromophores (responsible for the color of dye) and auxochromes
(responsible for color intensity). As reported by the United States “Color Index,”
commodity dyes have touched around tens of thousands. Each year approximately
60,000 tons of dyes are released into the environment, out of which 80% are azo
dyes [31]. In this context, various treatment methods (chemical, physical, biological,
or hybrid) have been effective in removing color and the process of adsorption, in
particular, has gained much prominence [6].

Adsorption is the process of separating and detoxifying toxic pollutants, compared
with conventional methods it possess superior applicability because of the ease of
operation, eco-friendly nature, and high efficiency [45, 46]. The adsorbate can be
released and recycled easily. Inspite of elimination from the environment, the process
of adsorption transfers pollutants from one medium to another. Figure 1 depicts how
the adsorption process takes place on the adsorbent surface. In general, the adsorbate
adsorbs on the adsorbent surface through chemisorption or physisorption as per the
properties of the adsorbent and adsorbate. Therefore, it is believed that adsorption is
a physicochemical process [33].

Adsorption efficiency depends not only on chemical properties but also shares a
close relationship with the structure and morphologies of the adsorbents. Several
nanostructures have been used as adsorbents but lately, reports on metal oxide
nanostructure and their hybrid materials for dye removal are on the rise signifi-
cantly. Few exceptional properties of metal oxide or ceramic nanostructure which
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»

Adsorption of pollutants onto

Polluted Water -
ceramic nanofibers

Clean Water

Fig. 1 Diagrammatic illustration of adsorptive removal of contaminants by porous ceramic
nanofibers
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Table 1 Literature review of ceramic nanofibers and nanocomposite in the field of removal of dyes
in wastewater treatment

S1. No Ceramic Polymer in Dye studied References
nanofiber/nanocomposite nanofiber
ZnO-CuO - Methylene blue [41]
2 v-Al, O3 - Congo red, Methyl | [39]
blue
o-Fer O3 PVA Methyl orange [17]
4 TiO;-Si0; PEO Methylene blue [52]
5 Zn0O/SnO» PVP Methyl orange, [10]

Methylene blue,
Congo red, eosin red

6 CeO» PVP Methyl orange [53]
CuO-ZnO PVA Congo red [34]
Alumina PVP Methyl orange [27]

PVA polyvinyl alcohol, PEO polyethylene oxide, PVP polyvinyl pyrrolidone

make them potent in dye removal are small size, high surface area to volume ratio,
greater porosity, free surface active sites, and their surface energies [13]. As previ-
ously reported, the temperature has a significant influence on dye removal efficiency
of nanofibrous adsorbent which implies the endothermic nature of the adsorption
process [22]. In basic conditions and high temperature, 85% highest adsorption
capacity is found out nevertheless of the adsorbent composition. For industrial
wastewater, dyeing processes the environmental conditions are more basic and high
temperature.

Based on the previous literature review, in this chapter, we have focused on elec-
trospun ceramic nanofibers (NFs) and also its nanocomposite for adsorption studies
of dye removal. As per literature ceramic, NFs cannot be fabricated without the
precursor solution, which is nothing but the polymer. Polymers help in binding the
nanofibers with each other. It improves the mechanical strength and stability of the
fiber membrane. Further, the obtained nanocomposite has great potential to assist
with the difficulty of dye pollution in wastewater treatment. Table 1 briefly enlists
the applications of various polymer-derived ceramic NFs and nanocomposites in dye
wastewater treatment.

2 Outline of the Electrospinning Process

Electrospinning (E-spinning) is a simple and unique process that is specific for the
fabrication of the perfect morphology of nanofiber. The origin of E-spinning could
be traced way back to 1930. However, at the end of the twentieth century, notice-
able advancements occur for the instrumentation and working parameters [43]. This
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technique is highly versatile, where the surface properties, fiber orientation, and
morphology are controlled by controlling the solution properties. The fundamental
of fiber formation is “electrostatic attraction/interactions” of charges. The instru-
ment consists of three fragments: firstly, a high voltage DC power supply; secondly,
a combination of syringe pump & with a syringe having a metallic needle, and
thirdly, a metallic collector (Fig. 2). The solution should be at such a density that the
self-repulsion of charges objects the liquid to stretch into a fiber in an electric field
[44].

The basic principle of E-spinning is that the polymer drops into the needle tip
controls surface tension to form a jet spray and then the solvent is evaporated to form
ultrafine fibers. Several critical parameters are to be managed during the process of
electrospinning as given in Table 2. During the process, if the voltage reaches the
critical voltage, a “Taylor cone” is formed. On the further rise in voltage to form a jet,
it forms nanofibers. The very high voltage causes a reduction in fiber collection effi-
ciency. The production of porous, smooth, and defect-free nanofibrous membranes is
severely influenced by operating conditions and solution parameters. The formation

S

L) HYV power supply

<4— Spinneret (syringe with a pump)

. b

Polymeric solution .
melt <4— Taylor cone

Calcination

Ceramic nanofibers
Electrospun nanofibers

-

Fig. 2 Schematic illustration for the synthesis of ceramic nanofiber by electrospinning process
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Table 2 Experimental Solution parameters Process parameters | Ambient
components for
L parameters
electrospinning process
Concentration Electrostatic Temperature
potential
Viscosity Electric field Humidity
strength
Surface tension Electrostatic field Local
shape atmosphere
flow
Conductivity Working distance Atmospheric
composition
Dielectric constant Feed rate Pressure
Solvent volatility Orifice diameter

of fibers is also governed by the repulsive electrostatic force of attraction between the
needle tip and the collector. The end architecture of the fiber is governed by electro-
static attraction in the charged fluid jet which results in jet instabilities, subsequently,
the Taylor cone at needle tip will be formed [2].

The geometry of the collector is equally important. It can influence mat
morphology, such as fiber alignment and pattern. Collectors are also of different
types depending on the type of fiber production. The collector can be a stationary or
rotating-type disk. Generally, on static collectors randomly oriented web fibers are
collected and aligned fibers are collected on spinning substrates [42, 51]. Usually,
an aluminum foil is wrapped on the collector surface which acts as the conducting
material for the collection of the fibers. The type of E-spin instrument is based on
the needle type in which the selection depends on instrumental parameters such as
needle tip, solution volume, gauge diameter, and modified syringe. In industries, due
to large-scale production needleless type of E-spinning is generally employed.

Apart from this due to progress in research, nowadays researchers also focused
to develop a more convenient electrospinning setup for the fabrication of nanofibers
matrix which possesses greater surface area and enhanced working performance. For
the fabrication of high surface area hollow nanofibers, a setup was developed which
contains dual syringe spinneret, known as coaxial spinneret, and the equipped setup
is known as coaxial electrospinning setup (Fig. 3). This instrumental setup have two
coaxial capillaries by which simultaneously two different polymeric solutions can
be ejected to form a hybrid jet. This advancement helps for the fabrication of highly
applicable nanofibers like nanotubes, core—shell fibers, and hollow nanofibers, etc.
From the recent report, it is found that the formation of tubular hollow nanofibers
by a single instrumental setup using sol-gel chemistry and electrospinning is mostly
driven by an electro-hydrodynamic force, due to which a coaxial jet is formed. A
high voltage DC power supply is applied to a pair of concentric needles that are used
to inject two immiscible polymeric precursors solution which leads to the formation
of a two-component liquid cone that elongates into coaxial liquid jets and forms
hollow nanofibers [11, 48].
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Outer fluid (Polymer and metal oxide precursor solution)

<= Inner fluid (Polymer solution)

PN

Core-shell fiber

< Coaxial cone

<+— Coaxial jet

~

=4

Drum collector High voltage DC power supply

Hollow fiber

z Rotational direction

Fig. 3 Schematic representation of coaxial electrospinning setup

2.1 Nanofiber Generation by Electrospinning Process

E-spinning is the most efficient technique for the fabrication of continuous nanofibers.
Nanofibers are included in the class of one-dimensional nanomaterial with a diameter
range between 1 and 100 nm. The process of E-spinning is a typical arrangement
of both electrospraying and conventional solutions of dry spinning. Due to their
exceptional attributes such as very less diameter with outstanding pore connectivity,
greater porosity, and high aspect ratio, nanofibers find immense potential in myriad
applications. Apart from this, nanofibers possess enhanced thermal and mechanical
behavior, and their surface can be readily functionalized, which results in adverse
applicability [2]. In the E-spinning process, fiber formation is driven by repulsive
electrostatic forces, where charged fluid jet dictates the end architecture of the fibers.

2.2 Electrospun Ceramic Nanofiber

In general, pristine ceramics are not spinnable and as per the reported literature, it
is found that it required extremely high temperature for its formation. Therefore, it
is always necessary that polymeric materials must be blended with the ceramic melt
to synthesize suitable ceramic nanofibers [17]. Ceramic NFs were first formulated
in the year 2002 by the combination of two fabrication methods viz. electrospinning
and sol—gel. It is one of the most adaptable and industrially feasible methods, which
can be adopted to fabricate ceramic fibers with a diameter range from nanometer to
micrometer. Roughly ceramic NFs are of two types i.e., oxide nanofibers (Fe,Os3,
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Al,O3, TiO,, SnO,, Ce0O,) and non-oxide nanofibers (carbides, nitrides, borides,
silicates).

Fabrication of ceramic NFs is a distinctive method that comprises three major
steps as shown in Fig. 4: a stable colloidal suspension (sol) is prepared by the sol—
gel method by using a polymer and a solvent; then, by using electrospinning process
fabrication of ceramic nanofiber is done; and lastly production of nanofibers matrix by
selective elimination of the organic constituent by solvent extraction or calcinations
[36, 49].

In the E-spinning process, a polymeric material plays a vital role. The polymer
supplies a matrix for a ceramic nanofiber that is formed when the fibers are electro-
spun with dissolved nanoparticle or metal oxide within the polymer solution. As most
of the nanoparticles are already incorporated into the fibers, the fabricated nanofibers
will be having a smooth surface. Moreover, the nanoparticles can be deposited on the
surface of polymeric electrospun fibers [37]. Ceramic nanofibers have outstanding
physico-chemical characteristics, which is proved to be good for water treatment
applications. The electrostatic attraction, hydrophobic interactions, and hydrogen

Polymer reagent [ Ceramic precursor (s)J
- — A
Polymer solvent Solvent

Stirring

i
i
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| Mixing and stirring

!

rL Electrospinning of solutionJ

¥
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Fibers collection

Case A ) Case B
Drying —l
i 2 =
| calcination | Ceramic/ polymer hybrid NF]

v
| Ceramic NF

Fig. 4 Flowchart for fabrication of ceramic and ceramic/polymer NFs via electrospinning method
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bonding between the nanofibers surface and dye molecule were found to dominate
the adsorption process.

3 Adsorptive Application of Composite Nanofiber
for Wastewater Treatment

Literature galore with numerous methods directed toward the remediation of organic
contaminants from water based on their properties. As compared to various water
treatment processes, it is always important to understand the different levels of
contaminant elimination of polluted water. Several technologies viz. reverse osmosis,
bioremediation, oxidation, electrolysis, etc., are best but these are expensive and
also limit their utilization for adverse applications. Among all, adsorption is a highly
effective and adaptable technique for water treatment applications [3]. In the last
three decades, numerous advanced types of nanomaterials have been designed and
fabricated in various shapes and sizes. For water treatment purposes metal oxide
nanostructures materials possess greater concern due to their high surface area,
semiconducting properties, and easy synthesis method. Also, electrospun composite
nanofibers are better in adsorbing, and degrade dyes as compared to solo absorbents
and promote convenient regeneration [40].

3.1 Cerium Oxide NFs as Adsorbent

As reported by [53], porous CeO, NFs with a diameter of 100-140 nm were fabri-
cated by electrospinning process. Formation of CeO, NFs was carried out by using
Ce(NO3)3.6H,O/PVP reactant solution, and subsequent calcinations (550 «c). The
CeO; porous nanofibers formation is mostly ascribed to the gas volatilization and
the diffusion of the molecules. Based on the experimental analysis, a probable mech-
anism for the porous CeO, nanofibers formation is presented in Fig. 5. In the initial
step (a), the solvents from the fibers’ surface evaporate and the precursors of Ce
decompose to form CeO,. The Ce(NOs3)s present at the core of the fiber matrix is
difficult to decay because of the thermal discrepancy, which causes a concentration
gradient between Ce(NOs3); and CeO, particles bidirectionally in the fiber cross-
section. Therefore, in the second step (b) CeO, particles diffuse from the surface to
the core and Ce(NO3); from the core to the surface. The production and diffusion
of gases and the occurrence of the above activity are adequate for producing spaces
between the nanocrystals [30]. Further increase in temperature the Ce(NO3)3; decom-
pose completely. Apart from this, the undecomposed PVP inhibits the combination
of CeO, and the folding of the nanostructure effectively (step (c)). Finally, after the
complete decomposition of PVP, the CeO, porous nanofibers are achieved (step (d)).
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Fig. 5 Formation mechanism of the porous CeO; nanofibers

After successful synthesis, the materials were characterized suitably and applied
as an efficient adsorbent toward the adsorption of methyl orange (MO). The adsorp-
tion efficiency for methyl orange removal was up to 50% within 5 min. The exper-
imental data is best-fitted to the pseudo-second-order kinetics model. The porous
CeO, NFs with greater specific surface area possess enhanced applicability toward
water treatment [53].

3.2 Iron Oxide NFs as Adsorbent

One-dimensional magnetic nanofibers have novel properties. Iron-based NFs have
greater magnetic properties, leading to unprecedented sorption capacity, and show
a significant revolution in water treatment application. The shapes and sizes show
substantial effects on the magnetic properties of iron oxide nanoparticles because of
the variations in magnetic anisotropy. Studies by Ghasemi et al. show that magnetic
a-Fe, O3 nanofibers were fabricated by E-spinning of PVA and Fe(NO3)3.9H,0 and
subsequent calcinations [17]. The SEM image (Fig. 6) of the obtained nanofibers
indicates that in calcination, the nanofibers bend and the surface becomes uneven, and
the unbroken fibers show rupture axially, which is typically due to the decomposition
of PVP during the calcination. After calcination, the fiber diameter decreases up to
50-90 nm.

These NFs are effective for the degradation and decolorization of the toxic methyl
orange dye in aqueous solutions. The efficiency of decolorization is more than
99% in 10 min. Similarly, [16], have fabricated hollow «-Fe,O3; NFs made of rice-
like nanorods via hydrothermal reaction on PVA nanofiber template followed by
calcination [16]. Moreover, it shows efficient adsorption for methyl orange in water.
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Fig. 6 SEM image of a PVA/Fe(NO3)3.9H,0 nanofibers and b a-Fe, O3 fibers

3.3 Titanium Dioxide Nanofiber as Adsorbent

TiO, NFs need no introduction in the world of wastewater remediation. TiO, NFs
have excellent photoactivity, combined with high chemical stability and low cost.
Several techniques have been adopted for the fabrication of pristine TiO, NFs. The
NFs are considered good adsorbents for the removal of dye viz. Congo red, methyl
orange, and methyl blue dye achieving rejections amount of 94%, 52%, and 92%,
respectively. Marinho et al., 2020, have recently reviewed electrospun TiO, NFs and
their applications in water and wastewater treatment [35].

3.4 Alumina NFs as Adsorbent

Alumina NF is an important ceramic material with numerous properties and appli-
cations. For the synthesis of alumina NFs, a combination of sol-gel and electrospin-
ning methods is adopted. A series of phase transitions is seen during the process
of calcination such as boehmite-y-alumina-a-alumina from 500 to 1200 °C. Kim
et al. [27] have also studied the adsorption property of methyl orange of the a- and
y-alumina both [27]. Similarly, [39], has fabricated porous hollow y-alumina NFs
by E-spinning and explored their potential application in environmental remediation
[39]. According to the study, the prepared hollow and porous y-alumina NFs were
used as adsorbent to remediate most toxic dyes namely Congo red, methyl blue,
and acid fuchsin from aqueous solution. The fabricated nanofibers possess enhanced
removal efficacy of >90%.
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3.5 Ceramic-Composite NFs/nanocomposite

Nanocomposites are studied as the result of binding two different components in
nanoscale with a unique physical and chemical nature. Combining different materials
not only incorporates their properties but also enhances the limited feature of a single
species [50]. The composite nanoparticle shows significant applications. In this study,
the CuO/PET nanocomposite is used for the removal of methylene blue, which was
found to be 99% in just 30 min. The nanocomposite shows a rapid degradation
rate for methylene blue. Electrospun reduced graphene oxide/poly(acrylonitrile-co-
maleic acid) hybrid nanofibers were fabricated using the electrospinning method by
Du et al. [14]. The nanocomposite is used to absorb and degrade malachite green
and leucomalachite green from the water system, which shows 90.6% and 93.7%
adsorption, respectively. It also exhibited good reusability for multiple cycles of
operation for adsorption.

Nanocomposite with fine uniform domains is challenging because it is needed to
control both the microstructural length scales as well as the elemental distributions.
According to [32], mixed iron oxide-alumina nanocomposite can be applied as an
adsorbent for decolorization of Congo red [32]. Three phases of mixed nanocom-
posite, i.e., as-prepared, 500 and 1000 °C have been compared and studied for
removal. Among them, gamma-phase shows 100% removal of Congo red. Figure 7
depicts the UV—-vis absorption spectra of Congo red solution with all three phases.
Similarly, Fig. 8 shows the as-prepared sample rod-shaped with a size range of
100-300 nm.

In the last few years, researchers develop various composites ceramic nanofibers
by electrospinning techniques. Kim et al. demonstrate the fabrication of multifunc-
tional composite polyurethane (PU) membrane from a sol-gel system containing
TiO, and fly ash (FA) nanoparticles (NPs). The material was well characterized and
applied toward water treatment applications [23]. Esfandiyari et al. adopted a sol-gel

Ij‘ig. 7 UV-vis spectra of 4.0 - (a) Congo red
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Fig. 8 Representation of the SEM image of a nanocomposite of mixed FeEOOH and AIOOH, b
mixed nanocomposite of y-Fe;O3 and y-Al, O3 calcined at 500 °C, ¢ mixed a-Fe, O3 and o-Al, O3
calcined at 1000 °C, d EDAX spectra of mixed iron oxide and alumina nanocomposites

method as a favorable approach for the fabrication of multi-walled carbon nanotube-
carbon ceramic composite (MWCNT-CCC) [15]. The synthesized materials were
characterized and applied toward the adsorptive elimination of Basic Yellow 28
dye from the water system. The experimental outcomes indicate that about 85% of
15.0 ppm dye was adsorbed by using 1.5 g/L. of adsorbent within 80 min of the
contact time. After all, from the experimental data, it is found that pseudo-second-
order kinetic and Freundlich isotherm is the best-fitted model. Furthermore, the ther-
modynamics investigation indicates the endothermic and spontaneous nature of the
adsorption process. The overall study specifies that MWCNT-CCC was a favorable
adsorbent toward the adsorption of basic dye from contaminated water.

4 Conclusion and Future Prospects

Here, we have focused on ceramic nanofibers synthesized by the electrospinning
method and their applications in wastewater treatment. Primarily due to many inter-
esting and controllable properties and functionalities, nanofibers are gaining fast
ground for favorable future use. The interest in nanofiber-related research in the
last decades regarding desalination and wastewater management shows us evidence
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of its adverse applicability in both academia and industry. Despite highly remark-
able properties and potential for numerous applications, there are several challenges
concerning the production of ceramic nanofibers. Among all, one of the important
challenges is the upscaling potential of nanofiber fabrication. The electrospinning
process is very costly as discussed before but the technique is more viable, facile,
environmental-friendly, specific with ease of operation. The future of electrospun
membrane is much more precise and efficient. They possess a greater specific surface
area and enhance porosity. The flexibility of the surface makes them more functional
and have stability by themselves which makes them potent for adsorption, photocatal-
ysis, filtration, and other application. We have addressed the process of adsorption in
the removal of dye from wastewater in this chapter. The overall aim of the research
in the remediation of wastewater is to serve mankind globally with clean drinking
water. The development of the novel ceramic nanofiber technique by electrospinning
method for adsorptive removal of toxic dye from the contaminated water results in
a new horizon toward achieving clean water.
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Natural Biodegradable Polymeric )
Bio-adsorbents for Textile Wastewater Geca

Lopamudra Das, Papita Das, Avijit Bhowal, and Chiranjib Bhattacharjee

1 Introduction

Textiles factories account for one-fifth of the global trade water contamination and
they consume huge amounts of water and use various toxic chemicals to produce
tissue or fabrics. Among the numerous existing pollutants in textile discharges, dyes
are reviewed as the worst contaminants [30]. Before the period of the industrial
revolution with inventing technologies, textile materials were colored with natural
biodegradable dyeing compounds obtained from plant/animal sources, which were
not ever a danger toward the Mother Nature. However, acquirement of these natural
dyes at enormous extents was constantly challenged a big difficulty. With developing
technologies, effluents of the textile industry put up with worrying amounts of toxic
dyes which impend the ecosystem through imposing harmful impacts on human
beings and adjacent ecologies. The dye in the water instigated some damaging influ-
ences for example depletion in sunlight penetration and inhibitions to the growth
of marine creatures by decreasing the amount of dissolved oxygen in deep water,
additionally dye acts as anoxious, mutagenic, and hazardous agent in living cells
[19, 79].

As a concern, there is a crucial necessity to eliminate the contaminated dyes from
the untreated toxic effluents of the textile industries before discharging them into
the open water to avert carcinogenic impacts on living bodies [69, 80]. Conventional
physical and chemical techniques have been designed for the treatment of textile
dye-contaminated water including adsorption, coagulation, ion exchange, etc. [37].
In spite of their instantaneous implication in wastewater treatment, application of

L. Das - P. Das () - A. Bhowal - C. Bhattacharjee

School of Advanced Studies on Industrial Pollution Control Engineering, Jadavpur University,
Kolkata, India

e-mail: papita.das @jadavpuruniversity.in

Department of Chemical Engineering, Jadavpur University, Kolkata, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 209
A. Khadir and S. S. Muthu (eds.), Polymer Technology in Dye-containing Wastewater,
Sustainable Textiles: Production, Processing, Manufacturing & Chemistry,
https://doi.org/10.1007/978-981-19-0886-6_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-0886-6_9&domain=pdf
mailto:papita.das@jadavpuruniversity.in
https://doi.org/10.1007/978-981-19-0886-6_9

210 L. Das et al.

these processes was limited because of the unavoidable sludge generation as end
product or else by the requirement to repeatedly redevelop the adsorbent materials.
Moreover, most of them showed poor adsorbate uptake capability by means of notable
low-grade sensitivity and selectivity [11].

Last several years the researchers are evolving innovative advanced adsorbent
materials that can efficiently encapsulate colored components from textile wastew-
ater. Nowadays, natural polymer-based polymeric biosorbent had drawn great interest
in textile wastewater treatment processes due to their impressive advantages such
as biodegradability, economic viability, nontoxicity, feasibility, and renewability
[20, 82]. Ecological biodegradable natural polymers, including starch, cellulose,
and protein, are extensively applied for the preparation of the biodegradable poly-
meric biosorbens [82, 90]. Extensive contemplation is focused on the synthesis of
the chemically modified multi-component hybrid polymer material derived by rein-
forcing or grafting the synthetic polymers, carbonaceous material, and metal oxide
onto natural ones including starch, cellulose, chitosan/chitin, and alginate [18, 23,
90] [90]. Natural biopolymers contain several functional groups in their molecular
chains, therefore they showed remarkable ability in the formation of the hybrid
polymeric biosorbent by chemical modification with advantageous functional and
commercial properties [58]. Polymeric biocomposites having different functional
groups have been conferred in the following segment for this purpose.

Eco-friendly applications regarding biocomposites of biopolymers produced by
grafting them with PVA (polyvinyl alcohol), poly (acrylamide), metal oxides,
bentonite clay, graphene oxide nanoparticles, etc. have been reported earlier [75,
81, 85]. Last few years, numerous scientists reported the graft copolymerization of
natural biopolymers to develop innovative tailored biodegradable polymer mate-
rials, having desirable improved properties for definite implementations such as
Sharma et al., studied the synthesis of Gg-cl-poly(acrylic acid-aniline) polymer
composite and their behavior in the dye removal process [73]. Sing et al. [75]
described the crosslinked polymerization process to prepare the psyllium polysac-
charide/acrylamide hydrogel [75]. Madhusudana Rao et al., developed PVC grafted
sodium alginate microgels and analyzed characterization of those microgels [46].
Erizal et al., reported synthesis and characterization of the sodium alginate-based
biopolymer (poly (acrylamide-co-acrylic acid)—NaAlg) [23].

Hence, the investigation intended for nontoxic, biocompatible, non-conventional,
cost-effective, and recyclable remediation of the textile dye-containing wastewater
instigated a rise in the importance of polymeric biosorbents. As stated by Ali et al.
those alternative adsorbents should have certain general characteristics for example
abundance and easy acquirement, commercial viability, and biodegradability [1].

To this purpose, a brief description of the textile dye classification, their toxic
effects on ecosystem, ephemeral insight of the natural biodegradable biopolymers,
and polymeric biosorbents adopted in treatment of the textile dye wastewater have
been reviewed in the following sections.
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2 Textile Dyes: Classification and Class

Commercial synthetic textile dyes are available in an excessive number, and so their
identification and classification are difficult. Color Index is an important factor for
identification of most the synthetic dyes. Dyes can be classified on the basis of
chemical structure (azo dye, nitro dye, etc.), nuclear structure (anionic, cationic, or
nonionic), or industrial application (reactive dye, acid dye, etc.) [56]. From a struc-
tural perspective, the dyes can be identified by two key groups: chromophores and
auxochromes. The chromophore provides color to the dye molecule and auxochromes
enrich the compatibility of the products [69].

Following paragraph describe some familiar type of dyes, classified on the subject
of their industrial usage.

Basic Dye: Basic dyes are mainly water-soluble and known as cationic dye as they
produce cations by ionization in solution. They are largely utilized in paper, medicine
industry, and also used for dyeing polyacrylonitrile, silk, cotton, nylons, polyesters,
etc. These dyes specifically belong to the chemical structures of diazahemicyanine,
triarylmethane, cyanine, acridine, etc. Some examples of basic dye are Methylene
blue, Malachite green, Basic Red 46, Brilliant Green, etc. [56].

Acid Dye: applied for coloring nylon, wool, silk, modified acrylics, paper printing,
leather, food, and cosmetics. Most of these dyes are anionic type and have capability
of dissolving in water. They mainly belong to the chemical structures of the azo,
azine, xanthene, nitros, etc. Some examples of these dyes are Acid Red 18, Acid
Yellow 23, Acid Black 48, etc. [7].

Disperse Dye: These water-insoluble are used mostly for dying polyester, cellulose,
nylon, cellulose acetate, and acrylics. They are nonionic types of dyes and mainly
contain chemical structures of benzodifuranones, nitro, azo, anthraquinones, etc.
Some examples of these dyes are Disperse Red 1, Disperse Orange 3, Disperse Blue
35, etc. [90].

Direct Dye: applied for coloring of cotton, rayon, paper, nylon, leather, etc. These
dyes have capability of dissolving in water and anionic type as they produce anions
in solution. Mostly, these dyes are having chemical structure of the stilbene, phthalo-
cyanine, oxazine, etc. [69]. Some examples of excessive used direct dyes are Direct
Orange 34, Direct Red 23, Direct Black 38, etc.

Reactive Dye: these anionic dyes are largely used for coloring on cotton, wool,
and other cellulosic fibers, etc. These dyes belong to the chemical groups including
anthraquinone, azo, phthalocyanines, formazan, oxazines, etc. Some examples of
these dyes are Reactive Black 5, Reactive Blue 4, Reactive Red 120, and Reactive
Red 2 [10].

Solvent Dye: conventionally applied for fuels, resins, plastics, lubricants, woods,
and waxes. They are specifically solvent-soluble but not water-soluble. They mainly
contain chemical structural groups of azo and anthraquinones, phthalocyanines, etc.
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[60]. Some examples of this type of dyes are Natural Black 1, Mordant Blue 14, and
Mordant Red 3.

3 Toxicity of Textile Dye

Several dyes have visibility in water even at very less concentrations (1 mg/L™").
The color concentrations in the textile effluents are varied in between 10 and
200 mg/L~"! [30]. Hence, dumping of untreated colored textile outflow in exposed
water causes aesthetic problems to human beings and aquatic life. Additionally,
discharged contaminated water is also responsible for environmental degradation
and mostly affects the aquatic ecosystem as they hamper photosynthesis process by
blocking the light penetration through water layer and decreasing the concentration of
dissolved oxygen. Dyes having complex chemicals structure and photolytic stability
are suspected to be toxic, carcinogenic, and non-biodegradable substances [69, 80].
For example, the dyes, which contain chemical structural class of azo group binds to
an aromatic ring [7]. These dyes can form aromatic amines, arylamines by mineral-
ization, which are considered to be hazardous [10]. Maximum numbers of the textile
dyes are water-soluble and easily absorbed on living cell membrane by contact and by
inhalation. This may cause a threat of cancer, splenic sarcomas, chromosomal abnor-
malities, nuclear anomalies, hypersensitivity, eye irritation, skin irritation, contact
dermatitis, respiratory distress, lacrimations when inhaled or consumed [60, 80].

4 Biodegradable Natural Polymers

Natural biodegradable polymer derived from animal-origin for instance chitin,
chitosan, collagens, and nucleic acids, or from vegetable-origin for example starch,
cellulose, and alginates are nowadays being researched worldwide and applied as the
effective biosorbent for decontamination of wastewater because they are renewable-
resources based material, decomposable, inexpensive, non-hazardous, and generate
less sludge at the post-treatment process, in addition, to avert the environmental
concern [25, 63].

Most of the biopolymers have been fabricated and few of them are naturally
produced in the natural environs throughout the microbial growth periods [45, 67].
At the primitive stage of the biopolymers generation most often they are derived from
agro-feed stock like grain, root vegetables, and other carbohydrates through microbial
fermentation. Though, on account of developments in technology, second-generation
biopolymers progressed and deviate from food-based resources [38, 63].

Few types of biodegradable natural polymers are documented in the following
section of the review literature.
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Starch: This natural polymer is one of the utmost profuse and reachable biopoly-
mers in the world. Characterization of starch molecules with 3D structural design
are analyzed via crystallinity (in a range of 15%-45%) and by D-glucose units asso-
ciated with macromolecules (amylopectin, branched and linear-linked «-D-glucan,
and amylose) [98]. Crystalline starch is produced through hydrolysis of the crystal-
like part of the starch [38, 55]. To attain precise biosorption efficiency, chemical
modifications of starch are frequently required [97, 99] and is effectively suitable
because of the presence of functional groups on the starch structure.

Cellulose: Cellulose molecule is a linear, crystal-like homo-polymer consisting of
D-glucose linkages that are interconnected through B-1,4glycosidic bonds. They
are mostly obtained from various plant sources like grasses, stalks of vegetables,
wood pulps, cotton, jute, etc. is consist of repeating f-(1-4) D-glucose linkages [26].
Moreover, Animals, bacteria, algae, fungi, and cellular slime molds, are also huge
sources for the fabrication of cellulosic fiber [5, 12]. Due to the orientation of the
O-H groups in the cellulose chain, they have a tendency to stick out alongside the
long-chain molecules and are readily accessible for H-bonding. Cellulose materials
show appreciable strength and strong resistance to the solvents due to existing of the
H-bonding in the crystalline regions.

Additionally, natural polymers, such as chitosan/chitin are also significant viable
substitutes as precursor base material for preparing polymeric composites.

Chitin and Chitosan: Anther abundant natural biodegradable polysaccharide is
chitin and is largely originate in the external skeletons of crustaceans and other
invertebrates as well as in the specific fungi cell-wall [51]. Chitin molecules consist
of linear B-1,4-linked polymer of N-acetyl-D-glucosamine. Whereas chitosan is
fundamentally a derived form of chitin produced by enzymatic N-deacetylation
and is possible to synthesize chemically from native chitin [91]. Chitosan is struc-
turally categorized as the amino-polysaccharide of glucosamine and less crystalline
compared to chitin because of the definite antiparallel chains in their structure and
their crosslinking. Chitin is insoluble but chitosan is water-soluble. On account of
having higher degree of hydration, Chitosan exhibited high biosorption efficiency,
significant reactivity, considerable selectivity which assists the effective biosorption
of pollutants in water purification process [13, 35].

Alginate: Alginate is one type of natural polysaccharide derived from cell-wall of
brown algae and consists of two uronic acid units (1-4)-f-D-mannuronic acid and
(1-4)-a-L-guluronic acid residues [66]. It is another exceptionally significant natural
polymer that is paying attention to the scientists in the field of water purification
technology, biomedical engineering, and biotechnology [41, 88]. Moreover, alginate
was found to be cost-effective natural biopolymer for the synthesis of the polymeric
biosorbent for biosorbtion process and it has considerable soluble capability in water
[57]. In general, alginates have been chemically modified by applying graft copoly-
merization method to enhance their functional properties. Several environmental
applications were recommended for alginate-based biosorbents.
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5 Applications of Biodegradable Polymeric Biosorbent
in Textile Dye Removal

Generally, grafted or impregnated natural polymers exhibited a higher biosorption
efficiency compared to native natural polymers. Natural polymer-derived biodegrad-
able polymeric biosorbents reduce the consumption of synthetic polymers and
showed enormous significance in the current circumstance of lessening oil reserves
and greenhouse gas emission associated with the production of synthetic polymers
from petroleum and nonrenewable carbon sources [34]. Due to having nontoxic
nature, flexibility, biodegradable capability, high uptake capacity, low density, and
recyclability, natural biopolymer-derived biosorbents can be accessible and ecolog-
ical alternatives in the field of remediation process of the textile dye-contaminated
water [5, 25]. Polymeric biocomposites, in which at least one of the constituents
either the polymer matrix or the reinforcement is prepared from biomaterial [86].
In this perspective, natural polymers have been drawn the attention of researchers
worldwide to prepare biodegradable polymeric biosorbents by combining petroleum
monomers or bio-based sources with natural polymers (for example cellulose [83,
90] starch [79] and polysaccharides [93]) by chemical modification or surface modi-
fication and search for integration the features of the individual constituents have
also been paying interest. By crosslinking, biopolymers become highly stabilized
and operational flexibility increased [16]. Some widely used crosslinking agents are
Glutaraldehyde, formaldehyde, epichlorohydrin, and glyoxal.

The succeeding sections of this article assemble latest studies on the applica-
tions of some biodegradable natural polymer-derived composites for ecological
biosorption of textile dye.

5.1 Starch-Based Polymeric Composites

A well-known operative method for preparing modified starch by chemical refor-
mation is graft copolymerization with definite biological monomers, synthetic
monomers, or carbonaceous material. Grafted starch showed remarkable improved
functional properties such as increase in fractal dimension, high biosorption effi-
ciency, and great bridging influences [22, 53]. Gong et al., characterized and eval-
uate the adsorption efficiency of magnetic carboxymethyl Starch (CMS)/PVA for
removal of methylene blue dye and recycled for eight succeeding cycles [27]. Zhou
et al. reported the dye adsorption behavior of the polyaluminum ferric chloride-
starch graft polymeric composite for the treatment of textile wastewater [97]. Bhat-
tacharyya et al. developed graphene oxide/potato starch composite and showed their
dye adsorption potential [9]. Li et al., reported on the adsorption study of the multiple
cationic dyes by applying Silica-sand/anionized-starch polymeric composite [39].
Sen et al. studied the preparation, characterization, and utilization of polyacrylamide
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grafted carboxymethyl starch for the treatment of colored textile industrial wastew-
ater [72]. Preparation and characterization of Starch/Fe;O,4 were studied by Stan
et al. and they reported dye adsorption efficiency of more than 70% for encapsula-
tion of Optilan Blue [79]. Li et al., reported the synthesis of magnetic starch-based
composite and their removal potential for methylene blue dye adsorption [40]. Xia
et al., reported adsorption potential of modified Starch/PVA biopolymer for the treat-
ment of textile wastewater [89]. Azman et al., focused on the synthesis and operational
efficiency evaluation of Starch-grafted polyacrylamide hybrid hydrogels [6]. Prepa-
ration and decolorization efficiency of chitosan-starch-based polymeric composite
for adsorption of congo red dye were discussed by Sami et al. [71].

5.2 Cellulose-Based Polymeric Composites

Cellulose grafted polymeric composites for decolorization of textile wastewater,
synthesized by reinforcing cellulosic fibers (nanofibers or macro-fibers) with a certain
polymer matrix (such as PVA (polyvinyl alcohol), PAN (polyacrylonitrile), PEO
(polyethylene oxide) [18, 74, 87] or biomaterials (such as carbonaceous material
[44], bentonite clay or metal oxides [78] have been suggested and reported in so
many literature. Apparently, the blending of those materials with cellulose extremely
impacts the characteristics and performance of polymeric composite in terms of
flexibility, absorptivity, resistance to biofouling [74, 92]. Karim et al. described
efficient remediation of Rhodamine dye by nanocellulose crystals in accordance
with H-bonding and electrostatic attraction. They suggested that negatively charged
nanocelluloses formed a stable bond with cationic dyes which enhanced the adsorp-
tion efficiency [36]. Song et al., prepared magnetic amine/Fe304-resin by intro-
ducing amine groups onto cellulose structure and reinforcing Fe304 in the polymer
matrix to improve adsorption efficiency for removal of anionic dyes [78]. Wang et al.,
prepared MnO2 coated cellulose biopolymer and utilized them as biosorbent in the
decolorization process of methylene blue-containing wastewater and found removal
efficiency of 99.8% [87]. De Castro Silva et al., developed the phosphate cellulose by
integrating it with chloroethyl phosphate for the application in the Brilliant green dye
removal study [21]. Zhao & Wang reported the grafting of carboxymethylcellulose
with montmorillonite to prepare nanocomposites and their biosorption behavior in
Congo red dye removal study [95]. Activated carbon-reinforced magnetic cellulose
biosorbents were developed by applying external magnetic field and were employed
for organic dye encapsulation from colored water [44]. Yang et al., prepared poly-
acrylamide/cellulose hydrogels and discussed their successive implication in decol-
orization process for removal of methylene blue dye [90]. [76] developed dimethy-
laminoethyl methacrylate was impregnated onto a cellulose material and explained
adsorption performances of the composite for removal of direct violet 31dyes from
wastewater [76].
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5.3 Chitin and Chitosan-Based Polymeric Composites

Nowadays, chitosan biopolymer has become efficient possible source of base mate-
rials for synthesis of the chitosan-based polymeric composites for decolorization of
textile contaminated water due to their nano-scale size, great specific surface area,
and nonexistence of diffusion limitations [35, 65]. A great number of chitosan-grafted
polymeric biosorbents had been experienced for their dye uptake proficiency under
different operational conditions. Many research literatures described GO (graphene
oxide) impregnated biopolymers could be utilized to reduce the practical limita-
tions (such as problem in reactor cleaning, toxic effects of nanosize GO particle,
high operational cost, etc.) associated with the applications of commercial GO alone
in wastewater treatments [14]. Manna et al. studied multiple dye adsorptions by
GO dots coated chitin and obtained adsorption efficiency of more than 75% [49].
Banerjee et al., showed adsorption of acid yellow and acid blue dye using chitosan-
GO nanocomposite [7]. GO/Fe304/chitosan polymeric composite had been devel-
oped and applied as efficient biosorbent for decolorization of dyeing water by Tran
et al., [84]. Chitosan reinforced with GO and PVA showed effective biosorption
capability for the removal of congo red dye from colored wastewater [18]. Amir
et al. focused on the synthesis process of polymer composite by combining chitosan
polymer with TiO2 nanoparticles for encapsulation and photodegradation of Methyl
Orange [2]. Modified chitosan-ethyl acrylate was synthesized by Sadeghi-Kiakhani
et al., and they reported that biosorption ability for adsorption of basic dyes (Blue 41
and Basic Red 18) was remarkably enhanced after the introduction of a huge number
of carboxyl(COOH) groups into the chitosan structure [68]. Zhou et al. investigated
the removal study of acid dyes using modified magnetic chitosan composite and
conveyed that the dye adsorption improved due to the strong electrostatic interaction
among anionic dye and protonated amino groups present in chitosan structure [96].
Biosorption of reactive dyes by chemically crosslinked chitosan composite beads
has been studied by Chiou and Li [15]. Jagaba et al., developed modified chitosan-
based composites by combining with other materials, including polyacrylamide and
bentonite clay and they obtained very high adsorption efficiency (99%) using those
adsorbents for removal of duasyn direct dye under low pH conditions [29].

5.4 Alginate Based Polymeric Composites

Last few years, current studies have emphasized the widely applications of alginate-
based polymeric composites in water purification process for removal of pollu-
tants, because of their nontoxicity, mechanical stability, biocompatibility, and water
absorbency [37, 41, 88]. Alginates can be chemically modified or grafted through
several approaches, especially through polycondensation and radical polymeriza-
tion [77]. Presence of divalent cations (for example calcium ions) helps to form
alginates gel by crosslinking them. Crosslinking of alginates occurs because of
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the assembling of the glucuronic acid blocks in alginate chain [31]. Asadi et al.,
proposed suggested calcium alginate grafted polymeric beads for treatment of methyl
violet dye-containing wastewater [4]. Parlayici synthesized alginate-based perlite
composite beads by implementing sol-gel chemistry and use them for the effective
biosorption of multiple dyes (methylene blue, malachite green, and methyl violet)
from colored contaminated water [57]. Environment-friendly, biodegradable, cost-
effective biosorbent named as Sodium Alginate/titania nanocomposites have been
suggested by Mahmoodi et al., for the purification of textile dye water [47]. Pourjavadi
et al. reported preparation and swelling behavior of chemically modified alginate-
based composite (alginate-g-poly (sodium acrylate)/kaolin), which was grafted using
sodium alginate and kaolin and polymeric composite was crosslinked by methylene
biscrylamide [58]. Rezaei et al. focused on the preparation of Fe;Ogreinforced algi-
nate composite beads for the decolorization of methylene blue dye from polluted
water [64]. By applying solvent-casting method, Radoor et al. fabricated a unique,
eco-friendly membrane adsorbent (PVA/SA/ZSM-5) with appreciable regeneration
capability for the treatment of wastewater containing Congo red dye [61].

Different polymeric biosorbents and their adsorption capacity for textile dye
removal are reviewed and presented in the following Table 1.

6 Conclusions and Future Perspectives

The literature survey reviewed the circumstances that there have been noticeable rises
in manufacturing and consumption of color in last few years causing an immense
warning of pollution. The present literature exhibited the literature review regarding
the toxicity and the classification of textile dyes on the basis of their industrial
usage. Additionally, this literature set the goal of assembling latest highlights in
treatment of textile dye-containing wastewater by implementing different biodegrad-
able polymeric biosorbents, mentioning their abundance, accessibility, feasibility,
and characteristic features. An analysis of the natural polymers, with distinct focus
on starch, cellulose, alginate, and chitin/chitosan, has confirmed that these bioma-
terials showed the significantly high potential for fabrication of biopolymer-based
composite materials for wastewater purification. From our literature review, it was
evident that the various documented research works using several polymeric biosor-
bents have demonstrated appreciable biosorption abilities for decorization of toxic
dye-containing wastewater. It was surveyed that the dye biosorption capability of
natural polymer-based polymeric biocomposites was generally dependent on bioma-
terial that used for grafting and on type of monomer induced and the characteristic
features of the dye.

Though, the basic limitations of their applications are still a challenge for imple-
menting the investigational methods on large scale and under inconstant operational
conditions whereas maximum studies are principally limited to a lab-scale research.

Considerable determinations are currently being made in the investigation and
advance in production of biodegradable biopolymer as the basic resources intended
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Tablel Potential of polymeric composites in dye removal
Dye Polymeric biosorbent Adsorption capacity | References
(mgg™")
Acid blue 25 Chitosan/cyclodextrin material 77.4 [51]
Malachite green Poly(vinyl alcohol)/chitosan 380.65 [32]
composite
Reactive orange 16 | Chitosan/sepioliteclay 190.965 [50]
Malachite Green NiO NPs/Chitin beads 370.37 [62]
Methylene Blue Chitosan-based graphene oxide 1100 [14]
(GO) gels
Acid Yellow 36 Chitosan-GO nanocomposite 68.86 [7]
Acid Red 2 Magnetic chitosan nanocomposites | 90.06 [33]
Methylene Blue Magnetic chitosan-GO composite 180.83 [24]
Methylene Blue Chitosan/organic rectorite-Fe3O4 24.690 [93]
Malachite green Native cellulosic polymers 2.422 [59]
Methyl orange Natural carbohydrate polymeric 173.24 [52]
biosorbents of rice flour
Rhodamine B Carbohydrate polymeric adsorbent | 142.26 [28]
of wheat flour
Methylene Blue GO reinforced PVA/Carboxymethyl | 172.14 [17]
cellulose
Methylene Blue MnO; coated cellulose nanofibers Not reported [87]
Brillint green Phosphate cellulose integrated with | 114.2 [21]
chloroethyl phosphate
Malachite green Graphene oxide /cellulose bead 30.09 [94]
Reactive red dye Aminoethanethiol modified 78.00 [74]
cellulose surface
disperse dyes Polyacrylamide Grafted Cellulose | 25.84 [90]
Reactive brilliant Magnetic amine/Fe3O4-resin 101.0 [78]
red
Malachite green Alginate/poly aspartate composite | 300-350 [77]
hydrogel beads
Malachite Green Superparamagnetic sodium 47.84 [48]
alginate-coated Fe3O4
Methylene blue Alginate grafted poly-acrylonitrile | 03.51 [70]
beads
Methylene blue Sodium alginate-coated perlite 74.6 [57]
beads
Methylene Blue GO/Calcium alginate 181.81 [42]
Crystal violet hybrid sodium alginate-PVA -silica | 1756.2 [43]
oxide
(continued)
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Tablel (continued)
Dye Polymeric biosorbent Adsorption capacity | References
(mgg™")
Methylene Blue Activated organo-bentonite /sodium | 414.1 [8]
alginate
Acid green 25 Sodium alginate/titania 151.5 [47]
Methylene Blue Graphene oxide/potato starch 500 [9]
composite
Reactive Orange modified starch/polyvinyl alcohol 539 [89]
131 composite
Crystal violet Silica-sand/anionized-starch 1246.40 [39]
Crystal violet MCNCs/starch-g-(AMPS-co-AA) 2500 [54]
Optilan Blue Starch/Fe30q4 74.58 [79]
Malachite green Polyacrylamide/bentonite composite | 243.11 [3]

for innovative applications. Specifically, the increasing price of conventional adsor-
bents undeniably makes biopolymer-based biosorbents a matter of interest for
employing them as efficient biosorbents in decolorization process of colored water.
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Applications of Inorganic Polymers )
in Textile Wastewater Treatment e

Prashanth, M. S. Dileep, P. A. Prashanth, Manoj Gadewar,

G. K.
B. M. Nagabhushana, and S. R. Boselin Prabhu

1 Introduction

Huge number of atoms are bound to each other to form a very long chain of macro-
molecule in 1D (one dimensional) array is called a polymer. In Greek, the word poly
means many and meros means parts/units, i.e., a part (monomer) is repeated several
times in a single unit. Polyethylene is one of the basic examples of polymers where
ethylene is the monomer. The molecular properties create the characteristics of solid
materials, such as elasticity, strength, film-forming, or fiber-forming qualities, which
are not found in small-molecule systems. Polymers are usually so high in molecular
weights that they are non-volatile for all practical purposes. The extensive use of
polymers in all aspects of modern technology underpins these characteristics. In this
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field, many of the basic sciences effort to characterize to understand the relation
between the macromolecular structure and the unusual properties [31].

There are mainly two types of polymers: one derived from organic and another
from inorganic sources. Organic polymers mainly derive from petroleum, plants,
animals, and microorganism. Therefore, they are used in daily life in excess and
without them, life is difficult to imagine too. Inorganic polymers have inorganic
repeating units. The inorganic polymers have more advantages over the organic poly-
mers. The backbone of the organic polymer may react with oxygen or ozone and lose
its activity. Most of the organic polymers release the toxic smoke when burned. Many
organic polymers degrade in the ultra-violet and gamma radiation. Most organic poly-
mers dissolve in organic solvents and lose their activity. The second set of reasons for
the rising interest in inorganic macromolecules is related to the differences they have
known or anticipated from their completely organic counterparts. Inorganic elements
produce various combinations of polymer properties compared to carbon atoms. For
a thing, the bonds forming between inorganic elements are often longer, stronger,
and more durable than carbon-formed bonds to free radical cleavage reactions [31].

In the last ten years, a substantial amount of work has been reported that
involves the development and applications of partially inorganic and inorganic
polymers, but certain products still remain as laboratory curiosities only [39].
The most economically significant polymer of inorganic, which has originated
various uses is polysiloxane (silicones). In more recent years, polyphosphazene,
carborane, and poly-silane polymers have been developed. Coordination polymers
and organometallic polymers are other prominent polymers of inorganic section.
There are some very interesting wholly inorganic polymers, as well as partial inor-
ganic polymers, which include polymer sulfur, boron nitride, poly-sulfur nitride,
asbestos, and glass [33]]. Polysiloxane, polyphosphazene, polysilane polymers have
several applications like cosmetics, O-rings, gaskets, lubricating oils, hydraulic
fluids, greases, biomedical devices, sealants, oil-resistant hoses, elastomers, high-
temperature elastomers, and silicon-carbide [6, 13, 27, 30, 37, 43]. There is a large
range of polymers in inorganic chemistry and these novel polymers are more attrac-
tive as they possess several properties such as biomedical application, electrical
conductors, and engineering materials. Therefore it is an opportunity to expand the
basic knowledge in the field of inorganic polymers to develop new materials which
contribute to advancing technology.

For humans, plants, and animals, water is the fundamental commodity. Drinking
water is a big problem in the recent years since population density is slowly increasing
the mixing of wastewater into drainage from various industry sectors such as dyes,
pigments, textiles, and photographic industries [17, 19, 55]. Majority of the wastew-
ater from textile industries contains a variety of natural colors that are toxic and
extremely harmful to nature, humans, and sea animals [53]. Diseases such as skin
rashes, allergies, liver, and kidney damage may be caused by non-biodegradable dyes
[51, 16].

Numerous scientists all over world are researching the area of wastewater treat-
ment by using inorganic polymers. A chemist can develop infinite polymers by
judiciously mixing various chemicals to react under desirable conditions, just as an



Applications of Inorganic Polymers in Textile Wastewater ... 229

architect chooses bricks, stones, and logs of wood in diverse forms, sizes, and patterns
to create various designs. Researchers are synthesizing different types of inorganic
polymers such as polymeric nanocompostion and polymeric metal complexes which
are used for treatment of wastewater.

We cover the synthesis of several inorganic polymers and their applications in the
field of wastewater treatment in this book chapter.

2 Synthetic Techniques of Inorganic Polymers

The inorganic polymer can be synthesized by different methods such as sol-
gel method, solution casting, melt compounding, intercalation, in situ polymer-
ization, spinning, template synthesis, phase separation, electrochemical synthesis,
hydrothermal method, and slow evaporation method [5, 10, 12, 14, 23, 26, 36, 40,
44, 46, 47, 49].

Polymerization of zinc oxide has more advantages over zinc oxide nanopar-
ticles. Polymeric ZnO was synthesized by Shukla et al. using the simple sol-
gel method [46]. Nanoparticles have been used to improve the compatibility,
ion exchange, and surface interaction of organic molecules with each other in a
range of nanomaterials. Many times nanoparticles were also functionalized prior to
dispersion in the matrix, enabling them to interact more effectively with organic
molecules. Fe;O4@chitosan(CS)@ graphene oxide(GS) was coated by the ionic
liquid. Fe304@CS@GO (1 g) dissolved in ionic liquid and resulting mixture was
sonicated for two hours [25].

3 Characterization of Inorganic Polymers

The characterization of inorganic polymer is a vital element of material study, and
without it, we cannot be sure that polymer is developed. To understand the mate-
rial scientifically, the basic procedure is essentially required. Methods for investi-
gating material properties and microscopic structures, such as mechanical, thermal,
and density investigations are included in characterization. Characterization aids
in the definition of material structure and composition and allows us to assess
whether the synthetic technique was successful. We utilize many characterization
techniques such as UV-visible spectroscopy (Fig. 1a), FTIR (Fourier Transform
Infrared) (Fig. 1b), TEM (Transmission Electron Microscopy) (Fig. 1c), SEM (Scan-
ning Electron Microscopy) (Fig. 1d), XRD (X-ray Diffraction) (Fig. 2a), and Zeta
potential (Fig. 2b) [8] in this part.
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Fig. 1 a UV-visible spectroscope; b FTIR spectroscope; ¢ TEM; d SEM

Fig. 2 a X-ray diffractometer; b Zeta particle size analysis

&)
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4 Some Examples with Applications

4.1 Ti* Base Polymer

Ghosh et al. synthesized two w-conjugation organic donor-aceptor1-donor aceptor2
co-polymers namely P1 and P2 [18]. The reaction is given in Fig. 3. The polymers
were synthesized by using benzothia/selenadiazole and 1,5-dihydroxyanthraquinone
by the conventional polycondensation reaction (Stille coupling). They also synthe-
sized Ti**/TiO, nanorods (NRs) by using these organic semiconductors with Ti**
self-drop TiO,. The polymers were characterized by different techniques such as
SEM, XRD; thermal stability of polymer; absorption and emission spectra.

The photocatalytic activity of Ti**/TiO, NRs, P1, and P2 was performed against
10 wM aqueous solution of organic pollutant dye rhodamine B (RhB) in pres-
ence of visible light. The reaction conditions were pH 7, 150 min, and in pres-
ence of visible light. The degradations of RhB after 50 min were 17.4, 32.46, and
25.33% by Ti**/TiO, NRs, P1, and P2, respectively. They concluded that these reac-
tions occurred in the same first-order reaction kinetics. The rate constant values of
Ti*/TiO, NRs, P1,and P2 were 11.97 x 107#,24.65 x 10~*,and 19.98 x 10~ min~!,
respectively. Moreover, they continued their investigation on the same reaction in
acidic medium (H,SOy). The degradation of RhB increased up to 48% and 45.70%
for P1 and P2, respectively. The rate constants of P1 and P2 were 45.24 x 10~ and
36.92 x 10 min~!, respectively [18]. RhB degradation by Ti**/TiO2 NRs, P1, P2,
P1 with 1 mM H,SO,4 and P2 with 1 ;1 HySO4 in pH 7, 150 min and visible light,
kinetics of Ti**/TiO, NRs, P1 and P2. And kinetics of P1 with 1, H»SO, and P2
with 1 v H2SOy are depicted in Fig. 4a—c, respectively.

K;CO; EH-Br, HIO; Iz ,30% H,S0y A y
[ I
DMF, 130 °C N:OH CCI (8:2) ESHHIWSL’

OH © 48 h, 70% OEH O CEHO | I NN |

Sa, 5b

Pd{dba)y CHCI;, Plo-tol)y
toluene, reflux
7zh

Where X= S (75%, P1), Se (T8%, P2),

Fig. 3 Synthesis process of P1 and P2 Polymers. [Reprinted with permission from [18]]
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Fig. 4 a RhB degradation by Ti3*/TiO, NRs, P1, P2, P1 with 1 my HaSO4 and P2 with 1 v
H»SOy4 in pH 7, 150 min and visible light. b Kinetics of Ti3*/TiO, NRs, P1 and P2. ¢ Kinetics of
P1 with 1 mM H,SOy4 and P2 with 1 p H2SO4 [Reprinted with permission from [18]]

4.2 CNT/Cdot/FA/TiO; Polymer

Water purification involves the use of less poisonous and cost-significant catalysts
like composites of organic—inorganic polymers. Mallakpour et al. have discussed
the production of photocatalysts, including magnesium fluorohydroxyapatite (FA);
carbon dots (Cdots); TiO, nanoparticles (CNT/Cdot/FA/TiO;), and multi-walled
carbon nanotubes (CNTs) for using them in dye like methylene blue (MB) degra-
dation in the aqueous medium [29]. The polymers were characterized by EDX
(Energy-dispersive X-rays analysis); Patterns of XRD; FE-SEM (Field emission
scanning electron microscopy); TEM; and BET (Brunauer—-Emmett—Teller). The
optical bands of CAlg/CNT/Cdot/FA/TiO,, CNT/Cdot/FA composite, pure TiO,,
CNT/Cdot/FA/TiO,, and pure FA were 4.87 eV, 4.86 eV, 3.19 eV, 3.26 eV and
4.63 eV, respectively. They investigated the photocatalytic activity against methy-
lene blue. They showed that the sanitization yield (40%) of this biocatalyst was higher
with UV light (28%) than methylene blue sorption in the dark conditions. The pres-
ence of TiO, NPs ensured that CAlg/CNT/Cdot/FA/TiO, displayed a large efficient
separation of dye in presence of UV than that of dark environments (sorption) (Fig. Sa
and b). In order to assess the potential for degradation of biocatalyst, pH variation of
the MB in aqueous medium (4, 6, and 8) was done and its results were described in
Fig. 5c. Varying the pH values did not make any significant changes in MB degrada-
tion. Figure 5d shows the influence of biocatalyst polymer CAlg/CNT/Cdot/FA/TiO,.
The biocatalyst quantity was increased from 0.02 g to 0.2 g due to the availability of
additional active surface sites on the catalyst surface (condition; MB, ¢ = 315 min
and 10 mg L"), photo-degradation increased accordingly. Among all polymers,
CNT/Cdot/FA/TiO, was most effective, degrading MB in only 27 min as shown in
Fig. 5e medium [29].

4.3 Bauxite Residues (BR) Polymer

The use of modified bauxite residues (BR) synthesized by porous inorganic poly-
mers (IP) monoliths as the reactive fraction for the use as adsorbent for methylene
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Fig.5 Photo catalytic activity studies against MB in aqueous medium. a polymer
CAIlg/CNT/Cdot/FA/TiO5; b polymer CAlg/CNT/Cdot/FA (MB-10 mgL~!, Catalyst-20 mg Time-
315 min); ¢ pH; d catalyst amount (Methylene Blue-10mgL ! ,pH 6, Catalyst-20 mg Time-315 min);
e comparative study; f some images of degradation. [Reprinted with permission from [29]]

blue (MB) in synthetic wastewater has been reported. The polymers were charac-
terized by zeta potential; SEM; FTIR; and XRD. Firstly, un-reactive, as produced
bauxite residues were turned into an appropriate glassy-precursor-material for inor-
ganic polymers (IPs) through the blending of bauxite residues (BR) through small
amounts of carbon (c), and CaSiOs; after the thermal treatment with 1200 °C for 2,
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and quench H,O. The activation of alkaline slags together through the foaming agent
leads to an extremely porous-micro-structure with an overall porosity of up to 85%.
The synthesized porous monoliths showed large methylene blue intakes (approxi-
mately 17 mg of MBg~! IPs with an initial 75 mgL~! concentration of methylene
blue). Higher monolith porosity, higher pH, increased starting MB concentration
along with an agitation of the test solution have a positive effect on the ability for
adsorption; while optimal adsorption volume of the solution has been recognized. In
addition, the adsorption tests up to the five cycles (adsorption and desorption) were
repeated; with approximately a 30% drop in adsorption capability; but promising
cumulative consumption of around 40 mg of methylene blue per gram IPs; demon-
strated the recycle of these new monolithic adsorbents. The greatest benefit of the
monoliths is that the adsorbents from wastewater tanks were not filtered because
their integrity remained intact. The surface arrangement of the adsorbents; which
can induce particulate collision by stirring, was not damaged compared to granular
adsorbents. In the proposed process, no other reactive precursor needed to be added
to the BR and made it independent of other industries. Furthermore, since previous
waste materials are converted into a reactive precursor and a new functional binder
for wastewater purification, the research could help to enhance social perception of
BR [20]. Optimization of MB volume with sample (T, 23 & 2 °C; C0, 50 mg/L; V,
200 mL) eft) and pH (0.3A/0.45; T, 23 &£ 2 °C; CO0, 35 mg/L; V, 200 mL) are given
in Fig. 6.

27 MB Removal 771 MB Removal
e I 5. (M9 cganc potymes) L e | Rt BO— s

F60 t 7 £
g 5 Lo , i £
£ T
8 50 i = 7 8
2 A B L L a
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@ 2 @30+ o
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Fig. 6 Optimization of MB volume with sample (T, 23 £ 2 °C; Cyp, 50 mg/L; V, 200 mL) (left) and
pH (0.3A/0.45; T, 23 &+ 2 °C; Cp, 35 mg/L; V, 200 mL) (right). [Reprinted with permission from
[201]
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Fig. 7 Optimization of the pH on dye separation ability of AM-DMDAAC (PAFC-Starch-g-p).
(Condition: 0.2 mLmg~! dye; 100 mgL~! reactive blue-KN R) (Left). Dye removal efficiency
by conductivity of AM-DMDAAC (PAFC-starch-g-p) (Condition: 0.2 mLmg ™! dye, 100 mgL~!
reactive green-KE 4B) (right). [Reprinted with permission from [58]]

4.4 PAFC-Starch-G-Polymer

A new ‘PAFC-Starch-g-p’ (AM-DMDAAC) inorganic-natural composite of the
polymer was prepared and applied to the treatment of textile wastewater. AM-
DMDAAC (PAFC-Starch-g-p) was synthesized using starch, polyaluminum ferric
chloride (PAFC), acrylamide (AM), and dimethyl diallyl ammonium chloride
(DMDAAC). The polymer was characterized by inorganic species distribution, SEM,
and Zeta potential tests.

It has been shown that the efficiency of AM-DMDAAC (PAFC-Starch-g-p) was
larger and had huge stability than other polymeric-composite coagulants prepared.
AM-DMDAAC (PAFC-Starch-g-p) can decrease the amount of the chemical by more
than 50% in comparison to the conventional coagulation flocution process for the
treatment of synthetic textile wastewater. Textile wastewater often has high pH, as
alkaline in pretreatment processes such as mercerizing and scouring was most needed
[56]. AM-DMDAAC (PAFC-Starch-g-p) had an effect of pH on the efficiency of dye
removal in Fig. 7. Accelerated high-temperature storage tests have demonstrated
huge storage stability of AM-DMDAAC (PAFC-Starch-g-p) as shown in Table 1
[58].

4.5 Fe/Zr-Pillared-Clinoptilolite (Nano-Fe/Zr PC)

The surface water has excessive concentrsations of heavy materials ammonium and
phosphate that could cause health and environmental problems. The novel Nano Fe/Zr
PC (Fe/Zr pillared clinoptilolite) was synthesized through impregnating clinoptilolite
with poly-hydroxy cations such as Fe**/Zr**. The XRD; BET analysis; FT-IR, and
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Table 1 Storage stability of AM-DMDAAC (PAFC-starch-g-p)

Storage (d) | pH Conductivity (mS/cm) | Classes distribution Reactive blue-KN-R
Ma% ‘Mb% |Mc% |(%)*

1 3.575 |23.6 88.8 0.9 10.3 88.99

2 3.537 |23.6 89.9 1.4 8.7 84.42

3 3.577 |23.7 90.4 0.5 9.2 85.92

4 3.440 |23.6 90.1 55 44 83.42

5 3.546 |23.7 89.4 7.7 2.9 81.22

* 100 mgL~" (initial concentration of dye); 0.2 mLmg~! (dye coagulant)
[Reprinted with permission from [58]]

TEM, were used to characterize the material obtained, which indicated that the nano-
scale Fe or Zr of the clinoptilolite was successfully formed at both surface and pores.
The effects of various operational parameters on adsorption behavior were studied in
batch experiments. Phosphate, cadmium (Cd), and ammonium were separated with
Nano-Fe/Zr-PC from wastewater in the pH range between 3 and 10 and consequent
results are shown in Fig. 8a. In these pH ranges, when pH of the solution was
increased, the ammonium removal rate increased gradually from pH 4 to 8 and
reached the maximum (97.13%) at pH 8 and then decreased significantly at pH 9-10.
The efficiency of the phosphate recovery was maximized at 93% in acidic conditions
(pH less than 7), while the recovery rate of phosphate decreased markedly when
the pH increased to more than 7 as shown in Fig. 8a. The efficiencies of removal
of cadmium (Cd*?) were slightly increased with the pH range between 3 and 10.
The capability of the cadmium (Cd*?) recovery was maximized to 99.3% at pH
10. Figure 8b shows the test results for the measurement of the effect of dosage of
an adsorbent on the removal of cadmium (Cd*?), ammonium, and phosphate. The
rate of deletion of cadmium (Cd*?) and ammonium rapidly increased from 52.4%
to 94.9% and 24.7% to 98.4%, respectively; with an increment the nano-Fe/Zr-PC
dosages from 0.250 to 2.500 gL.~! as shown in Fig. 8b. The phosphate removal was
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Fig. 8 Optimization a pH and b dosages of polymer. [Reprinted with permission from [57]]
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Table 2 Kinetic of cadmium (Cd*z), ammonium, and phosphate

237

Order Kinetic-parameters Ammonium | Phosphate Cd+?

Pseudo-first-order model ge (mgg™h) 26.57 12.72 342
k1 (mg(g-min)~! 0.0029 0.1008 0.0210
R? 0.98 0.95 0.96

Pseudo-second-order model ge (mg g™h) 24.49 13.76 3.15
k> (g (mg-min)~! 0.0570 0.0091 0.0493
R? 0.99 0.99 0.98

[Reprinted with permission from [57]]

significantly increased from 12.9 to 94.0% with nano Fe/Zr-PC dosages rising from
0.250to0 1.250 gL.~! as shown in Fig. 8b. The kinetics of cadmium (Cd*?), ammonium,
and phosphate were followed by two models. One was a Pseudo-first-order model,
another was a Pseudo-second-order model as shown in Table 2 [57].

4.6 Microspheres Inorganic Polymer

Tang et al. synthesized a new porous-microspheres inorganic polymer by using
suspension dispersion solidification (SDS) process. The porous-microspheres
showed an approximate diameter of 100 wm with good sphericity. The polymer
was characterized by XRD; BET analysis; FT-IR; and SEM. The surface of the
microsphere has been augmented to 100.99 m?g~! from 79.80 m?g~! with an addi-
tional foaming agent with a corresponding drop in their pores diameter of up to
7™, The experiment with adsorption batch was performed to assess the effect on
the determined adsorption capacities of dosage, initial concentration, time, temper-
ature, and pH. The adsorption rates for the unfoamed and foamed adsorbents in
the solution of Pb (II) (20 mgL~") were compared, as exposed in Fig. 8, in order
to investigate the effects of the forming-agent (H,O,, K;,) on adsorption perfor-
mance. Additional adsorption amounts for non-foaming and foaming adsorbents
were 305.43 mgg~! and 362.84 mgg~!, respectively; when the early concentration
was augmented to 200 mg L.=!. Table 3 also examines the adsorption capabilities for
various heavy-metal ions and self-governing adsorption abilities for Cd (II), Pb (1),

Table 3 Comparison of adsorption capacity, amount and competitive coefficient (a;)

Ion Cd (11) Pb (1) Cu (II)
Capacity of adsorption (mg g~ ") 54.3 362.8 55.71
Adsorption amount 10 58.6 20
Coefficient of competitive (a;) 0.08 0.65 0.28

[Reprinted with permission from [50]]
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and Cu (II). The adsorption abilities of Cd (II), Pb (II), and Cu (II) were 54.26 mgg !,
362.84 mgg~'> and 55.71 mgg ™', respectively. Adsorption experiments were carried
out using a mixed solution that contains Cd (II), Pb (II), and Cu (II) to investi-
gate adsorption-selectivity of the porous-microspheres inorganic polymer. Results
showed that Cd (II), Pb (I), and Cu (II) were adsorbed by microspheres inorganic
polymer at 10.00 mgg~' 58.6 mgg~', and 20.00 mgg~', respectively [50].

The effect of time reaction on adsorption capability is shown in Fig. 8. The
adsorption rate was very rapid during the first 2 h, with a removal rate of 74.43%.
The adsorption reached equilibrium at five hours with entire adsorption capability
of 374.80 mgg~! and 99.95% which demonstrated the excellent performance of
adsorption. The microsphere inorganic polymer adsorbents’ kinetics of adsorption
was studied by a pseudo-first-order kinetic model and pseudo-second-order kinetic
model as presented in Table 4. This method for the synthesis of porous inorganic
polymer adsorbents is simple to use, cost-effective, novel, and has high adsorption
capability. Hence, these materials can efficiently be used as alternatives for the indus-
trial elimination of Pb (II) ions from wastewater [S0]. FT-IR spectra, before and after
adsorption, and Optimization of time are given in Fig. 9.

Table 4 Kinetic model of the polymer

Kinetic model Qe ca (mg g*') k; or ko (R)? x)?
Pseudo-first-order 405.30 k; = 18.72 x 1073 0.956 4.5
Pseudo-second-order 384.62 ko = 1.63 x 107 0.994 0.6

[Reprinted with permission from [50]]
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Fig. 9 FT-IR spectra: before and after adsorption (left); Optimization of time (right) [Reprinted
with permission from [50]]
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4.7 Polymeric Ferric Silicate Aluminum (PAF Si)

Polymeric ferric silicate aluminum (PAFSi), a composite coagulant, has been devel-
oped for the treatment of wastewater containing high oils. The structure of PAFSi
coagulants was characterized by XRD, FT-IR, and SEM. The oil and chemical oxygen
demand (COD) recovery rate was used for assessing PAFSi coagulation capacity in
the treatment of wastewater containing high oil. The impact of the basicity on the
oil and COD removal rates in wastewater is shown in Fig. 10(left). The basicity
was increased, and then the removal capability of oil and COD from wastewater
increased and then decreased. The maximum efficiencies of oil and COD removal
were 93.0%, and 94.8%, respectively from the bases 0.6 and 0.5. Figure 10(right)
shows the impacts of temperature on the oil and COD removal rates in oily wastes.
Initially, removal capabilities of oil and COD were increased by increasing the prepa-
ration temperature. When the temperature of the preparation was over 70 °C, the oil
and COD removal rate decreased slightly. The maximum removal efficiencies of
oil and COD from wastewater were 94.21% and 95.64%, respectively at 70 °C.
The zeta potential analysis showed that the neutralization of charge and the adsorp-
tion/bridging effect played important roles in the removal of COD and oil by coagula-
tion. However, the main mechanism for reducing colloid particulate surface charges
for oily wastewater treatment was charging neutralization. PAFSi showed superior
performances of coagulation—floculation in high-oil wastewater treatment. It may
be used in the industrial treatment of wastewater as an alternative pretreatment for
high-oil-containing wastes [48].
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Fig. 10 (Left) Optimization effect of basicity for removal of oil and COD from wastewater (right)
optimization effect of temperature for removal of oil and COD from wastewater. (condition: pH: 7;
G value, 400 s~ 1; dosages 60 mgL*I; meanwhile; Al/Fe molar ratio, 1:1; Si/Fe molar ratio, 1:4;
60 °C) [Reprinted with permission from [48]]
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5 Some Other Examples

The ground and surface water are polluted by organic dyes, heavy metals, and
radioactive elements. Some other examples of inorganic polymers and their use
in wastewater to remove dyes, heavy metals, and radioactive elements are shown
in Table 5. The inorganic polymers have been used for purification of wastewater
due to their tunable surface, small size, catalytic activity, magnetic properties, and
reusable nature. Several methods have been employed for the purification of water by
inorganic polymers like adsorption, chemical, coagulation, precipitation, filtration,
flocculation, photo, biochemical degradation, catalytic, and ion exchange. For dye
removal from waste, YFe,03/CSCs [60], y Fe,03/SiO,/chitosan composite [59],
Chitosan/Fe, O3/ MWCNTs [61] Biopolymer/clay/conducting polymer nanocom-
posite [34] and Montmorillonite/CoFe,O4 composite [2] were used. Bistriazinylpyri-
dine Polyvinyl alcohol/ titanium oxide [1] and TiO,/Poly (acrylamide—styrene
sodium sulfonate) detect the radioactive elements from the wastewater. Heavy
metals in waste are identified using Chitosan gold nanocomposite [32], Polypyr-
role decorated graphene/B-cyclodextrin composite [35], Mg-Fe layered double
hydroxide [22], and other inorganic polymers. 2,4-dichlorophenol and para-
nitrophenol are detected by graphene oxide/molecularly imprinted polymer and
Polyaniline-polyvinyl sulphonic acid composite, respectively [28, 41].

6 Conclusion

In the last 30 years, inorganic polymer science has progressively expanded through
a series of synthesis advances, creating new materials with interesting features. The
organic moiety and inorganic compounds have brought the evolution of inorganic
polymers which have effective applications in the field of material science. To develop
this area, it is necessary to combine the conventional, organometallic, organic,
polymer chemistry and the manufacturing techniques for low-dimensional inor-
ganic nanostructures with an interdisciplinary combination of conventional synthetic
processes to create new materials. In this chapter, we have summarized the develop-
ment of few new inorganic polymers with their uses in wastewater. We assume that
this chapter can provide basic information regarding the latest inorganic polymers
with their application in wastewater treatment and encourages active researchers in
this field to use nanoparticles for the synthesis of inorganic/organic compounds.
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Table 5 Name of some inorganic polymers with their applications in wastewater treatment

241

Entry Inorganic polymer Application References

1 Bistriazinylpyridine Polyvinyl Thorium (IV) separation | [1]
alcohol/titanium oxide

2 TiO,/Poly (acrylamide—styrene sodium | Cesium, Cobalt, and [7]
sulfonate) Europium ions removal
yFe,03/CSCs Methyl orange removal [60]

4 Nanoparticles composites Chitosan gold | Lead nitrate removal [32]
nanocomposite

5 polyaniline/graphene composite Hydrazine chemical [4]

removal

LCht/yFe,03 Remazol red 198 removal | [11]
Polypyrrole decorated Hg(II) removal [35]
graphene/B-cyclodextrin composite
Mg-Fe layered double hydroxide Pb?* removal [22]

9 Geopolymer/alginate hybrid sphere Pb%* removal [15]

10 yFe>03/Si0;/chitosan composite Methyl orange removal [59]

11 Graphene oxide/molecularly imprinted | 2,4-dichlorophenol [28]
polymer removal

12 Fly ash-based geopolymer Pb%* removal [3]

13 Porous biocomposites Pb%* removal [21]

14 Metakaolin-based geopolymer Pb?* removal [9]

15 CNTs/activated carbon fiber Basic violet 10 removal [54]

16 Silver imprinted polyvinyl alcohol Hg(II) removal [42]
nanocomposite

17 Graphene oxide-based polymer Pollutant removal [52]
nanocomposites

18 Hexacyanoferrate (II) polymeric Cesium removal [45]
nanocomposite

19 Chitosan/Fe, O3/ MWCNTSs Methyl orange removal [61]

20 Biopolymer/clay/conducting polymer Dyes removal [34]
nanocomposite

21 Piezoresistive polymer nanocomposite | Explosive vapor detection | [38]

22 Montmorillonite/CoFe;O4 composite Removal of methylene [2]

blue

23 Polyaniline-polyvinyl sulphonic acid Para-nitrophenol detection | [41]
composite

24 Silver nanoparticle-coated polyurethane | Antibacterial water filter | [24]
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