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Abstract Contamination of water is a problem that severely affects the equilibrium
of ecosystems and human health. Through the years, various techniques have been
implemented for the elimination of colorants from the water discarded by the textile
industry; nevertheless, some of the wastes obtained are hard to treat and toxic. Poly-
mers can be used as an adsorbent membrane, a coagulant, or a flocculant, and the
inclusion of them has been a promising strategy used for the versatility, effectivity,
and low toxicity of somepolymers.Organic polymers have demonstrated good ability
for the elimination of colorants by the adsorption mechanism, and they have been
useful for the preparation of membranes for nanofiltration. Synthetic and natural
polymers mixed with other materials have improved the performance of membranes
without altering the permeation and flux. The cross-linking has allowed the forma-
tion of polymeric networks with pores, which aid to the dye retention assisted by the
functional groups in the polymer chains; additionally, this cross-linking is useful for
the incorporation of other compounds such as nanomaterials of magnetic nanoparti-
cles to improve the cleaning of wastewater. The control of the charge density in the
polymer, the physical properties of the dispersed medium, the chemical structure of
the dye, and cross-linked polymers for adsorption and coagulation are some of the
aspects to review in this chapter.
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1 Introduction

Contamination of water is a problem that generates several conflicts in human life.
The excess of dyes and heavy metals in water from textile industries has attracted the
attention of scientists in previous years, mainly for the cities with high production
of textiles. Several of these dyes are highly toxic to animals and humans, and they
render the residual water useless. The removal of dyes from wastewater is important
to ensure human health; however, the elimination of them is hindered due to some
limitations, e.g., the concentration of the dye, the chemical auxiliaries, and other
aspects [1, 2].

For dye removal, several factors affect the colored wastewater, first, factors that
only depend on the rest of pollutants from the dye industry and the physicochemical
properties of the water, and second, the factors that depend on the dye. Generally,
for any removal process, some of these factors are pH, ionic strength, temperature,
among others. This is due to the destabilization process involved in the elimination
of the dye, which is closely related to a complexation reaction or to other chemical
interactions [3, 4]. Additionally, as it was mentioned, the chemical structure of the
dye plays an important role in the process because the functionalities allow the
interaction between the coagulant, flocculant, or adsorbent membrane. It is important
to mention additionally that colorants present two main parts on their structures,
the chromophore, and the auxochrome; which are responsible for the absorption–
emission of light, and directly, the color.

On the one hand, the chromophore in a molecule is the conjugated double bond
moiety (π bonds), which present adsorption in the visible region on the electromag-
netic spectrum, that is the reason why almost all colorants present aromatic rings in
their structure, connected to an auxochrome. On the other hand, an auxochrome is
a functional group attached to the chromophore, which modifies the ability of the
chromophore to absorb light. For this portion, acidic and basic groups are commonly
used, the protonation or deprotonation of a group can extend the conjugation of a
molecule and change the wavelength or intensity of the absorption. In this way, dyes
are classified as cationic, anionic, or non-ionic, and this charge density is important
for eliminate them from water.

One of the most employed strategies for wastewater treatment is the coagula-
tion/flocculation (C/F) method. C/F is a two-stage technique that consists of the
destabilization of dispersed solid particles in water. For the effect of the coagulants,
the charged particles get to gather and for bigger particles. Coagulation is the first
step in the process and is always accompanied by rapid mixing of the coagulant and
the water to be treated. In this step, the coagulant is added, and the mixing favors
the accumulation of molecules and the formation of flocs. In the flocculation stage,
the speed of mixing is decreased, and the flocs aggregate to form bigger flocs. The
use of metals and polymers is common for the destabilization of dye molecules to
subsequently eliminate them by precipitation or filtration [5].

The use of inorganic coagulants is a strategy usually used; however, the waste is
toxic to human health and the environment [6, 7] such as the residues of aluminum
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salts. Another disadvantage of usingmetal salts for water treatment is that the precip-
itate and the sludge produced are difficult to treat after the dye removal. For that
reason, other alternatives have been employed, including, organic materials (e.g.,
polymers). An advantage of these materials is that they can be mixed with metals or
other compounds to get a dual coagulant/flocculant or adsorbents, obtaining greener,
cleaner, and more effective materials [8, 9].

Water-soluble polymers are the most used for C/F method; some natural and
synthetic polymers have been explored [9–11]. As it was mentioned above, the
chemical structure of the dye affects the way it is removed, the destabilization of
the colloids dispersed in the medium influences the polymer used and the technique
desired. In the case of C/F, the dyes are trapped by the effect of the charged groups
in their structure-forming bigger structures, or by the anchoring of other functional
groups similar to a host–guest chemistry.

Natural polymers have attracted attention in recent years because they are easy to
get from plants or animals, and they are non-toxic to humans or animals. Biopoly-
mers such as gums, chitosan, or cellulose are vastly used as adsorbents or coagulants;
nevertheless, the disadvantage is that themolecular weights of these polymers cannot
be controlled. Although synthetic polymers can be more toxic than natural polymers,
the process of synthesis offers control in the chemical structure of chains, the func-
tional groups, charge density, molecular weight, and microstructure. Moreover, ionic
groups can be added to the polymer, i.e., polyelectrolytes, and this is important for
the type of dye to remove from water. Hence cationic, anionic, and non-ionic poly-
mers are used for dye removal. Amine- and carboxylic-functionalized polymers are
extensively used. Additionally, acrylates, imines, acrylamide, polyguanidines, and
other acid or basic groups are added to polymer chains.

Polymeric materials have been explored as alternatives to conventional inorganic
alum or toxic metal coagulants. Depending on the chemical structure of the dye
and polymer, polymers can act as both coagulant and flocculant, they trigger the
destabilization of the dye molecules dispersed in the medium, which forms aggre-
gates and flocs, with subsequent precipitation or sedimentation. To reach the forma-
tion of the flocs or micelle-type structures, the dosage, charge, and the size of the
polymer are important factors to control; as well as agitation of the system since it can
break the formed aggregates, very fast agitation is important to reduce the repulsive
forces between the colloids before charge neutralization, and thus the formation of
aggregates is favored [12, 13].

The pre-treatment of wastewater with coagulant/flocculant process followed by
nanofiltration has allowed the water reusability, and the polymeric materials are
easier to treat after the first stage. Otherwise, some studies have shown that the
use of metallic coagulants, e.g., aluminum salts, as coagulant induces the formation
of foulants hard to treat and that are highly toxic, such as aluminum hydroxide or
aluminum derivatives [14, 15]. In contrast, iron and polymeric coagulants are easier
to remove by other cleaning techniques, they are biodegradable or can be reused for
various cycles of filtration.
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Themechanism of dye removal involving polymers can be divided into four types:
(1) electrical double-layer compression; (2) charge neutralization; (3) sweeping; and
(4) adsorption [11, 16]. Table 1 summarizes these four mechanisms.

Furthermore, another way to remove dyes is by the retention in the polymeric
matrix, the binding and attachment of dyes to the polymer depend on the chem-
ical interactions between them. All the processes depend on electrostatic and non-
covalent interactions such as hydrophobic interaction, hydrogen bonding, or the
formation of complexes. For this reason, synthetic polyelectrolytes and natural
polysaccharides are suitably used for water treatment, since they possess hydroxyl
groups and can be manipulated to get charged groups [17, 18]. The selected polymer
is dependent on the dye and they can either be cationic (e.g., quaternary amines),
anionic (e.g., anionic polyacrylamide), or non-ionic (e.g., cellulose).

Adsorption has also been used as a wastewater cleaning method, nanomaterials
made of organic ligands or dye receptors (based on the chemical structure of the
desired dye) [19]. The adsorption mechanism is common for polymers as coagulants

Table 1 Mechanisms of dye removal from wastewater

Mechanism Description

Coagulation/Flocculation Electrical double-layer
compression

For this mechanism, highly charged
ionic coagulants are used. They
disturb the stability of colloids by
changing the ionic strength in the
media, thus the double layer around
the particle collapses, which conduct
to the formation of aggregates by
electrostatic interactions

Charge neutralization In the case of neutralization,
coagulants with different charges are
added to de dispersion. The surface
of colloids binds to the coagulant by
the opposite electrostatic force and it
drives to the neutralization of charges

Sweeping The sweeping is when the dispersed
particles are captured into the matrix
of the insoluble metal hydroxide
(e.g., aluminum or ferric hydroxides)
formed from the hydrolysis of the
metal coagulant. These hydroxides
are formed when alum or ferric
coagulants are added to water

Filtration Adsorption This mechanism is the most common
for polymeric coagulants. The
polymer captures the dye assisted by
the functional groups and forms a
bridge between the molecules. In
consequence, bigger aggregates and
settleable flocs are obtained
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and flocculants; polyaniline and other cationic polymers are useful for the elimination
of colorants from water [20]. The adsorption process is used for the development of
membranes for micro- and nanofiltration, for that, the polymer can be disposed of in
bulk or packed in a column to carry out the absorption process. The physicochemical
properties of the medium such as pH, ionic strength, and the nature of dye are
important to select the method.

Several natural and synthetic polymers are used as adsorbents for the removal of
different dyes; natural carbohydrate-based polymers such as cellulose, chitosan, and
starchworkwith thismechanism. For example,membranes based on polysaccharides
such as chitosan or cellulose have been prepared. The chemical structure of these
biopolymers allows the retention of dyes in a large scale of pH since they have acid or
basic groups [21–24]. The chitosan has been used for the adsorption and coagulation
of several dyes, even sulfonic dyes [25], and it has been grafted with other polymers
to obtain good adsorbents [26, 27].

Conveniently, some lowmolecular weight polypeptides from animals, plants, and
seeds have demonstrated good ability to remove colorants by adsorption, due to their
amphiphilic behavior. Moreover, this type of biomaterials is non-toxic, easy to treat
after the cleaning process, and eco-friendly adsorbents. There are several reviews
and summaries about the use of biopolymers for wastewater treatment [18, 28]. For
example, the aqueous extract of the seed of Moringa oleifera has been tested as
coagulant and adsorbent for the removal of dyes [29] such as azo-dyes [30, 31],
indigoid dyes [32], and anthraquinonic dyes [33]. Even, this extract has shown better
results for dye removal than metallic coagulants, e.g., polyaluminum chloride [34].
Other polymers are obtained from Cassia angustifolia seed, Cassia javahikai seed
gum, mesquite bean, Cactus latifaria, chestnut, and acorn [29, 35–37].

It is worthy of note of not only the chemical interactions the dye keeps anchored
to the matrix but also this retention in the polymeric matrix can also be enhanced
by a porous system, working similar to size exclusion chromatography. Polymeric
membranes in a 3D arrangement are achieved by the addition of cross-linking agents,
to form a network with a reduced free volume between the polymer chains and pores.
Those pores avoid the release of big molecules, thus they are trapped in the sludge
or the waste from polymer, this approach is used for nanofiltration.

The cross-linking of polymers for this purpose has allowed the incorporation of
other useful species to the polymer network, and it can be by supramolecular or
covalent cross-linking. This approach, like the grafting technique, has been used to
combine or add properties of two different polymers to a final material; for example,
natural polymers have been mixed with synthetic ones, ionic liquids with polymers,
organic–inorganic polymers [20], and magnetic nanoparticles with polymers [38,
39]. These types of 3D polymers, hydrogels, and membranes are vastly used for
filtration and nanofiltration as well as for fractionation of salts and dyes.

Nanofiltration (NF) is defined as a pressure-driven method that allows the separa-
tion of solutes from liquid matrixes by size exclusion and charges repulsion (Donnan
exclusion) throughout a semipermeable membrane. The term NF arises from the
scale of separations (0.5–2 nm) that depends on the membrane pore dimensions.
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Commonly, there have been two approaches for NF design, those based on poly-
meric matrixes (e.g., cross-linked polymers or polymeric hollow fiber membranes)
and those based on ceramic membranes. For our purposes, we are going to deal with
the former one, those based on cross-linked polymers, their design, and performance
concerning the removal of dyes from wastewater processing.

Technologies based on polymeric nanofiltration membranes were developed at
the end of the 1980´s decade with a broad spectrum of applications, e.g., water
processing [40], plasma pool clarification virus, biomolecules removal [41], or petro-
chemical industries. Recently, it has been documented a growing number of publica-
tions concerning water processing using NF, almost 18% of nanofiltrations concerns
with wastewater processing, replacing reverse osmosis, which has the advantage
of operating at lower pressures [40]. NF employs membranes with a smaller pore
dimension than micro- or ultrafiltration but bigger than in reverse osmosis (RO) with
pore dimension about 0.1 nm. Additionally, NF requires higher pressures (4–10 bar)
than RO and it is effective for solutes with molecular weights of about 100–5000 Da.

Among more important factors to get low-operating costs are the pre-treating
processes to prevent membrane fouling as well as the need of housing them into
appropriate modules that provide porous support for large-scale applications [42].
Membrane performance is characterized by quantifying the key aspects of their
separation mechanisms such as solute rejection, pore dimensions, and permeate flux,
which is related to applied pressure. These factors interplay a compromise between
selectivity and efficiency.

It is worthy of note that in the literature, solute rejection is also taken by the
rejection of total dissolved solids (TDS) or salt rejection, dependingon the application
or solute that is being removed. NF is useful for the removal of divalent or polyvalent
ions (e.g., CaSO4) while monovalent ions such as Na+ and Cl− commonly pass
through.

Concerning wastewater from the textile industry, removal of azoic and basic dyes
is an important application in the research to get membranes with high dye rejection
that enables recycling thewastewater effluents. In aqueousmedia, azoic dyes (coming
mainly from textile industries where they are applied to fibers) are generally anionic
because of the strong acidity of the sulfonic group (pKa values <0), so they are
completely ionized and belong to the acid-dyes class. On the other hand, basic dyes
(coming from cosmetic, food, and paper industries) are cationic species in aqueous
media, e.g., methyl blue, crystal violet, safranin, etc. The differential chemistry of the
solutes pointed out the importance of selectivity properties in NF membrane design.

Although it is possible to calculate performance parameters theoretically like
dye rejection and permeate flux (the flux that passes through the membrane as a
measure of the rate of the process) with a known membrane morphology, it is still
more common to test membrane performance at the lab scale using relative ease
accessible membranes based on cross-linked polymers.

Polyetherimide (PEI) is a thermoplastic with strong absorption properties has
been the base of several cross-linked membranes for NF in water media. Their
cross-linked structure withm-phenylenediamine (MPD) has been obtained for which
the studied parameters were doped solution composition and cross-linking time as



Cross-Linked Polymer-Based Adsorbents and Membranes for Dye Removal 269

well as dye concentration upon membrane performance, resulting in increased dye
rejection when the acetone concentration in dope solution was maximized. The best
performancewas reachedwith cross-linkedmembrane composition PEI: 15, acetone:
20 wt%, and 10 min of cross-linking time. This membrane showed 98% of dye
rejection of Reactive Red 120 at 1500 ppm with an operating pressure of 4 bar. The
increasing membrane performance with acetone content in the dope solution was
related to a tighter membrane [43]. Figure 1 shows a typical procedure for testing
membrane dye removal by NF.

Interestingly, PEI also has been used to make composite membranes by interfa-
cial cross-linking with nylon for selective removal of anionic dyes. As an example,
an inspired membrane inspired on thin-film composite (TFC) for RO and NF has
been reported by amidation of PEI with trimesoyl chloride over nylon support.
This composite membrane works selectively at pH = 3 by electrostatic interac-
tions between positively charged PEI chains and anionic dye Sunset Yellow. The
membrane can be regenerated at alkaline pH values and works at very low pressures
compared with NF (only 0.01 bar) affording to permeate flux of about 10 L/m2 h bar
[44].

Fig. 1 Schematic setup for
nanofiltration of dye aqueous
solution
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As shown above, the mechanism for dye rejection can be driven not only by size
exclusion but also by electrostatic partitioning also known as Donnan exclusion.
Thus, the design of positively charged membranes has played emergent attention
given cationic charged solutes. In this regard, composite NF membranes have been
obtained using PEI for cross-linking polyimide (PI). The resulting NF membranes
have ortho-diamide groups with free amine groups available for protonation even at
neutral pHvalues [45, 46]. However, cross-linking conditions are difficult to optimize
in view that mechanical properties of the membranes can be damaged, which has
driven to the cross-linking only at the surfaces of flat-sheet membranes efforts.

In this concern, substituting PI with Torlon® polyamide-imide (PAI) has shown
advantages due to its superior mechanical properties as well as its pH stability. This
NF membrane showed good dye rejection performance (>95%) toward basic dyes
(Methylene Blue, Janus green B, methyl green, Alcian Blue 8GX) with a molecular
weight ranging from 319 to 1300 Da [47]. Regarding synthetic details, it was found
that stirring speed (500 rpm) at 70 °C for 80 min in cross-linker solution played a key
role in successful surface functionalization. The cross-linked membrane showed a
marked decrease in molecular weight cut-off (MWCO, defined as the lowest molec-
ular weight retained at 90% by the membrane) from 17,520 Da in the parent non-
cross-linked PAI to 458 Da in the cross-linked membrane, as well as a change from
anionic to the cationic character.

More recently, ethylenediamine (ED) has been used as a cross-linking agent in
PEI-based membranes. The resulting cross-linked membrane was obtained as a flat-
sheet membrane by phase immersion method from dope solutions with 20% of
acetone. Afterward, the membranes were submerged in ED 2.5% (v/v) methanolic
solution by 30 min. The best performance was obtained when using PEI at 16% in
dope solution (if raised to 17% the water permeation results too low to be practical).
At 2.8 bar pressure and using themodel azoic dye Reactive Red 120 (RR120), 98%of
rejection was achieved compared with 84% for the pristinemembrane. This work has
underlined the sensitivity of the performance to polymer content in dope solutions,
being significant variations even at 1% [48].

Li et al. prepared another loose nanofiltrationmembrane by coating onto a conven-
tional ultrafiltrationmembranemade of polyethersulfone (PES); themixture solution
for coating was obtained by aqueous cross-linking between tannic acid (TA) and PEI.
The resulting modified membrane (PEI-TA/PES) demonstrated good efficiency for
the fractionation of inorganic salts and Congo Red. Moreover, it showed high perme-
ability (40.6 LMH·bar−1 for 0.1 g/L Congo Red), high rejection to dye (99.8%) as
well as low rejection towardNaCl andNa2SO4 (below10%). The salts passed through
the membrane and it allowed the good separation of those inorganic salts and the dye
[49].

Another approach to get composite membranes has been developed by grafting
cross-linked polymers on porous supports of polysulfones (PSf). In this approach,
interfacial polymerization using piperazine (PIP) and trimesoyl chloride (TMC) has
been the monomers to get the polyamides (PA). Interestingly, PSf supports have a
MWCO of about 30,000 Da, this was reduced to 500 Da after coating it with cross-
linked PA, which produces good NF performance in dye rejection toward Direct Red
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81, Direct Yellow 8, and Direct Yellow 27. However, this method based on coating
of porous PSf showed a disadvantage of membrane fouling, thus, pre-treatment with
coagulant agents like ferric chloride of the dye solutions is necessary [50].

Regarding NF, polyvinyl chloride (PVC)-based membranes have received less
attention compared with PEI, PI, or PAI-based membranes due to their flexible
chains and their putative low resistance to high pressures used in NF. However,
it has been reported the synthesis of the copolymer with of PVC and poly(N,N-
dimethylaminoethyl methacrylate (PDMA, 31.1 wt%), resulting in a PVC-graft-
PDMA in which ulterior cross-linking with XDC/n-heptane (2 wt%) yielded a posi-
tively charged membrane with a quaternization degree of 27.8%. Despite the lack of
tests of dye rejection tests in this study, thismembrane showed excellent salt rejection
of MgCl2 by Donnan exclusion mechanisms, which make cross-linked PVC-based
membranes promissory for NF [51].

2 Cross-Linked Polymers Based on Natural and Synthetic
Polysaccharides: Starch, Chitosan, Cellulose,
and Cyclodextrins

The utilization of synthetic polymers and other systems such as composites including
carbon nanomaterials and solid-statematerials for the absorption of dyes is often very
effective and represents many advantages in favor of other purification methods for
the elimination of dye and related pollutants from the pigment and printing industries.
Nevertheless, these systems have a series of disadvantages, which include a high
cost of production and implementation, synthetic procedures that are also polluting,
and the difficulty of disposal of the purification systems once they have been used
(since they may not degrade easily and cause secondary contamination). For the
aforementioned, systems for dye substrates removal based on natural resources have
been developed which can be effective dye removal substrates, but also come from
natural sources. One of the most popular choices for such substrates is the system
based on polysaccharides [52–55].

Starch, chitosan, and cellulose are the three most abundant polysaccharides
derived fromnatural sources, their abundance due to their presence inmanybiological
systems such as plants and animals. The structures of these three natural polysac-
charides are shown in Table 2. As a reference to the reader, the key characteristics
and differences in the structures of these polysaccharides are presented in this table
[52, 53, 56].

Even when these polymers are very abundant, the derivatization of these systems
is not a trivial task, mainly due to synthetic limitations such as solubility. These
polysaccharides are not readily soluble in most solvents used in polymer synthesis
because of their rigid structures with high crystallinities (due to hydrogen bonds);
therefore modification and cross-linking reactions often need to be carried out on
unconventional solvents or solvent mixtures that may interact with these hydrogen
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Table 2 Characteristics of the three most common natural polysaccharides used as cross-linked
dye removal systems

Polysaccharide Cellulose Starch Chitosan

Chemical
composition

Composed of two repeating
units of β-D-glucose bonded
between carbons 1 and 4
through an alpha glycosidic
bond

Composed of
two different
polymeric
substructures:
-Amylose:
repeating units
of α-D-glucose
bonded
between
carbons 1 and 4
through an
alpha
glycosidic bond
-Amylopectin:
repeating units
of α-D-glucose
bonded
between
carbons 1 and 4
with branched
with
α-D-glucose
units between
carbons 1 and 6
through alpha
glycosidic
bonds

Composed of randomly
organized repeating units of
β-D-glucosamine and
N-acetyl-D-glucosamine.
Chitosan comes from the partial
deacetylation of chitin, another
natural polysaccharide that is
composed of repeating units of
β-D-glucosamine bonded
between carbons 1 and 4 through
a beta glycosidic bond

Repeating unit

Natural source Present on the cell wall of
all green plants and some
algae. Cellulose is the most
abundant natural polymer
on earth. Cellulose may also
be used on derivatized
forms such as
carboxymethylcellulose
(CMC) or hydroxypropyl
methylcellulose (HPMC)

Present as an
energy storage
source for
plants and
algae. Starch is
therefore
extensively
present on food
products

Chitosan comes from the partial
deacetylation of chitin. Chitin is
the main component of cell walls
on fungi, and it is also present in
the shells of many crustaceans
and insects
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bonds such as NaOH/urea and ionic liquids [56, 57]. As such, many of the synthetic
procedures for cellulose, starch, or chitosan have strong similarities between them.
Mainly, the cross-linking and modification of these polysaccharides are performed
by one of the following methods:

• Physical cross-linking through weak interactions (supramolecular forces)
• Chemical cross-linking through chemical reactions with cross-linkers
• Chemical cross-linking and grafting of functional molecules
• Formation of interpenetrated polymeric networks (IPNs) or semi-interpenetrated

networks (semi-IPNs).

Despite the great similarity of these polymeric systems these polymeric systems,
from the fact that the three are composed of glucose-derived building blocks, to
the fact they might be modified with similar synthetic procedures; the key differ-
ences between these systems are very crucial in the development of systems for
dye absorption. Therefore, in the following subsections, examples of cross-linked
systems derived from, consisting of, or containing these polysaccharides will be
presented highlighting their key advantages and characteristics.

On the other hand, polymeric cross-linked systems based on cyclodextrins (CDs)
also will be discussed. CDs are synthetic cyclic glucose oligomers obtained from
starch degradation by hydrolases [58]. They have been used in membrane science as
well as in chromatography due to their enzyme-like properties, chirality recognition,
their capability to form inclusion complexes as well as the possibility to get modified
and cross-linked CDs for membrane design [59].

2.1 Cross-Linked Systems Based on Cellulose

Cellulose is arguably the most important natural polymer for the production of
systems for dye removal, probably because cellulose and its derivatives are the
most abundant polymers in nature. Research on cross-linked cellulose systems for
dye removal started in 1970 where the uptake of dyes cross-linked celluloses was
studied as a means of improving the staining of these cross-linked cellulosic mate-
rials [60, 61]. However, the utilization of cross-linked cellulose materials for the
removal of dyes started being an important topic around 2009, where research on
hydrogels of carboxymethyl cellulose (CMC) and hydroxypropyl cellulose (HPC)
was performed. One of these examples is presented as a testament to the remark-
able advances in this field. In 2009, CMC was cross-linked and functionalized with
poly(vinyl alcohol) using ionizing radiation, obtaining a material that was tailored
for the absorption of anionic dyes such as Acid Green B, Ismative Violet 2R, and
Direct Pink 3B with absorption capacities of around 30 mg/g [60]. After these devel-
opments, rapid advances on dye uptake by cross-linked cellulosic materials were
performed; therefore, in this subsection, some of these developments are presented.

As a first example in which a cellulose-modified substrate was evaluated against
cationic MB is the research performed by Zhou and collaborators in 2011 in which
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they investigated the possibility of modifying cellulose with grafts of polyacrylic
acid (PAAc) using phosphoric acid as a solvent for cellulose. PAAc was used as
a modifier for cellulose as a way of obtaining a superabsorbent hydrogel system
based on cellulose. The synthetic procedure involved the dissolution of cellulose
on phosphoric acid followed by cross-linking polymerization reaction with N,N’-
methylenebisacrylamide, andAPS as initiator, followed by a grafting polymerization
reaction of acrylic acid (AAc). These hydrogels demonstrated the ability. This study
demonstrated that the dye-absorption capability of the materials is dependent on the
amount of poly(acrylic acid) graft present on the samples, which is probably related
to the amount free of carboxylic acid groups on the sample. This was corroborated
with adsorption testing in different pH conditions, having poor absorption at low pH
as expected (carboxylic acid groups are on their protonated below their pKa value
of approximately 4) [62].

Another recent example that is worthy of mentioning is the production of
nanocrystalline nanogels formed of cross-linked cellulose for the removal of cationic
dyes byLiang and collaborators. In thiswork, the research groupdeveloped amethod-
ology for producing chemically cross-linked aerogels composed of poly(methyl vinyl
ether-co-maleic acid), poly(ethylene glycol), and nanocrystals of cellulose through
freeze-drying with liquid nitrogen and curing at 90 °C. In this series of studies, the
authors evaluated the ability of this system in retaining Methylene Blue (MB) dye
determining that these systems can adsorb up to 116.2 mg/g of MB. Additionally,
the authors determined that these systems may be reusable up to five cycles of dye
removal without losing efficiency [63, 64].

Another example, a system that also profits from the properties of nanocrystalline
cellulose while also combining it with the benefits of chitosan (refer to the chitosan
subsection) was produced in 2016. To modify nanocrystalline cellulose (NCC), an
oxidation reaction with periodate and chlorite ions was performed to yield NCCwith
carboxylic acid and aldehyde moieties. A representation of this system is shown in
Fig. 2. This procedure was followed by a cross-linking reaction via imine formation
with carboxymethylated chitosan. In this study, the materials were characterized
with a great variety of techniques such as conductimetric titrations, solid-state 13C-
NMR, AFM, SEM, porosity measurements, and adsorption isotherms. This system
demonstrated excellent capabilities for dye adsorption (785 mg/g of MB) while also
maintaining good behavior after several cycles of use [65].

A final recent example was the modification of CMC with a similar methodology
in which the cellulosic material was oxidated to form dialdehyde moieties, which
could later be cross-linked with gelatin for the removal of dyes such as Rhodamine B
and Methyl violet. This system was crafted as an alternative dye-removal substrate,
which was only composed of biopolymers and could also be mechanically stable and
biodegradable [66].
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Fig. 2 Cross-linking via Schiff base formation of nanocrystalline cellulose using carboxymethy-
lated cellulose [65]

3 Cross-Linked Systems Based on Starch

Similarly, to cellulose, starch is a natural polymer derived from glucose, which is
mostly present in plants. However, the difference between cellulose and starch is
that the latter is a combination of a linear polysaccharide (amylose) and a branched
polysaccharide (amylopectin) while the former is a linear polysaccharide; therefore,
the characteristics and behaviors of both polymers in the macroscale differ consid-
erably. Due to the branched structure of starch, its capabilities of adsorbing and
retaining chemical compounds are higher than that of cellulose: therefore, the use
of cross-linked starches for the removal of dyes predates the use of cellulose [53,
67]. One of the first examples of starch systems for dye removal was developed in
2002, where Delval and collaborators produced a cross-linked starch substrate using
epichlorohydrin (Fig. 3) in the presence of ammonium hydroxide as a cross-linker. In
this early study, the absorption capabilities of the produced systems were evaluated,
and it was verified that dye adsorption is dependent on the number of ammonium
groups present on the polymer [68]. It is important to mention that epichlorohydrin is
a very important cross-linker for the production of starch and even chitosan systems,

Fig. 3 Chemical structure of epichlorohydrin, a very important cross-linker for starch and chitosan-
based systems
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and as such, the original protocol described by Simkovic et al. is presented here as
a reference to the reader [69].

A more recent example of starch-based materials for the removal of dyes, a 2006
study reported the behavior of a specially crafted cross-linked starch-containing both
carboxylate groups and quaternary ammonium ions in its structure for the adsorption
of both cationic and anionic dyes (Acid Red G, acid Light Yellow 2G, methyl green,
and methyl violet). In this study, the effect of pH, times, concentration of dyes were
evaluated allowing to obtain adsorption isotherms and kinetic parameters [70].

In 2019, Zhang Hao and collaborators developed a cross-linked starch system that
was cross-linked using epichlorohydrin and containing γ-cyclodextrin by immobi-
lization by esterification. This system was evaluated as an alternative for adsorption
of MB, methyl purple (MP), and congo red (CR) as model anionic and cationic dyes
in complicated matrices intended to emulate real conditions of adsorption (referred
by the authors by dyestuff). The materials showed improved absorption of these
three dyes compared with both cross-linked starch, and other absorbents such as
diatomite and zeolite. Additionally, cyclodextrin containing starch showed improved
stability to biodegradation; therefore, improving the durability of the material while
not compromising its biodegradability [71].

A final example in which starch was modified to improve its capabilities of
removing dyes was the research by Janaki and collaborators. In this work, maize
starch was modified with polyaniline produced in situ by the oxidative polymer-
ization of aniline with ammonium peroxydisulfate forming a cross-linked material
due to hydrogen bonds (Fig. 4). In this study, the removal of dyes such as Reactive
Black 5 and Reactive Violet 4 was studied in different conditions, in particular, it
was interesting that the uptake of these dyes was possible at low pH, this is because
amine groups of aniline are charged at low pH in contrast to carboxylic acid-based

Fig. 4 Starch cross-linked with polyaniline via hydrogen–bond interactions
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adsorption, which occurs at higher pH values with high effectiveness. Additional to
this, the authors of this study verified that the adsorption of the dyes was due to ionic
interactions [72].

It is important to mention that although these selected examples present an
overview of the chemistry of cross-linked starch, there are many examples of func-
tionalization and cross-linking of starch to obtainmaterials capable of dye absorption
and other applications, as a reference to the reader, some of these works as well as
some extensive reviews are presented as a conclusion to this subsection [53, 73–78].

4 Cross-Linked Systems Based on Chitosan

As it may be notable, chitosan is the only of these three polymeric systems (and
cyclodextrins for that matter) that is not composed of repeating units of glucose; in
contrast, the remarkable functional group present in chitosan is the amine group of
glucosamine. The presence of this functional group in particular because, due to its
acid–base properties, it has a positive charge at neutral pH (the amine group becomes
an ammonium group below its pKa of around 9); therefore, in most conditions,
chitosan is a positively charged polymer. With this in mind, chitosan systems are
particularly effective with the adsorption of negatively charged species like anionic
dyes [56, 79–82].

The first interesting example is a 2003 paper byM. S. Chiou and H. Y. Li in which
they first produced chitosan beads that were then cross-linked using epichlorohydrin
and NaOH or glutaraldehyde in aqueous conditions. The adsorption capabilities of
this substrate were evaluated by batch adsorption assays against reactive red 189 and
by evaluating the effect of pH and temperature on the absorption of this dye [83].

In another important example of chitosanmodification, an interpenetrated network
composedof chitosan chains andpolymerized acrylamide.Thismaterial is interesting
because it profits from the adsorption capabilities and abundance of chitosan as a
polysaccharide, while also providing rigidity to the matrix by forming the interpen-
etrated network with poly(acrylamide). This interpenetrated network was formed by
cross-linking acrylamide with N,N’-methylenebisacrylamide, and glutaraldehyde as
cross-linkers (Fig. 5). This material arranged in cylinders was demonstrated to be an
effective substrate for the absorption of EY-4GL Yellow and S-Blue in complicated
matrixes [84].

In a recent example a combination system in which chitosan was integrated onto
activated carbon and cross-linked with epichlorohydrin. This composite system was
synthesized by dissolving chitosan into acetic acid and mixed with activated carbon
and then cross-linkingwith epichlorohydrin andNaOH. In this work, the surface area
of the materials was characterized by N2 adsorption and desorption, the crystallinity
was evaluated using X-ray diffraction. Additionally, SEM was used to visualize
the materials before and after adsorption, FTIR to verify the presence of certain
functional groups. As in other studies, the adsorption capabilities of this polymer
against thionine were evaluated concerning pH, temperature, and contact time [85].
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Fig. 5 Chitosan-polyacrylamide interpenetrated network

A final example of chitosan as a cross-linked matrix is a 2017 paper by Martina
Salzano de Luna and collaborators. In this work, the authors wanted to investigate
if the inherent absorption capabilities of chitosan could be enhanced by producing
porous hyper cross-linked polymer particles that could entrap cationic and anionic
dye molecules onto its pores. These substrates were produced by the hyper cross-
linking reaction inwhich poly(VBC-DVB) is synthesized as a cross-linking precursor
with the capability of cross-linking several times through Friedel Crafts reactions to
form a hyper cross-linked resin, which was then mixed with chitosan to form a
hydrogel. These materials were shown to be effective in dye adsorbing with different
chemical structures such as Indigo Carmine, Rhodamine 6G, and Sunset Yellow
even after several adsorption–desorption cycles while having improved mechanical
performance when compared with chitosan and good and thermal stability [86].

5 Cross-Linked Systems Based on Cyclodextrins (CDs)

CDs have been known for more than 100 years but until the 1980s when the first
applications in the food and pharmaceutical industry scale-up CDs research and
production at industry levels. This led to the synthesis of pure native CDs, which are
cyclic oligomers of glucose bonded by α-1,4 glycosidic bonds. They are called α-
CD, β-CD, and γ-CD depending on the number of bonded glucose units (Fig. 6) and
have characteristic toroidal shapes with hydrophobic central nanocavities capable to
host small molecules due to their cage-type shape. CDs’ surface shows hydrophilic
properties surface due to the pointing outside OH groups.
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Fig. 6 Native CDs form starch degradation, α-CD (six glucose units), β-CD (seven glucose units),
and γ-CD (nine glucose units)

Concerning materials with dye removal applications, cross-linked CDs have been
implemented in membranes and adsorbents materials. The formers have the advan-
tage of high dye removal properties when implemented in nanofiltration, as well as
high regeneration capacities, but they are not always suitable from the cost operation
point of view. On the other hand, adsorbent materials have arisen as an alterna-
tive due to their low cost of production and operation. However, typically adsor-
bent materials show either lower regeneration capabilities or lower dye removal
capacity than membranes for nanofiltration (NF) [87]. Both will be discussed here
with representative examples.

Among the most used methods to get flat sheet and hollow fiber membranes
base on cross-linked CDs is phase inversion followed by cross-linking process and
interfacial cross-linking [88]. For example, composite porous membrane based on
β-CD and supported on a microfiltration nylon membrane (average pore size =
0.45 μm) has been reported to take advantage of mass transport in porous support
without the need for high pressures. Nylon porous membrane was submerged in
alkaline aqueous solution containing β-CD (0–0.14%) to get dip-coated membrane.
After drying by evaporation, the cross-linking process was achieved by the addition
of trimesoyl chloride (TMC, 0–2%) in hexane at 60 °C. The composite membrane
showed rejection of bisphenol (BPA, a waste reagent in dye and plastic industry) with
a feed solution of 10 mg L−1 and permeation flux of 80 L m−2 h −1. The N element
content on the pristine composite membrane was 11.3%, while a marked drop to
0.9% in N composition was confirmed by XPS surface analysis after cross-linking
process [89].

The use of ceramic membranes (Al2O3) to support polymeric systems has also
been reported concerning water purification from monocyclic aromatic hydrocar-
bons by sorption. For example, sylation of β-CD (60–70%) and subsequent sol–gel
reaction yielded cross-linked triethoxysilylated cyclodextrins on the ceramic Al2O3

surface. Subsequent hydrolysis to silanols and thermic treatment yielded a siloxane
network on the surface of the organic–inorganic filter. This membrane showed a
higher affinity toward lipophilic pollutants than ceramic materials and high rejection
of organic pollutants of low molecular weight, like those proceeding from textile
finishing industries, i.e., dye color fixation process. [90].
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Cyclodextrin solute complexation often improves the absorbency properties of
the membranes. Poly(vinyl alcohol)/glutaraldehyde membranes have been modified
by embedded β-CD to obtain membranes with high sorption of methyl orange, and
MethyleneBlue (MB)dyes. Theβ-CD is not covalently bonded toPVAbutmixed into
matrix polymer. With 8% β-CD, a maximum of adsorption capacity was obtained.
Also, the swelling ratio increased from 58 in PVA/GA to 100% in PVA/GA/ β-CD,
which indicates the more hydrophilic character of the modified membrane and their
capability to promote interaction of non-polar MB with the nanocavity of β-CD.
Additionally, the pH value controls the adsorption process since the surface charge
of the polymer resulted in a pH function. In this case, the MB adsorption process
is favored in an acid medium in which the PVA/GA/ β-CD membrane is stable and
also shows regeneration capacities after one cycle of use [91].

Interestingly, the use of CDs in cross-linked polymers has also been applied
to obtain insoluble nanofibrous membranes. β-CD functionalized with polyvinyl
pyrrolidone (PVP) has been cross-linked using glutaraldehyde, an excellent cross-
linking agent for CDs, by electrospinning preparation. The sorption experiments
showed methyl orange adsorption (39.82 mg per gram of membrane) providing an
alternative to traditional filtration technologies for dye removal fromwastewater [92].

Recently, a gelatin/β-CD composite fiber has been reported. Gelatin is a type
of protein produced by the hydrolysis of collagen, and its composites typically
show excellent mechanical strength. The gelatin/β-CD composite was cross-linked
with glutaraldehyde showed high removal capacity of MB, Basic Fuchsin, Brilliant
Blue R, and Malachite Green dyes. After nine cycles of use, the fibers showed high
adsorption efficiency. Figure 7 shows a schematic representation of the Gelatin/β-CD
composite fiber in which is clear that the cross-linking agent can bind CDs units and
gelatine polymer as well as gelatine chains [93].

Concerning the design and synthesis of polymers for sorption of anionic azo
dyes, CDs and starch have been cross-linked with hexamethylene diisocyanate
(HMDI), yielding insoluble resins. Host–guest interaction involving inclusion
complex between β-CD and the azo dyes plays a key role in the mechanism of

Fig. 7 Gelatin/β-CD composite fiber
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dye removal from wastewater. These resins showed a high capacity for the removal
of azo dyes, e.g., Direct Violet 51, Tropaeolin 000 (Orange II), and methyl orange
[94].

More recently, a porous β-CD polymer containing carboxylic acid groups was
obtained and tested as a sorbent of cationicMB,obtaining adye removal of 672mgper
g of material. The results were interpreted in terms of triple effects in the mechanism
of sorption; inclusion complex with β-CD, the porous network of the cross-linked
polymers, and the electrostatic attraction between the cationic dye and the negative
carboxylate groups of the polymer [95].

6 Polymeric Composites and Synthetic Polymers

On the other side, some blends, composites, and mixes are used as an alternative
for the preparation of adsorbent membranes. Some of the most common are the
polymer–metal coagulants, which have been demonstrated to be efficient as adsor-
bents in the cleaning water process, with a remotion of almost 90% of dyes in a
solution [13]. Additionally, the combination or modification of these components
allows the decreasing of the dosage of the metal coagulant reducing toxicity. Other
hybrid materials and composites have been prepared for dye removal [39, 96], the
combination of carbon nanomaterials, inorganic polymers [49], magnetic particles
[39], and natural compounds has been tested. Carbon nanotubes and graphene oxide
(GO) have demonstrated good performance for dye removal [97], and magnetic
nanoparticles aid in the elimination of heavy metals and anionic dyes by coagulation
[98].

In the case of carbon nanomaterials, GO has been mixed with natural or synthetic
polymers to obtain adsorbents for dyes. Abdi et al. modified conventional PES
membranes with magnetic graphene oxide sheets. They prepared a hybrid material
based onmagnetite (Fe3O4), metformin, and GO (metformin/GO/Fe3O4), and then it
was introduced into the PES. The resulting material was able to remove copper ions
by the interaction of Cu2+ with the primary and secondary amines in the metformin;
and the azo dye, Direct Red 16, was retained by supramolecular interactions, π–π
stacking with GO phenolic groups, and hydrogen bonding between carbonyl and
amine groups. The membrane performance was not been affected, it maintains the
water flux and the removal capacity with the addition of only 0.5 wt% of the hybrid
material (metformin/GO/Fe3O4) [99].

Besides, polysaccharides have been mixed with GO for the removal of dyes;
for example, Song et al. prepared a composite made of phosphorylated chitosan
(PCS) PCS-GO by grafting deposited onto polyacrylonitrile (PAN) membranes
(PSC-GO/PAN). By covalent immobilization of the chitosan derivative onto the
GO surface, the separation performance for anionic dyes including Direct Black
38, Ponceau S, Xylenol Orange, NaCl, and Na2SO4, was successful. Additionally,
the PSC-GO/PAN NF membrane showed a good technique for the treatment of salty
anionic dye solutions with antifouling performance [100].
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For crystal violet removal (cationic dye), a composite made of GO and polysac-
charide hydrogels were tested for [101]. The GOwas functionalized with amacroini-
tiator to obtain free vinyl groups on the surface of GO, subsequently, the hydrogel
was cross-linked using the modified GO as a cross-linking agent. The final cross-
linked hydrogel was synthesized by mixing (Acrylic Acid)-co-(2-acrylamido-2-
methylpropane sulfonic acid) poly(AAc-co-AMPSA) and xanthan gum (anionic
polysaccharide) with the previously modified GO. The cross-linked hydrogel was
disposed of as a column for filtration with a successful separation of CV, by hydrogen
bonding and π–π stacking with the hydrogel and the GO sheets. Additionally, the
material demonstrated good performance by eliminating almost 99% of the dye at
neutral pH, and good reusability (useful for 20 adsorption–desorption cycles) [101].

The grafting approach has allowed the incorporation of virtually any material
onto a surface, the last examples used this technique to enhance the versatility and
performance of membranes for filtration and separation of salts and dyes. AAc has
been employed to remove cationic dyes by complexationwith the carboxylate groups.
Gamma radiation has been used to achieve cross-linked polymeric matrixes, and
to modify surfaces; hence, it allowed the fabrication of hydrogels and membranes
for dye removal. Dafader et al. made the modification of cotton (cellulose) with
AAc (AAc-g-cotton) in aqueous media by grafting technique, the final material was
tested for the adsorption of a cationic dye, MB. The authors suggested that the
retention of the dye is due to electrostatic (ionic) interaction between the cationic
group of MB and the anionic group (COO−) of AAc-g-cotton. It is also found that
dye adsorption increases with increased concentration of dye in aqueous solution, the
material showed an adsorption capacity of 16.89 mg/g at room temperature [102].

Additionally, hydrogels have shown good adsorbent behavior through colorants
and pollutants from textile water. PAAc has demonstrated ability to remove cationic
dyes, since the carboxylate groups. Another hydrogel prepared by gamma radiation
showed high adsorption of MB when the contact time with the colored water and the
adsorbent dosage is increased. The poly(vinyl alcohol)/acrylic acid/poly-4-styrene
sulphonic acid hydrogel (PVA/AAc/PSSa) exhibited a removal efficiency at neutral
pH condition and it showed a reusability of four cycles [103].

As well as other polysaccharides, pectin has been combined with AAc to synthe-
size hydrogels for MB removal. Abdullah et al. used gamma and microwave (MW)
radiation to obtain pectin-based hydrogels. The pectin was extracted from the dragon
fruit peel waste (Hylocereus polyrhizus), and two different hydrogels were obtained,
the first using MW polymerization and the second by gamma rays. Both hydrogels
exhibited excellent performance in absorbing aqueous solution (tested by swelling)
and MB in alkaline medium, although, the hydrogels prepared using gamma radi-
ation showed better performance with about 45% of absorbency with 20 mg of the
sample [104].

Also, azo dyes can be removed using hydrogels, it totally depends on de-chemical
structure of the polymer and dye. Methacrylates, similar to acrylates, have been
used to prepare adsorbent hydrogels. Hydrogels from 2-hydroxyethylmethacrylate
(HEMA), methacrylate derivatives, and PVAwere synthesized by Gupta and Sadegh
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group in 2015 as an adsorbent for the removal of Malachite green and Congo Red at
pH 9 [105].

As a final example of synthetic polymers being used for this mean, a 2018 paper
by Hernandez–Martinez and collaborators dealt with the synthesis of a cross-linked
systemusingN,N-dimethylacrylamide and2-hydroxyethylmethacrylate usingAIBN
as a polymerization initiator in an inert atmosphere. This workmeasured the swelling
capabilities of these materials obtaining outstanding swelling in a couple of hours
and uptakes of MB up to 30–40 mg/g at high concentration of dye on the initial
solution [106].

7 Conclusion

The extensive use of dyes in a variety of industries and their incorrect disposal pose
a serious threat to both the environment and human health due to concerns about the
safety of the dyes once they entered water sources. The solution for this effect has,
in recent years, developed from a handful of techniques, which, although effective,
were costly, not as effective, or even generating secondary pollution. Nowadays,
there exist the possibility of designing functional polymeric systems for removing
dyes and related pollutants from water sources through cleaner and more effective
methods profiting from the chemical composition of novel polymer systems, which
are both derived from classical chemical synthesis and the derivatization of existing
natural polymers. In the future, the utilization ofmore advanced systems that combine
mechanisms like size exclusion, supramolecular interaction, and electrostatic forces
will probably arise as means of effective wastewater purification for both dyes and
many other pollutants.
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35. Janoš P, Coskun S, Pilařová V, Rejnek J (2009) Removal of basic (Methylene Blue) and
acid (Egacid Orange) dyes from waters by sorption on chemically treated wood shavings.
Bioresour Technol 100(3):1450–1453

36. Sanghi R, Bhattacharya B, Singh V (2006) Use of Cassia javahikai seed gum and gum-g-
polyacrylamide as coagulant aid for the decolorization of textile dye solutions. Bioresour
Technol 97(10):1259–1264

37. Lau Y-Y, Wong Y-S, Teng T-T, Morad N, Rafatullah M, Ong S-A (2014) Coagulation-
flocculation of azo dye acid orange 7 with green refined laterite soil. Chem Eng J
246:383–390

38. Luo X, Zhan Y, Huang Y, Yang L, Tu X, Luo S (2011) Removal of water-soluble acid dyes
from water environment using a novel magnetic molecularly imprinted polymer. J Hazard
Mater 187(1–3):274–282

39. Huang L, He M, Chen B, Cheng Q, Hu B (2017) Facile green synthesis of magnetic porous
organic polymers for rapid removal and separation of methylene blue. ACS Sustain Chem
Eng. 5(5):4050–4055

40. Oatley-Radcliffe DL, Walters M, Ainscough TJ, Williams PM, Mohammad AW, Hilal N
(2017) Nanofiltration membranes and processes: a review of research trends over the past
decade. J Water Process Eng 19:164–71

41. Shokri Doodeji M, Zerafat M, Mahdi Zerafat M (2018) A review on the applications of
nanofiltration in virus removal and pharmaceutical industries. Glob J Nanomed 3

42. Lau WJ, Ismail AF (2009) Polymeric nanofiltration membranes for textile dye wastewater
treatment: preparation, performance evaluation, transport modelling, and fouling control–a
review. Desalination 245(1–3):321–348

43. Gunawan FM, Mangindaan D, Khoiruddin K, Wenten IG (2019) Nanofiltration membrane
cross-linked by m-phenylenediamine for dye removal from textile wastewater. Polym Adv
Technol 30(2):360–367

44. Liu C, Cheng L, Zhao Y, Zhu L (2017) Interfacially crosslinked composite porous membranes
for ultrafast removal of anionic dyes from water through permeating adsorption. J Hazard
Mater 337:217–225

45. Ba C, Langer J, Economy J (2009) Chemical modification of P84 copolyimide membranes
by polyethylenimine for nanofiltration. J Memb Sci. 327(1–2):49–58

46. Zhao S, Ba C, Yao Y, Zheng W, Economy J, Wang P (2018) Removal of antibiotics using
polyethylenimine cross-linked nanofiltration membranes: relating membrane performance to
surface charge characteristics. Chem Eng J 335:101–109



286 M. A. Velazco-Medel et al.

47. Wang X, Ju X, Jia TZ, Xia QC, Guo JL, Wang C et al (2018) New surface cross-linking
method to fabricate positively charged nanofiltration membranes for dye removal. J Chem
Technol Biotechnol 93(8):2281–2291

48. Mangindaan D, Kasih TP (2020) Diaminoethane-crosslinked polyetherimide nanofiltration
membrane for textile wastewater dye removal. IOPConf Ser Earth Environ Sci 426(1):012112

49. Li Q, Liao Z, Fang X, Wang D, Xie J, Sun X et al (2019) Tannic acid-polyethyleneimine
crosslinked loose nanofiltration membrane for dye/salt mixture separation. J Memb Sci.
584:324–332

50. Mo JH, Lee YH, Kim J, Jeong JY, Jegal J (2008) Treatment of dye aqueous solutions using
nanofiltration polyamide composite membranes for the dye wastewater reuse. Dye Pigment
76(2):429–434

51. Fang LF, Zhou MY, Cheng L, Zhu BK, Matsuyama H, Zhao S (2019) Positively charged
nanofiltration membrane based on cross-linked polyvinyl chloride copolymer. J Memb Sci
572:28–37

52. Qureshi MA, Nishat N, Jadoun S, Ansari MZ (2020) Polysaccharide based superabsorbent
hydrogels and theirmethods of synthesis: a review. Carbohydr PolymTechnol Appl 1:100014.
https://doi.org/10.1016/j.carpta.2020.100014

53. Crini G, Badot PM (2010) Starch-based biosorbents for dyes in textile wastewater treatment.
Int J Environ Technol Manag 12(2–4):129–150

54. Panic V, Seslija S, Nesic A, Velickovic S (2013) Adsorption of azo dyes on polymer materials.
Hem Ind 67(6):881–900. http://www.doiserbia.nb.rs/Article.aspx?ID=0367-598X1300020P

55. Tan KB, Vakili M, Horri BA, Poh PE, Abdullah AZ, Salamatinia B (2015) Adsorption of
dyes by nanomaterials: recent developments and adsorption mechanisms. Sep Purif Technol
150:229–242. https://doi.org/10.1016/j.seppur.2015.07.009

56. Qamar SA, AshiqM, Jahangeer M, Riasat A, Bilal M (2020) Chitosan-based hybrid materials
as adsorbents for textile dyes–a review. Case Stud Chem Environ Eng 2:100021. https://doi.
org/10.1016/j.cscee.2020.100021

57. Zainal SH, Mohd NH, Suhaili N, Anuar FH, Lazim AM, Othaman R (2021) Preparation of
cellulose-based hydrogel: a review. JMater Res Technol 10:935–952. https://doi.org/10.1016/
j.jmrt.2020.12.012

58. Crini G (2014) Review: a history of cyclodextrins. Chemical Reviews 114:10940–10975
59. Davis ME, Brewster ME (2004) Cyclodextrin-based pharmaceutics: past, present and future.

Nat Rev Drug Disc 3:1023–1035
60. Taleb MFA, El-Mohdy HLA, El-Rehim HAA (2009) Radiation preparation of PVA/CMC

copolymers and their application in removal of dyes. J Hazard Mater 168(1):68–75
61. Yan L, Shuai Q, Gong X, Gu Q, Yu H (2009) Synthesis of microporous cationic hydrogel of

hydroxypropyl cellulose (HPC) and its application on anionic dye removal. Clean Soil Air
Water 37(4–5):392–8. https://doi.org/10.1002/clen.200900006

62. ZhouY, Fu S, LiuH,Yang S, ZhanH (2011) Removal ofmethylene blue dyes fromwastewater
using cellulose-based superadsorbent hydrogels. Polym Eng Sci 51(12):2417–24. https://doi.
org/10.1002/pen.22020

63. Liang L, Zhang S, Goenaga GA,Meng X, Zawodzinski TA, Ragauskas AJ (2020) Chemically
cross-linked cellulose nanocrystal aerogels for effective removal of cation dye. Front Chem
8:1–9

64. Liang L, Huang C, Hao N, Ragauskas AJ (2019) Cross-linked poly(methyl vinyl ether-co-
maleic acid)/poly(ethylene glycol)/nanocellulosics foams via directional freezing. Carbohydr
Polym 213:346–351. https://doi.org/10.1016/j.carbpol.2019.02.073

65. YangH, Sheikhi A, VanDeVen TGM (2016) Reusable green aerogels from cross-linked hairy
nanocrystalline cellulose and modified chitosan for dye removal. Langmuir 32(45):11771–
11779

66. Sethi S, Kaith BS, Kaur M, Sharma N, Khullar S (2020) A hydrogel based on dialdehyde
carboxymethyl cellulose–gelatin and its utilization as a bio adsorbent. J Chem Sci 132(1).
https://doi.org/10.1007/s12039-019-1700-z

https://doi.org/10.1016/j.carpta.2020.100014
http://www.doiserbia.nb.rs/Article.aspx%3FID%3D0367-598X1300020P
https://doi.org/10.1016/j.seppur.2015.07.009
https://doi.org/10.1016/j.cscee.2020.100021
https://doi.org/10.1016/j.jmrt.2020.12.012
https://doi.org/10.1002/clen.200900006
https://doi.org/10.1002/pen.22020
https://doi.org/10.1016/j.carbpol.2019.02.073
https://doi.org/10.1007/s12039-019-1700-z


Cross-Linked Polymer-Based Adsorbents and Membranes for Dye Removal 287

67. Delval F, Crini G, Bertini S, Filiatre C, Torri G (2005) Preparation, characterization and
sorption properties of crosslinked starch-based exchangers. Carbohydr Polym 60(1):67–75

68. Delval F, Crini G, Morin N, Vebrel J, Bertini S, Torri G (2002) The sorption of several types
of dye on crosslinked polysaccharides derivatives. Dye Pigment 53(1):79–92

69. Šimkovic I, Laszlo JA, Thompson AR (1996) Preparation of a weakly basic ion exchanger
by crosslinking starch with epichlorohydrin in the presence of NH4OH1. Carbohydr Polym
30(1):25–30

70. Xu S, Wang J, Wu R, Wang J, Li H (2006) Adsorption behaviors of acid and basic dyes on
crosslinked amphoteric starch. Chem Eng J 117(2):161–167

71. Hao Z, Yi Z, Bowen C, Yaxing L, Sheng Z (2019) Preparing γ-cyclodextrin-immobilized
starch and the study of its removal properties to dyestuff from wastewater. Polish J Environ
Stud. 28(3):1701–1711

72. Janaki V, Vijayaraghavan K, Oh B, Lee K, Muthuchelian K, Ramasamy AK, et al (2012)
Starch/polyaniline nanocomposite for enhanced removal of reactive dyes from synthetic
effluent. Carbohydr Polym 90(4):1437–44. https://linkinghub.elsevier.com/retrieve/pii/S01
44861712006686

73. Guo J, Wang J, Zheng G (2019) Synthesis of cross-linking cationic starch and its adsorption
properties for reactive dyes. IOP Conf Ser Earth Environ Sci 227(6)

74. Mandal B, Ray SK (2015) Synthesis, characterization, swelling and dye adsorption properties
of starch incorporated acrylic gels. Int J Biol Macromol 81:847–57. https://doi.org/10.1016/
j.ijbiomac.2015.08.050

75. Xing G, Liu S, Xu Q, Liu Q (2012) Preparation and adsorption behavior for brilliant blue X-
BR of the cost-effective cationic starch intercalated clay composite matrix. Carbohydr Polym
87(2):1447–1452. https://doi.org/10.1016/j.carbpol.2011.09.038

76. Xu H, Canisag H, Mu B, Yang Y (2015) Robust and flexible films from 100% starch cross-
linked by biobased disaccharide derivative. ACS Sustain Chem Eng 3(11):2631–2639

77. Phoothong F, Boonmahitthisud A, Tanpichai S (2019) Using borax as a cross-linking agent
in cellulose-based hydrogels. IOP Conf Ser Mater Sci Eng 600(1)

78. FengK,WenG (2017)Absorbed Pb2+ andCd2+ ions inwater by cross-linked starch xanthate.
Int J Polym Sci 2017

79. Crini G (2006) Non-conventional low-cost adsorbents for dye removal: a review. Bioresour
Technol 97(9):1061–85. https://linkinghub.elsevier.com/retrieve/pii/S0960852405002452

80. Dhiman N, Shukla SP, Kisku GC (2017) Statistical optimization of process parameters for
removal of dyes from wastewater on chitosan cenospheres nanocomposite using response
surface methodology. J Clean Prod 149:597–606. https://doi.org/10.1016/j.jclepro.2017.
02.078

81. Barik B, Nayak PS, Achary LSK, Kumar A, Dash P (2019) Synthesis of alumina-based
cross-linked chitosan-HPMC biocomposite film: an efficient and user-friendly adsorbent for
multipurpose water purification. New J Chem 44(2):322–337

82. Zhao F, Repo E, Yin D, Chen L, Kalliola S, Tang J et al (2017) One-pot synthesis of trifunc-
tional chitosan-EDTA-β-cyclodextrin polymer for simultaneous removal ofmetals andorganic
micropollutants /. Sci Rep 7(1):1–14

83. ChiouMS, Li HY (2003) Adsorption behavior of reactive dye in aqueous solution on chemical
cross-linked chitosan beads. Chemosphere 50(8):1095–1105

84. Ekici S,GüntekinG,SaraydinD (2011)The removal of textile dyeswith cross-linked chitosan-
poly(acrylamide) adsorbent hydrogels. Polym–Plast Technol Eng 50(12):1247–1255

85. JawadAH, Abdulhameed AS,Mastuli MS (2020)Mesoporous crosslinked chitosan-activated
charcoal composite for the removal of thionine cationic dye: comprehensive adsorption and
mechanism study. J PolymEnviron 28(3):1095–105. https://doi.org/10.1007/s10924-020-016
71-5

https://linkinghub.elsevier.com/retrieve/pii/S0144861712006686
https://doi.org/10.1016/j.ijbiomac.2015.08.050
https://doi.org/10.1016/j.carbpol.2011.09.038
https://linkinghub.elsevier.com/retrieve/pii/S0960852405002452
https://doi.org/10.1016/j.jclepro.2017.02.078
https://doi.org/10.1007/s10924-020-01671-5


288 M. A. Velazco-Medel et al.

86. Salzano de Luna M, Castaldo R, Altobelli R, Gioiella L, Filippone G, Gentile G, et al
(2017) Chitosan hydrogels embedding hyper-crosslinked polymer particles as reusable broad-
spectrum adsorbents for dye removal. Carbohydr Polym 177:347–54. https://doi.org/10.1016/
j.carbpol.2017.09.006

87. Wang J, Cheng G, Lu J, Chen H, Zhou Y (2020) PDA-cross-linked beta-cyclodextrin: a novel
adsorbent for the removal of BPA and cationic dyes. Water Sci Technol 81(11):2337–2350

88. Trotta F (2016) Cyclodextrin in membranes. In: Encyclopedia of membranes. Springer Berlin
Heidelberg, Berlin, Heidelberg, pp 505–507

89. Wang Z, Guo S, Zhang B, Fang J, Zhu L (2020) Interfacially crosslinked β-cyclodextrin
polymer composite porous membranes for fast removal of organic micropollutants fromwater
by flow-through adsorption. J Hazard Mater 384:121187

90. Allabashi R, Arkas M, Hörmann G, Tsiourvas D (2007) Removal of some organic pollutants
in water employing ceramicmembranes impregnatedwith cross-linked silylated dendritic and
cyclodextrin polymers. Water Res 41(2):476–486

91. Ghemati D, Aliouche D (2014) Dye adsorption behavior of polyvinyl
alcohol/glutaraldehyde/β-cyclodextrin polymer membranes. J Appl Spectrosc 81(2):257–263

92. Meng N, Zhou NL, Zhang SQ, Shen J (2009) Synthesis and antifungal activities of
polymer/montmorillonite-terbinafine hydrochloride nanocomposite films. Appl Clay Sci
46(2):136–140

93. Chen Y, Ma Y, Lu W, Guo Y, Zhu Y, Lu H, et al (2018) Environmentally friendly gelatin/β-
cyclodextrin composite fiber adsorbents for the efficient removal of dyes from wastewater.
Molecules 23(10)

94. Ozmen EY, Sezgin M, Yilmaz A, Yilmaz M (2008) Synthesis of β-cyclodextrin and
starch based polymers for sorption of azo dyes from aqueous solutions. Bioresour Technol
99(3):526–531

95. Jiang HL, Lin JC, Hai W, Tan HW, Luo YW, Xie XL et al (2019) A novel crosslinked β-
cyclodextrin-based polymer for removing methylene blue from water with high efficiency.
Coll Surf A Physicochem Eng Asp 560:59–68

96. Pei R, Fan L, Zhao F, Xiao J, YangY, Lai A, et al (2020) 3D-Printedmetal-organic frameworks
within biocompatible polymers as excellent adsorbents for organic dyes removal. J Hazard
Mater 384:121418

97. Shabaan OA, Jahin HS, Mohamed GG (2020) Removal of anionic and cationic dyes from
wastewater by adsorption using multiwall carbon nanotubes. Arab J Chem 13(3):4797–4810

98. Bober P, Minisy IM, Acharya U, Pfleger J, Babayan V, Kazantseva N, et al (2020) Conducting
polymer composite aerogel with magnetic properties for organic dye removal. Synth Met
260:116266

99. Abdi G, Alizadeh A, Zinadini S, Moradi G (2018) Removal of dye and heavy metal ion using
a novel synthetic polyethersulfone nanofiltration membrane modified by magnetic graphene
oxide/metformin hybrid. J Memb Sci 552:326–335

100. Song Y, Sun Y, Chen M, Huang P, Li T, Zhang X, et al (2020) Efficient removal and fouling-
resistant of anionic dyes by nanofiltration membrane with phosphorylated chitosan modified
graphene oxide nanosheets incorporated selective layer. J Water Process Eng 34:101086

101. Mittal H, Al Alili A, Morajkar PP, Alhassan SM (2021) Graphene oxide crosslinked hydrogel
nanocomposites of xanthan gum for the adsorption of crystal violet dye. JMol Liq 323:115034

102. Dafader NC, Rahman N, AlamMF (2014) Study on grafting of acrylic acid onto cotton using
gamma radiation and its application as dye adsorbent. 2(1):37–40

103. Azady MAR, Alam MS, Paul SC, Rahaman MS, Sultana S, Hasnine SMM et al (2021)
Preparation and Characterization Of Gamma Radiation Assisted Poly-Vinyl Alcohol/Acrylic
Acid/Poly-4-Styrene Sulphonic Acid Based Hydrogel: Application For Textile Dye Removal.
J Polym Environ 29(2):520–537

104. Abdullah MF, Azfaralariff A, Lazim AM (2018) Methylene blue removal by using pectin-
based hydrogels extracted from dragon fruit peel waste using gamma andmicrowave radiation
polymerization techniques. J Biomater Sci Polym Ed 29(14):1745–1763

https://doi.org/10.1016/j.carbpol.2017.09.006


Cross-Linked Polymer-Based Adsorbents and Membranes for Dye Removal 289

105. Gupta VK, Tyagi I, Agarwal S, Sadegh H, Shahryari-ghoshekandi R, Yari M et al (2015)
Experimental study of surfaces of hydrogel polymers HEMA, HEMA–EEMA–MA, and PVA
as adsorbent for removal of azo dyes from liquid phase. J Mol Liq 206:129–136

106. Hernandez-Martínez AR, Lujan-Montelongo JA, Silva-Cuevas C, Mota-Morales JD, Cortez-
Valadez M, Ruíz-Baltazar Á de J, et al (2018) Swelling and methylene blue adsorption
of poly(N,N-dimethylacrylamide-co-2-hydroxyethyl methacrylate) hydrogel. React Funct
Polym 122:75–84. https://doi.org/10.1016/j.reactfunctpolym.2017.11.008

https://doi.org/10.1016/j.reactfunctpolym.2017.11.008

	 Cross-Linked Polymer-Based Adsorbents and Membranes for Dye Removal
	1 Introduction
	2 Cross-Linked Polymers Based on Natural and Synthetic Polysaccharides: Starch, Chitosan, Cellulose, and Cyclodextrins
	2.1 Cross-Linked Systems Based on Cellulose

	3 Cross-Linked Systems Based on Starch
	4 Cross-Linked Systems Based on Chitosan
	5 Cross-Linked Systems Based on Cyclodextrins (CDs)
	6 Polymeric Composites and Synthetic Polymers
	7 Conclusion
	References


