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Gum polysaccharides are one of the most abundant bio-based polymers. They are gener-
ally derived from plants as exudates or from microorganisms and have diverse applications
in many industries, especially in the food industries where they are used as emulsifiers and
thickeners. In their natural form, gum polysaccharides have poor mechanical and physical
properties; therefore, they are frequently modified with various synthetic monomers such as
acrylamide and acrylic acid using graft copolymerization. Graft copolymerization is one of the
most trusted and widely used synthetic methods for the modification of gum polysaccharides.
Gum polysaccharides modified in this way have improved mechanical and physicochemical
properties. Furthermore, gum polysaccharides contain a variety of functional groups, for
example, carboxylic acid and hydroxyl groups; therefore, they have been used extensively as
adsorbents for the removal of different impurities from wastewater such as toxic heavy metal
cations and synthetic dyes. Here, the chemical and phys-
ical properties of gum polysaccharides, different methods
of graft copolymerization, and the use of graft copolymer
gum-polysaccharide-based hydrogels are reviewed in detail
for the removal of toxic heavy metal cations and synthetic
dyes from aqueous solutions.
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due to differences in degree of polymerization, monosac-
charide composition, chain shapes, and linkage types.
Gum polysaccharides are commonly used in both food
and nonfood industries as stabilizers, thickening and gel-
ling agents, crystallization inhibitors, and encapsulating
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extracellular substances in plants and microorganisms.[!
Gums are frequently produced by higher plants as a pro-
tective mechanism following injury. On hydrolysis, simple
sugar units, such as arabinose, galactose, glucose, man-
nose, xylose, and uronic acids are obtained.! Natural gums
are well known for their swelling characteristics in water,
and most of their properties depend on these swelling
characteristics. Therefore, gum polysaccharides can be
classified (refer to Table 1) on the basis of their origin and
gelation properties.

Gum polysaccharides have several advantages over
other gel agents, such as environmental friendliness, ease
of availability, low cost, and the ease of modification for
different end use applications. Besides these advantages,
in their natural, unmodified form, gum polysaccharides
have several disadvantages, for example, they have very
poor mechanical properties, which restrict their range
of use. However, these limitations can be overcome by
chemical modification of the gums with synthetic mono-
mers, such as acrylic acid (AA), acrylamide (AAM), methy-
acrylic acid (MAA), and other vinyl monomers. 25

Graft copolymerization of gum polysaccharides with
different vinyl monomers is one of the most studied and
reliable techniques for the modification of these biopoly-
mers. In last few years, interest has increased concerning
the synthesis of graft-copolymer-based polysaccharides,
which allows the combination of the advantageous fea-
tures of synthetic and natural polymers. In this direction,
graft copolymerization of vinyl monomers onto polysac-
charide chains is the most promising technique because
functionalization of the biopolymers imparts desirable
properties increasing their potential uses.[6”! Grafting can
be achieved by conventional redox grafting methods, !
microwave irradiation,!®-1% y-irradiation,[*?! or by electron
beams.[*3]

Over the last half-century, many gum-polysaccharide-
based graft copolymers have been investigated for various
applications, such as emulsifiers, drug delivery devices,
stabilizers, and thickeners in pharmaceuticals, cosmetics,
textiles, and lithography.*415] Gum polysaccharides con-
tain many functionalities in their chemical structure,
therefore, their graft copolymers and nanocomposites have
been widely used as adsorbents for the removal of impu-
rities, such as dyes and heavy metal ions from aqueous
solutions.['6-19 The main advantage of using gum-poly-
saccharide-based graft copolymers as adsorbents is their
environmental-friendly nature; however, additional advan-
tages include the ease to which their structure may be
tailored according to the nature of the pollutant. Most gum
polysaccharides, except chitosan, are anionic in nature, so
they efficiently remove cationic impurities such as cationic
dyes (e.g., methylene blue, malachite green (MG), rhoda-
mine B, etc.) and heavy metal cations such as Pb?', Cu?*,
Cd?*, and Hg?+13161820-38] O the other hand, chemically
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modified graft copolymers of gum polysaccharides also
show potential for the removal of anionic impurities such
as anionic dyes (e.g., Congo red and methyl orange).131:39-42

Recently, couple of articles summarized the -chi-
tosan-* and chitin/*4-based adsorbents for the removal
of different impurities from wastewater but, to the best of
our knowledge, there is no literature available about the
grafting and/or blending of gum polysaccharides with
synthetic polymers for the development of efficient and
environmentally friendly adsorbents for the wastewater
treatment. This review aims to give an overview of the
chemical properties of different gum polysaccharides,
different methods of their graft copolymerization, and
examples of their use as adsorbents for the removal of
different pollutants from aqueous solutions.

2. Structure and Properties of Gum
Polysaccharides

2.1. Gum Xanthan

Gum xanthan is a gram negative, yellow-pigmented, bac-

terium-derived anionic polysaccharide obtained from the
bacterial coat of Xanthomonas campestris (X. campestris)
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M Table 1. Classification of gum polysaccharides. Reproduced with permission.'l 201, Elsevier Science Ltd.

Basis Class

Examples

Origin Seed gums

Plant exudates

Microbial exudates (fermentation)

Seaweed

Gelation behavior Cold-set gels (form gels on cooling the

solution)

Heat = set gels (form gels on
heating the solution)

Reentrant gels (from which
galactose residues are removed)

Chemical structure Galactomannans

Glucomannans

Uronic acid containing gums

and is generally produced by the fermentation of glucose,
sucrose, or lactose by the X. campestris bacterium. The
fermented solution is precipitated using isopropyl alcohol,
dried, converted into fine powder, and added to a liquid
medium to form the gum. It is highly soluble in water and
a very low concentration of xanthan gum leads to a highly
viscos solution.

In the xanthan gum main chain, pentasaccharide
repeating units of p-glucose are joined through the
B-1 position of one unit to the 4-position of the next
unit, similar to the chemical structure of cellulose. The
main chain of xanthan gum comprised of (1—4)-linked
B-p-glucopyranose units, is attached at the C-3 position
to trisaccharide side-chains of alternating sugar resi-
dues. The side chain is made up of two mannose resi-
dues and a glucuronic acid residue. In the terminal por-
tion, B-o-mannopyranose residues are (1—4)-linked to
B-p-glucuronic acid residues and these are, in turn, (1—2)-
linked to nonterminal o-p-mannopyranose residues.[45-47]
Figure 1a shows the molecular structure of xanthan gum.
The 6-OH groups of the nonterminal p-mannopyranose
residue are present as acetic acid esters, and the pyruvate
acetal groups are located on the p-mannopyranosyl end
groups of the side-chains. Modification of polysaccha-
ride chain conformation and its characteristics depends
upon the different glycosidic linkages in the main chain.
Pyruvic acid, attached to the terminal carbohydrate of
the side chains, adds another carboxylate group, and
xanthan gums with different levels of pyruvate have
different rheological properties. The main constituents
of xanthan gum are glucose, mannose, glucoronic acid,
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Guar gum (guar beans), karaya gum (Sterculia gum)

Gum tragacanth (Astragalus shrubs), chicle gum (from Chicle tree),
konjac glucomannan (from konjac plant), gum arabic

(Acacia tree), gum ghatti (sap of Anogeissus tree), locust bean gum
(carob tree), mastic gum (mastic tree)

Gellan gum, xanthan gum, tara gum (tara tree), spruce gum
(spruce tree)

Sodium alginate, alginic acid

Gellan gum
Konjac glucomannan
Xyloglucan

Fenugreek gum, guar gum, locust bean gum
Konjac glucomannan

Xanthan gum

acetate, and pyruvate, and they are present in the ratio
37:43.4:19.5:4.5:4.4, respectively.[*’]

Xanthan gum is mainly used as thickener and sta-
bilizer in industry because of its high viscosity in com-
parison to other polysaccharides. The viscosity of the
xanthan gum solutions is independent of temperature
and is virtually constant over a range from boiling to
freezing point of pure water. Xanthan gum is com-
pletely biodegradable using certain microorganisms
under controlled conditions, but it is resistant to degra-
dation using enzymes such as protease, pectinase, and
amylase. Due to its extraordinary properties, xanthan
gum is used extensively in both food and pharmaceu-
tical industries.[484°]

Graft copolymers of xanthan gum were prepared
with different vinyl monomers, such as AA, MAA, and
AAM, and used for different applications.3347.50-53] For
example, a hydrogel nanocomposite of the graft copol-
ymer of xanthan gum and a copolymer mixture of AA
and AAM with Fe;0, magnetic nanoparticles success-
fully adsorbed MG from aqueous solutions. The pre-
pared hydrogel nanocomposite has a maximum adsorp-
tion capacity of 497.15 mg g .24 In another study, a
xanthan gum graft copolymer was used for the syn-
thesis of nanosilica within the polymer matrix, and
the resultant nanocomposite was used as adsorbent
for the adsorption of Pb?* ions and Congo red from the
aqueous solution.52°2 However, the nanocomposite
did not have a good adsorption capacity for Congo red
(209.205 mg g1).51 1t did, however, have a high adsorp-
tion capacity for Pb2* (537.634 mg g1).52 The adsorption
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Figure 1. Molecular structure of a) xanthan gum, b) gum ghatti, c) gum arabic, d) guar gum, e) tragacanthic acid, and f) G-block, M-block,
and alternating blocks in alginate. Molecular structure of g) different carrageenans and (b) chitosan.

capacity of this hydrogel nanocomposite for cationic = nanocomposite was used for the adsorption of cationic
pollutants was further enhanced by hydrolysis of its  dyes, i.e.,, methylene blue (MB) and methyl violet (MV)
free hydroxyl groups, and the synthesized hydrogel  from aqueous solution.!°]
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2.2. Gum Ghatti

Gum ghatti is an odour-less exudate of the tree Anogeissus
latifolia belongs to the Combretaceae family and the exu-
date color varies from very light to dark brown. It is a
complex anionic polysaccharide, thus, the exact molec-
ular weight of gum ghatti is not known. The molecular
structure [Figure 1b] of gum ghatti contains r-arabinose,
p-galactose, p-mannose, p-xylose, and bp-glucoronic acid
in the molar ratio of 48:29:10:5:1054 and has alternating
4-O-subsituted and 2-O-subsituted o-p-mannopyranose
units and chains of 1—6 linked [3-p-galactopyranose units
attached to a single r-arabinofuranose residue.25°

Gum ghatti powder has been shown to have huge
medicinal benefits including strengthen the immune
system.[?] It is a common ingredient in glyconutrient sup-
plements which are used to provide the eight essential
sugars used for cell communication including stimula-
tion of the immune system and reduction of the effects of
various neurological diseases and autoimmune diseases.
Over the past years it has been commonly used to reduce
cholesterol levels and accelerate the wounds healing pro-
cess.l?l in addition, it has the capability to reduce the side
effects after chemotherapy and decelerate the consump-
tion of sugars in the intestine of diabetic patients.[*¢! This
substance has also shown the potential to slow down the
signs of ageing and can be consumed as a weight loss
supplement. No reports of major side effects or drug inter-
actions due to gum ghatti powder have been made, how-
ever, it has been reported that excessive use of gum ghatti
powder can lead to a laxative effect.[2>4-56]

In our ongoing work, we have synthesized hydrogel poly-
mers of gum ghatti with different vinyl monomers using
the free-radical graft copolymerization technique.[>102327.28]
The main advantage of the gum ghatti based graft copoly-
mers is that they are fully biodegradable.®*%! Moreover,
they are highly adsorbent. We have used gum ghatti based
hydrogels and nanocomposites with different metal nano-
particles, such as Fe;0,, for the removal of different impuri-
ties, for example, cationic dyes (i.e., MB, rhodamine B (RB),
MG, and MV) and heavy metal cations, such as Pb?" and
Cu?*, from aqueous solutions.[222325-28] The graft copoly-
mers of gum ghatti have better adsorption capacities for
cationic impurities as compared to the graft copolymers of
other gum polysaccharides.

2.3. Gum Arabic

Gum arabic is one of the oldest known plant gum poly-
saccharides. The name originates from the Arabs who first
traded it. It is a highly branched acidic heteropolysaccha-
ride, an exudate of the tree Acacia, belonging to the family
Leguminosae. About 500 species of Acacia trees are found
to produce the gum arabic and are mainly grown in the
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tropical and sub-tropical areas of Africa, India, Australia,
Central America, and south-west North America. However,
the exudate obtained from the Acacia Senegal tree is the
commercially most valuable because it is produced natu-
rally as large nodules during a process called gummosis to
seal wounds in the bark of the tree. It is highly soluble in
water, which makes gum arabic unique among the natural
gum polysaccharides.*”) This hydrocolloid finds a number
of applications, for example, as a flavoring, in confec-
tionery, brewing, pharmaceuticals, cosmetics, lithography,
inks, and textiles.57-63] It is also widely used in the bev-
erage industry to stabilize flavors and essential oils, e.g., in
soft-drink concentrates.[®4!

Figure 1c shows the molecular structure of gum arabic.
It is a complex highly branched polysaccharide with main
chain comprised of (1—3)-B-p-galactopyranosyl units
and side chains composed of r-arabinofuranosyl, 1-rham-
nopyranosyl, p-galactopyranosyl, and b-glucopyranosyl
uronic acid units.®%62] From detailed studies of its struc-
ture, it was found to consist of three main fractions:[63!
(a) the crucial unit is a highly branched polysaccharide
(M = 3 x 10> g mol™), made up of B-(1—3) galactose back-
bone with linked branches of arabinose and rhamnose,
which terminate in glucuronic acid (found in nature as
magnesium, calcium, and potassium salts); (b) less crucial
one is a higher molecular weight (=1 x 10% g mol™?) ara-
binogalactan-protein complex (GAGP-GA glycoprotein),
which is composed of arabinogalactan (=13% by mole glu-
coronic acid) chains covalently bonded to a protein chain
through serine and hydroxyproline groups; (c) the least
fraction one is a glycoprotein (=50 wt%) having a different
amino acids composition to that of the GAGP complex.[64]

In a recent study, semi-interpenetrating network (IPN)
hydrogels of gum arabic were prepared with a copolymer
mixture of poly(hydroxyethylmethacrylate-co-acrylic acid)
(p(HEMA-co-AA)) using ammonium persulfate (APS) and
N,N’-methylene-bis-acrylamide (MBA) as the initiator
and crosslinker, respectively. The synthesized semi-IPN
hydrogel was used for the in situ generation of silver nano-
particles.4 Smart hydrogels composed of gum arabic
with AAM, potassium acrylate, and Fe;0, magnetic nano-
particles were also synthesized, and the stimuli-responsive
swelling behavior of the hydrogel in response to changes
in a magnetic field was studied.’*] pH and temperature-
responsive hydrogels of gum arabic containing AAM were
synthesized and used for the treatment of saline water.6]
Gum arabic and Fe;0, magnetic nanoparticle-based adsor-
bents were used for the rapid and effective adsorption
of Cu?" ions from aqueous solution. Equilibrium for the
adsorption of 200 mg L solutions of Cu?* was reached in
only 2 min using this gum-arabic-based magnetic adsor-
bent. The authors attributed this rapid adsorption rate to
external surface adsorption, assuming that all the adsorp-
tion sites are present on the exterior of the adsorbent.3%
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In another study, a polymer blend of carboxymethyl cellu-
lose (CMC) and gum arabic was used for the adsorption of
basic as well as acidic dyes.[7]

2.4. Guar Gum

Guar gum is a water soluble and nonionic plant poly-
saccharide, obtained from the seeds of the plant Cya-
mopsis tetragonoloba. It is found to degrade at pH 3.0 and
50 °C but the ionic strength does not have any effect on
molecular structure.[®8 Figure 1d shows the molecular
structure of guar gum, which is composed of (1—4)-
linked B-p-mannopyranose units attached with the
side chains of (1—6)-linked-a-p-galactopyranose.[69 It
is a water-soluble fiber that acts as a bulk forming laxa-
tive and is claimed to be effective in promoting regular
bowel movements and to relieve constipation and related
chronic bowel ailments, including diverticulosis, Crohn'’s
disease, colitis, and irritable bowel syndrome.[7°] The graft
copolymers of guar gum have also shown their potential
as adsorbents for the adsorption of various cationic and
anionic impurities from wastewater.*07972l The main
advantage of guar gum is that it is non-ionic in nature,
therefore, it is very easy to tailor it to a target pollutant
by modification. The graft copolymers of guar gum have
good adsorption capacities for the removal of different
toxic metal cations, such as Pb?!, Cu?', and methylene
blue from aqueous solutions. A graft copolymer of guar
gum with PAAM was used for the removal of Cr®" ions
from wastewater with a significantly high adsorption
capacity of 588.24 mg g.14]

2.5. Gum Tragacanth

Gum tragacanth is a highly branched heterocyclic poly-
saccharide with a spheroidal molecular shape. It is a gummy
exudate of Astragalus gummifer Labillardiere or other asi-
atic species of the genus Astragalus, mainly found in Iran
and Turkey.”3] It is mainly composed of two components,
ie,, tragacanthin, which is a water soluble component, and
tragacanthic acid, which is water insoluble.”37*] When
the gum is added to water, water soluble part dissolves to
form a viscous solution, whereas insoluable part swells to
form soft and adhesive gel-like structure.[”®! The molecular
structure presented in Figure le made up of a main chain
of repeating p-galactose residues to which chains of 1-ara-
binose residues are attached. In contrast, tragacanthic acid
has a main chain of repeating (1—4)-linked p-galactopyra-
nosyl units with a side chain of substituted xylosyl residues
linked at the C-3 position of the glacturonic acid resi-
dues.[’677] Graft copolymers of gum tragacanth formed with
different vinyl monomers have been reported and used for
different applications, for example, wastewater treatment,
flocculation, and drug delivery.l””-8% For example, a graft
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copolymer based on gum tragacanth and Fe;0,/PMMA was
used for the highly selective removal of Cré*.[77]

2.6. Alginate

Alginate is an anionic natural polysaccharide extracted
from brown seaweed. It has been used for many industrial
and biomedical applications due to its biocompatibility,
relatively low cost and toxicity, and its mild gelation,
caused by the addition of divalent cations such as Ca2+.[81]
Commercially, alginate is extracted by the alkali treat-
ment of brown algae species, including Laminaria hyper-
borea, L. digitata, L. japonica, Ascophyllum nodosum, and
Macrocystis pyrifera. After alkali treatment, the extract is
filtered either with sodium or calcium chloride, leading
to the precipitation of alginate salt. Thereafter, the algi-
nate salt is treated with dilute HCl to convert it into alginic
acid.82 The chemical structure of alginate was extensively
studied by Fischer and Dérfel(3] and found to have p-man-
nuronate as the main component. The structure of alginate
consists of block copolymers having guluronate and man-
nuronate in different ratios depending upon the source
of the alginate. Alginate consists of blocks of (1,4)-linked-
B-p-mannuronate (M) and o-t-guluronate (G) residues. The
blocks contain consecutive G residues (GGGGGG), consecu-
tive M residues (MMMMMM), and the alternating G and M
residues (GMGMGM) [Figure 1f]. Alginates extracted from
different sources have different M and G contents as well
as differing lengths of each block, and more than 200 dif-
ferent alginates exists depending upon the length and con-
stitutes of M and G chains.[®*!

Hydrogels of the alginates can be easily prepared by
crosslinking with cations, and they have potential appli-
cations in drug delivery, wound healing, and protein and
wastewater treatment.®* A hydrogel nanocomposite
comprising an alginate core shell with the Eu®'-doped
ZnS-Si0, particles was developed and used as a photo-
catalyst for the degradation of indigo carmine dye.[8%! The
graft copolymers of alginate have also been used exten-
sively as adsorbents for the removal of different contami-
nants from polluted water.343586]

2.7. Carrageenans

Carrageenan is a high-molecular-weight linear poly-
saccharide exists in three forms: kappa, iota, and lambda.
The main chain of carrageenan contains repeating galac-
tose units and sulfated and nonsulfated 3,6-anhydrogalac-
tose (3,6-AG) joined together by the alternating (1,3) and
(1,4) glycosidic links. On the basis of their chemical struc-
tures, Rees!®”! distinguished between different types of car-
rageenan. Lambda, kappa, and iota, which are considered
the main carrageenans, can be synthesized by selective
extraction techniques using the mu- and nu-carrageenans.
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Alkali treatment of mu and nu-carrageenans forms the
kappa- and iota-carrageenans. The molecular structures
of carrageenans are shown in the Figure 1g. Basically,
these carrageenans differ in the 3,6-anhydrogalactose
and ester sulfate content, which influences the chemical,
physical, and structural properties of these carrageenans.
In kappa-carrageenans, the ester sulfate and 3,6-anhy-
drogalactose content are approximately 25% and 34%,
respectively, whereas in iota-carrageenans they are 32%
and 30%, respectively; however, in the lambda-carra-
geenans the ester sulfate content is 35% with very little
or no 3,6-anhydrogalactose content. Carrageenans are
high-molecular-weight polysaccharides, and the commer-
cial kappa-carrageenan extracts have molecular weights
between 400 and 560 kDa.!®8 In all carrageenans, 5% of the
polysaccharide content is comprised of biopolymers with
molecular weights less than 100 kDa, and this is believed
to be an inherent feature of native algal weed. Applica-
tions of the carrageenans include their use as gelling,
thickening, and suspension agents. Kappa-carrageenan
forms a firm, clear, and brittle gel with poor freezing sta-
bility, however, these gels can be softened by addition of
locust bean gum. In contrast, theta-carrageenan forms
soft and elastic gels that have good freeze-thaw stability.
Lambda carrageenan do not form a gel because of the
very low content of 3,6-anhydro groups in the (1—4)-
linked o-p-galactopyranosyl residues which are required
for the initial formation of a double helix.8%%] The graft
copolymers of carrageenans have been synthesized
extensively and used in many applications such as drug
delivery and wastewater treatment. Carrageenan based
hydrogels have mainly been used in drug delivery appli-
cations,’®971 but some of carrageenan hydrogels have
also been used as adsorbents for impurities from waste-
water.[98%] For example, a hydrogel nanocomposite of
kappa-carrageenan, PVA, and Fe;0, magnetic nanoparti-
cles as used for the adsorption of cationic dyes, e.g., crystal
violet, from aqueous solutions.8! In another study, the
carrageenan, alginate, and sodium-montmorillonite-based
hydrogel nanocomposites were used for the adsorption
of crystal violet and had a maximum adsorption capacity
of 88.8 mg g1

2.8. Chitosan

Chitosan is a linear cationic polysaccharide in which
B-(1-4)-linked p-glucosamine and N-acetyl-p-glucosamine
units are randomly distributed [Figure 1h].[190101] [t is usu-
ally produced by the deacetylation of chitin (> 60%) and is
the most abundant biopolymer after cellulose. Chitin is a
structural element in the exoskeleton of crustaceans and
insects. Chitosan contains nitrogen, and this is responsible
for its cationic nature, as well as its capacity to form poly-
electrolyte complexes. Hydrogels of chitosan have been
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prepared with different shapes and formulations.[102-111]
Chitosan is the only biopolymer that has cationic func-
tionalities in its chemical structure; therefore, it is very
important in water treatment systems. Extensive research
has been carried out on the use of chitosan-based graft
copolymers or hydrogels as adsorbents for the removal of
pollutants from wastewater.3642112] An IPN of chitosan
was prepared with poly(acrylamide) (PAAM), and various
reaction parameters, such as the ratio of crosslinker, pH
of the reaction mixture, and molar mass of the chitosan,
were optimized during the formation of semi-IPN. For the
preparation of the full-IPN, the chitosan was crosslinked
with epichlorohydrin in 2 m NaOH. The full-IPN contained
carboxylic acid groups instead of amide groups, formed
by the partial hydrolysis of the amide groups in PAAM
at high pH. The full-IPN had a cationic network resulting
from the cross-linked chitosan and the anionic PAAM net-
work. Also, the swelling and adsorption properties of the
synthesized hydrogel polymer were strongly influenced
by the presence of the two oppositely charged networks.
The semi-IPN with cationic functionalities was found to
have a high adsorption capacity for the anionic dyes, in
contrast, the full IPN hydrogel polymer containing ani-
onic functionalities had a greater absorption capacity for
cationic dyes.[112]

3. Graft Copolymerization of Gum
Polysaccharides

3.1. Graft Copolymerization with Vinyl Monomers

Gum polysaccharides have many advantages over syn-
thetic polymers, but they also suffer from disadvantages
such as poor mechanical and physical properties. There-
fore, gum polysaccharides must be modified with syn-
thetic monomers to improve their property-profile. Graft
copolymerization of gum polysaccharides with vinyl
monomers, which also act as crosslinking agents, is one
of the most studied techniques for modification of poly-
saccharide gums. The polymerization is initiated by an
initiator and can be carried out in bulk, solution, or sus-
pension. The second step comprises crosslinking the linear
polymer chains by irradiation or by chemical reactions.[113]
Monomers used in the synthesis of the ionic polymer net-
work contain either an ionizable group or a group that can
undergo substitution after polymerization is complete.
Therefore, the obtained hydrogels contain weakly acidic
groups, such as carboxylic acids, or weakly basic groups,
such as substituted amines, or a strongly acidic and basic
group, such as sulfonic acids and quaternary ammonium
compounds. Graft copolymers generally have long polymer
chains of one composition (i.e., backbone) and randomly
distributed chains of different compositions (ie., side
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chains). Different monomers can be grafted onto the poly-
mer chains using three strategies: (a) “grafting through”
graft copolymerization of a low-molecular-weight monomer
copolymerized with a premade vinyl-functionalized poly-
meric chain;114 (b) “grafting from” graft copolymerization
requires a macromolecule containing initiating function-
alities distributed through the structure. In this method,
the side chains grow directly from the polymer backbone;
(c) “grafting on” involves the grafting of end-functionalized
side chains to the solid surface. The main advantage of
graft copolymerization is that the end product can be
synthesized with the desired properties for the target
application.

The formation of the gum polysaccharides graft copo-
lymerized with different vinyl monomer mixtures can be
shown by FTIR spectroscopy by observing the newly formed
covalent bonds between different functionalities.[11>116]
Graft copolymerization usually occurs through the free
hydroxyl groups of the polysaccharides; this can be proven
by the shift and decrease in intensity of the —OH IR peak.

The molecular structures of the most common mono-
mers and crosslinking agents, such as AA, MAA, AAM,
acrylonitrile (AN), AAM derivatives, divinyl benzene, glu-
teraldehyde, and MBA, used in the preparation of hydro-
gels are given in Figure 2. The graft copolymers of different
gum polysaccharides, such as gum xanthan,2447.50-52] gum
ghatti [291027.2855] gyay gum, 17072 chitosan, [4383942.102,107117]
etc., with different vinyl monomers have been reported to
have potential applications in drug delivery, %! floccula-
tion,[3955] and wastewater treatment.[22-25.29]

3.2. Free Radical Graft Copolymerization without
Crosslinking Agent

This is one of the most widely used and oldest techniques
for the synthesis of gum-polysaccharide-based graft copoly-
mers. In this technique, the gum polysaccharide is mixed
with a monomer and the reaction is started by an initi-
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ator such as potassium persulfate (KPS), APS, or a mixture
of redox initiators such as ABC-KPS. A good example of a
graft copolymers prepared by this method is the prepara-
tion of Fe?*/BrO3- initiated graft copolymers of PAAM with
xanthan gum.['8] Non-crosslinked polymer networks of
gum polysaccharides are advantageous because they are
water soluble, and these solutions can be used for further
applications. The graft copolymer of xanthan gum with
PAAM synthesized using graft copolymerization has been
used as a template for the synthesis of silica nano-
particles.[*? In another example, a pH sensitive hydrogel
of PAA and glycogen using CuBr as an initiator was
synthesized and used as an adsorbent for the removal of
Pb?* from aqueous solutions.’”) Initially, the glycogen-Br
macroinitiator was synthesized by the homogeneous
acylation of the hydroxyl groups of glycogen with 2-bromo-
2-methyl propionyl bromide in the presence of pyridine
at room temperature. The bromo-ester groups formed
hydrogen bonds with glycogen and this resulted in better
solubility of glycogen-Br macroinitiator in solvents. This
higher macroinitiator solubility facilitated the graft copoly-
merization, furthermore, the remaining functional groups
in the glycogen-Br macroinitiator were used as the binding
sites for the formation of new functionalized material. In
the second step, the hydrogel was synthesized using CuBr/
bipyridine as a catalyst and the glycogen-Br macroiniti-
ator, which was dissolved in DMF. The detailed mechanism
for this synthesis is shown in Figure 3.37) Some of the graft
copolymers of gum polysaccharides synthesized without
using crosslinking agents are summarized in Table 2, along
with their applications.[21:33,51,116,119-129]

3.3. Free Radical Graft Copolymerization with
Crosslinking Agents

In this kind of graft copolymerization, the crosslinkers
form crosslinks or bridges between different polymer
chains through covalent bonding. Crosslinks act as

@ 'II

~N
CHs N

LCH: (2

Figure 2. Molecular structures of a) acrylamide (AAM), b) acrylic acid (AA), c) methyacrylic acid (MAA), d) acrylonitrile (AN),e) N,N"-methylene-

bis-acrylamide (MBA), f) divinyl benzene, and g) glutaraldehyde.
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bridges between polymer chains and form 3D polymeric ~ gum polysaccharides are prepared with ionic or neu-
networks that are practically insoluble in water.[1?5130]  tral monomers and multifunctional crosslinking agents.
In this method of preparation, the graft copolymers of = The copolymerization reaction is initiated thermally by

Macromolecular M‘A
) Journals Macromol. Mater. Eng. 2016, 301, 496-522 \I.(p’}

504 © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.MaterialsViews.com



Recent Progress on the Design and Applications of Polysaccharide-Based Graft Copolymer Hydrogels as Adsorbents for ...

Macromolecular
Materials and Engineering

www.mme-journal.de

W Table 2. Applications of gum polysaccharides based graft copolymers synthesized without crosslinking agents.

Gum polysaccharide

Other polymer/chemicals

k-Carrageenan
Carboxymethyl cellulose
Carboxymethylated guar gum

Aminated guar gum

N-Vinylpyrrolidone (NVP)
Vinyl sulfonic acid
2-Acrylamidoglycolic acid

Fe30, magnetic nanoparticles

Guar gum Glycidyl methacrylate
Cassia javanica seed gum PAA

Cassia grandis seed gum PMMA

Gum xanthan PAAM/nanosilica
Gum xanthan PAAM/nanosilica
Guar gum PAA

Alginate PAA

Seed gum from Ipomoea and PAAM

Cyamopsis species

Chitosan Policaju/Lactic acid
Starch PAAM
Chitosan PEG

ultraviolet radiation or by a redox initiator. In either pro-
cess, the solvent acts as a heat sink and minimizes temper-
ature control problems. The synthesized graft copolymers
are washed with a suitable solvent, usually distilled water,
to remove unreacted monomers, crosslinkers, and ini-
tiators. There are two main categories of crosslinked gels,
namely, (1) physical hydrogels, in which different poly-
meric chains are joined together by reversible noncovalent
bonding, and (2) chemical hydrogels, in which different
polymeric chains are joined together though nonreversible
covalent bonding. For physically crosslinked hydrogels,
the dissolution of the hydrogel network is prevented by
physical interactions between polymeric chains. Because
crosslinking agents are avoided during synthesis, this
type of hydrogel has attracted the attention of researchers
from all over the world, and they are used in a number of
pharmaceutical and biomedical applications. The phys-
ical crosslink interactions between different polymeric
chains can be (a) ionic, (b) hydrophobic, (c) hydrogen
bonding, (d) self-assembly of stereo complex formations;
(e) coil—coil interactions, or (f) due to specific molecular
recognition.'32132] If the polymeric chains in a hydrogel
polymer network are held together by chemical bonds,
they are chemically crosslinked hydrogels. Physically
crosslinked hydrogels have the advantage of hydrogel syn-
thesis without any chemical modification or crosslinking
agent. Despite these advantages, preparation of physi-
cally crosslinked hydrogens has some limitations; that
is, features or properties of the hydrogels can be difficult
to control, e.g, gelation time, pore size, and chemical
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Applications Ref.

Metal ion adsorption [116]

Metal ion adsorption [119]

Metal ion adsorption [120]
Sustained release of doxorubicin hydrochloride [121]
Soft tissue engineering [122]
Adsorption of Hg?* [21]
Adsorption of Pb%* [123]
Adsorption of Congo red [51]
Adsorption of Pb%* [52]
Controlled release of ketoprofen [124]
Adsorption of Co?* and Ni2* [125]
Coagulation of textile dye solutions [126]
- [127]

Soft tissue engineering [128]
Wound dressing [129]

functionalization. Moreover, chemically crosslinked hydro-
gels have much better mechanical properties, increasing
their property profile and making them more appropriate
for a wide variety of industrial applications.

Changes to the morphology of gum polysaccharides
grafted and crosslinked with vinyl monomers are usually
studied using scanning electron microscopy. In general,
the surface of the gum polysaccharide is very smooth and
homogeneous, however, after grafting and crosslinking,
the smooth surface of the gum polysaccharide becomes
very rough and heterogeneous due to the formation of
crosslinks between polymeric chains. In one study, Jindal
et al.[*’l observed that the morphological characteristics
of the xanthan gum change after graft copolymerization
with different binary vinyl monomer mixtures such as
pP(AAM-co-AA), p(AAM-co-AN), and p(AAM-co-MAA).[*"]

Crosslinker selection during hydrogel synthesis is very
important because the swelling capacity of hydrogels is
inversely proportional to the crosslinking density. If the
crosslinking density is high, the hydrogel will have less
swelling capacity and it will be more fragile. Therefore,
the role of the crosslinker in synthesis is important and
it must be selected based on the desired end-use of the
hydrogel. For example, if higher mechanical strength is
required, the crosslinking density should also be higher
and a larger concentration of crosslinker must be used. In
contrast, if greater swelling capacity is required, e.g., in
water purification or superabsorbent applications, lower
crosslinking density is required and a lower concentration
of the crosslinker must be used. The crosslinking density
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of the hydrogel polymers can be determined using
Equation (1)
Crosslinking density, network chain per gram =
_(ln(1—Vp)+Vp+X(Vp)2) ()
{Dp(ve)[ (v = ]}

where V, is the volume fraction of the polymer in the
swollen polymer, X is the Huggins polymer—solvent inter-
action constant, D, is the density of polymer (g cm3), V, is
the molar volume of the solvent (cm3 mol), and D, is the
density of the solvent (g cm™3). In addition, the value of V,
is calculated by using Equation (2)

V,= (2)

where Q is given by Equation (3)

(weight of solvent in the swollen polymer x D,)
(weight of polymer x D,)

0= 3)

An important property of gum-polysaccharide-based
graft copolymers is that they swell up to several hundred
times their dry volume in water and biological fluids. The
combination of swelling behavior in aqueous environ-
ments and biocompatibility means that these copolymers
have applications in pharmaceutical, ophthalmology, and
tissue engineering.[231047.667479124] The polymer chains
in a hydrogel interact with solvent molecules and expand
to a fully solvated state. At the same time, the crosslinked
structure applies an opposing force, restraining the
chains. Equilibrium is achieved when these expanding
and retracting forces balance. The equilibrium swelling
ratio is given by Equation (4)

Vvswollen
Way (4)

Equilibrium selling ratio =

Here, Wyyonen is the weight of the swollen gel and Wy,
is the weight of the dry gel.

The swelling kinetics of hydrogels can also be deter-
mined from their swelling kinetic curves. First, W,, the
weight of the dry gel is measured. The equilibrium
swelling is achieved by immersing the dried gel in an
excess amount of water. W, the weight of the wet gel is
measured after the removal of surface water. Equation (5)
is then used to calculate swelling ratio:

(Wt — Wo)

o

Swelling ratio= (s)

The equilibrium and dynamic swelling characteristic
in water controls the physical behavior of a hydrogel.
The thermodynamic parameter of hydrogel swelling can
be calculated using the Flory-Huggins theory.13% Con-
sidering the isotropic crosslinked structure of hydrogel,
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after swelling, the total Gibbs free energy change of the
system, can be described as Equation (6)

AG= AGmix‘ture + AGelastic (6)

Here, the value of AG.,s1ic is related to the elastic retrac-
tive forces, and AGpiiue Yepresents the thermodynamic
compatibility of the polymer and the water.

To express the change in chemical potential of swelling
medium in terms of elastic and mixing contributions
at any swelling time, Equation (6) is differentiated with
respect to the water molecules in the system, thus,
yielding Equation (7)

= o= Aﬂmixhue + A,uelastic (7)

Here, u; and p, o are, respectively, the chemical poten-
tial of water within the gel and pure water.

At equilibrium, the chemical potentials of water within
the gel and pure water must be equal; therefore, the con-
tributions from the elastic and mixing to the chemical
potential must be balanced. Since the change in chemical
potential upon mixing is related to heat and the entropy
of mixing, therefore, the chemical potential of mixing can
be calculated using Flory—Huggins equation as described
below

A,umix‘tulre =RT (ln (1 - 2v2,s ) + vz,s + X1V(22,s)) (8)

where, x, is the interaction parameter between polymer
and water, v, is the polymer volume fraction of the gel,
T is the absolute temperature, and R is the gas constant.
For a particular solvent at a particular temperature the
swelling equilibrium attend when thermodynamic and
elastic forces become equal. Therefore, the value of Q, the
volume degree of swelling, can then be calculated using
Equation (9)

V, 1
Vs = =—
=v,"o (9)

The swelling behavior of gum-polysaccharide-based
graft copolymers shows responsive behavior to the
external environment, i.e., the swelling capacity changes
with respect to changes in external environmental condi-
tions, such as temperature, pH, electrical stimulus, and
magnetic fields. Thus, these materials are also known
as smart, environment-responsive, stimuli-sensitive,
and intelligent polymers.[210.3647,6695108] The gswelling
capacity of hydrogel polymers depends upon the extent of
crosslinking between polymeric chains and the presence
of free hydrophilic functionalities in the structure of the
hydrogel polymer. The swelling capacity of the hydrogel
polymer reduces with increasing crosslinking density.
Therefore, during hydrogel formation, a balance between
mechanical properties and swelling capacity must be
maintained. The swelling capacity of the hydrogel poly-
mer also depends upon the nature of the monomer as
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well as the biopolymer, e.g., hydrogel polymers of hydro-
philic monomers such as AA and AAM have greater
swelling capacities than those polymerized from MMA
or AN monomers. Furthermore, the swelling capacity of
hydrogel polymers formed from binary monomer mix-
tures of AA and AAM is found to be much greater than
the hydrogel polymers of AA or AAM alone. 2]

The thermal stability of the gum polysaccharides
is expected to increase after grafting and crosslinking
between polymer chains. Usually, the enhancement in
thermal stability of the gum polysaccharide is meas-
ured by the increase in the IDT and final decomposition
temperatures (FDT). However, sometimes changes in
IDT and FDT also depend upon the monomer used. For
example, when PAAM monomers are used, the IDT of the
graft copolymer is less than that of gum PAAM. Further-
more, the FDT is higher than that of gum polysaccharide.
Grafting with PAAM lowers the IDT of the graft copoly-
mers because the PAAM are degraded by the formation
of imide groups and the loss of ammonia; however, the
formation of imide groups leads to an increase in FDT.[12¢]
Moreover, on graft copolymerization and crosslinking,
the rate of polymer weight loss decreases with tem-
perature.[115133] For example, gum ghatti has an IDT of
206.9 °C and FDT of 521.6 °C, in contrast, gum ghatti-cl-
PAAM has IDT and FDT of 134.7 and 598.7 °C, respec-
tively. Comparison of the TGA data for gum ghatti and
gum ghatti-c-PAAM shows that the IDT of gum ghatti
was higher, whereas the FDT was lower than that of gum
ghatti-cI-PAAM. Therefore, on the basis of TGA data we
can conclude that the higher thermal stability of gum
ghatti-cI-PAAM is due the formation of covalent crosslinks
between polymeric chains. Results from the TGA analyses
are further endorsed by DTA and DTG results. Two exo-
thermic peaks at 483.2 (203 pV) and 492.7 °C (154 pV)
were observed in the DTA profile of gum ghatti. In con-
trast, gum ghatti-cI-PAAM had two exothermic DTA peaks
at 469.9 (8.5 pV) and 597.3 °C (186.6 wV). The DTA data
further indicate that less heat is evolved during thermal
decomposition of gum ghatti-cI-PAAM than that of gum
ghatti. Moreover, in the case of gum ghatti-cI-PAAM, deg-
radation occurred at a much higher temperature. The
DTG of gum ghatti revealed maximum decomposition
at 479.0 °C with a mass loss rate of 2.230 mg min™. In
the case of gum ghatti-c-PAAM, maximum decomposi-
tion was observed at 595.9 °C with a weight loss rate of
1.094 mg min'. Therefore, the DTG results show that
maximum decomposition occurs at a higher temperature
with less weight loss in gum ghatti-cI-PAAM than that of
gum ghatti.[133]

In our ongoing work, 3D crosslinked hydrogels com-
prised of gum karaya and a p(AA-co-AAM) copolymer
mixture was prepared using the KPS-ascorbic acid as
the redox initiator and MBA as a crosslinking agent
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by free-radical graft copolymerization.[?3] Initially,
ascorbic acid reacts with KPS to produce SO, ~, which
in turn reacts with water to produce OH'". Then, these
free radicals initiate the graft copolymerization reac-
tion by generating active sites on the backbone and
monomers. Then, activated monomers and gum karaya
chains propagate the graft copolymerization reaction
further. Finally, MBA, the crosslinking agent, leads to
the formation of the 3D hydrogel network. The synthe-
sized hydrogel polymer was further used for the in situ
generation of nanosilica within the hydrogel polymer
matrix. A detailed mechanism of the graft copoly-
merization of gum karaya with p(AA-co-AAM) copolymer
and MBA as the crosslinking agent for the generation
of nanosilica is shown in Figure 4.23 Some gum poly-
saccharide graft copolymers synthesized using chemical
crosslinkers are also summarized in Table 3, along with
their applications.[39.22-29,53,55.71,134-143]

3.4. Graft Copolymerization Through Irradiation

Graft copolymers can also be prepared under dif-
ferent reaction conditions, for example, in air, and with
microwave,[2021:43114] v and[12.149] yy-radiation.[>? The
main advantage of radiation induced graft copoly-
merization is the reactions are rapid, and the product
mainly consists of short chain polymers, which have
larger swelling ratios than those of graft copolymers syn-
thesized conventionally in air. Graft copolymerization
of polysaccharides using radiation is achieved by three
routes: (i) in solution, where all reactants are in the same
phase and fully miscible, i.e., a completely homogeneous
solution; (ii) in a suspension, where either the backbone
polymer and/or monomer/catalyst are immiscible, i.e.,
the reactants are not fully miscible; and (iii) in systems
where the backbone polymer, monomers, and initiator
are impregnated on a neutral solid support, i.e., a solid
phase.[114]

Generally, irradiation of polymer solutions in water
generates radicals on the macromolecular chains. More-
over, under radiation water molecules convert to hydroxyl
radicals that can combine with the macromolecular chain
radicals, leading to the formation of a number of macro-
radicals. The formation of covalent bonds occurs through
the recombination of macroradicals of different macro-
molecular chains and, at the end, a crosslinked structured
is developed. The macroradicals are generally very active
and can easily react with environmental oxygen. To avoid
this side reaction, radiation-initiated grafting reaction
generally performs in inert environment in presence of
either nitrogen or argon.

Generally, irradiation of aqueous polymer solutions
results in the formation of radicals on the polymer
chains. Moreover, radiolysis of water molecules results
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Figure 4. Mechanism for the synthesis of the gum karaya-c/-p(AA-co-AAM)/SiO, hydrogel nanocomposite. Reproduced with permission.[29]
2015, Elsevier Science Ltd.

GK-cl-P(AA-co-AAM)/SiO, hydrogel nanocomposite

in the formation of hydroxyl radicals that also attack
the polymer chains, resulting in the formation of macro-
radicals. Recombination of the macroradicals on dif-
ferent chains results in the formation of covalent bonds
and, finally, a crosslinked structure is formed. During

radiation polymerization, macroradicals can interact
with oxygen and, as a result, radiation initiated reactions
are performed in an inert atmosphere using nitrogen or
argon gas. In case of graft copolymerization using micro-
wave radiation, two procedures are used. The first is a
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W Table 3. Crosslinked hydrogels of different polysaccharides and their applications.

Polysaccharide Monomer(s)/other polymer Crosslinker Application Ref.
Xanthan gum P(AAM-co-AA)/Fe;0, MBA Adsorption of MG [24]
Starch Sodium Controlled release of anionic drugs [134]
trimethaphosphate

AA/Loess MBA - [135]

P(HEMA-co-AA) MBA - [64]

Gum ghatti P(AA-co-AAM)/Fe;0, NPs MBA Adsorption of rhodamine B [22]
P(AAM-co-AN) MBA As flocculent for the removal of col- [55]

loidal particles
P(AAM-co-MAA) MBA As flocculent for the removal of col- [9]
loidal particles

PAA/Fe;0, NPs MBA Adsorption of MB [27]

P(AAM-co-AN) MBA Adsorption of Pb?" and Cu?* [23]

AA MBA Adsorption of Pb?" and Cu?* [26]
Guar gum P(AA-co-ANI) hexamine - [136]
- MBA Adsorption of Cu?* [71]
PAA MBA - [137]
- 1,2,3,4-butanetetracarbox- Release of proteins [138]

ylic dianhydride

Alginate Chitosan/ hyaluronate Ca% Synthetic bone substitutes [139]
EG CacCl, Bone tissue engineering [140]
NIPAM cacl, - [141]
Dextran-HEMA Ca? Biomedical applications [142]
PGMA CacCl, Controlled release of riboflavin [143]
PVA CacCl, Cardiac applications [144]
HA CaCl, Myocardial tissue engineering [145]
Gelatin CaCl, Soft tissue engineering [146]
Starch P(AA-co-SCA) MBA - [147]
N-Succinylchitosan PAA/Attapulgite MBA - [148]

microwave assisted method, in which microwave radia-
tion is used to initiation the reactions in addition to chem-
ical initiators.[3211051%] The second method is microwave
initiated graft copolymerization. Here, the polymerization
is initiated solely by microwave radiation.’! In micro-
wave graft copolymerization, the polysaccharide solution
should be either soluble in water or should form a sus-
pension. However, sometimes, even soluble polysaccha-
rides do not form homogeneous solutions, and this loss
of homogeneity decreases the overall graft yield. Despite
this, hydrogels of gum polysaccharides synthesized using
radiation are promising adsorbents due to the short
polymer chains formed in this method. Also, because
synthesis time is short, a greater number of functional
groups remain in the graft copolymers or hydrogels. For
example, hydrogel polymers of AA with tara gum (Cae-
salpinia spinosa) synthesized using y-radiation-induced
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graft copolymerization have improved mechanical and
swelling properties than those of tara gum itself.[14%]

4. Stimuli-Responsive Graft Copolymers
4.1. Temperature-Responsive Graft Copolymers

Hydrogels that change their volume phase transition in
response to changes in solution temperature are termed
“temperature-responsive hydrogels” or “thermosensitive
hydrogels.” In the study of smart hydrogels, temperature
is the most commonly studied stimulus; however, it can
be difficult to control. Generally, the phase transition of
the thermosensitive hydrogels mainly depends on the
hydrophilic-lipophilic balance (HLB); this, in turn, depends
on the size and configuration of hydrophobic moieties in
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the hydrogels. The swelling/deswelling behavior of the
thermosensitive hydrogels is due to the strengthening of
hydrophobic interactions and the weakening of hydrogen
bonding. Moreover, at elevated temperatures, hydrophobic
associations between different polymer chains become
stronger because increasing temperatures make hydro-
phobic interactions more favorable. Therefore, at elevated
temperatures, increasing intermolecular forces between
hydrophobic chains and the loss of stability of hydrogen
bonds results in the shrinkage of the hydrogel network.
Some thermosensitive hydrogels have a phase transition at
a temperature above their lower critical solution tempera-
ture (LCST); this is the temperature above which the hydro-
gels deswell or undergo a phase transition from a soluble
state (i.e., random coils) to an insoluble state (i.e., collapsed
or globule form) with an increase in temperature. When
the phase transition occurs upon temperature decrease
it is called the upper critical solution temperature (UCST)
(Figure 5).1%1 Temperature-responsive hydrogels that have
a LCST are called negative thermosensitive hydrogels.[52]
Due to their numerous possible applications in biomedical
science, hydrogel polymers that have a LCST are attracting
much attention. Generally, polymer solubility increases
with increasing temperature, however, the reverse is true
for polymers with a LCST. This unusual solubility behavior
is due to the predominating hydrophobic interactions.
Furthermore, the LCST of the hydrogels can be altered by
changing the ratio of hydrophilic and hydrophobic moie-
ties in the structure of the hydrogel polymers.[153154]
Below the LCST, the polymers form hydrogen bonds
with surrounding water molecules. Above the LCST, the
hydrogen bonds are weakened and the water molecules
move from the polymer network into the bulk solution,
leading to partial dehydration and agglomeration of the
polymer chains. This phase transformation is associ-
ated with polymer conformational changes, and, above
the LCST, the hydrated coiled structure of the hydrogel
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polymer converts into a partially dehydrated, globular
structure (Figure 6).1151]

A number of researchers have become interested
in poly(N-isopropyl acrylamide) (PNIPAM) tempera-
ture-responsive hydrogels because they exhibit a LCST
phase transition close to human body temperature, i.e.,
32 °C[108153.154] The [CST of PNIPAM hydrogels can be
increased by incorporating hydrophilic monomers such
as PAA, which preferentially forms hydrogen bonds rather
than hydrophobic interactions.!>*! The LCST of PNIPAM
increased to 45 °C on incorporation of 18 wt% PAM, how-
ever, the LCST decreased to 10 °C on incorporation of 40%
of hydrophobic N-tBAAM.['>6] Wenceslau et al.*57! have
synthesized thermoresponsive IPN hydrogels of chemi-
cally modified PVA and PNIPAAM with different degrees
of substitution. The synthesized IPN hydrogels show both
PH and temperature dependent swelling properties. Fur-
thermore, the IPN hydrogels are less cytotoxic than PVA
hydrogels, however, the increased PVA/PNIPAAM ratio
results in lower cytocompatibility. Wei et al.l'58] synthe-
sized Salecan (a microbial polysaccharide) and PNIPAM
based thermosensitive semi-IPNs. The synthesized semi-
IPNs have good swelling capacities at room temperature
as well as excellent thermosensitive properties, having
rapid response rates to temperature changes. The IPN of
guar gum and PNIPAM has also been reported to have
thermo-responsive characteristics, and the IPNs with
lower guar gum content had faster deswelling rates and
lower water retention. Increasing the guar gum content
of the IPN led to better temperature sensitivity.[15%

4.2. pH Responsive Graft Copolymers

PH responsive hydrogels are a class of smart composite
hydrogels whose swelling characteristics change in
response to small changes in pH. They contain ionizable
functional groups that can donate or accept protons on pH
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Figure 5. Phase diagram for a binary polymer-solvent mixture exhibiting a) LCST and b) UCST. Reproduced with permission.'s'l 2012, Elsevier

Science Ltd.
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Hydrophobic globules

I Figure 6. Coil to globule transition of a temperature responsive polymer in aqueous solution. Reproduced with permission.['s'l 2012, Elsevier

Science Ltd.

changes in the swelling medium. Upon change to environ-
mental pH, the pKa values of the weakly ionizable func-
tional groups in the hydrogel network change, this results
in the fast swelling/deswelling of the hydrogels. Conse-
quently, the hydrodynamic volume of the polymer chains
changes. This change can be explained using osmotic
pressure swelling (m;,,,) theory, that is, the volume change
results from the difference between the mobile ions
concentration in the swollen polymer and the external
solution.[3*5° Macromolecular chains backbones with ion-
izable groups generate polyelectrolytes in water. Weak poly-
acids such as PAA act as proton acceptors in acidic media,
but they act as proton donors in neutral and basic media.
In contrast, polybasic groups act as proton donors in acidic
media and as proton acceptors in basic and neutral media.
This indicates that the selection of polybases and polyacids
must be tailored to the desired application of the hydrogel.
In the case of a polyacidic polymer backbone, higher
degree of swelling was observed in a neutral medium
than that observed in alkali or acidic media. The swelling
characteristic of ionic polymers in dilute electrolyte solu-
tions is related to the osmotic swelling pressure between
the hydrogel phase and the swelling medium. The osmotic
swelling pressure (m;,,) is calculated by Equation (10)1325°]

Tion = RTX (Clg - Cls) (10)

where C8 and C§® are, respectively, the molar concentrations
of mobile ions in the swollen hydrogel and swelling medium,
R is the gas constant, and Tis the absolute temperature.

In neutral media, m;,, is very high because C;* becomes
almost negligible. In the same vein, electrostatic
repulsion between carboxylate ions is responsible for
higher degree of swelling. In acidic media, most of the
polyacids are protonated; therefore, the value of C;8 is less
as compared to that of mobile ions in solution, resulting
in lower m;,, values. In contrast, in alkaline solutions,
polyacidic groups are completely dissociated, however, at
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the same time, the higher concentration of Na* and "OH
ions leads to a decrease in m;,, and degree of swelling. In
addition, the presence of Na* ions shield the electrostatic
repulsion between the carboxylate anions, results a sig-
nificant decrease in swelling pressure (r,).28]

The phase transition of pH-responsive hydrogels is also
influenced by the ionic strength of the swelling medium.
With an initial increase in swelling medium ionic
strength, the concentration of free mobile ions within
the hydrogel polymer increases due to exchange of ions
in the surrounding solution. Therefore, charge neutrality
is maintained, and the osmotic swelling pressure differ-
ence between the hydrogel and the solution increases,
causing the hydrogel to swell. However, in very high ionic
strength solutions (1-10 m), deswelling of the hydrogel
networks is observed. This type of swelling/deswelling
behavior is due to a decreased osmotic swelling pres-
sure difference. In this case, the osmotic pressure of the
hydrogel network is almost equal to the osmotic pres-
sure of the solution (Figure 7).1°2 The effect of the ionic
strength of different cations on the swelling behavior of
gum-ghatti-based hydrogels was studied in solutions of
different salt solutions, and it was observed that, after ini-
tial swelling, the hydrogels shrank in solutions of higher
ionic strength.[1®9] pH-responsive hydrogels are mainly
used for drug delivery applications. A pH-responsive
hydrogel of cationic guar gum and AA was synthesized
using photoinitiated free radical polymerization. Swelling
studies at different pH solutions confirmed the pH-
responsive behavior of the synthesized hydrogel. The syn-
thesized hydrogel was used for the sustained release of
ketoprofen, and, at pH 7.4, it was found that drug release
was mostly due to non-Fickian diffusion. In contrast, in
basic conditions, it was due to case II transport.[124] In
another study, a pH responsive hydrogel of alginate and
guar gum was prepared by crosslinking with gluteral-
dehyde, and this was used for the controlled delivery of
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High ionic strength

B Figure 7. The effect of ionic strength of the swelling behavior of the hydrogels. Reproduced with permission.['s?l 2008, Elsevier Science Ltd.

protein drugs. Alginate is pH sensitive and has properties
that are favorable for intestinal delivery of protein drugs.
However, the leaching of drugs and the rapid dissolution
of alginate at high pH values is a significant problem with
alginate hydrogels. To overcome these problems and to
maximize drug encapsulation, guar gum was added to
the polymer matrix and crosslinked with gluteraldehyde.
The resultant hydrogel showed much better drug encap-
sulation and protein release at high pH values. Protein
release from test hydrogels was minimal at pH 1.2 (~ 20%)
but rose to approximately 90% at pH 7.4 (Figure 8).[261]

4.3. Magnetosensitive Graft Copolymers

Hydrogels or gum-polysaccharides graft copolymers whose
properties change in response to variations in magnetic

110

fields are known as magnetosensitive hydrogels. Magneti-
cally modulated hydrogels are prepared by encapsulation
of magnetic particles within the 3D crosslinked polymer
matrix of the gum-polysaccharide-based graft copolymers.
The development of emulsion polymerization, such as the
conventional emulsion polymerization, mini- and micro-
emulsion polymerization, and surfactant-free emulsion
polymerization, has led to new synthetic methods for the
preparation of magnetosensitive graft copolymers. Mag-
netosensitive graft copolymers play an important role in
health care and biomedical applications, such as gene
and drug delivery, cell separation, and the treatment of
cancer by magnetic intracellular hyperthermia. Magneto-
sensitive graft copolymers have also been widely used for
the treatment of wastewater.[222430 The ease of separa-
tion of graft copolymers from wastewater after treatment

is a basic advantage of this method. The

hydrogels can be easily separated by
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application of a magnetic field. Magnetic
hydrogels of calcium alginate containing
iron oxide nanoparticles have been suc-
cessfully used for the removal of Cu?
ions from wastewater.’%2l In another
study, magnetic nanocomposites of gum
arabic with iron oxide nanoparticles were
successfully synthesized and utilized
for the adsorption of Cu?* ions from the
waste water, and a maximum adsorption
capacity of 38.5 mg g™* was achieved.3’]
A magnetic responsive hydrogel
of x-carrageenan and carboxymethyl

0 50 100 150 200 250 300 350 400 450 500 550 600 650

time{min)

I Figure 8. Drug release behavior of an alginate-guar gum hydrogel in different pH solu-

tions. Reproduced with permission.'®" 2007, Elsevier Science Ltd.
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chitosan was prepared and used as sus-
tained drug delivery devices. The magne-
toresponsive hydrogels were prepared by
the interaction of the carboxylate and
amine groups of the carboxymethyl
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chitosan as well as the sulfate pendants of the x-carrageenan
with Fe?" and Fe®" ions. The mechanism of the formation
of magnetoresponsive hydrogels of x-carrageenan and
carboxymethyl chitosan is shown in Figure 9.[163!

4.4. Electrical-Stimulus-Responsive Graft Copolymers

Hydrogels that show a phase transition on application
of an electric current are known as “electrical-stimulus-
responsive” or “electroresponsive” hydrogels. These hydro-
gels are mainly composed of polyelectrolytes, i.e., hydrogels
that contain high concentrations of ionizable functional
groups along the polymer backbone.[*64] For their function,
there must be contact with a voltage source; this is a great
disadvantages of these systems. Hydrogels either bend or
deswell in the presence of an electric field. This bending
or deswelling of the hydrogels depends on the shape of
the hydrogel and its position relative to the electrode. The
hydrogel bends if the main axis of the hydrogel lies parallel
to the electrode but is not touching the electrode. Deswelling

050y -
CH,0H c\o
\[/0
~0
0.
0
on

Kappa-Carrageenan

"nusw Kappa-Carrageenan FeCl;.6H,0
ot FeSO4.7H,0
GaaN
Carboxymethyl Chitosan
l) NH;.H;0 @

2) KCI+CaCl

Magnetic Beads @

Macromolecular
Materials and Engineering

www.mme-journal.de

occurs when the hydrogel is oriented perpendicular to the
electrode.l*65] Electrical-stimulus-responsive hydrogels that
bend in response to the electric current have been utilized
mainly in mechanical devices such as valves, artificial body
parts (fingers/hands/muscles), soft actuators, and molecular
machines.[165166] In contrast, electrical-stimulus-responsive
hydrogels that deswell in response to electric currents are
mainly used as drug delivery devices.[65167] Importantly,
the response of these hydrogels is highly dependent on the
experimental set-up and the orientation of the hydrogels.
Different experimental set-ups have been used to study the
phase transitions of polyelectrolyte hydrogels in response
to changes in electrical stimuli. If the electrodes are not
connected to each other, a conducting medium is required,
however, there is no need for a conducting medium (or
nonconducting medium may be used) if the electrodes are
connected together.[16%] Electrosensitive graft copolymers of
gum ghatti and PAA were synthesized and their swelling-
deswelling behavior in response to changes in an electrical
stimulus was successfully investigated. These hydrogels

st

| Chitosan

Carboxymet

(Fe?*/Fe**)-Crosslinked Beads

Figure 9. Mechanism of the formation of magneto-responsive hydrogels of k-carrageenan and carboxymethyl chitosan. Reproduced with

permission.[153] 2015, Elsevier Science Ltd.
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exhibited remarkable deswelling behavior on the applica-
tion of an electrical stimulus.

Kim et al.’8] used a polyelectrolyte complex composed
of chitosan/hyaluronic acid in NaCl solution at different
PH values to study the effect of DC-electric stimulus on the
deswelling ratio and bending angle. They found that, in
comparison to measurements at neutral pH, the hydrogel
bending angle was small at both extremely low and high
pH values. They suggested that, in acidic and alkaline
medium, the slow diffusion of ions from the crosslinked
network was responsible for a small bending angle. The
electrosensitive behavior of the calcium alginate/PAA
hydrogel was also investigated.[*69] Initially, it was expected
that the PAA chains would be entangled through the cal-
cium alginate matrix, and the free carboxylic acid groups
present in PAA would make the hydrogel pH and electro-
sensitive. It was found that increasing the concentration of
PAA in the hydrogel network increased the pH and electro-
sensitivity. A similar type of electrosensitive behavior was
also observed upon increasing the concentration of ioniz-
able groups in IPN hydrogels of PVA and PAA.[179] Electrore-
sponsive hydrogels were also prepared by mixing of the
two aqueous polymer solutions. Over a specific pH range,
a polymer complex was formed due to hydrogen or ionic
bonding between the two polymer solutions.*72172] The
electrosensitive hydrogel of polyallylamine and heparin
was formed over a pH range of 3—11 by mixing their
polymer solutions, the complex forms due to the ionic
interactions between NH;* groups of polyallylamine and
the COO™ and SO~ groups of heparin.[172]

5. Biodegradation of Gum-Based Graft
Copolymers

One of the biggest advantages of the gum polysaccharide
based graft copolymers is their environmentally friendly
nature. For example, they can be degraded in both aerobic
and anaerobic conditions. Furthermore, modification by
graft polymerization to improve mechanical (and other)
properties should not affect the biodegradability or envi-
ronmental friendliness of the gums. However, it was found
that graft copolymerization of the polysaccharides and dif-
ferent vinyl monomers did slightly increase resistance to
biodegradation. Despite this, according to ASTM standards
of biodegradation, they can be still classes as biodegrad-
able. Recently, the biodegradable nature of the gum ghatti
and vinyl monomer, such as PAAM, PAA, poly(methacrylic
acid) (PMAA), and poly(acrylonitrile) (PAN), based hydrogel
polymers was studied, and they were found to be fully bio-
degradable using the soil composting method.[28.55]

It was found that degradation of gum-polysaccha-
ride-based graft copolymers initially starts at polymer
backbone of the gum polysaccharide itself. Later, the
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crosslinks between polymeric chains break, and, finally,
the whole 3D polymer network collapses. It was also
found that the initial rate of degradation was slow, but
this became much faster in the later stages. Initially, time
for water absorption is required, but, on reaching equi-
librium capacity, the hydrogel polymer begins to degrade
due to the action of microorganisms present in the soil
compost. Various processes are involved in the degra-
dation of the hydrogel polymers, including enzymatic
and chemical degradation. Also, microbe secretion prod-
ucts present in the composting media were found to be
involved in the degradation of the gum-polysaccharide-
based graft copolymers, which caused the cleavage of
chemical bonds aiding bacterial degradation.[®2855] Dif-
ferent characterization techniques, such as FTIR and SEM,
have been used to monitor biodegradation at different
stages of this process. Changes in the intensity and the
shifting of some absorption peaks were observed in the
FTIR spectra of the grafted polymers at different stages of
biodegradation. Moreover, the SEM images of the surfaces
of the samples at different stages showed some cracks.
For example, the gum ghatti-cl-p(AA-co-MAA) hydrogel
polymer was found to have a smooth, crack-free, contin-
uous and regular morphology, however, in the first stages
of biodegradation, the surface morphology became het-
erogeneous and cracks, fractures, and fissures appeared,
indicators of the start of degradation. In the second stage
of degradation both the number and size of these fractures
and fissures were increased. This observation may be due
to the disintegration of grafted polymer chain from gum-
polysaccharide backbone. During the last stage of degrada-
tion, there was a drastic change in the surface morphology
of hydrogel, where the smooth and homogeneous surface
of pure hydrogel was transformed into a rough and hetero-
geneous surface with large cracks, fractures, and fissures.!

6. Applications of Gum-Based Graft
Copolymers as Adsorbents

Water is a basic resource for life, and only 0.03% of the
total water available on earth can be used for our activi-
ties. Rapid population and industrial growth has escalated
water demand, yet the availability of the useable water
remains constant. In addition, lack of proper industrial
water treatment has decreased the availability of use-
able water. Mostly in the developing countries, a large
amount of different toxic pollutants such as heavy metal
cations (Pb%*, Cd?t, Hg?', Ni*, Cu?!, Co?*, and Cr®'), cati-
onic (methylene blue, rhodamine B, methyl violet, bril-
liant green, etc.,) and anionic dyes (Congo red, direct red
81, etc.) exists in the industrial wastewaters; for example,
mining, battery manufacturing, oil refining, printing and
pigments, tanneries, and metal plating. Many methods
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exist and are used for the treatment of industrial effluent
such as coagulation/flocculation, photocatalysis, chemical
oxidation, and microbiological or enzymatic degradation.
Generally, they have several disadvantages such as the
incomplete removal of the pollutant, generation of sec-
ondary pollutants, and very high adsorption costs. Adsorp-
tion of different pollutants, including dyes and heavy
metal ions, onto a solid material is the method of choice
for the treatment of wastewater. Gum-polysaccharide-
based graft copolymers have shown their potential for the
adsorption of different pollutants from the wastewater.
The main advantage of using these materials is their low
cost, biodegradability, and the ability to tailor the material
to the desired application. Graft copolymers of gum poly-
saccharides can be tailored to absorb a particular impurity
to be removed from contaminated water. The main advan-
tage of the polysaccharide-based crosslinked hydrogels is
that, first, they do not generate any secondary pollutants;
moreover, they can be used repeatedly for adsorption, i.e.,
they can be recycled (Figure 10).173!

6.1. Adsorption of Dyes

The textile industry effluents contain a wide variety of
toxic dyes, which has serious effect on human health as
well as the photosynthetic process of aquatic biota. The
majority of synthetic dyes are toxic, carcinogenic, and
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mutagenic in nature. Because of the high water solu-
bility, dyes are almost nondegradable; furthermore, they
cannot be degraded in sludge treatment plants.'74 Gum-
polysaccharide-based graft copolymers are promising
adsorbents that have been used for the decontamination
of wastewater. Recently, numerous gum-polysaccharide-
based graft copolymers such as gum ghatti,[222528] gum
karaya,l??! xanthan gum,245% and guar gum!”? have been
used for the removal of different dyes from wastewater.
Most gum polysaccharides contain anionic functional
groups, for example, hydroxyl and carboxylic acid groups.
Consequently, they adsorb cationic dyes like methylene
blue, methyl violet, and rhodamine B well.[22242529,50,72]
Gum-polysaccharide-based hydrogels remove even very
high concentrations of cationic dyes.[??] The influence of
feed solution dye concentration on the binding mecha-
nism of cationic dyes (methyl violet and basic fuchsine)
on a semi-IPN composed of carboxymethyl cellulose
and p(AAM-co-HEMA) as a matrix has been extensively
investigated by Bhattacharyya and Ray.[*7%] All the hydro-
gels showed chemical sorption at low dye concentra-
tions and physical sorption at high concentrations. The
adsorption capacities of the gum-polysaccharides-based
hydrogels have been found to increase tremendously
on the addition of metal-oxides and other nanoparti-

cles, for example, Fe;0,, SiO,, TiO,, graphene, and carbon
nanotubes. [22.24.29,30,51,52,64,72,85,99]
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B Figure 10. Use of hydrogels as adsorbents. Reproduced with permission.l'3] 2013, Elsevier Science Ltd.
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Using the graft copolymerization technique, a hybrid
hydrogel of the AA grafted starch-g-AA and montmoril-
lonite was synthesized using MBA as the crosslinking
agent and cerium ammonium nitrate as the initiator.
This hydrogel was then used to remove Safranine T from
aqueous solution. It was found that increasing the mont-
morillonite content up to 1% increased the water absorp-
tion capacity of the hydrogel, whereas further increase
in the montmorillonite content decreased the water
absorption capacity.176 In another study, a hydrogel pol-
ymer of sodium alginate and acrylic monomers, such as
AA and AAM, was synthesized by graft copolymerization.
The synthesized hydrogel polymer was used as an adsor-
bent for basic fuchsine and methyl violet dyes, and max-
imum adsorption capacities of the 763 and 550 mg g2,
respectively, were measured.['?”] Recently, we have
utilized a hydrogel nanocomposite of the xanthan gum
and p(AA-co-AAM) containing Fe;O0, magnetic nano-
particles for the adsorption of rhodamine B from
aqueous solution. The synthesized hydrogel nano-
composite has a good adsorption capacity (654.87 mgg™),

H OH
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especially in comparison with the parent hydrogel pol-
ymer (471.69 mg g1).22l In another study, a hydrogel
nanocomposite of gum karaya and p(AA-co-AAM) was
used for the in situ synthesis of SiO, nanoparticles
within the hydrogel polymer matrix, and the synthe-
sized hydrogel nanocomposite was used for the adsorp-
tion of methylene blue from aqueous solution; this mate-
rial was found to have a very high adsorption capacity of
1408.67 mg g*. The adsorption process was found to be
highly pH dependent, and this was subsequently found
to be dependent on the value of the point of zero charge
on the surface of the adsorbent. The adsorption mech-
anism was found to follow both external mass as well
as intraparticle diffusion processes. The mechanism for
the adsorption of methylene blue onto the surface of the
hydrogel nanocomposite is shown in Figure 11.291 The
high adsorption capacity of the hydrogel nanocomposite
was due to its high surface area and the functionalities
present in the chemical structure of the hydrogel nano-
composite.??] The hydrogel nanocomposite of xanthan
gum and PAAM containing SiO, was also used to adsorb
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Figure 11. Mechanism of the adsorption of methylene blue onto the gum karaya-c/-p(AA-AAM)/SiO, hydrogel nanocomposite. Reproduced

with permission.29] 2015, Elsevier Science Ltd.
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other cationic dyes such as methylene blue and methyl
violet.[0]

Gum-polysaccharide-based graft copolymers were
also used for the removal of anionic dyes, such as methyl
orange and Congo red.[!] Chitosan-based graft copoly-
mers have been used extensively for the adsorption of
anionic dyes from wastewaters. A hydrogel polymer of
chitosan and PAAM was used for the removal of remazol
brilliant violet and procion yellow MX 8G dyes.’] A
hydrogel polymer of sodium alginate and copolymeric
mixture of p(AA-co-HEMA) was used for the adsorption of
Congo red from aqueous solution. The semi and full-IPN
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hydrogels and cryogels based on PAAM and chitosan
were used for the adsorption of an anionic dye, i.e., direct
blue 1, and a cationic dye, i.e., methylene blue.[?6112] The
semi IPN hydrogels were found to adsorb the anionic dye
because of the presence of positively charged functional
groups, however, the full IPN hydrogel adsorbed a greater
amount of the cationic dye (methylene blue) because of
the abundance of anionic functionalities such as carbox-
ylic acid groups. Both adsorbents were used in six succes-
sive adsorption—desorption cycles.[*51121 Some gum-pol-
ysaccharide-based adsorbents used for the adsorption of
anionic as well as cationic dyes are listed in Table 4.

B Table 4. Maximum adsorption capacity of gum polysaccharides based graft copolymers for ionic dyes.

Macromol. Mater. Eng. 2016, 301, 496-522

Gum Monomer/ Pollutant Adsorption Adsorption kinetics ADSORPTION CAPACITY Ref.
polysaccharide crosslinker/other isotherm [mg g™]
chemicals
Chitosan PAAM Remazol bril-  Langmuir  Pseudo second order 1428.57 (RV) and 1000 (PY) [39]
liant violet and
procion yellow
MX 8G dyes
Xanthan gum P(AAM-co-AA)/ Malachite Langmuir  Pseudo second order 497.15 [24]
Fe30, green
Gum ghatti P(AA-co-AAM)/ RhodamineB Langmuir Pseudo second order 654.87 [22]
Fe30,NPs
Gum ghatti P(AAM-co-MAA) Methylene blue Langmuir  Pseudo second order  694.44 (MB) and 543.47 [25]
and methyl (MV)
violet
Gum ghatti PAA Methylene blue Langmuir  Pseudo second order ~ 909.09 (MB) and 819.67 [28]
and Rhodamine (RhB)
B
Gum ghatti PAA/Fe;0,NPs Methylene blue Langmuir Pseudo second order 671.14 [27]
Gum karaya P(AA-co-AAM)/SiO, Methylene blue Langmuir  Pseudo second order 1408.67 [29]
Guar gum PAAM/SiO, Reactive red Langmuir  Pseudo second order 579.01 (RB) and 233.24 (CR) [41]
and Congo red
Alginate P(SA-co-styrene)/ Methylene blue Langmuir  Pseudo second order 1843.46 [34]
organo-illite/smec-
tite clay
Chitosan PAAM Methylene blue Langmuir  Pseudo second order 1006.7 [36]
Chitosan P(EG-co-AAM)  Acid orange7 Langmuir Pseudo second order 243.31 (AO7) and 202.02 [42]
(AO 7), Methyl (MO)
orange (MO)
Chitosan PAA/ Methylene blue Langmuir Pseudo second order 1859 [38]
montmorillonite
Welan gum cellulose/carbon Methylene blueLangmuir and Pseudo second order 302.1 [16]
tubes Sip
Xanthan gum PAAM/SiO, Congo red Langmuir  Pseudo second order 209.205 [51]
Xanthan gum PAAM/SiO, Methylene blue Langmuir  Pseudo second order 497.5 [50]
Xanthan gum PAAM/SiO, Methyl violet =~ Langmuir  Pseudo second order 378.8 [50]
Carboxymethyl P(AAM-co-HEMA) Basic fuchsine Langmuir  Pseudo second order 920 [175]
cellulose
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6.2. Adsorption of Heavy Metal Ions

Heavy metal cations, such as Pb?", Cu?!, Cr%, etc., are
highly toxic and even low concentrations of their presence
in water have adverse effects on human health as well
as on aquatic biota. The untreated effluents from heavy
industries and uncontrolled erosion of soils are leading
cause for toxic heavy metals presence in surface waters.
Over the last few years, a number of techniques such as
membrane separation, electrochemical treatment, coagu-
lation—flocculation, etc., have been used to remove toxic
heavy metals contaminated water resource, however, the
adsorption technique has attracted considerable atten-
tion because of its low cost and easy operation as well as
its ability to remove even very low concentrations of toxic

H. Mittal et al.

heavy metals from wastewater. In this direction, bio-
based polymers-based adsorbents received great atten-
tion because of their low cost, high adsorption efficiency,
and environmentally benign nature. Adsorbents based on
graft copolymers of gum polysaccharides exhibit superior
adsorption capacities and affinities toward metal ions
and have been extensively used for the removal of toxic
metal cations from contaminated surface water. Recently,
graft copolymers of gum polysaccharides have found
their place as a potential adsorbents for heavy metal
jons.[18.19,21,23,30-33,35,37,40,43,44,52,70,71,86,123,125162]  Chitosan,
gum ghatti, xanthan gum, guar gum, alginate, cellulose
derivatives, and other polysaccharide-based graft copoly-
mers have shown promising sorption properties for heavy
metal ions, and some results are summarized in Table 5.

W Table 5. Maximum adsorption capacities of gum-polysaccharide-based graft copolymers for heavy metal ions.

Gum Monomer/ Pollutant Adsorption  Adsorption Adsorption Ref.
polysaccharide crosslinker/other isotherm kinetics CaPaCitly
chemicals [mgg™]
Starch Poly(ethylacrylate) Zn?* Langmuir Pseudo second 116 [20]
order
Cassia javanica PAA Hg?" Langmuir Pseudo second 135 [21]
seed gum order and Intra-
particle diffusion
model
Gum ghatti P(AAM-co-AN) Pb?" and Cu?* Langmuir Pseudo second 384.6 (Pb%*) and [23]
order 203.7 (Cu?")
Gum ghatti PAA Pb?" and Cu?* Langmuir Pseudo second (310.55) Pb?* and [26]
order (84.74) Cu?*
Tragacanth Polyamidoxime Co?t, Zn?, Cr3*, Cd?* Temkin Pseudo second 100.0 (Co?), [18]
gum order 76.92 (Zn%),
71.42 (Cr**) and
66.67 (Cd2*)
Guar gum Fe;0, NPs Cu?* Langmuir - 38.5 [30]
Chitosan PAN Cu?*, Ni?*, Cré* Freundlich Pseudo second (230.79)Cu?*, [31]
order (385.54)Ni?",
(122.83)Cr¢+
Guar gum PAAM Cré Langmuir - 588.24 [40]
and Freundlich
Xanthan gum PEA Pb%* Langmuir Pseudo second 142.86 [32]
order
Xanthan gum PAAM/SiO, Pb2* Langmuir Pseudo-second 1012.15 [33]
order
Vinyl-functional- P(MAA-co-1A) Pb%* Langmuir Quasi-second- 423.28 [35]
ized alginate order kinetic
model
Cassia marginata PMMA Cré* Freundlich and Second order 185.19 [43]
seed gum Langmuir
Cellulose Sodium montmorillonite Cré* Langmuir Second order 22.2 [44]
Sesbania gum Cu?*, Cd?*, Pb** Langmuir Pseudo second (27.6) Cu?*, (87.1) [17]
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Cross-linked hydrogel polymer beads of chitosan
with AA were used for the adsorption of Cu?* ions. For
comparison, the chitosan beads were also prepared
without AA. The beads containing AA were found to have
much better stability in low pH solutions and had higher
mechanical strengths than those without AA. Moreover,
the beads with AA also had greater adsorption capacities
compared to beads without AA. Carboxylic acid groups
in the hydrogel polymer form bidentate carboxylates
with metal ions. The desorption of the metal ion was
observed in solutions with pH values less than 4. Due
to the better mechanical properties of the hydrogel pol-
ymer, it could be used for six successive cycles of adsorp-
tion—desorption without any loss in adsorption capacity
(Figure 12).1273]

In another study, a hydrogel polymer of graphene
oxide and chitosan, DNA, and protein was synthesized
and used for the adsorption of different dyes and metal
ions from aqueous solution. The synthesized hydro-
gels showed maximum adsorption capacities of 1100
and 1350 mg g for methylene blue and methyl violet,
respectively.178] In our recent work, we have used graft
copolymers of gum ghatti with different vinyl mono-
mers, such as AAM, AA, and AN, for the removal of dif-
ferent metal cations from wastewater. The graft copol-
ymer of Cassia javanica seed gum with poly(acrylic
acid) (PAA) was used for the adsorption of Hg?" from
aqueous solution. The adsorption was found to follow a
pseudo-second-order rate model and Langmuir adsorp-
tion isotherm with the maximum adsorption capacity of
135 mg g 1121
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7. Conclusions and Outlook

In the last decade, gum-polysaccharide-based graft copoly-
mers have received much attention. They have many
advantages over other materials due to their unique value
proposition such as low cost, environmentally friendly
nature, improved responsiveness, and mechanical prop-
erties. The increasing cost of the conventional and com-
mercially available adsorbents has made the low cost
polysaccharide based adsorbents very attractive for the
wastewater treatment. Furthermore, they can be tailored
according to the end-use application. Of the synthetic
methods, graft copolymerization gives better control over
the properties of the end product. Moreover, the smart
behavior of these graft copolymers improves the property
profile of this special class of materials. The graft copoly-
mers of gum polysaccharides can be triggered to respond
to external environmental conditions such as pH, tem-
perature, and magnetic fields. As adsorbents, gum-polysac-
charide-based graft copolymers have potential to remove
pollutants like heavy metal cations and synthetic dyes
from wastewater. They have also shown very fast adsorp-
tion kinetics and very high adsorption capacities. In addi-
tion, they can be used repeatedly as adsorbents for four or
five cycles of adsorption and desorption. The graft copoly-
merization of gum polysaccharides with synthetic mono-
mers have helped in overcoming their limitations and
made them suitable for use in the industrial scale. How-
ever, the graft copolymerization of gum polysaccharides
has its own limitations such as the loss of inherent biodeg-
radability of gum polysaccharides. However, a number of

NH, NIL,
(a) J'\MAJ\J\"V\.LUU\[W
v -
O, OH s
- OH
o = CS/PAA-GLA
OH
OH o
NH, NH,
(b) N
2 oH HoN OH
. . o
increasing pH >
HO cooj —m———= HO /,' .
—~———— C ' e \C 2+
decreasing pH \ u
\ ‘- ,f
HO L HO 0-7
NH, Cu NH,

Figure 12. a) The structure of chitosan-gluteraldehyde hydrogel, and b) the mechanism of the adsorption and desorption of Cu?* using the
chitosan-gluteraldehyde-PAA hydrogel. Reproduced with permission.l'73] 2013, Elsevier Science Ltd.
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recent studies have proven that these limitations can be
overcome. In addition, different methods of graft copoly-
merization of gum polysaccharides as well as their unique
properties such as stimuli-responsive behavior make them
suitable for their use in large scale. Therefore, it can be con-
cluded that gum polysaccharides based graft copolymers
have shown a number of benefits over other adsorbents
and can be used for commercial applications in future.
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