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Abstract

Hydrogels are three-dimensional structure composed of organic resources with lightly cross-linked having high to very high
swelling ability in aqueous solutions. Due to the special physical and chemical properties of hydrogels, such as: flexibility,
swell-ability, softness, and biocompatibility, there are growing research interest in the hydrogel synthesis, developing its
properties, and hence increasing the applications in different fields. Both natural and synthetic polymers either physically
or chemically cross-linked for producing hydrogels. This review covers definition, classification, application of polymer
hydrogels and an also, overview of the different synthesis processes, kinetics and thermodynamics mathematical modeling
approaches. A case study related to producing and using hydrogel in various areas has been reviewed.
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Introduction

Hydrogel is a vastly three-dimensional hydrophilic polymer
network with the ability for swell huge quantities of water or
many other fluids. The hydrogel network may be composed
of homo-polymers or copolymers, and there are two types of
hydrogel networks, which are physical or chemical network
according to the network crosslinks.

Numerous research papers have been published for review-
ing hydrogels, each one of these review articles has specific
outlook [1]. For example, the preparation and the properties
of hydrogel formulation have been reviewed [2]. Hydrogel
network sources such as synthetic, semi-synthetic and bio
polymeric hydrogels have been discussed [3]. The hydrogel
chemistry and different synthetic preparation procedures have
been reviewed comprehensively [4]. Another review article
has a detailed discussion on the methods for preparation
hydrogel networks [5]. Also, the hydrogels prepared from
synthetic polymers which used in the field soil conditioners
have been illustrated [6]. Furthermore, the natural polymers
such as polysaccharides and proteins as raw materials for
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hydrogels preparation have been surveyed [7]. There was an
exclusive article published in 1994, which critically surveyed
the water-absorbent polymers in agreement with the patents
literature [8]. In the industrial production lookout, a user pro-
file has been published by the Stanford Research Institute;
SRI Hydrogels prepared using acrylic monomers family [9].
Two appreciated books on the synthetic hydrogel materials
have been published in the period between 1990 and 1998
[10] where the major phenomena related with the synthetic
hydrogels have been clearly reflected [11].

Hydrogel preparation technique may undergo using either
conventional or radiation techniques. Many authors used the
conventional technique for the grafting of vinyl monomers
onto different polysaccharides backbone such as starch (St)
[12], chitosan (Ch) [13], alginate (Alg) [14] and a blend of
polysaccharides [15].

Irradiation is a technique where a mixture composed
of monomers and photo initiator have been exposed to a
radiation source, the radiation has been absorbed via the
photo initiator, which by turn produces an unstable excited
species [16]. This excited molecule is capable of transfer-
ring energy to the monomer or to the polymer backbone
and hence results from the information of free radical. The
creation of free radical is followed by the propagation step
of polymerization. Initiators may not be required, cross-
linked can be used when using vinyl monomer, and both
polymerization and crosslinking reactions may be initiated
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at room temperatures [17]. Using radiation technique for the
biomedical hydrogel has been reviewed by Carenza [18].

Since the first appearance in 1960, some hydrogels
undergo continuous or discontinuous changes that are arbi-
trated by the outside stimuli such as changes in temperature,
pH, solvent type, light, ionic strength, both magnetic and
electric fields, and the presence of the chelating agent. This
response causes increasing the range of hydrogel applica-
tions, such as wound dressing [14], tissue engineering [19],
soil conditioning [20], drug delivery systems [12], hygienic
products [21], and separation science [13].

Free radical graft polymerization of monomer into a polymer
chain is one of the known, accessible, and effective methods of
hydrogel preparation especially when using natural polymers
[22]. Studying the monomer radical graft polymerization kinet-
ics onto polysaccharide chain has been studied [15].

In addition to studying the interaction kinetics of different
initiators with polysaccharides promotes also, their search
cover the grafting efficiency and the finding the key reac-
tions for the determination of copolymerization grafting
rate, and a mathematical model of process kinetics has been
developed. The kinetics and mechanism details of styrene
grafting onto poly-butadiene have been illustrated [23, 24]. It
was notified that the polymerization reaction rate displayed
a first-order and a square root relevant to the concentration
of monomer and initiator, respectively [25].

In spite of the great number of reviewing articles, to the
best of our knowledge, there is no other published review
with a comprehensive perspective on hydrogel prepara-
tion technologies. This review article aims to provide a
summary data for the hydrogel preparation technologies
with related polymerization kinetics and thermodynamics.

Also, some case studies process and financial considera-
tions pertinent to hydrogel scaling up manufacture.

Hydrogel Classifications

The hydrogel can synthesis via using different raw materials
and also different techniques and hence it can be classified
along with different points of view as illustrated in Fig. 1.

According to Crosslinking Mechanism

The most known hydrogel classification is physical and
chemical based on the type of the crosslinking technique
[26]. Physical crosslinking hydrogels are synthesized by one
of the following methods: crystallization, ionic interaction,
stereo-complex formation, and hydrogen bond. In the case
of ionic interactions, hydrogels can undergo cross-linking
process at ambient conditions. Polysaccharides such as chi-
tosan, dextran, and carboxy methyl curdle have reported in
the literature for the preparation of physically cross-linked
hydrogels by hydrophobic modification [27, 28].

Chemical crosslinking involves grafting of monomers on
the polymers backbone or using a crosslinking agent to link
two or more polymer chains. The crosslinking of natural
and synthetic polymers can be obtained via the interaction
of functional groups (such as OH, COOH, and NH,) with a
cross linker such aldehyde or methylene is acrylamide. There
are a number of methods reported in the literature for obtain-
ing chemically cross-linked “permanent” hydrogels [29].
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Fig. 1 Classification of hydrogel from different point of view [26]
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Classification Based on Source of Preparation

According to their starting materials, hydrogel may be
divided into natural, synthetic and “hybrid” combinations
of both natural and synthetic [5, 26].

a. Natural Hydrogel

Natural biodegradable polymers have been involved in the
hydrogel synthesis, the first one is the protein (fibrin, col-
lagen, and gelatin), and the second one is the polysaccharide
(chitosan, starch, and alginate). Regularly, natural polysac-
charides are preferred over synthetic polymers because of
their low cost, biodegradability, easy availability and non-
toxicity [13].

b. Synthetic Hydrogel

Synthetic hydrogels are prepared using chemical polym-
erization techniques. Examples of synthetic and degradable
polymers used in this issue are poly-lactide, poly-glycolide,
poly (glycolids-co-lactide) and poly (e-caprolactone).

c. Hybrid Hydrogel

Hybrid hydrogels based on a combination for both natural
and synthetic polymers/monomers designed to merge the
advantages of synthetic and natural polymers at the same
time and permit good control over properties. For example,
natural polysaccharides have been grafted with some vinyl
monomers to add additional properties onto the polysaccha-
ride network without losing its biodegradable nature [13].
Furthermore, this combination will produce a hydrogel with
greater number of functional groups and also will improve
the mechanical properties of the natural polymers.

Classification According to Polymeric Composition
a. Homo-polymeric Hydrogels

Polymer network which is built by the linking together of a
large number of a single repeating unit “monomer”, which is
a basic structural unit comprising a single polymer network
[8]. Homo-polymers may have cross-linked skeletal struc-
ture depending on the nature of the monomer and polymeri-
zation technique.

As an example for the hydrogel prepared using one poly-
mer, polyvinyl pyrrolidone has been prepared via irradiation
technique using gamma source at a dose rate of 3.2 Gymin™"
[16]. Poly-acrylic acid is another example for homo-polymer
hydrogel; it is stable with optimal elasticity. Its commercial
version contains 2.5% of Poly-acrylic acid and the rest is
water [30].

b. Co-polymeric Hydrogels

They are the category of hydrogel comprised of two or
more different monomer/polymer at least one of them has
hydrophilic property, arranged in a random way [9]. A
biodegradable tri-poly (ethylene glycol)-(a-caprolactone)-
(ethylene glycol) hydrogel has been investigated for use in
the drug delivery system [31, 32]. Polyvinyl pyrrolidone
hydrogels have been prepared using different irradiation
doses (5-15 KGy) [33].

¢. Multi-polymer Interpenetrating Polymeric Hydrogel (IPN)

IPNs defined as the intimate combination of two polymers
[34]. This is done via submerging a pre-polymerized hydro-
gel in monomers and initiator solution. IPNs can be more
effectively preserve quick response to pH and/or tempera-
ture due to the absence of restricting interpenetrating elastic
network, while still have the advantages like modified pore
size and slow drug release etc. An example of IPN is the
linear cationic poly ally ammonium chloride in acrylamide/
acrylic acid copolymer hydrogel, which imparted both higher
mechanical strength and fully reversible pH switching [35].

Classification Based on Network Morphology

As shown in Fig. 2 the surface network morphology of
the hydrogel may be classified into four categories [26].

a. Non-crystalline “amorphous”.

b. Semi-crystalline-structure: a complex mixture of amor-
phous and crystalline phases.

c. Hydrogen-bonded.

d. Hydrocolloids.

Fig.2 Hydrogel surface morphology a amorphous, b semi-crystal-
line, ¢ hydrogen bond and d hydrocolloids
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Classification Based on Physical Appearance

Hydrogels have different shapes as matrix, film, or micro-
sphere depends on the polymerization technique which
involved in the preparation process [36].

Classification According to Network Electrical
Charge

a. Non-ionic (neutral).
Tonic [anionic (— ve) or cationic (+ ve)].

c. Amphoteric electrolyte (containing both acidic and basic
functional groups).

d. Zwitterion (polybetaines) which containing anionic and
cationic groups in each unit [37].

Classification According to Sensitivity
to the Surrounding Environment

Hydrogels can be sensitive to different surrounding vari-
ables such as pH, temperature, enzyme, light, and electric.
(Table 1) shows some of the environment sensitive hydrogels
and their polymer system [38].

Important Properties of Hydrogel
Swelling Properties

The most significant characteristic of a hydrogel is the abil-
ity to absorb large amounts of aqueous solutions which may
reach hundreds of times of its dry weight. This phenomenon
is known as swelling. The alteration of hydrogel chains by
hydration is shown diagrammatically in Fig. 3.

Hydration
[ | e——
< —m
Dehydration

Dried State

Swollen State

Fig.3 Volume phase transition of hydrogel by hydration and dehy-
dration

The concentration difference of the mobile ions in the
hydrogel interior relative to an external solution (osmotic
pressure), changing the solvent’s pH causes change ioniza-
tion degree of the functional groups dictates its swelling
profile and hence the volume changes drive the hydrogel
volume to change [40]. Mostly, the hydrogels swelling char-
acteristic is recognized as the swelling water ratio (SWR)
which is a ratio between the weights of the swollen to the
dry hydrogel. Dynamics affecting SWR mainly include the
crosslinking ratio, the solvent concentration and quality in
addition to the chemical structure [13].

Mechanical Properties

Mechanical properties of hydrogels are very important
to determine the suitable field for using the hydrogel. For
Example, the evaluation of the mechanical property is essen-
tial in different biomedical applications, the matrix for drug
delivery, wound dressing material and tissue engineering.
The hydrogels mechanical properties should be accepted,
that it can maintain its physical consistency during the deliv-
ery of therapeutic moieties for the predetermined period of
time [41].

Table 1 Shows the name of some hydrogels, crosslinking agents and their applications

Hydrogel Crosslinking agent Applications Refs
Polyvinyl alcohol (PVA) Sodium borate/boric acid Packaging [39]
Chitosan Oxidized dextrins Tissue engineering [40]
Guar gum Glutaraldehyde Scaffold of hepatocyte [41]
Guar gum Epichlorohydrin Biomedical application [42]
Gellan gum Endogen polyamine spermidine Drug delivery [43]
Glycol chitosan Oxidized alginate Drug delivery [44]
Hydroxamated alginates Zinc Drug delivery [45]
Alginate bead Zinc Drug delivery [46]
Scleroglucan Borax Drug delivery [47]
Carboxylmethyl cellulose/starch/SiO, nanoparticles Ethylene glycol dimethacrylate (EGDMA) Agriculture [48]
Polyacrylamide N,N’-methylenebisacrylamide Heavy metal removal [49]
Polyacrylamide/guar gum graft copolymer Glutaraldehyde Heavy metal removal [50]

Chitosan/poly(acrylamide-co-acrylic acid)

N,N’-methylenebisacrylamide

Waste water treatment
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By changing the degree of crosslinking the targeted
mechanical properties of the hydrogel can be reached. For
stronger hydrogel the degree of crosslinking should be
increased, a can be obtained through the higher degree of
crosslinking decreases the % elongation of the hydrogels
creates a more brittle structure [37].

Biocompatible Properties

In order applying the hydrogel products in the biomedical
field, they should be biocompatible and nontoxic. Biocom-
patibility means the material’s ability to respond to an appro-
priate host effect in a definite application. Biocompatibility
studies consist of two parameters namely bio-safety and
bio-functionality:

a. Bio-safety, for example, appropriate host response not
only systemic but also local, the absence of cytotoxicity,
mutagenesis, and/or carcinogenesis and

b. Bio-functionality which is the ability of the material to
achieve the definite mission for which it is intended. This
meaning is particularly related to tissue engineering sci-
ence since the nature of tissue construct is to continuously
interact with the body through the healing process [38].

Hydrogel Applications

Hydrogels are involving in many of our live application. To
improve their properties, many researchers tried to copo-
lymerize them with other chemicals, ionize, or treat them
with Nano-particles. These techniques make it possible to
use them in environmental, medical, biomaterial, pharma-
ceutical and agricultural applications. Table 1 summarizes
different hydrogels and their applications.

Wastewater Treatment

Hydrogels are being used to remove environmental pol-
lutants. For example, tons of swine wastes are produced
annually. It results in runoff into surface water systems and
hence the degradation of soil-ground water systems. Poly
(di-methyl di-allyl ammonium chloride-co-acrylamide)-
graft-triethylenetetramine—dithiocarbamate (PDCATD) was
synthesized and has been used for removing heavy metal
from industrial wastewater. Some cationic dyes which are
known carcinogens are removed by hydrogels [51].

Medical Field

Smart hydrogels are used in many medical applications due
to their responding to some environmental conditions such
as pH, temperature, and light as illustrated in Table 2. Many

endeavors have been exerted during past 10 years for the
treatment of skin wounds and tissue engineering using dif-
ferent hydrogel types [40, 52].

Drug Delivery Applications

In recent times, great efforts have been dedicated to using
potential pharmaceutical instruments such as novel drug
delivery systems (DDS), since it has an appropriate means
of site-specific and controlling the delivery time for thera-
peutic agents [66].

Agricultural Applications

Because of the hydrogel excellent ability to hold water mol-
ecules, it has been applied in the agriculture field more than
60 years ago. These polymers were developed to enhance
the soil physical properties via increasing their water use
efficiency, water-holding capacity, plant performance and
reducing irrigation frequency and reducing compaction ten-
dency [10].

A new slow-release hydrogel fertilizer has been devel-
oped which can provide essential plant nutrients including
nitrogen, phosphorous, potassium and zinc as well as the
organic matrix which acts a soil conditioner [67].

Superabsorbent polymer (SAP) based on graft copoly-
merization of sodium carboxy methylcellulose and acrylic
acid adding potassium per-sulfate as an initiator has been
prepared. Experiments were performed at 70 °C for 90 min.
The maximum swelling capacity for SAP was 545 g/g in
distilled water and 44 g/g in 0.9% w/v NaCl solution [68].

Hydrogel Synthesis Technologies

Preparing hydrogel is spontaneously a combined between
polymerization and crosslinking chemical reactions. Differ-
ent polymerization techniques have used for the hydrogel
preparing and synthesis such as solution polymerization
or aqueous polymer solution [47], suspension polymeriza-
tion, radiation polymerization, photo polymerization, and
free radical polymerization. According to literature most of
the hydrogels were synthesized using step growth and solu-
tion polymerization. In these techniques, the products of the
hydrogel can be formed or reformed into different shapes
and sized. Therefore, these three two techniques are the main
focus in this article review [69].

Polymerization Techniques for Producing Hydrogel
According to the chain growth mechanism of the used poly-

mer, polymerizations can be divided into step growth and
chain polymerization [14]. Figure 4 represents a simplified
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Table 2 Environmental sensitive hydrogel and their polymer system [38]

No Type of sensitivity Hydrogel Reaction summary Refs.
1 pH Poly(methacrylic acid-co-methyl methacrylate) 22/78 molar %, with two crosslinking degrees (0.3 and [53]
Hydrogel 0.5%)

2 Thermo Poly(N-t butyl acryl amide-coacrylamide) Prepared using free-radical crosslinking copolymeriza- [54]
tion

3 pH Chitosan-alginate, chitosan carboxymethyl cellulose Polyelectrolyte complexe hydrogels with prolong drug  [55]

sodium, and chitosan-carbopol release systems using Diltiazem HCl
4 Thermo Poly(N-isopropylacrylamide)-poly(ethylene glycol) A major and reversible phase change with changing in  [56]
diacrylate temperature and able to release various proteins

5 Enzyme Poly(ethylene glycol) Formed by Thiol-ene photopolymerization technique  [57]
to fabricate protein delivery vehicles capable of
enzyme-responsive protein released at sites of
inflammation

pH-thermo Poly-N-isopropylacrylamide Formed by Electrochemically induced polymerization  [58]
pH Agarose Highly biocompatible, specifically developed for [59]

regenerative medicine applications in spinal cord
injury (SCI) repair

8 pH Poly (Am-co-AA) Superporous hydrogels with fast responsive properties  [60]
of system

9 IR light N-isopropylacrylamide IR light-responsive hydrogel was used to made liquid-  [61]
based tunable microlenses

10 Thermo Hydroxyethyl methacrylate Rate controlled rectal Delivery of antipyrine or theo- [62]
phylline. by Cylindrical hydrogels

11 pH Chitosan-PVA Modified pH sensitive swelling [63]

12 Electro Polydimethylaminopropylacrylamide Prepared via crosslinking the water-soluble polymers  [64]
using radiation or chemical techniques

13 Electro Chondroitin4-sulphate Potential matrices for the electro controlled delivery of [65]

peptides and proteins

block diagram of the hydrogel preparation steps via differ-
ent techniques.

5.1.1 Step-Growth Polymerizations (Polycondensation)

Step-growth polymerization undergoes by the reactions
between monomers/polymers with different types of func-
tional groups, the lifetime of a growing polymer chain may
be not exceeded 1 s [70]. Step growth polymerization is

exothermic reaction accompanied by increasing the viscos-
ity of the reaction mixture at high conversions. Such as,
polyamides can be obtained by the reaction of amino acids
with themselves. In addition, polyesters, formed from di-
acids and di-ols with removing of water. Thus, any random
propagation reaction between two growing polymer chains
can be represented schematically as:

P,+P, < P + (A)

f ™
Convemionnl
60 min, 60°C
monomer
Polymer | Gelatinization tank nitiator | pre.grafting tank
=1 30min80°C e aehe M'°’°""a:’e Washing Hydrolyser
DW - : or | 10 min,, 35 C tank (1) 200 rpm ,60 min, 90 °C
Crosslinker
Ultraviolet
60 min,50 °C [Solven( recovery unit
;)‘;y .ec' Washing
tank (2)
~ .

Fig.4 Simplified hydrogel preparation block diagram

@ Springer



Journal of Polymers and the Environment (2019) 27:871-891

877

Where P,, and Py, denote growing polymer chains with
a degree of polymerization x and y, respectively, and “A”
denotes a small condensate molecule.

Yunzi et al. [71] provided an overview for step-growth
polymerization takes poly(lactic acid) as the example to pre-
sent new developed polymer synthesis techniques reported
in the recent decade (2005-2015) on the basis of industrial
technique modifications and advanced laboratory research.

5.1.2 Solution Polymerization/Crosslinking

In solution, co-polymerization/ crosslinking reactions, and
ionic or neutral monomers are mixed with the multifunc-
tional crosslinking agents. The polymerization has been ini-
tiated thermally, by UV light, or by redox initiator system
in the presence of the solvent. The prepared hydrogels need
to be washed with distilled water to remove the un-reacted
monomers, crosslinking agent, and the initiator [13].

Hydrogel Crosslinking

Crosslinking modifications are improving the mechanical
properties and viscoelasticity for applications in different
fields. The crosslinking techniques adopted for this purpose
are physical crosslinking, chemical crosslinking, grafting
polymerization, radiation crosslinking.

5.2.1 Physical Crosslinking

There has been an increased interest in physical or revers-
ible hydrogels due to the relative ease of production and the
advantage of not using crosslinking agents “see According
to crosslinking the mechanism”. These physical crosslinks
are not permanent in nature, but they are adequate to
make hydrogels insoluble in an aqueous solution. Physical
crosslinking gives reversible hydrogels [72]. The various
methods reported in the literature to obtain physically cross-
linked hydrogels are:

a. Heating/Cooling a Polymer Solution In this method,
hydrogels are formed by cooling hot solutions of gelatin or
Carrageenan. The hydrogel formation is due to helix-forma-
tion and then the formation of junction zones [73]. As shown
in Fig. 5 Carrageenan in hot solution above the melting tran-
sition temperature is present as random coil conformation,
upon cooling it transforms. In other cases, the hydrogel can
also be obtained by simply warming the polymer solutions
that causes the block copolymerization. Some of the exam-
ples are polyethylene oxide-polypropylene oxide, polyethyl-
ene glycol-polylactic acid hydrogel [28].

b. lonic Attraction Figure 6 represents ionotropic gelation
formed by the interaction between alginate (COO™) with

Carrageenan in Solution
(Random coil)

Carrageenan hydrogel form
(Helix)

Fig.5 Hydrogel formation due to aggregation of helix via cooling a
hot solution of carrageenan

calcium metal ions (Ca2*). Polymers can cross-link by the
addition of di- or tri-valent counter ions. This method causes
the gelling of polyelectrolyte solution (e.g. Na™ alginate-)
with opposite charges (e.g. Ca’*42CI7). Other examples
are chitosan-polylysine hydrogel [74] and chitosan-dextran
hydrogels [75].

c. Complex Coacervation Complex coacervate hydrogels
are formed via merging a poly (cation) with poly (anion) as
shown in Fig. 7. As polymers with opposite charges attract
one another and form both soluble and insoluble complexes
depending on surrounding solution. An example is a coac-
ervate xanthan (poly-anionic) with chitosan (poly-cationic)
[76].

d. Hydrogen Bonding Hydrogen bonded hydrogel are pre-
pared via lowering the aqueous solution pH of the poly-
mers having the carboxyl groups. Carboxy methylcellulose
(CMC) network is an example of the hydrogen-bonded
hydrogel. In Poly (CMC) the network dispersing CMC into
0.1M HCI as shown in Fig. 8. The mechanism involves
replacing the sodium in CMC with hydrogen from the acid.

Carboxy methylated chitosan (CM-chitosan) hydrogels
can also prepare by crosslinking in the presence of acids or
poly-functional monomers [77].

5.2.2 Chemical Crosslinking

In the chemical crosslinking is a method for producing a
chemically crosslinking hydrogel using radical polymeriza-
tion of low molecular weight monomers, branched homo-
polymers, or copolymers in the presence of the crosslinking
agent as shown in Fig. 9 [27].

Chemical crosslinking covered in this article involves
grafting of monomers onto the polymers backbone or the
use of a crosslinking agent to link two polymer chains. The
crosslinking of both natural and synthetic polymers have
achieved through the reaction between their functional
groups (such as COOH, OH, and NH,) with cross linkers.
There are a number of methods reported in the literature to
obtain chemically cross-linked permanent hydrogels “see
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Fig.6 Ionotropic gelation by
the interaction between anionic
groups on alginate (COO™) with

divalent metal ions (Ca®*)
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Fig.7 Complex coacervation between a protein poly-anion and a polysaccharide poly-cation
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Fig.8 Hydrogel network formation due to intermolecular H-bonding in CMC at low pH

Table 1”. One example is hydrogel prepared by crosslinking
of starch and polyvinyl alcohol using glutar aldehyde as a
cross-linked [78]. The prepared hydrogel membrane could
be used as an artificial skin and at the same time various
nutrients/healing factors and medicaments can be delivered
to the site of action. Carrageenan and acrylic acid have been
cross-linking using 2-acrylamido-2-methylpropanesulfonic
acid leading to the development of biodegradable hydrogels
with proposed use for novel drug delivery systems [79].

Grafting

Graft polymerization is a novel method for imparting dif-
ferent functional groups into polymer backbone via the

@ Springer

attachment of synthetic monomer onto natural polymer
and hence modifying the chemical and physical proper-
ties of the produced hydrogel as shown in Fig. 10. Graft
polymerization can be initiated using various techniques
such as conventional and irradiation (MW, UV y-ray, and
e-beam).

Chitosan grafted with acrylamide-co-acrylic acid using
methylene bis-acrylamide as a cross linker is an exam-
ple of grafting two monomers into a polymer backbone
[51]. Another example is grafting acrylamide (Am) into
a backbone of polysaccharide mixture composed of chi-
tosan, alginate, and chitosan to get a wonderful platform
may be used in various fields [15].
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Fig.9 Schematic illustration of using chemical cross-linked to obtain cross-linked hydrogel network
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Fig. 10 Grafting of a monomer on preformed polymeric backbone leading to infinite branching and crosslinking

5.3.1 Grafting Via Conventional Technique

Grafting through conventional method may be achieved
through free the radical grafting polymerization in the pres-
ence of chemical initiators such as potassium per sulfate
(KPS) [13] and ceric ammonium nitrate (CAN) [80]. Many
authors prepared hydrogel using the conventional technique
for the grafting different vinyl monomers onto polysaccha-
rides such as starch [81], chitosan [51], alginate [55] and
cellulose [48].

Reactive extrusion is another conventional method for the
grafting technique which has been explored as an alternate
process for continuous production of polysaccharide graft
copolymers with reduced water requirements. It allows the
combination of several chemical processes into a single con-
tinuous operation [82].

The starch-g-polyacrylamide hydrogel has been prepared
by a reactive extrusion processing resulting in a superab-
sorbent polymer hydrogel (SAP) with water absorption of
605 g/g. Also, the bentonite clay inorganic filler has been
added to the graft copolymer to prepare the SAP compos-
ites (SAPC). It was found that new composite has exhibited
the water absorption of approximately 730 g/g [83]. Also,
grafted polymers of Am and different types starches (corn,
waxy maize, wheat, and potato) have been prepared using
reactive extrusion in the presence of ammonium per sulfate
(APS) as an initiator [84]. The maximum %GY, %GE and

SWR of 70%, 89%, and 200 g/g, respectively were obtained
when using Am/St (w/w) of 1:2 of potato starch. Further-
more, reactive extrusion has been used for producing starch
graft acrylamide, %GY and %GE of 90% and 75% were
obtained [85].

5.3.2 Grafting Via Irradiation Techniques

In addition to conventional technique, irradiation technique
is well-known methods for modifying the properties of poly-
meric materials via the grafting process. Photo polymeriza-
tion is creating initiation sites in a defined area [86]. Polym-
erization can be done under variable conditions, allowing
differences in the monomer structures. The effective grafting
has attained according to the number and type of functional
groups, temperature, radiation intensity and both the type
and the concentration of the applied photo initiator. The
major advantage of the radiation initiation over the chemical
initiation is that the production relatively pure and initiator-
free [87]. For example, microwave and ultraviolet irradia-
tion technique will be discussed in this article review as
according to the literature they are the most common in the
grafting process.

There are different sorts of irradiation sources such as
MW, UV, and gamma-irradiation as illustrated in Fig. 11.
For the best to our knowledge, the most common grafting
of hydrogel via irradiation has been done via microwave
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Radiation Type Radio Microwave Infrared Visible Ultrraviolet X-ray Gamma ray

Wavelength (m) 10° 1072 1075 0.5%x1078 1078 10710 10712

Fraquency 00 #:“: |
10! 10® 102 10 10' 10'® 107°

Fig. 11 Electromagnetic Spectrum

and Ultraviolet which will be discussed and summarized
in the following section.

i. Microwave Irradiation Technique Microwave (MW)
irradiation technique uses electromagnetic waves called
micro-waves for heating with a short wavelength ranges
between 107 to 1072 m.

MW is a non-ionizing energy source because it depends
on creating heat deep inside the materials; this heat is a
consequence of rapid oscillations of the electromagnetic
field at high frequency. The main ingredient that enables it
to be heated by micro-waves is water, the higher the water
content, the faster the heating rate. During the oscillation
of the micro-waves, the water molecules also rotate. This
is because the attachment of the water negatively charged
end to the micro-wave positively charged end, while the
water positively end is attracted to the micro-waves nega-
tive charged end. The microwaves rotate at an extremely
high speed of 2450 revolution per second. This creates
friction between water molecules and hence heat is gener-
ated [87].

In the literature, many authors used a microwave in the
grafting of vinyl monomers onto polymers. For example,
acrylic acid and acrylonitrile have been grafted into chitosan
[88, 89].

Acrylamide has been grafted into starch and guar gum
and chitosan using microwave [90-92].

Singh et al. [93] compared the grafted of methyl acryla-
mide (MMA) onto chitosan into MW and conventional
techniques. Percentage G obtained was 160% using 80% of
MW power in 2 min at 0.17 mol/L [MMA], 0.1 g/25 mL.
While, %G was 105% using the conventional technique in
the presence of KPS/ascorbic acid redox initiator at 35 °C
for 60 min.

Singh et al. [94] compared the grafting of acrylonitrile
onto starch using MW and conventional technique in the
presence of APS. Percentage G and percentage GE of 225%
and 98%, respectively have obtained using MW irradiation:
0.17 mol/L acrylonitrile, 0.0014 mol/L. APS, 0.1 g starch,
1200 W of MW power and 70 s exposure time. However,
under the same conditions at 98 °C (even in the inert
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atmosphere) raising the concentration of the initiator to
0.0024 mol/L resulted 10% of % G was achieved.

ii. Ultraviolet Irradiation Technique Ultraviolet is electro-
magnetic radiation with a wavelength shorter than MW
and visible light, in the range 10400 nm. Grafting using
UV irradiation is producing unstable excited species on the
polysaccharide backbone via absorption of the ultravio-
let radiation. Then, the formation of a free radical by re-
arrangement, fragmentation, and followed by the monomer
attacking which leads to grafting [95].

UV-initiated graft copolymerization of MMA onto chi-
tosan has been reported, %G of 300% was obtained [96].
Lee et al. and Mubarak et al. used UV in the presence of
benzo-phenone as a photo initiator for the grafting of AA
and polyvinyl alcohol onto starch, %G of 120% and 98%
were obtained, respectively [97, 98].

Hedin et al. grafted starch into glycidyl methacrylate
(GMA) using UV irradiation technique in the presence of
KPS, the obtained swelling in distilled water was 280 g/g
[99].

5.3.3 Grafting Mechanism

The experiments for studying the grafting mechanism are
designed to discover the factors controlling the grafting pro-
cess using an initiator [25].

Free radicals may be formed in different of methods
including; (i) organic peroxides thermal decomposition /
hydro-peroxides or azo/diazo compounds. (ii) Light (ultra-
violet) (iii) high-energy radiation. The common scenario for
the grafting process is the free radical grafting polymeriza-
tion process which consists of three steps: initiation, propa-
gation, and termination.

Several authors studied the grafting mechanisms for vinyl
monomers onto starch using different initiation techniques
as follows [100, 101]:

Initiation This step contains the creation of a free radical
active center and usually happens in two steps. The first is
the formation of free radicals from an initiator.
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kq
I— 2R’
k[
St + R°— RSt
k!
St +M— StM*

ki
M + R*+— RM’

Propagation The growth of the polymer chain via rapid
sequential addition of monomer to the active center:

k,
SIM? + M= SIM,

koo
M +M— M,

Termination In the case of neglecting all transfer reactions
and the present monomer was finished, termination will
happen either by combination or by disproportionation.

kl
StM’, + StM; — graft polymer
ki
StM’ + St"— graft polymer

kt
M + M; — hom opolymer

Where: St®, M®, R*® are the free radicals of polymer, mon-
omer and initiator, respectively.

5.3.4 Grafting Kinetics

The main task of all kinetic experiments is to assess the rate
of grafting via a variety of experimental methodologies. The
experiments done to determine the kinetics rate coefficients
could be divided into two areas. The first scheme is the over-
all polymerization rate accurate measurement, while the
second one focuses on the analysis of the resulting molecu-
lar weight distributions. If all the polymerizing system rate
coefficients are known, it is possible to expect the kinetics of
the overall polymerization procedure, including the complete
molecular weight distributions as will be discussed here.

Several authors studied the kinetics of graft polymerization
of vinyl monomers onto single polysaccharide [80, 100, 102].

The rate of graft polymerization (R,) is estimated by the
following equation [103, 104]

Rg(mol/L s) = Amount of grafted monomer

M, X reaction time X reaction volume

where M, represents monomer molecular weight (g/gmol).

The rate of the graft polymerization (Rg) (mole/L sec)
depends on the concentrations of polymer, monomer, and ini-
tiator as follows:

R, = k [PI'[M]°[I]°

Where: k is the graft rate constant, P, M and I signifies for
the polymer, monomer, and initiator, respectively, and a, b and
c are constants.

A grafting rate equation has been derived from methyl
acrylate (M) onto sago starch (St) applying the stationary state
approximation to the various radical species in the system as
follows [25]:

% = kk,[St][Ce**] — k;,[St1[M]

— k3 [SC1[Ce* ] + kyy[St — OX][Ce*™ ] =0
% =k, [SE1IM] =k [SIM']? — k, [SIM"1 — ki [SEMP][M®] = O
dmr-
[dt 1_ ko [M][Ce*t] =k, [M']? =k, [SIM*][M"] = 0
A= OXY _ e 1511Ce™ — Kyl — OXISO]

In these equations, Me and STMe represent homo-polymer
and graft polymer radicals, respectively. Because there was a
little attack of CAN to monomer (M); therefore, k;, [M] [SO;"]
can omit, and now summing equations the above last two equa-
tions yields:

kk,[STI[Ce*t] — k, [StM")? — 2k, [StM"][M"] — k,,[M"]*> = 0

K, ([SEM°1? + 2[SIM°1[M"] + [M"1?) = kk,[St][Ce*]

44
[StM + 2[SiM ) IM*] + (M = %
1
4+
(IStM"] + [M"])* = %
1
4
t1

The rate of consumption of vinyl monomer is defined by:

R, =k [SIM"][M] + k [M"1[M] = k [IM]([StM"] + [M"])

kk,[St][Ce**]

Ry = kM=

1 kky o 1o 1
)2 = kp(Tz)Z[St]Z[S% 12[M]
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The overall rate of grafting (R,: mole/L s) of a free radi-
cal process is simply the rate of chain propagation. The last
equation of R, is the normal kinetic relationship for a simple
radical polymerization and shows the first-order dependence
of Rg on [M] and the half-order dependence of [Ce*t] and
[St] held by this system as follows:

The plot of Rg vs. [PB], [1] or [Am] gives the value of k,
a, b and ¢ while fixing the other two concentrations. Table 3
a summary for the grafting rate obtained by different authors
using different polysaccharides and vinyl.

5.3.5 Studying Some Factors Affect the Grafting Rate

The grafting of ethyl acrylate (EA) onto hydroxyl propyl
methylcellulose (HPMC) has been studied, concentrations of
EA in the range 0.1-0.4 mol/L, using KPS (2.7 mmol/L) at
60 °C. The G% and GE% have shown an increase trend with
the increasing of EA concentration and hence the grafting
rate is increasing as shown in Fig. 12 [113].

In another investigation methyl acrylate (MA) has been
grafted onto sago starch in which CAN was used as an ini-
tiator. A kinetic model of the grafting process has been pro-
posed. An equation of a predicted model relating the graft
fraction of MA with the sago starch has been derived, and
validity of the predicted model was verified using the experi-
mental results.

(mol/L.min)
w
']

R X10*

[}

T T T T T
005 0.10 0.18 o.20 026 0.20 0.35 o.40

EA concentration (mol/L)

Fig. 12 Relationship between R, and the monomer concentration of
EA

1 kKIS
(1-GF)*S  ky[M]

Where: k is the equilibrium, kj is the dissociation con-
stants, and all k;, are initiation constants, (GF) the effect
of the methyl acrylate monomer ratio on the graft frac-
tion, [St] starch concentration, [M] monomer concentra-
tion [25].

The kinetics and mechanism of styrene grafting to
polybutadiene details has been investigated [24]. The
polymerization of the monomers appears to follow the

Table 3 Summary for reaction rate equation for grating different vinyl monomers onto polysaccharide chains monomer

No Polymer Monomer Initiator Reaction rate “Rg” Refs

1 St Acrylonitrile ‘AN’ KPS Rg=k [St]%47 [AN]! 18 [105]
[KPS]O‘499

St AN Potassium permanganate Rg=k [St]2 [AN] [KMnO,]"?  [102]

3 st AA CAN R, =k[St]** [AA]*?[CAN]"®  [80]

4 St Ethyl methacrylate (EMA) R,=k [St]**
[EMA]O.‘)Z[CAN]O,SS

5 St Acrylamide “Am” potassium dichromate, Cr(VI) “I” Rg=k [St]*3? [Am]*** [1]°4 [104]

6 St Acrylic acid “AA” Rg=k [St]*46 [AA]* 1O+

7 St Methyl methacrylate “MMA” Rg=Kk[St]%4 [MMA]>% [1]°#

8 St Acrylonitrile “ACN” Ce(IV) “T” Rg= K[ACN]% 11! [106]

9 St Methyl acrylate CAN Rg-Kdd [CAN]+ Kkpkd Ik, [S] [107]
[[MA]*

10 St Acrylamide Potassium permanganate Rg= kpd‘E/ RT[Mn"+1%3 [St]%° [108]
[MA]! [H,S0,]!

11 Starch 2-Hydroxyethyl methacrylate CAN Rg=k[HMA]' [109, 110]

“HMA”

12 - Acrylic acid “AA” sodium per sulfate Rg:k[AA]l'5 [ [110]

13 Alg Methyl acrylate “MA” APS Rg=k[Alg]’ [MA]' [1]°° [111]

14 Hydroxyl propyl Ethyl acrylate (EA) KPS Rg=k[HPMC]*’ [EA]' [KPS]*® [112]

methylcellulose
(HPMC)
15 St/Ch/Alg “PsB” Acrylamide “AAm” KPS Rg=k[AAm]>[PsB]*® [KPS]®® [15]

K, ky, kp, and k, are polymerization, dissociation, propagation, and termination constants, respectively
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normal kinetics of the reaction. The polymerization rate
showed a first-order dependence on monomer concentra-
tion and a square root dependence on the used initiator
concentration.

The kinetics of polymer particle formation and distri-
bution at the graft polymerization of methyl acrylate onto
hydroxyl-ethyl cellulose has investigated. The particle num-
ber increases at the first stage of polymerization, then it is
constant [114]. The concentration of adsorbed monomer
decreases throughout the polymerization reaction as shown
in Fig. 13.

The free irradiation graft polymerization of styrene onto
polyethylene using has been studied. The dependence on
monomer concentration change with increasing dose rate
has been investigated. Three different regions of behavior
are defined [115]:

(i) aregion of low dose rate: Rg =k [dose]®? [M]'?
(ii) a region of intermediate dose rate: R,=k [dose]’
[M]*® and R, =k [dose]* [M]>*
(iif) aregion of high dose rate: R, =k [M]?3

Huacai and Senkang [116] prepared chitosan- acrylic
acid (AA) hydrogel and the effect of reaction time on the
grafting yield has been studied. The reaction condition was
temperature 80 °C, a ratio of a volume of AA to the mass
of Ch 3 mL/g; reaction time was ranging from 1 to 2 h. and
the obtained reaction yield was increased from 40 to 80%.

Abd-Alla et. al [117]. studied the effect of polymeriza-
tion reaction time on G% and GE%. It can be seen from the
Fig. 14 that the increase of reaction time from 0.5 to 2 h
increased %G and %GE. Increasing the reaction time more
than 2 h caused the reaction rate level off. This leveling off
can be ascribed to the depletion in monomer and initiator.

Lutfor et al. [118] studied the effect of polymerization
conditions on the grafting rate of AN into sago starch. It was
found that the optimum reaction temperature and reaction
period were 50 °C and 90 min, respectively. The maximum

(A)

[M] 40(1). 61(2), and 82 g/1 (3)

# Particle dispersion/unit volume

10
Time "min"

5 15

Monomer adsorbed/unit volume

883
—=—o0
250 ,OA’G
—a— %GE
. 200
b
150 -— - -
100
50 A—ah— A
0 -
0 1 2 3 4

Polymerization time, hrs

Fig. 14 The Effect of time on the grating parameters, Initiator con-
centration 0.15%, monomer to cellulose ratio 3:1, Acid conc. 1%,
Liquor ratio 25:1, Temp. 20°C

percentage of grafting and efficiency were 83.04% and
95.9%, respectively (Table 4).

Hydrogel Polymerization/Grating Thermodynamics

Thermodynamic models offer simple approaches in order to
describe the volume transition behaviors of neutral or ionic
hydrogels in equilibrium. The equilibrium state of volume
transition of the smart hydrogel in the solvent is obtained
when the solvent inside the hydrogels network is in ther-
modynamic equilibrium with that outside solvent. This can
be characterized in terms of the free energy, the chemical
potential or the related osmotic pressure [126].

The most extensively used thermodynamic model was
derived by Flory [127] for a description of the equilibrium
volume transition of the hydrogels. The hydrogel at equi-
librium state is preserved as a superior solution system,
where the mesh chains cannot move freely to each other, but
the chains can become elongated in a non-interacting way
during the volume transition process. The hydrogels free
energy is considered to be a sum of the mixing free energy
which resulted from the mixing course and the elastic free
energy due to the rubber elasticity. Furthermore, the osmotic
pressure acting on the hydrogel network can be calculated
according to the change of free energy.

(B)

200

100

[M] 40 (1), 61(2), and 82 g/1 (3)

10
Time "min"

Fig. 13 a particle number in unit volumes of dispersion vs. time at [M] 40(1), 61(2), and 82 g/L (3); b monomers adsorbed in the unit volume of
dispersed cellulose vs. time at the initial monomer concentration 40 (1), 61(2), and 82 g/1 (3)
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Table 4 Effect of using different grating time on the %G and %GE in the hydrogel synthesis

No  Used technique Polymer Monomer Initiator Grafting time %G %GE  Ref
range “min”
1 Microwave St Am KPS 0.08-1.25 120 65 [90]
2 Conventional Guar Am KPS 0.33-1.67 140 49 [119]
3 MW and initiator ~ Guar Am KPS 0.33-1.67 190 66
4 MW only Guar Am KPS 0.33-1.67 120 42
5 MW St AN Peroxy di-sulfate 1.66-1.17 100 220 [87]
6 MW Xanthan Am CAN 0.66-1.67 190 67 [76]
7 Conventional St Methacrylonitrile CAN 60-300 105 52 [120]
8 Conventional St AN Potassium permanganate ~ 10-180 140 90 [121]
9 Conventional St AN Potassium permanganate ~ 0-25 55 87 [102]
10 Conventional St Butylacrylamide CAN 60-240 32 - [122]
11 Conventional St AN CAN 15-180 %GY =99% [123]
12 Conventional St AN CAN 0-40 240 95 [124]
13 Ultraviolet Polypropylene  Glycidyl methacrylate - 0-240 140 130 [125]
14 Conventional St Am CAN 60-180 26.3% - [125]
Potassium per-sulphate has used as efficient initiator ~ Table5 Effect of temperature on R, in optimum conditions

for graft copolymerization of the ethyl acrylate (EA) onto [SU=50 /L [SU=40 gL [SU=60 g/l
hydroxypropyl methylcellulose (HPMC) at 60 °C. The  [AAm]=0.34 M [AAc]=031 M [MMA]=0.34 M
energy of activation needed for the graft copolymerization  [1]=0.032 [1]=0.008 M [1]=0.008 M
process has calculated at different temperatures, which have 1 C)  Rx10°  T(C) Rx10° T(EC) R,xI0°
found to be 41.7 kJ/mole within the temperature 50-65 °C.
On the basis of the experimental observations, initiating 25 3.57 40 2.12 40 235
steps have been proposed and a suitable rate expression for 30 4.97 50 2.86 45 2.88
graft copolymerization has been derived [111]. 35 6.12 60 3.98 50 4.14

40 6.63 70 5.17 55 541

Solution graft copolymerization of acrylamide, acrylic
acid (AAc) and methyl methacrylate (MMA) onto starch has
been carried out using potassium dichromate, as redox ini-
tiator, activation energies within temperature 50-55 °C for
St-g-PAm, St-g-PAAc and St-g-PMMA syntheses are found
to be 48.2, 46.1 and 49 kJ/mol k, respectively. The effect of
temperature on the rate of grating have been summarized in
the as shown in Table 5 [104].

The changes in thermodynamic value have investigated
depending on the change in both temperature and cross
linker, which showed the following: Partial Molar Free
Energy (AG), Enthalpy (AH), and Entropy (AS) were posi-
tive over the used temperature range; all thermodynamic
parameters decreased with increasing temperature. When
the temperature has increased from 25 to 45 °C, the (AG)
increased from 0.14 to 13.6 J/mole [126].

As the polymerization temperature has a significant effect
the grafting parameters many authors studied this factor
and a comparison amongst grafting parameters of reaction
between polysaccharides and acrylamides has been summa-
rized in Table 6 [128].

The effect of both initiator concentration
(0.003-0.005 mol/L) and solvent (0.05-0.3 mol/L) in the
polymerization rate of acrylamide into starch has been
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evaluated. Keeping all the other parameters constrain “Tem-
perature: 30 °C, AM concentration: 1 .O M, time: 4.5 to
6 h”. The rate of acrylamide depletion in the initial stages
of polymerization (10 to 15% conversion) was higher than
that at the next stages [136].

The free energy of hydrogel with weak chargers can be
expressed as a sum of the following terms: the elastic free
energy, interaction of the monomer units, the energy gained
from ion pairing [137].

By determining the rate of graft polymerization at dif-
ferent temperatures, in the following section, the effect of
polymerization temperature on different grafting parameters
will be discussed as some investigations have been summa-
rized in Table 7.

Singh et al. studied the effect of the grafting tempera-
ture of the acrylonitrile onto starch on the grafting percent
and the grafting efficiency for both conventionally and
microwave hydrogel preparation techniques as summa-
rized in Table 6 [87]. Using starch (0.1 g/25 mL), acryloni-
trile (0.17 M), total reaction volume 25 ml, %G and %E
was almost nil using microwave with different initiator
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Table§ A summary of some Polysaccharide Reaction condition %G %E Refs.
investigation of the effect of
polymerization temperature on M/P Initiator T (°C) Time
the grafting parameters
Guar gum 2.84 MW 63 20 S 120 57 [119]
2.84 KPS 60 80 min 140 63 [119]
2.84 MW/KPS 60 13S 190 76 [119]
2 CAN 70 5h 160 62 [129]
35 CAN 70 5h 304 75 [129]
5 CAN 70 5h 480 83 [129]
5 CAN 30 24 h 350 58 [130]
Xanthan gum 1.1 Bro;/ Fe*t 35 2h 50 70 [131]
22 BrO3/ Fe** 35 2h 82 57 [131]
Acacia gum 1 APS 70 2h 95 47 [132]
3 APS 70 2h 278 74 [132]
5 APS 70 2h 459 74 [132]
Alg 34 CAN 27 24 h 785 94 [133]
Ch 2.84 MW - 70 S 269 96 [134]
2.84 KPS 35 1h 82 47 [134]
Poly(N-isopropy- 1.5 MW 70 30 min - 99 [135]

lacrylamide)

Table 7 Values of the initial rates of grafting (R,) at various tempera-
tures

Temperature ~ Rgx 10’ 1/Tx10° (K™ LnRg+10
°C) (mol/L s)

20 5.56 341 0.37

30 6.89 3.3 0.42

40 7.11 3.19 0.450

50 8.31 3.09 0.605

concentration and different polymerization temperatures,
while using the conventional method the obtained %G and
%GE were 225 and 98%, respectively.

Athawale et. el., [138] studied the polymerization tem-
perature consequence on the grafting of acrylamide onto
maize starch. The applied temperature for graft copolym-
erization was ranger between 30-50°. Increasing reaction
temperature has an adverse effect on % GE as well as %
G. The % GE decreases from 20% at 30 °C to 8% at 50 °C.
While studying the effect of temperature, with the concen-
trations of monomer and initiator fixed, the decrease in
% GE can be explained on the basis of increased rate of
homo-polymerization.

Butylacrylamide “BAM” has been grafted conventionally
into starch using CAN as an initiator, the initial rates of graft-
ing (R,) calculated from the reaction temperatures as shown
in Table 7. The slope of in R, vs. 1/T shows that the overall
activation energy for grafting of BAm onto starch is 5.67 kJ/
mole within temperature ranged from 20 to 50 °C. The acti-
vation energy is in good agreement with the reported values

for comparable systems Reaction conditions: Starch=1 g,
[BAM]=0.02 mol/L, [CAN]=0.91 x 10~ mol/L in 200 ml
solution [122].

Scaling up of Hydrogel Production

Scale up is increasing in the starting raw materials for
producing the hydrogel in bench, pilot or industrial scale.
Throughout the hydrogel polymerization, heat is released,
which is entrapped in the reacting mix due to the insu-
lation property of the pores inside the forming hydrogel
structure. To release the heat from the reaction moisture,
and the adequate surface should be provided, which is
determined by the aspect ratio of the container (diameter/
height ratio).

In this section, selected studies and related aspects for the
hydrogel production and financial calculations on industrial
hydrogel mass production will be illustrated and discussed.

Hydrogel microfibers have considered as a biomaterial to
spatiotemporally bio mimic 1D native tissue such as nerves
or muscles, which have assembled hierarchically and have
the response to external stimuli. Poly(ethylene glycol dia-
crylate) “PEGDA” oligomer in large scale hydrogel has
been produced in the shape of microfibers, a dynamic-
crosslinking-spinning (DCS) method is established for direct
fabrication of fibers with size-controllable by adjusting the
spinning parameters The diameter of fibers can be precisely
controlled Anisotropic swelling property is also dependent
on inhomogeneous structure generated in spinning process.
Comparing with bulk hydrogels, the resulting fibers exhibit
superior rapid water adsorption property, which can be
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attributed to the large surface area/volume ratio of fiber. This
novel DCS process is one-step technology appropriate for
large-scale production of anisotropic hydrogel fibers which
has a promising application in the area such as biomaterials.

The illustration of DCS is shown in Fig. 15. In this spin-
ning system, PEGDA solution did not dissolve immediately
when extruded into the water bath Fig. 15-(Sect. A), but
a fiber shape has been formed and aggregate due to the
PEGDA solution viscoelasticity. In order to help the mono-
mer rapidly polymerization and hence formed cross-linked
polymer and keep the fiber shape during extrusion instanta-
neously, the UV irradiation has utilized, the PEGDA mono-
mer phase turns to a continuous fiber. Then, a roller was
used for fiber collection and provided the drawing force to
reduce the fiber diameter Fig. 15-(Sect. B) took place before
the UV irradiation point, which was due to the fact that the
formed cross-linked structure (Fig. 15-Sect. C) limits the
hydrogel network deformation [139].

Marwa et al. Study the starch grafted acrylamide (St-g-
Am) hydrogel manufacturing processes using three different
grafting techniques (conventional, MW, and UV irradiation)
in the pilot plant scale (100 kg/day). Moreover, economics

Pump‘
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/ s

N1
Water Bath |, Sect. A",

N
/,
[}
FRGDA |,( Spinning Nozzle
— L
¥ 4

» ~  “-.Solution

Water Bath

= Drawing

Fig. 15 Fabrication of hydrogel fibers via the dynamic-crosslinking-
spinning

Table 8 Equipment specifications for hydrogel production alternatives

and environmental aspects are addressed using the investi-
gated manufacturing procedures [81].

Preliminary cost pointers have been done for produc-
ing 100 kg/day (30 ton/year) of St-g-Am hydrogel based
on the guide of published data [67, 140], budget offers, and
Aspen Icarus Process Evaluator Program (version 2006).
The author estimated a cost comparison among the three
used techniques (conventional, MW, and UV) based on the
available cost data. The used equipment specifications and
costs are shown in Tables 8 and 9, respectively. Further,
annual and unit costs are shown in Table 10. The equipment
cost are 1761 x 10, 1526 x 10°, and 1474 x 10* (US$) while,
the one-ton cost was found to be (US$) 14,250, 12,800, and
12,400 for conventional, MW, and UV hydrogel mini pro-
duction lines, respectively.

Maaly et. al. [141] investigate an experimental research
on the pilot plant scale for the synthesis of an innovative
superabsorbent hydrogel. Both powder and gel past hydrogel
have been produced using three processes: starch phospho-
rization, polymerization of a vinyl monomer onto the starch
phosphate using either APS or sodium bisulphite (APS/SBS)
redox system, or CAN as initiators and finally by incomplete
hydrolysis of the copolymerized product. The economic
study for producing 3600 ton/year covered two produc-
tion lines process designed. The total fixed capital costs of

Table9 Equipment and installation costs for hydrogel production
alternatives (100 kg/day)

Item Cost (US $ 1000)

Conventional MW uv
Up-stream section 307 307 307
Down-stream section 1147 1147 1147
Reactor system 307 72 20
Total equipment cost 1761 1526 1474
Total installation cost® 6492 5539 5350.6

*Lang factor is 3.63 [81]

Item Specifications

Conventional grafting reactor
MW grafting reactor

UV grafting reactor
Hydrolyzed

Rotary filler (1)

Rotary filler (2)

Washing tank (1) and (2)
Dryer

Solvent recovery unit

Storage tanks SS 316 tanks

Stirred tank reactor, 150 L, SS 316 with jacket and reflux condenser, 5.5 KW

Industrial microwave, chamber content: 670 L, 5 KW

Mercury UV light control system, 254-365 nm, 0.5 KW

Stirred tank reactor, 150 L, SS 316 with heating and cooling jacket, 7.5 KW

Rotary vacuum filter, 8 m? filtration area with vacuum pump and filter cake washing system, 5.5 KW
Rotary vacuum filter, 10 m? filtration area with vacuum pump and filter cake washing system, 5.5 KW
Stirred tank SS 304 1000 L ribbon mixer and variable speed, 7.5 KW

Vacuum tray dryer with gas fuel burner, air fans and cyclone for dust collection

Ethanol recovery unit (250 L/h): distillation column, boiler with electric heater, condenser, 5.5 KW
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Table 10 Annual production and unit costs for hydrogel production
(100 kg/day)

Item Cost (US $ 1000)

Conventional MW Uv
Deprecation cost 317 275 265
Energy cost® 18.6 16.5 144
Material cost 92 92 92
Total annual cost 427.6 383.5 371
Unit cost (US $ 1000 1 ton) 14.25 12.8 12.4

“Energy cost ¥4 5.5 cents/KW

hydrogel superabsorbent in both the powder and the gel past
forms were investigated. The estimated costs for produc-
tion of powder and gel paste hydrogel forms, using APS/
SBS redox system, were 25,000 LE/ton and 5000 LE/ton

respectively, while those using CAN initiator were 29,000
LE/ton and 24,000 LE/ton, respectively [67].

Total fixed direct and indirect costs represent the capital
necessary for the installed process equipment with all aux-
iliaries that are needed. Values of the various percentages
used in estimating the fixed-capital investment (F.C.I.) are
demonstrated in Table 11.

The different cost factors, directly related to the manu-
facturing operation are existing in Table 12. Raw materials
(commercial grade):maize starch (4000 LE/ton), di-hydro-
gen sodium phosphate (5000 LE/ton), di-sodium hydrogen
phosphate (5000 LE/ton), Egyptology (25 LE/kg), acry-
lonitrile (12 LE/kg), APS (28 LE/kg), sodium bisulphite
(6 LE/kg), 48% aqueous sodium hydroxide (2000 LE/ton),
methanol (5000 LE/ton) and 30% aqueous phosphoric acid
(7000 LE/ton).

Table 11 Estimation of Fixed Capital Investments for Hydrogel Production Lines

Component Powder form, cost in 1000 LE Gel form, cost in 1000 LE
APS/SBS process CAN process APS/SBS process CAN process

Purchased equipment cost (E) 5756 4242 2839 3992
Purchased equipment installation (32% E) 1842 1357 909 1277
Instrumentation and control (20% E) 1151 848 568 798
Piping (32% E) 1842 1357 909 1277
Electric equipment and materials (10%E) 576 424 284 399
Building (including services) (20% E) 1,151 848 568 798
Services facilities and Yard improvement (40% E) 2,302 1273 1136 1198
Land (6% E) 345 255 170 240
Total direct cost (D) 14,965 10,604 7383 9979
Indirect cost

Engineering and Supervision (5% D) 748 530 369 499

Construction expenses and Contractor’s fee (7% D) 1047 530 517 698

Contingency (10% F.C.I) 1862 1296 919 1242
Fixed capital investment (F.C.I) 18,622 12,960 9188 12,418
Working capital (15% T.C.I) 3286 2287 1621 2191
Total capital investment (T.C.I) 21,908 15,247 10,809 14,609

Table 12 Estimation of Annual Operating Costs for Hydrogel Production Lines

Component Powder form, cost in 1000 LE Gel form, cost in 1000 LE
APS/SBS process CAN process APS/SBS process CAN process

Total raw material cost 82,306 102,232 49,816 93,946
Utilities 3087 437 1571 401
Maintenance (3% for buildings including concrete stor- 307 225 159 180

age tanks and 5% for other installed equipment)
Operating labor 900 750 500 675
Labour charges (10% of operating labor) 90 75 50 68
Administrative expenses (20% of operating lab our) 180 150 100 135
Total annual operating cost 86,216 103,869 52,196 95,405
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Table 13 Production cost estimates for hydrogel “HGS” and hydrogel
enriched with potassium “ESRF” production (10 ton/day)

Annual Cost ($1000/year)

Cost item HSG (10 ton/day) ESRF (10 ton/day)

1. Operating cost

1.1 Chemicals and materials 6212.2 1147.7
1.2 Electricity 24 14.4
1.3 Maintenances 17.7 7.8

1.4 Labour 45 30

1.5 Others 669.9 133.3
Total operating cost 6998.8 1333.2
2. Depreciation 50.4 22
Total production cost 7049.2 1355.2
Cost per ton($/t) 2349.7 451.7

Talaat et. al. conducted a preliminary techno-economic
study for small scale industrial superabsorbent hydrogel pro-
duction (10 ton /day) affordable gels to improve the farming
economics for a. The estimated cost of the prepared hydro-
gel is about 770 $/ton. It is perceived that the economics
of the production could be significantly improved if cheap
substrates are used (e.g. waste food grains and other polysac-
charide sources) as illustrated in Table 13 [67, 141].

Conclusions

Nowadays, many hydrogel based networks have been prepared
and modified to meet the needs of applications in various
fields. The evolution of the design of new macromolecular
drug delivery systems and biomaterials has been astonishing.
Enormous improvements have been made in the hydrogels
properties techniques. The favorable property of these hydro-
gels is either ability to swell when immersed in an aqueous
solution. This review demonstrates the literature concern-
ing the classification of hydrogels on different bases, some
important properties, and characteristics of these products and
technical feasibility of their use. It also involved technologies
used for hydrogel production together illustrating the advan-
tages and disadvantages of each technique. An innovated sum-
marization of the kinetics and thermodynamics related to the
polymerization/grafting of the hydrogel preparations methods
were also discussed in some details.
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