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Abstract

Superabsorbent polymers (SAPs) are a class of cross-coupled hydrophilic net-
works that have an extraordinary capacity to absorb and retain water. It is primarily
because of the additional ionic cross-linking of SAPs, their porous wavy structure,
a large number of hydrophilic functionalities, the high elasticity of the chains, and
the enlarged free volumes between the polymeric chains, that all contribute to the
enhancement of the swelling capability of superabsorbent hydrogels. These excep-
tional attributes have endowed them to be an alternative to conventional hydrogels
in various applications. In view of the importance of this class of absorbent material
and their diverse appliances, this review deliberates the experimental methods for
characterizing superabsorbent polymers, including the officially accepted industrial
measurements of their unique attributes, namely, swelling among others. In addi-
tion, the review highlights recent advances in the field of superabsorbent polymers
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encompassing nanofiltration, heat resistance, and absorbency, drug delivery, dispos-
able hygiene products, nanomedicines, and the removal of heavy metals from waste-
water and agriculture domains.
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Introduction

Superabsorbent hydrogels (SAHs) are cross-coupled hydrophilic networks that take
up and hold a remarkable amount of water, primarily because of the additional-
ionic cross-coupling, a curvy porous structure, the attendance of an enormous sum
of hydrophilic functionalities, higher flexibility of the polymer chain, and the con-
venience of a large free volume among the polymer sequences, which increases the
swelling capacity of hydrogels comprising superabsorbents [1]. The elevated water
absorption competence of these SAHs is the consequence of the existence of a huge
number of hydrophilic functionalities like hydroxyl, carboxyl, amide, amino, and
sulfonic units on the backbone of the polymers. On account of such functionalities,
the water uptake performance of SAHs is frequently sensitive to the pH and ionic
potency of the swelling liquid. Therefore, they can react to inducements from the
neighboring environment like pH, ionic strength, solvent composition, light, and
electric field [2, 3].

A large volume of deionized water ranging from 1000 to 100,000% (10-1000 g/g)
is taken up by such hydrogels, as related to the absorption competences of usual
hydrogels with the span of <100% (1 g/g). Nevertheless, yet in the swelled form,
the SAHs preserve their arrangement due to the cross-networking that is attained by
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either a chemical or physical procedure. The chemically cross-coupled SAHs have
the inherent unalterable covalent links created between the polymeric chains while
inside the physically cross-coupled hydrogels, the polymeric links are enfolded
mutually by physical connections, like van der Waals forces, H-links, and electro-
static contacts. The nature of cross-coupling in such hydrogel commands protuber-
ance kinetics, water-holding capability, degradation speed and permeability, and
rheological and mechanical attributes. Table 1 presents the various synthetic meth-
ods available for SAHs.

Assorted swelling mechanisms
The SAP mechanisms of swelling can comprise:

1. Hydration-attraction of polar molecule facilitated by COO~ and NH;* groups
which are present in the solvent.

2. Hydrogen bonding — pulling of lone pair of electrons of oxygen by hydrogen in
water; often, a hydrogen atom is attached to a small electronegative atom such as
nitrogen, fluorine, oxygen, and carbon.

3. Swelling of ionic polymer is beyond the simple mixing as there is another solvent/
polymer interaction for ionic polymer. Overall neutral charges maintained on
the chain by COO~ and Na* ion gets hydrated due to contact with water which
leads to a decrease in attraction between carboxylate ions, thus contributing to
the osmotic pressure of gel. This osmotic pressure difference serves as a driving
force for swelling.

Nowadays, SAHs are identified as prospective contenders for/textiles/fiber, sep-
aration technology, artificial muscle, drug distribution and tissue engineering, soil
conditioning, contact lenses, agricultural purposes, and fire-extinguishing gels.
Additionally, it has also shown tremendous potential to overcome environmental
problems such as the removal of heavy metals and dyes for water. A substantially
huge number of SAHs have been prepared from natural and man-made polymers
which have witnessed remarkable growth in the deployment of biopolymers as a
viable substitute to man-made oligomers for the elaboration of SAHs due to their
biocompatibility, biodegradability, high sponginess, non-hazardous nature, higher
strength, and superb salt-endurance. Because of the increased environmental issues
of the day, assorted natural oligomers ought to be utilized rather than man-made
polymers as exemplified by SAHs obtained from polysaccharides that comprise the
major portion of the natural oligomer-based [5—7] Cross-coupling of polysaccha-
rides is a competent pathway to create novel SAHs. Likewise, SAHs obtained from
alteration or cross-coupled chitin, chitosan, cellulose, dextran, pectin, xanthan gum,
guar gum, alginate, and collagen, have been efficaciously prepared and investigated
in assorted disciplines [3, 4, 6, 7].

This review article delineates the traits of SAHs and their appliances in diverse
arenas including recent advancements in the field of superabsorbent polymers
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encompassing nanofiltration, heat resistance, and absorbency, drug delivery, dispos-
able hygiene products, nanomedicines, and agriculture.

Parameters affecting synthesis and application of SAHs
Concentration of adsorbent

The effect of several parameters on swelling capacity has been studied by Soleimani
et al. using acrylonitrile -sucrose-based bio superabsorbent. They synthesized vari-
ous SAHs with different ratios of polyacrylonitrile/sucrose by changing the amount
of polymer (0.25-1.50 g) and sucrose (0.25-1.50 g). The maximum swelling capac-
ity was achieved at 1.50 g of polymer, however, the absorbency was lowered when
the amount of polymer was exceeded (>1.50 g). In another study, Sharma and
Tiwari synthesized copolymer using acryl amide and itaconic acid and evaluated for
the removal of Mn?* ions from aqueous samples. Authors have studied the effect
of the concentration of adsorbent ranging from 0.04 to 0.10 g; by increasing the
concentration of adsorbent, the % removal of metal ions from the samples was also
increased [8].

pH

The swelling of SAHs depends on the pH of the medium deployed. For instance,
Guilherme et al. synthesized the polysaccharide-based superabsorbent hydrogel fol-
lowing free radical polymerization. The fabricated hydrogel was evaluated as ionic
absorbent for the removal of metal ions. Authors have found that the removal of
heavy metals was increased with an increase in the pH of the medium (3-5) which
might be due to the deprotonation of carboxyl groups above the pKa value. Moreo-
ver, the increase in the uptake capacity of the metal ions from the solution was also
increased by the hydrogels [9].

Temperature

Polyacrylamide-co-acrylic acid-based SAH was synthesized by Zendehdel et al. [10]
for the removal of Pb** and Cd** from an aqueous solution; the effect of tempera-
ture ranging from 285 to 323 K was studied as well. There was an increment in
the adsorption of metal ions observed when the temperature was raised from 285 to
303 K demonstrating the endothermic process. However, desorption of metal ions
was observed from the hydrogel network when the temperature was increased up to
323 K.

Mazi et al. have synthesized temperature and pH-responsive SAPs based on mod-
ified maleic anhydride, wherein they noted that along with pH, the temperature has
also a significant impact on the swelling capacity and swelling behavior of hydro-
gels. The gel exhibited low swelling capacity with two-step swelling behavior at low
temperatures and high swelling capacity at higher temperatures [11].
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Type and concentration of cross-linkers

The cross-linker concentration affects the physical properties such as swelling
characteristics, porous structure, and mechanical strength of SAHs [12]. Sin-
ghal et al. prepared poly (acrylamide-co-acrylic acid) [poly (AAm-co-AAc)]-
based hydrogels using NMBA, a cross-linker in the range of 0.0077-0.077%, and
the effect of cross-linker concentration in swelling parameters was evaluated.
The results demonstrated that the equilibrium water absorbency decreases from
707.23 to 389 when the concentration of the cross-linker increased from 0.0096
to 0.0385% [13].

Kabiri et al. studied the effect of cross-linker type and concentration on porosity
and absorption rate by investigating N,N’ -methylenebisacrylamide (water soluble)
and 1,4-butanedioldiacrylate (oil soluble) cross-linkers. The increased concentration
of cross-linker resulted in a reduction in the gelation time. Further, both cross-link-
ing agents exerted similar effects on the absorption behavior [14].

Initial heavy metal ion concentration

Agnihotri and Singhal have fabricated poly superabsorbent hydrogel using acrylic
acid, sodium humate, and sodium alginate using a co-polymerization process and
utilized this SAH for the adsorption of Cu**, Pb**, and Fe*". It has been found that
the adsorption capacity increased with the increasing initial concentration of metal
ions [15].

Methods for the characterization superabsorbent polymers

Several approaches and techniques have been deployed to characterize the superab-
sorbent polymers during synthesis, conjugation, and various appliances of such pol-
ymers in drug delivery [6, 16] and nanomedicine [5, 17] among others; conventional
practices used in superabsorbent characterization are enlisted in Fig. 1.

Thermal characterization
Differential scanning calorimetry

Thermal assets of superabsorbents can be characterized by differential scanning
calorimetry (DSC) [18], wherein after swelling of the material, free water can
be measured by using this technique. To perform this study, the material should
be frozen initially and then need to be warmed. When the temperature of swol-
len material increases, then the endothermic peak is indicative of free water. The
thermogravimetric analysis (described below) measures the total water and hence
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Fig. 1 Methods utilized for the
characterization of superabsor-
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bound water from the superabsorbent can be calculated by subtracting free water
from total water computed via thermogravimetric analysis [19].

Thermogravimetric analysis

Thermogravimetric analysis (TGA) helps to study the thermal stability of mate-
rial [20]. TGA is based on the mass deficit of material with the rise of tempera-
ture. The analysis provides information related to the temperature at which the
polymer degrades. The weight deficit from the material is followed by the com-
plete degradation of the material which is often carried out under an inert atmos-
phere [21]. During the sample analysis, the material is heated under inert atmos-
pheres of nitrogen at an increment of 10-20 °C/min depending on the material
[22].

Fourier transform-infrared spectroscopy

Fourier transform-infrared spectroscopy (FTIR) is widely deployed as a qualitative
characterization technique for polymer characterization as FT-IR functions on the
absorption of IR radiation by polymeric materials [23, 24]. An absorption spectrum
with the peak can be obtained by measuring the amount of IR radiation absorbed by
the material as a function of emitted wavelength [25]. FT-IR spectra are generally
recorded in the span of 4000-600 cm™~! [23, 26]. The peaks obtained from the meas-
urement provide information about the chemical group of the material. Chemical
modification and cross-linking of one material with another material are character-
ized by the appearance or disappearance of the characteristic peaks in FT-IR data
[22, 23].
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Scanning electron microscopy

Morphological assessment of any superabsorbent material is carried out by scan-
ning electron microscopy (SEM) analysis. Understanding the absorption and
swelling capacity morphology is very important. This technique can be used to
assess not only the morphology of the material but also the porosity and structure
of the superabsorbents [27, 28]. This analysis provides information about the pore
distribution and pore sizes. The surface scanning is performed by deploying an
electron beam in this qualitative technique. Once the electron from the incident
beam (generated from the electron gun) interacts with the sample atoms, second-
ary electrons with low energy emerge from the surface [29]. Signals decoded
from this are detected which results in the formation of the possible image with
high resolution.

The quality of the data obtained from the samples depends on the sample prep-
aration method. For example, to retain the surface morphology of superabsorbent
hydrogels, cryogenic SEM may be required [30]. In this method, samples are to
be frozen before the analysis by keeping them in liquid nitrogen, which can be
imaged by deploying an SEM instrument.

X-ray diffraction

X-ray diffraction (XRD) is employed to study the crystalline arrangement of
superabsorbents [31]. In this technique, small or wide-angle X-ray scattering
mode is possible and uses the diffraction of an X-ray beam from a crystal lattice.
Material information can be obtained from the measurement of the diffraction
angles [32, 33].

Nuclear magnetic resonance

Data associated with the molecular structure can be derived using nuclear mag-
netic resonance (NMR) spectroscopy [34]. In this technique, studies at the molec-
ular level are carried out by recording the possible interactions between the elec-
tromagnetic radiations and the nuclei of entities, when positioned in a robust
magnetic field [35]. Based on the working principles, it is categorized into two
classes; continuous and pulsed NMR. A part from qualitative information, quanti-
tative analysis is also possible by using this technique [36].

Measurement of swelling (absorption test)

Several techniques are available to determine the swelling capacity of superab-
sorbents [37] which are based on the measurement of mass or change in the vol-
ume. To assess the absorption capacity of superabsorbent polymers, the standards
for evaluating the absorption performance (i.e., water absorbed in relation to the
mass of the sample) of superabsorbent polymers are used. These standards are
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laid down by several renowned international organizations (such as EDANA and
INDA). The centrifuge retention capacity (CRC) and free swell capacity (FSC)
are utilized as industrial quality absorption tests [38].

Free swell capacity

The “tea bag method” is another name for the “free swelling capacity (FSC)” tech-
nique. It denotes the volume of liquid that is absorbed for every gram of the given com-
position (g). This method is the fastest method for determining an absorbent sample’s
absorbency [38]. Saline solution, artificial blood, bovine blood, distilled water, and tap
water can be attended as the tester fluids. The technique can be described as follows:
tea bags are filled with (0.2-0.5 g+0.01) of SAP samples, dispersed evenly throughout
the tea bag, and then soaked in tester fluid for 30 min. After being removed to reach
equilibrium protuberance and given about 15 min to remove off surplus solution, the
tea bags are weighed.

To be used as controls, unfilled tea bags are prepared and subjected to the same
procedures. (Fig. 2). For each test sample, three controls are prepared to calculate the
empty tea bag’s mean absorption factor (F, g/g), in accordance with equation (1).

F(g/9)=(C,— C,)/C, (1

where C,, C,, and F are, respectively, the weight of an unfilled filtered tea bag (the
control), the weight of an empty dry tea bag (the control), and the tea bag’s absorp-
tion factor.

Consequently, the subsequent equation is used to determine the free swelling capac-

ity (2):
FSC (g/g) = (X2 - (X1 - F) - X, —Xo)/Xo 2)

where X, represents the weight of the swollen SAP sample, X, represents the weight
of the dried tea bag when it is empty, X, represents the weight of the SAP sample,

Fig.2 Images of “Teabags” after soaking in an absorbent solution for the FSC test
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and F represents the mean absorption factor of the tea bag (g/g). The results of three
testing samples are averaged to determine the FSC of each SAP sample.

Centrifuge retention capacity

Specifically, this procedure is founded on the ability of SAPs specimens to hold
fluid following saturation and centrifugation under controlled conditions. The
resulting centrifuge retention capacity can be measured in terms of grams of
retained fluid per gram of the sample weight (g/g). The same tea bags (including
controls) collected in the previous FSC test are denoted as the test samples.

The tea bags were put in a centrifuge containing a carrier rotor that could pro-
vide approximately 250 G ( denotes the g-force) to a mass located on the inside
walls of the container, which is used to test the samples. The inner basket wall of
the centrifuge held the tea bags, which were centrifuged at 250 G (1400 rpm) for
3-5 min before being extracted and weighed. The centrifuge retention capacity
(CRC) of the specimens is measured as the quantity of solution withheld by the
SAP specimen, taking into consideration the amount of solution withheld by the
tea bag itself (Fig. 3). However, Eq. (1) was also used to determine the retention
factor (F, g/g) of the control tea bags. The following equation is deployed to seek
out the centrifuge’s retention capacity (3).

CRC (g/8) = (Xo=(X,=F) = X, = X,) /Xy 3)

where X, represents the weight of the centrifuged tea bag (g), X, represents the
weight of the unfilled, dried tea bag (g), X, represents the starting weight of the
SAP sample (g), and F is the mean retention factor of the tea bag (g/g). The CRC
is calculated by averaging the three tests performed on each particle specimen.

Fig.3 Images of a centrifuge
tester (spinner) and teabags for
the CRC test
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Absorption under load

The load (pressure) absorption test is intended to assess the SAP sample’s capacity for
fluid absorption at particular pressures (0.3—-0.9 psi) [38]. A uniform bed is made by
carefully and evenly distributing 0.9 g of the SAP sample across a sieve filter.

In an aluminum cylinder with a variable height and a diameter of 60 mm, a piston
is placed, and the entire apparatus comprising the cylinder, piston, and SAP sample is
weighed and documented as X,. A fritted disk with a diameter of around 120 mm and a
height of 10 mm is placed in a tray with a diameter of ~ 115 mm and height of 90 mm,
while tap water or saline solution is added to test the fluids so that the fluid’s surface is
at the same level as that of the fritted disk’s surface. On top of the sintered disk, a round
filter paper is positioned carefully, thereby wetting it with the added fluid. The com-
plete device is held on the filter paper as the wanted charge (570 g, pressure 0.3 psi) is
simultaneously added to the equipment (Fig. 4). The solution is permitted to soak up
for 1 h and then the entire apparatus is lifted and the charge is detached, and the cylin-
drical device is weighed again as X,.

The absorption under load (AUL) 0.3 psi is computed according to equation (4):

AUL 0,3 psi (g/g) = (X, = X,)/X, @)
(a) WAbsorption under load (AUL)
[ S——-TTe 1

Piston

Tray —l

Screen

Aluminium cylinder

Solution Test

Sample (Powder)

Filter Paper

Fritted diSK m——

Fig.4 Schematic representation of the AUL tester components (a) and typical images of the AUL tester
(b, ¢)
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Absorption rate

The objective of this technique is to ascertain the absorption rate (AR) of SAP
placed in saline solutions at various time interludes in order to investigate the
absorption kinetics. After weighing, the samples are filled into tea bags and then
placed in saline solution. At particular immersion time periods, it is left free of
absorption. Depending on the time of immersion, the tea bags are separated and
suspended to allow the drainage of superfluous liquid. Lastly, the tea bags are
reweighed to establish the quantity of liquid that has been absorbed. The tea bags
(comprising blanks) are made and packed with the SAP specimen as mentioned in
the FSC procedure. Subsequently, the tea bags are submerged in saline solution for
30, 60, 180, 300, 900, and 1800 s, withdrawn to attain equilibrium swelling, and
allowed to stand for 15 min in order to bleed the surplus solution off, and finally
weighed. So, the absorption rate (AR, g/g) is computed deploying earlier described
equations (1), and (2).

Point of zero charge (PZC)

The point of zero charge (PZC) is the pH at which the surface of the material
becomes neutral. Measurement of PZC is very helpful to understand the behavior of
adsorbent during the adsorption study. Rehman et al. have synthesized novel zwit-
terionic superabsorbent hydrogel via the free radical polymerization method for the
removal of crystal violet and congo red. PZC of hydrogel was determined by adding
0.02 gm of dried hydrogel into the sample bottles having 0.01 M NaNO; solution.
Results of this study revealed that the synthesized hydrogel showed a point of zero
charge pH 5 [39]. In other studies, PZC of adsorbent from a mixture of bagasse-
bentonite for the adsorption of CD** and pb >* from the aqueous solution [40, 417,
removal of Cr (VI) from waste water by activated natural zeolite-based magnetic
composite and Cr (VI) -imprinted poly(4-VP-co-MMA) supported on activated
Indonesia natural zeolite structure [42, 43], have been determined.

Applications of superabsorbent polymers

Drug delivery applications of SAPs

Excellent water absorption properties and biocompatibility of polymers render them
suitable for deployment in drug transport systems; various SAPs have been explored
for drug delivery appliances [44—46]. The following sections elaborate on the deliv-
ery approaches using superabsorbent polymers.

Development of drug-loaded microspheres

Microspheres have also been termed small spherical microparticles with a diameter

in the range of 1 pm to 1000 pm [47] and several such SAP-based microspheres
have been explored in drug delivery systems. For instance, xanthan gum-based
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superabsorbent polymeric microspheres were formulated and assessed for in-vitro
characteristics. In this method, microspheres were developed using various ratios of
poly (vinyl alcohol) (PVA) and hydrolyzed xanthan gum for sustained drug delivery
of ciprofloxacin and formulation showed a satisfactory drug release profile in acidic
and alkaline mediums [48].

Hydrogel-based formulations

Recently, specific interest has been devoted to hydrogel-based drug delivery sys-
tems. Hydrogels comprise a 3-dimensional network of polymer chains with two or
multi-component systems and water that packs the room among macromolecules.
Sadeghi et al. have developed an intelligent starch-based superabsorbent oral drug
delivery system for metronidazole (sodium acrylate-co-HEMA) [49]. The authors
studied the swelling behavior in a salt solution, wherein it has been observed that
the aqueous sponginess of the hydrogel is lower in Ca?* and AI** cations compared
to NaCl. This behavior may be attributed to the ionic cross-linking of cations with
carboxylate anions of the SAP [49]. Further, in-vitro drug discharge showed that
the drug quantity released from synthesized hydrogel decreased as the pH of the
medium was lowered.

Another starch-based superabsorbent was developed by Pourjavadi et al. for oral
drug delivery systems using grafting cross-coupled poly acrylic acid-co-2-hydrox-
yethyl methacrylate (PAA-co-HEMA) strings with starch via a free radical polym-
erization protocol. Authors have used tools like SEM and FTIR for the confirmation
of superabsorbent formation. The drug profile of diclofenac sodium was found to be
low in mimicked gastric liquid (pH 1.6) over 3 h; the complete drug could be dis-
charged in model gastric fluid in 8 h at pH 7.4.

The controlled delivery of bisoprolol fumarate was achieved by deploying the
xanthan/lignin hydrogel carrier system. In this study, xanthan and epoxy-modified
resin mixture were cross-linked by employing a cross-linking agent and the ensued
superabsorbent hydrogel had a high swelling rate in an aqueous medium [50].

Implant-mediated drug delivery system

Yang et al. developed an implant-mediated drug delivery system [51] using SAP.
This study aimed to assess the effect of plunger components fabricated by SAP on
the plasma concentration of released drugs from the developed device comprising
an in-vivo study on 18 rabbits. Results suggested that the incorporation of SAP in
drug delivery devices resulted in increased initial drug level and enhanced bioavail-
ability within two weeks of post-administration of the drug [51].

Abuse deterrent formulations
Abuse deterrent formulations are resistant to crushing and extraction to provide

deterrence to abuse by injection and insufflation [52, 53]. Several SAPs have been
used in the development of abuse- restraining preparations.
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Fig.5 A. Structure of the tablet. Actual tablet (left) and schematic representation (right), B and C.
Crushed tablet converted into gel mass in water. Adapted from reference [54]

Mastropietro et al. have evaluated different SAPs in the elaboration of abuse-
restraining preparations [54]. In this study, authors characterized polymers for
protuberance in abstraction solvents and tableting attributes. By using tramadol as
a model drug, the percentage of drug extraction and drug release were evaluated
and the ensued results suggested that screened polymers possessed the required
tableting properties besides exhibiting fast swelling properties after compaction
(Fig. 5). Consequently, these polymers can be a viable option in the development
of abuse-deterrent formulations [54].

Site-specific drug delivery

Panahi et al. have developed an extended drug delivery formulation of clarithro-
mycin drug [55] which was based on the semi-interpenetrating hydrogel; hydrogel
was prepared via the free radical graft copolymerization protocol. The polymer
used for the synthesis comprised chitosan, acrylamide, acrylic acid, montmoril-
lonite, and polyvinyl pyrrolidone. The authors have performed a swelling kinetic
study in hydrochloric acid, acetate buffer, and distilled water. Thermal stability
and mechanical strength of formulation were also carried out. Results suggested
that the drug improved the mechanical strength of hydrogel and its thermal sta-
bility. In-vitro drug discharge demonstrated that the developed system released
the drug over an extended period. The sustained release profile was attributed to
the hindrance of the penetration of drug owing to the presence of an interlinked
porous channel within the superabsorbent nanocomposite network [55].
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Improvement in the bioavailability of the drug

A comparative study between the relative bioavailability of oral solution of rise-
dronate sodium and drug-containing superabsorbent copolymer particles was con-
ducted by Shahzad et al. Formulations were developed via free radical polymeriza-
tion of itaconic acid, 2-hydroxyethyl methacrylate, and polyvinyl pyrrolidone (PVP),
wherein N,N,N,N-tetramethyl ethylene diamine was used as an activator, potassium
persulfate as the initiator, and ethylene glycol dimethacrylate as the cross-linker
[56]. Authors have calculated C AUC, and the relative bioavailability of

max? Tmax’
formulation for the oral solution when a marked increment in 7, with lower C,,,,

max
was observed. These results suggest that the developed formulation delivered the

drug at a controlled rate with a remarkable increase in bioavailability [56].

Applications in nanomedicine

The use of nanomaterials for diagnosis, monitoring, control, prevention, and treat-
ment of disease is popularly falls under the domain of nanomedicine [17, 57-60]
where SAPs have been explored for such innovative development. For instance, a
polyacrylic acid hydrogel with cellulose nanocrystals has been fabricated [61],
wherein acrylic acid was subjected to cross-linking with cellulose nanocrystals
using N,N-methylenebisacrylamide [61]; the level of crystalline cellulose varied
between 0 and 25 wt% after optimization. The ensued results suggested that a sig-
nificant storage modulus of the hydrogel was observed with an enhancement in cel-
lulose concentration; maximum swelling index being attained at pH 7. Theophylline
has been used as a model drug to evaluate the encapsulation efficiency when authors
observed that 15% crystalline cellulose/polyacrylic acid hydrogel showed the poten-
tial for deployment in drug delivery [61].

Applications in the disposable hygiene industry

The disposable hygiene industry is contributing importantly to many lives and also
has an environmental impact. Due to the unique characteristics of SAPs, it is appro-
priate to use them in disposable absorbent hygiene materials (DAHM) as they func-
tion by imbibing the bulk and holding large amounts of fluids per unit mass of mate-
rials. In addition, durable hydrophilic, soft, absorptive, and suitable combinations,
the low cost of raw materials, does have an enormous influence on its utility. SAP
research and development primarily focuses on versatile applications in the hygiene
industry which currently has 80% of consumption share in these applications. The
absorption rate of the diaper should not be slower than the urination rate of the baby
patient otherwise leakage can occur and this can be controlled by the deployment of
composites. The absorption capacity, particle size, and shape is significantly con-
tribute to the maximum absorption capacity of the SAP [62].

In one of the studies, the impact of recycling absorbent hygiene products (AHP)
on the product life cycle was evaluated under five distinct scenarios including the
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standard collection of MSW, two scenarios that consisted of a recycling process with
null SAP recovery, and two scenarios comprising a recycling process with assumed
SAP recovery. The resulting outcome revealed that SAP recycling exceeded the
environmental burdens that result from the production of diapers from end-of-life.
In addition, SAP was found to be the largest contributor to GWP impacts in diaper
fabrication. SAP recovery and reuse appeared to have significant savings in terms of
energy and water resources, which are highly associated with SAP manufacturing
[63].

SAP is a synthetic material prepared from petroleum-derived precursors and pre-
pared as granular sodium polyacrylate, which, in turn, was obtained via the polym-
erization of acrylic acid where ammonium persulfate served as the initiator. In one
of the investigations, SAP was extracted from DBD and evaluated for a series of
tests. The SAP-containing diapers show particle size in the 250-400 pm median
range. The pH value was in the span of 6.9 and 7.9 while the moisture content of
SAP-containing diapers was in the breadth of 12.64 and 7.64 wt% [38].

Role of SAP in agriculture

SAPs are flexible polymer chains that are cross-linked to form a 3D network that
transports dissociated and ionic functional groups. They tend to absorb fluid greater
than 15% of its dry weight irrespective of a load of water, electrolyte, urine, brine,
biological fluid, etc. Polymers containing various functionalities like hydroxyl, car-
boxylic acid, imide, and amide are insoluble in water and cross-linked polyelectro-
lyte. Diverse industries are looking forward to exploiting the physical properties of
SAPs for their utility in hygiene, cosmetics, drug delivery system, and the agricul-
ture industry. The following are some of the applications of SAP found in the agri-
culture industry:

1. To increase soil retention capacity

2. For sustained release of pesticides

3. For increasing the seed germination capacity
4. In the photosynthetic process

SAP for conditioning effect on soil

Absence of rainfall in irrigation results in growth inhibition of the plant which can
be circumvented by introducing cross-linked polymer in the soil; the high water-
holding capacity of SAP plays a major role here in the conditioning of soil. Polyam-
ide, polyvinyl alcohol, and starch acrylate copolymer are examples of SAP having
the capacity to retain water 500 times its dried weight. Also, the addition of SAP in
growing media shows 400 times more water retention capacity. This water water-
filled gel act as a semi-permeable membrane. Polymer bridges serve as diffusion
surfaces for the supply of water to slowly release to release the medium under defi-
ciency of precipitation or irrigation. The addition of polyacrylamide gel in the soil
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produces enhancement in the bulk density of the soil so the porosity also increases
which results in enhancement of the water-retaining competence of the soil [64].

In one study, the authors ensured the water-holding capacity of polymer, its effect
on sandy soil, and hydraulic conductivity (HC). Mixing of SAP-like polyacrylamide
(PAM) in sandy soil caused to decrease in water percolation rate and more water
available to the crop. The water retention capacity of alone absorbent was ranging
from 200 to 500 kg/kg of polymer, while the water retention capacity by polymer
admixed with soil was 40—140 kg/kg of polymer; the concentration of polymer being
directly proportional to water retention capacity. This study concluded that when
soil is saturated with water it shows desorption, while dried soil with absorbent
shows a sorption phenomenon. This indicates the high water retention capacity of
soil when it’s in a desorption state. The successive enhancement in HC is attributed
to the incomplete emptying of the inflated polymer granules caused by the hydraulic
head’s pressure on the polymer-soil mixtures. When no external forces are applied
to the polymer granules, it is assumed that the HC of the polymer-sand mixture will
stay low [65].

Johnson studied the influence of salt concentration on different polymers like
acrylamide-sodium acrylate, starch -polyacrylonitrile graft, and vinyl alcohol-
acrylic acid co-polymers. Such polymers can absorb huge quantities of water when
cross-linked and swelled to produce gel fragments that serve as tiny moisture res-
ervoirs in the soil. An increase in salt concentration decreases the water-holding
capacity of SAP. Water having high conductivity with acrylamide shows a 249 and
231% increase in solution uptake by more absorbent products compared to starch
copolymers, respectively while in deionized water starch copolymer absorbs water
up to 254 to 380% more than polyacrylamide. This result indicates different concen-
trations of salt in water cause variations in polymer absorbing properties and their
effect on soil [66].

Natural and renewable olymers like cellulose, starch, and chitosan have better
degradability [5, 7], while synthetic polymers like polyacrylamide and polyvinyl
alcohol are advantageous due to their low cost and higher water retention capac-
ity than natural polymers but low degradability is the major limitation of synthetic
SAP. Thus, when different types of polymers are combined or co-polymerized, it
may deliver better results [67].

Poly aspartic acid (PASP) is an example of biodegradable SAP. The micro-organ-
isms present in the soil are a primary culprit in the breakdown of polymer hence
degradation of the polymer depends on enzymes and the type of microorganism
present in the soil. PASP absorbs a large amount of water and forms a hydrophilic
network and SAP particle shape is preserved in the swollen state due to high gel
strength [68].

It is possible to improve thermal stability, gel strength, salt tolerance, and water
retention by synthesizing organic—inorganic site superabsorbent polymers (OIC-
SAPs) by adding inorganic elements to SAPs to create OICSAPs. This compos-
ite shows different water absorption capabilities at various concentrations of ions
present in the soil. OICSAP has been obtained by the addition of the attapulgite in
polyacrylamide which shows a 221 g/g rate of water absorption in the presence of
higher valent cation, and higher anion concentration which initiates to decrease in
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the water absorption rate. Internal morphology offers a combined response to its
water-absorption characteristics which reveal the 3D structure of a cross-linking net-
work of swelled polymer; metal ion damages the network while anion and cation of
composite show changes in pore size [69].

Slow-release fertilizer

Almost all-natural elements (92) are present in plants, but only 17 have been recog-
nized as important nutrients for plant growth. Among these, 14 are mineral elements
that plants absorb from the soil via their roots. Macronutrients are required in rela-
tively large amounts which include nitrogen obtained from the atmosphere. Conver-
sion of this nitrogen is carried out by soil-leaving microorganism symbiotic bacteria
which are present in plants and by some chemical processes. Phosphorous in the
form of inorganic phosphate and potassium in ionic form has been absorbed from
the soil. Secondary macronutrients like sulfur, magnesium, and calcium are required
by plants in smaller quantities. Eight essential micronutrients comprise copper (Cu),
iron (Fe), manganese (Mn), zinc (Zn), chlorine (Cl), molybdenum (Mo), nickel
(Ni), and boron (B). But these nutrients aren’t always present in the environment
in enough amounts for plants to grow well. Therefore, the need for agrochemicals
like fertilizers, herbicides, and pesticides is important in farming. The usage of tra-
ditional agrochemicals has unintended consequences, such as its integration into the
food chain and poisoning of the surrounding ecosystem. To avoid these problems,
polymer-assisted herbicides are used which release the chemical at a regulated rate
and in the quantities required over a set period of time. Nowadays, coating fertilizer
with SAP is a trending topic [70, 71]. Slow-release fertilizers are classified into 4

types:

Inorganic material with low solubility

Chemically and biologically degradable material with low solubility

Material that decomposes in soil by its relative solubility

Water soluble fertilizers that have to be coated for sustained release of fertilizers

Eal o e

These coated fertilizers exhibit controlled release by degradation and coating
erosion.

However, this delivery method shows a bursting effect which can be avoided by
the double coating of super absorbent polymer on fertilizer for a slow-release effect
[72-74].

The main advantage of superabsorbent polymer with slow-release phosphate
fertilizer (SAPSRPF) is sustained and longer time supply of fertilizer to plants and
decreased frequency of application. Super absorbent phosphate fertilizers are formed
by the grating polyvinyl alcohol and H;PO, via the esterification process. This study
shows the release of 26% of phosphate in soil within 24 h, while after 72 h, 47%,
phosphate was released. The dissolution and diffusion mechanism release of phos-
phate fertilizers occurs so on the 28th day 72% of release was observed. Steadily
increased total phosphate release has been observed [75].
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By using acrylic acid and wheat straw in an aqueous solution, graft polymeriza-
tion was used to create an innovative wheat straw-g-poly(acrylic acid) (WS/PAA)
superabsorbent composite. Wheat straw and poly(acrylic acid) composite show
increased water absorbency from 498 to 860 g/g with increasing concentration of
wheat straw from O to 20% but further increase in concentration show a decrease in
absorbency effect. If urea is loaded (28.3%) with WS/PAA composite, it shows first-
order release; escape of urea in water from composite is faster, while in soil rate of
release is slow [76].

It has been possible to manufacture phosphate, potassium (NPK), and chitosan-
coated nitrogen, compound fertilizer with controlled-release and water-retention
(CFCW), and this fertilizer comprises a three-layered structure. It had a water-solu-
ble NPK fertilizer granule with chitosan (CTS) as its inside coating and poly acrylic
acid -co-acrylamide (P(AA-co-AM)) superabsorbent polymer as its exterior coating.
The amounts of nitrogen, phosphorus, and potassium were 8.06, 8.14 (exposed by
P,05), and 7.98 (revealed by K,0) weight percent, respectively. The product had a
superior slow-discharge property, and by day 30, the number of nutrients that were
released had not exceeded 75% of the total. The results of the release analysis sug-
gested that nutrition could be released from CFCW in soil by a mechanism and not
the Fickian diffusion process [77, 78].

A core/shell-shaped slow-discharge potassium silicate fertilizer (SRPS) with
properties like superabsorbent and water retention has been created. Its shell com-
prised a superabsorbent polymer made of poly (acrylic acid-co-acrylamide) and
kaolin (P(AA-co-AM)/kaolin), while its core was the potassium silicate in a matrix
containing alginate. Shell was swollen and formed a P (AA co-AM)/Kaolin three-
dimensional network, which helped in the diffusion of fertilizer and SI in SRPS was
released 17.9 and 7.5%, 26 and 9.6%, and 66 and 21.3%, respectively, on 3rd, 5th,
and 30th day [79].

Seed germination

The process of initiation of growth is known as seed germination. Generally, this
process starts with the water imbibition stage which is subdivided into 3 phases
including rapid initial water uptake and slight alteration in water content showing
the plateau phase followed by an enhancement in water content concerning radical
growth. The rate of phase 2 is generally extended by dormancy, temperature varia-
tions, and water deficiency [80].

By providing an efficient amount of water, SAP indirectly promotes germina-
tion via the 3-phase system. Coating of the super absorbent polymer on the seed
increases the survival rate of the seed. SAP can absorb water at a rate between 200
and 400 times its weight and increase its size by up to 100 times its original size,
thus making the seed heavy and keeping it deeply buried in the soil which prevents
it from blowing away due to wind.

By improving the water retention capacity of growing media, change in the physi-
ological and morphological characteristics of the seedling is possible. Seeds that
have been coated with SAP are noticeably superior because they offer protection
against membrane damage. Cork oak (Quercus suber L) treated with Stockosorb
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hydrogel shows improvement in seedling water status and increases the rate of sur-
vival of seedlings [81]. The super absorbent hydrogel of I-carrageenan blend with
agar and xylan carbohydrate. This hydrogel is biodegradable, non-toxic, and good
water retentive. In the study, xylan carrageenan hydrogel with polyacrylamide shows
117.9-139.05% increased water holding capacity while the agar-carrageenan blend
shows 67% water content. This hydrogel shows a good coating around the seed,
which may help in germination [82].

PGPB (plant growth-promoting bacteria) carrier, a superabsorbent compos-
ite (SAPH) composed of cross-linked acrylic-cellulosic, is found to be efficacious
for water retention, and drought resistance, and has utility as a matrix for mineral
nutrient delivery while raising E. grandis seedlings. PGPB promotes plant growth
directly through various activities and mechanisms such as nitrogen fixation, phy-
tohormone production, iron chelation, and phosphate solubilization, via the pro-
duction of siderophore, or indirectly via activities such as pathogen suppression or
pathogen resistance induction. PGPB has been found to trigger a tolerance response
systemically that includes hormone modulation in the presence of a water deficit.
This could include indole acetic acid release, that alters the architecture of roots, or
abscisic acid, which causes alleviation of abiotic stress by causing early stomatal
closure or by modulating ethylene signaling, thus resulting in delayed tissue senes-
cence. In the drive to produce climate-change adaptive agriculture while minimizing
the use of agrochemicals and synthetic fertilizers, PGPB is fast gaining prominence
as a cost-effective and most importantly natural alternative to boost crop production
and reduce plant stress. PGPB contains Pseudomonas strains N33 and M25 which
influences the water management and avoids early closing of stomata. This bacterial
SAP composite may act as drought-resistant for plants and also promote the growth
of the seedling [83, 84].

Applications in heat resistance and absorption capacity

When the external solution’s temperature exceeds 150 °C, most superabsorbents
become water-soluble owing to amide-bond hydrolysis on network cross-linking
points. This drawback limits the application of SAP at higher temperatures, namely
a channel-blocking agent in a steam-stimulated oil well [85]. PVA/P(AA-AM) SAP
endowed with a semi-interpenetrating network structure has been created using
polyvinyl alcohol (PVA) as long-chain molecules interspersed throughout the net-
work structure, acrylic acid (AA), and acrylamide (AM) as primary components.
It has excellent heat stability and water retention attributes. The property of sandy
soils and water retention could be improved after the resin has been mixed into the
sandy soil. PVA/P(AA-AM) SAP was successfully prepared and had thermal stabil-
ity at temperatures below 200 °C. At the same time, the water retention property of
PVA/P(AA-AM) SAP was excellent, and upon its addition to sandy soil, the water-
holding property of sandy soil was significantly enhanced [86].

The size of the polymeric network influences the water absorbance capacity of
the composite. It is important to graft acrylic acid polymer onto mica and creates a
nanocomposite comprising a polymer and extremely thin mica particles; here, mica
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powder act as a cross-coupling agent. The cross-link compactness of the compos-
ite increases with the quantity of mica powder deployed. The network of spaces
available for water molecules to enter shrinks and consequently, the water absor-
bency steadily declines [87]. In situ radical polymerization has been used to create
superabsorbent composites comprising montmorillonite (CTS-g-PAAmM/MMT) and
chitosan-g-poly(acrylamide) and by grafting cross-coupled AA onto the chitosan
backbone in the company of montmorillonite (MMT) at varied filling levels. Clay is
invariably added to all superabsorbent composites to enhance their water absorption;
the highest amount being achieved at an MMT level of 5 wt%.

Thermal stability is ensured by thermogravimetric analysis (TGA) of the com-
posite. The composite shows three-step thermal degradation. The first stage below
180 °C indicates loss of moisture, the second stage between 180 to 329 °C is due to
the amide group and cross-linker while the third phase is above 330 °C in view of
the loss of the primary broken composite chain; MMT delays the thermal decompo-
sition rate [88]. TGA has been used to examine the influence of MMT on the thermal
stability of CTS-g-PAAm and displays TGA and d(TG) thermograms of chitosan-
g-poly (acrylamide) (CTS-g-PAAm) hydrogel and its CTS-g-PAAm/MMT (mont-
morillonite) composite. All the composites display a comparable three-stage heat
deterioration in the range of 30-600 °C. The initial stage, below 180 °C, is associ-
ated with the loss of moisture present in the samples, and the second one is in the
range 180 and 329 °C. Modification of vermiculite (VMT) has been attained using
cetyltrimethylammonium bromide (CTAB). organo-vermiculite (CTA+-VMT),
partially neutralized acrylic acid (NaA), and natural guar gum (GG)and has been
solution polymerized with N,N'- methylene-bis-acrylamide (MBA) as the cross-cou-
pling agent and ammonium persulfate (APS) as the initiator to create superabsorbent
nanocomposites[89].

Clay is not only used to increase the water retention of composite but also to
absorb the heavy metal component in water and polymer which decreases the haz-
ards of metal poisoning. Nowadays, eco-friendly and widely available renewable
materials like cellulose, Chitosan, starch, and peanut hull are emphasized in the
studies due to their biodegradability. Attapulgite is the layered aluminum silicate
containing the -OH group on the surface. A composite of polyacrylic acid/attapulg-
ite has been prepared by graft copolymerization of attapulgite with acrylic acid in
attendance of ammonium parasulfate (APS) as an initiator, and the cross-linker N, N-
methylenebisacrylamide (MBA) in water. The ensued results from TGA analysis
indicate that the introduction of attapulgite causes to increase in the thermal stability
of the composite [90].

A study of the composite containing sodium alginate-poly (acrylic acid-co-
acrylic amide)/graphite oxide (GO) shows a significant result in water absorbance
and thermal stability. A DSC study performed at 430 °C reveals that the decom-
position of SA-g-P (AA-co-AM) graft copolymer occurs while the decomposition
peak associated with SA-g-P(AA-co-AM)/GO shows at 445 °C. This indicates that
the thermal steadiness of the composite is enhanced due to the grafting of graphite
oxide. Similarly, regarding water retention ability without the inclusion of GO, the
absorption competencies for 0.9 percent NaCl and water are found to be 79.2 g/g and
298.6, respectively. On the other hand, the capabilities for absorption significantly
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enhanced and attained their highest levels, being 870.5 and 183.3 g/g, which is a
significant difference given that the amount of GO was only up to 0.1 g. Although
higher than that of pure SA-g-P(AA-co-AM), the values are 571.9 and 104.1 g/g,
respectively (AA-co-AM) graft polymer [91].

Application of SAPs in nanofiltration

SAPs can adsorb a large amount of liquid about their weight as they form hydrogels
upon water sorption. They display versatile applications in different fields includ-
ing protecting and sealing products, hygienic products, agricultural applications,
and food industries. However, it has shown promising applications in nanofiltration
technology in variously described findings. The preparation of SAP bead compris-
ing poly(acrylamide-co-itaconic acid) (P(AM-co-IA) has been deployed by multiple
utilities. One of the studies sensed and measured the presence of the pathogen in
water for the evaluation of the safety and security of drinking water; a novel method
for water sample concentration is founded on SAP beads wherein the millimeter-
sized beads are synthesized by simple and scalable methods. The addition of beads
to the water sample is the concentration process as beads swell to acquire the form
of a hydrogel while the small-sized entities intercalate with them. However, the
small molecular particles and microbes bigger than several nanometres are left out
which get accumulated in the remaining non-absorbed water. After this, the hydro-
gel beads can be separated effortlessly and reused after drying.

There have been some studies performed for the modification of substances
required in the fabrication of filtering facepiece respirators (FFRs). To remove the
microbial growth there is a need to remove the moisture content accumulated in
these materials. Majchrzycka et al., proposed the use of SAP with a biocidal agent
(halloysite) as the additive for the fabrication of polypropylene/polyester (PP/PET)
multifunctional filtering material (MFM). Two types of polypropylene sieving non-
wovens have been produced deploying the melt-blown method, namely, bioactive
super-absorbing polypropylene-poly(tereftalan ethylene) nonwoven (Modified Fil-
tering Nonwoven; MFM) and original polypropylene-poly (tereftalan ethylene)
nonwoven (Control Sample; CS). In this study, BH (95% halloysite/5% didecyldi-
methylammonium chloride wt/wt) and industrially available SAP (EK-X, Nippon
Shokubai, Japan) have been used as modifiers of the polymer filtering materials.
Accordingly, it is concluded that micro-organism numbers are reduced for MFM in
comparison with CS in three out of four species such as C. Albicans, E. coli, and S.
aureus with the MFM displaying high filtration competence (99.86%) for S. aureus
bacteria [92].

The gathering of biofluid samples including urine and blood has always been a
challenging process because of the essential need for uninterrupted refrigeration.
It is observed that without proper temperature storage, there is a higher chance of
degradation of the analyte. In a study, Chen et al. examined the self-driven micro-
filtration facilitated by permeable SAP beads and deployed them for storing and
processing biofluid samples where the mechanism entailed in this filtration process
is different from conventional methods (Fig. 6). Initially, filtrates first permeate the
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Fig.6 Self-Driven “Microfiltration” Enabled by porous superabsorbent polymer (PSAP) (Adapted from
[93D)

filter because of the pressure disparity and are retained in the PSAP beads as they
have a pore size of ~2 mm that can apprehend small analytical targets (<0.5 pm)
but reject bacteria and blood cells (> 1 pm) in the biofluid specimens [93]. So, the
hemolysis of the analyte and microbial spoilage can be avoided. A dry-bath batch
method has been deployed to generate bullet-shaped and millimeter-size PSAP
beads by polymerization-stimulated phase separation. It was highlighted that pores
are created by the cross-linking and polymerization of monomeric material in a PEG
aqueous solution where the chain of cross-linked polymer served as a scaffold and
PEG functioned as porogen. The various attributes including reaction temperature,
cross-linking degree, and monomer composition have to optimize to acquire PSAP
beads with required homogeneous morphology and swelling performance.

Role of SAP in photosynthesis

In 1885, Kreisler observed the inhibitory effect of water deficiency on photosynthe-
sis. While in 1991, Schneider and childer found the effect of stomatal conductance
on photosynthesis and concluded that the closing of stomata affects photosynthesis
under water deficit conditions. In 1996, Scarth and shaw concluded that the stomatal
aperture is controlled by photosynthesis. Brix concluded that at low water potential
of the leaf, stomata limit photosynthesis. The enhancement of vapor pressure defi-
cit by affecting transpiration and decreasing soil water supply lowers the leaf water
potential [94]. When plants are under stress in drought conditions, stomatal conduct-
ance continues to play an essential part in the maintenance of photosynthesis. In
most cases, vital physiological processes require less than 5% of the water that is
absorbed by the roots of a plant; the remaining 95 percent of water is lost by tran-
spiration. Stomatal conductance plays a crucial function in photosynthesis during
the dry state of soil stomata are closed, so the rate of photosynthesis is reduced [95].

Photosynthesis’s related parameters are chlorophyll content, net photosynthesis
rate, and fluorescence parameter, among others. During water deficit conditions,
plants produce proline-rich output to overcome cell dehydration. Application of SAP
under the moderate deficit of water promotes indirect photosynthesis by increasing
chlorophyll levels and improving leaf water content.

@ Springer



6694 Polymer Bulletin (2024) 81:6671-6701

The combined effect of photosynthesis, proline, and growth of maize plant under
the water deficit conditions has been studies by addition of SAP and fulvic acid. The
result of this study demonstrates that photosynthesis capacity and proline level have
increased under water deficit conditions. Osmotic adjustment is a technique for sus-
taining photosynthesis and water interactions by keeping the water content of leaves
at low water potentials. Accumulation of suitable solutes allows for osmotic correc-
tion. One of the major cyto solute is involved in this mechanism. Carotenoid and
chlorophyll percentage also decreases under stress conditions. Superab A200 SAP
has better efficacy to enhance water retention so that under stress conditions like
drought, polymer helps retain moisture around the root. Also, an increase in carot-
enoid content has been observed which helps in photosynthetic activity associated
with chlorophyll. During drought conditions, the accumulation of proline acts as an
osmolyte to maintain the organelles and leaf in water-deficit conditions.

Water deficiency has a significant impact on photosynthetic processes by causing
leaf stomata to close, increasing diffuse resistance to carbon dioxide (CO,) uptake,
and decreasing CO, absorption in the leaves. Reduced mesophyll conductivity and
closed stomata slow the passage of CO, from the atmosphere into carboxylation
sites in leaves, which slows the photosynthetic processes.

Removal of heavy metals

Increased industrialization has resulted in the development of tremendous environ-
mental pollution by various heavy metals that adversely impact human health, being
mutagenic as well as carcinogenic. The source of contamination of these metals are
the electroplating industry, metallurgy, and tannery, among others. Several meth-
ods have demonstrated the reduction or elimination of heavy metals from the aque-
ous samples. These techniques include adsorption, ion exchanger, reverse osmosis,
chemical precipitation, and selective membrane.

Initially, low-cost adsorbents such as horn snail (Telescopium sp.) and mud crab
(Scylla sp.) shells powder were utilized for the removal of Cu?*, and Pb** from
wastewater [96, 97] and Archontophoenix alexandrae was used for the adsorption
of Cu**, zinc, and nickel ion [98]. A mixture of bagasse-bentonite was applied to
adsorb Cd** and Pb** from an aqueous solution [40, 41], and the mixture of algae
waste-bentonite was used to absorbent to remove Pb** from the aqueous solution
[99, 100].

In one method by Neolaka et al., magnetic composite material modified ion
imprinting polymer (IIP@GO-Feo,) from Schleichera oleosa was synthesized via
precipitation method and NIP@GO-Fe;O, was prepared by a similar method with-
out CR(VI) as a template. In this study, the authors have used ten kinetic and eight
isothermal adsorption models. Results suggested that IIIP@GO-Fe;0, had higher
adsorption compared to NIP@GO-Fe;0, with better reusability due to the same
level of adsorption capacity [43].

In another study, selective adsorptive removal and solid phase extraction of
Cr(VI) ions were carried out from electroplating industrial wastewater using a Cr(VI)
imprinted -poly(4-VP-co-EGDMA sorbent [101]; precipitation polymerization
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method was employed for the synthesis. Authors did investigate several parameters
such as the effect of sorbent dosage, contact time, pH and temperature on Cr(VI)
adsorption from aqueous solution. The adsorption of these ions has occurred highest
at pH 2 with a contact time of 30 min with an initial concentration of cr(VI) 14 mg/
mL at 313 K. Results of modeling kinetics demonstrated that Cr(VI) adsorption fits
with the pseudo-second-order model. Further, the adsorption of ions from electro-
plating industrial waste reached 96% with good stability even with repetitive use
up to 10 times [101]. Furthermore, the adsorption performance of Cr(VI)-imprinted
poly(4-VP-co-MMA) supported on activated Indonesia (Ende-Flores) natural zeolite
was also deployed for the removal of Cr(VI) from aqueous solutions [102].

Conclusion and future perspectives

In this review, prominent aspects of superabsorbent polymers (SAPs) have been
deliberated that could be valuable for scientific and technological foresight offered
for their further development for various purposes. As characterization is a critical
part of successful chemical synthesis, the various significant characterizations of
SAPs were discussed including Thermogravimetric Analysis (TGA) and Differen-
tial Scanning Calorimetry (DSC) to establish their thermal behavior as a function
of time, temperature, and heat. Fourier Transform Infrared Spectroscopy (FT-IR),
Nuclear Magnetic Resonance (NMR), X-ray Diffraction (XRD), and Scanning Elec-
tron Microscopy (SEM), are among the experimental techniques deployed to char-
acterize the structural composition. FSC, CRC, AUL, and AR have already been
specifically related to the officially accepted industrial swelling measurement. SAPs,
in various formulation forms, have been exploited in prominent implementations to
develop certain applications such as heat resistance, nanofiltration, drug delivery,
the disposable hygiene industry, nanomedicine, and agriculture.

Considering that the primary characteristic of SAPs lies in their swelling per-
formance, then all perspectives have been emphasized on swelling enhancement.
Accordingly, the efforts have focused to improve the swelling properties of SAPs
which are defined by the modification of cross-linking agents, testing other anion-
ics on the polymer chains, developing new Super Slurpers, and performing surface
cross-linking. On the other hand, to attain superior outcomes and to better encour-
age the use of the synthesized products, additional research is required, namely the
absorption tests in various kinds of fluids (bovine blood, artificial blood, etc.). In
addition, more effective assays to evaluate the hydrogel’s properties are also recom-
mended, like diffusion under load, gel fractionation, and study of the SAPs particle
size.

Furthermore, the study of the biodegradability of SAPs in vivo and in vitro is also
of paramount importance. Scientists assume that the development of alternative bio-
degradable SAPs could be the ultimate ecological solution to solve environmental
problems. In addition to environmental challenges, the exhaustion of oil reserves is
another major conundrum facing mankind. Therefore, to overcome the shortage of
oil resources, the use of renewable polymers such as cellulose, starch, etc. for the
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production of SAPs appears to be an appropriate solution that needs to be explored
besides a life cycle assessment (LCA) of the related processes.
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