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Abstract

We prepared guggul gum-based hydrogel (GgG-cl-poly(AA)) through a free radical graft copolymerization mechanism in
this work. The preparation was carried out using ammonium persulfate as an initiator, acrylic acid as the monomer, and
N, N'-methylenebisacrylamide as the crosslinker. The synthesized hydrogel’s swelling capacity and equilibrium swelling
ratio were thoroughly investigated by optimizing various reaction parameters: reaction time, solvent volume, microwave
power, crosslinker amount, initiator concentration, and monomer concentration. The swelling results demonstrated that
the synthesized hydrogel can attain a maximum percentage swelling of 980% within 3 h in an aqueous solution. The
prepared hydrogel sample was characterized using Fourier transform infrared, X-ray diffraction, scanning electron micros-
copy, nuclear magnetic resonance, and thermogravimetric analysis. The prepared hydrogel was studied for water reten-
tion behavior in the soil, water absorbance in the open air at room temperature, reswelling studies, and resistive swelling
studies in various salt solutions at different temperatures and pH values. Notably, the crosslinked hydrogel exhibited a
reduced swelling capacity across various salt solutions compared to the aqueous solutions. The biodegradation studies
were examined in both soil burial and vermicomposting methods for two months, revealing a maximum biodegradation
of 95.65% through the vermicomposting method and 87.7% through the soil burial method. The results indicate that the
crosslinked hydrogel based on guggul gum is a potential candidate for various agricultural applications.

Keywords Hydrogel - Biodegradation - Crosslinker - Water retention - Vermicompost

1 Introduction

In the current scenario, sustainable development in agri-
culture and forestry is a prime objective worldwide [1-3].
However, the sustainability of the agriculture and forestry
sectors is threatened by many factors, such as water scar-
city, droughts, and soil degradation [4]. The absence of rain-
fall and irrigation water poses a critical challenge in arid
and semiarid regions, where water is pivotal for enhancing
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for agricultural use. By 2050, an estimated 50% increase
in farm output and a 15% surge in water withdrawals will
be indispensable to sustain a planet inhabited by nine bil-
lion people [10]. Traditionally, direct plant watering has
been the cornerstone of agricultural management. While
this technique remains prevalent, alternative management
approaches like flood (furrow), drip irrigation, and spray
irrigation have also proven effective and efficient [11].

Nevertheless, conventional irrigation methods do not
facilitate complete water absorption by plants; a fraction of
water evaporates, and others seep deep into the soil. Given
the precarious water situation, enhanced water management
is urgently necessary to maintain a readily available water
supply in the soil surrounding plant roots [12]. The latest
water-saving deficit irrigation technologies are pivotal for
achieving a favorable soil moisture balance in the root zone,
promising higher water use efficiency without embarrass-
ing crop production and quality [13, 14]. Contemporary
advancements in irrigation technologies, such as low-pres-
sure micro sprinklers and drip irrigation systems coupled
with plastic mulching, can ease water scarcity by signifi-
cantly reducing irrigation water consumption [9, 15, 16].
However, these high-tech tools are predominantly utilized
in high-value crops and entail substantial capital, ongoing
operational costs, and specialized knowledge requirements
for farmers. Another viable solution is exploring alterna-
tive irrigation technologies that employ highly expandable
superabsorbent hydrogels (SAHs) to alleviate soil moisture
stress and enhance production [17]. Many countries rely
heavily on virtual water supplies in arid regions for their
daily needs. Over time, adopting cutting-edge technologies
to improve nutrient and water utilization efficiency may
become increasingly critical, particularly in areas with lim-
ited water resources.

In agriculture, SAHs are essential for promoting envi-
ronment-friendly conditions and improving water irrigation
efficiency [18]. They can serve as reservoirs to prevent water
waste and enhance irrigation efficiency by absorbing and
retaining water several times their initial dry weight. Addi-
tionally, SAHs can improve the specific physical properties
of the soil [19]. Hydrogels are 3D crosslinked networks of
hydrophilic polymers capable of absorbing and swelling
in water [20], exhibiting numerous exceptional properties,
and finding substantial properties including high water
permeability for metabolites, hydrophilicity, resistance to
oxygen, tissue-mimicking consistency, and environmental
responsiveness [21]. Hydrogels are applied in diverse fields,
including agricultural, industrial, biomedicine, wastewater
treatment [22], designing contact lenses, tissue engineering
[23], sustained drug delivery [24, 25], and wound healing
[26]. Among various hydrogels, the environmentally-sensi-
tive hydrogels are the most prominent class, and globally,
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they draw significant interest from researchers [27]. SAHs
appear exceptionally beneficial in agriculture as soil condi-
tioners for enhancing crop growth in sandy or clayey soils.
SAHs are widely employed as soil conditioners for improv-
ing crop productivity and reducing soil water loss [28]. For
agricultural applications, the hydrogels must exhibit desir-
able properties such as nontoxicity, non-disruptiveness to
the soil nutrients, stability in the soil, and, crucially, cost-
effectiveness [29, 30]. Microwave synthesis is often called a
green synthesis approach due to its minimal waste produc-
tion and rapid generation of free radicals from the initiator,
which facilitates the formation of short-chain porous poly-
meric products. This process combines the effects of micro-
waves and heating [31, 32].

Guggul is an oleo-gum resin of 2—8% volatile oil, 23—40%
resin fraction, 40-60% gum fraction, and 10-25% bitter
principle [33]. Commiphora Mukul (Guggul) exudes from
the bark of the Mukul myrrh tree and is found in Pakistan,
Somalia, and India. Complete hydrolysis of highly branched
polysaccharides yields components such as L-arabinose,
D-galactose, L-fucose, 4-O-methyl-Dglucoronic acid, and
aldobiouronic acid [33, 34]. Numerous studies, articles, brief
communications, and monographs have been written about
the usage of hydrogels for agricultural purposes. Ahmad et
al. [35] used a simple method to synthesize superabsorbent
hydrogels using polyvinyl alcohol crosslinked with borax
and Moringa oléifera gum. The prepared hydrogel showed
good density, water retention ability, swelling ratio, salt
sensitivity, and reswelling properties. Liu et al. [4] synthe-
sized fenugreek galactomannan-borax-based hydrogel for
agricultural purposes. They mixed the hydrogel with the
soil to analyze the soil’s ability to absorb water, which was
assessed as a latent water retention agent. This cost-effective
and environmentally friendly hydrogel has many potential
agricultural uses for preserving soil water. Meng et al. [36]
utilized hydrogels prepared from acrylic acid (AA) and the
waste obtained from the industrial sector. They exhibited
super-swelling and slow-release behavior in water, making
them excellent candidates for water retention agents in agri-
culture. The primary objective of this work was to present a
new and simple technique for creating super-swelling bio-
polymeric hydrogels with long-term water retention quali-
ties using polysaccharides and lignosulphonate, the primary
ingredients in red liquor. Abdallah [37] revealed the effects
of hydrogel particle size on the amount of water preserved
by the hydrogel, the amount of water used each day, and the
survival of guava seedlings under drought-like conditions.
Another goal of this study was to examine how hydrogel’s
particle size impacts the soil’s physical characteristics, such
as AWC, WHC, and saturated hydraulic conductivity. Patra
et al. [38] reported that when hydrogel is added to soil, it
hydrates to create an amorphous gelatinous material and can
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adsorb and desorb water cyclically over an extended period.
They determine the effectiveness of hydrogel on soil water
retention and release properties for reducing drought stress
and enhancing crop production under moisture-stress cir-
cumstances. Iftime and associates [39] examined new soil
conditioner techniques for soil fertilization and water reten-
tion. These techniques were prepared via the in situ hydro-
gelation of chitosan with salicylaldehyde in the presence of
fertilizer. These studies identified the novel systems as inno-
vative, multifunctional, and eco-products that can address
problems related to soil conditioning and water retention.

Guggul gum-based materials have been explored for
various industrial and medical applications; however, as per
our literature survey, no research paper regarding their use
in the agricultural sector is available. A quick and effective
method has been developed to create GgG-based hydrogel,
which is aqueous-based, catalyst-free, inexpensive, envi-
ronment friendly, and may find use in agriculture [35, 40].
Here, we described the role of Guggul gum-based hydrogel
in the agriculture field, specifically for examining its swell-
ing capacity, water retention properties in soil and the open
air, biodegradability, salt-resistive swelling study at differ-
ent temperatures and pH levels, and reswelling properties
to evaluate its promising applications towards sustainable
agriculture.

2 Materials and methods
2.1 Materials

Guggul gum (GgG) was purchased from the local mar-
ket in Chandigarh, India. Acrylic acid (AA) and N,
N-’methylenebisacrylamide (MBA) were purchased
from Merck, Germany. Ammonium persulfate (APS) was
obtained from Sigma Aldrich. Vermicompost was pur-
chased from an agricultural shop on Court Road, Srinagar,
India, while garden soil was collected from NIT Gardens in
Srinagar, India. Distilled water was used for all synthesis
procedures.

2.2 Purification of backbone

Guggul gum was extracted from a plant known as Com-
miphora wightii or Commiphara Mukul. The purification
process of guggul gum was carried out in two steps. The
first step involves manually removing exterior contaminants
such as dry leaves and other foreign objects and breaking
them into small pieces. In the second step, these pieces were
dissolved in distilled water and placed in a glass beaker over
a hot plate at 60 °C. The mixture was stirred until a fine
slurry was formed. It was further filtered through a muslin

cloth. A significant amount of ethanol was added to the
slurry, and the purified gum obtained was allowed to dry in
a hot air oven at 60 °C overnight. A fine powder of gum was
made with the help of a pestle and mortar [41].

2.3 Synthesis of hydrogel

The superabsorbent GgG hydrogel was fabricated by a free
radical polymerization using APS as an initiator, AA as a
monomer, and MBA as a cross-linker. A desirable amount of
GgG was uniformly dispersed in 11 mL of distilled water. A
predetermined quantity of MBA, AA, and APS were mixed
in the same beaker according to the desired ratios. The mix-
ture was stirred and subjected to microwave irradiation for
60 s. The developed hydrogel was then placed in a hot air
oven and dried at 60 °C overnight, as shown in Scheme 1.

2.4 Swelling studies

The swelling studies of the prepared hydrogels were deter-
mined by the pre-existing method [41]. Initially, the dried
hydrogel was weighed over the weighing balance, kept in
distilled water, and permitted to reach swelling equilibrium
at room temperature. The swollen hydrogels were taken
out and weighed at certain intervals after blotting the sur-
face water with tissue paper. This process continued till the
achievement of the equilibrium swelling percentage. After-
ward, the swelling capacity (SC) was calculated using Eq. 1.

VV(? - VV(],
d

SC% = x 100 (1)

Where SC represents the swelling capacity of synthesized
hydrogel, W, are the weight of the equilibrium-swollen
hydrogel, and W, is the initial weight of the dried hydrogel.

After optimizing various reaction parameters to form a
crosslinked network, the replications were carried out in
triplicates. The reproducibility and statistical analysis of
the results was carried out using the Statistical Package for
Social Science (SPSS) version 10.

2.5 Water retention study

This study aimed to assess how a natural hydrogel affected
the water retention capabilities of various types of soils,
including sandy soil, clayey soil, and a combination of the
two soils. In the typical procedure, 1 g of each hydrogel
sample was placed in plastic bottles with 100 g of each soil
sample. The vessels were filled with 50 ml of tap water
and gently weighed over an analytical balance (accu-
racy=0.00001 g). A control sample of untreated soil was
included in the experiment to ensure that no weight loss had
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Scheme 1 Purification and
synthesis of GgG-cl-poly(AA)
hydrogel

Raw guggal
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occurred [42]. The vessels were kept at room temperature
and weighed after regular intervals to determine the pro-
portion of water retained by different types of soils. Equa-
tion 2 was used to calculate the water retention rate of the
hydrogel.

S;— S
WRRY = = L % 100 2)

Where WRR% represents the water retention rate of the soil,
S; s the initial weight of the vessel, S, is the final weight of
the vessel, and V' is the volume of the water used for main-
taining the moisture level in the soil.

2.6 Water absorption study

The behavior of hydrogel in terms of water absorbance was
examined using the gravimetric method. Dry samples were
weighed as C, and then submerged in excess water until
they reached equilibrium at neutral pH and different tem-
peratures (10 °C, 30 °C, and 60 °C). The swollen samples
were removed, wiped off with tissue paper, and weighed as
C,. They were then dried in the open air at room tempera-
ture (relative humidity ~ 50%). The samples were weighed
at predetermined time intervals (C,), and this process was
repeated until the sample weight became constant [35, 40,
43]. Equation 3 was used to calculate the water absorption
percentage.

W AR% = gt%gj x 100 3)
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Where WAR% shows the water absorption percentage of
the hydrogel, C, represents the weight of the hydrogel after
dehydration of the sample.

2.7 Saltresistive swelling study

This study examined the influence of ionic strength from
different cations on the degree of swelling of the hydrogel
in NaCl, CaCl,, and FeClj; salt solutions at predefined time
intervals and temperatures using distilled water. Salt solu-
tions with different ionic strengths (0.01 M, 0.05 M, 0.1 M,
0.5 M) and cationic charge (monovalent, divalent, and tri-
valent) were prepared. 0.2 g of each dried hydrogel sample
was immersed in different salt solutions of known propor-
tions. After 3 h, the swollen gel was weighed, and %Q, was
calculated using Eq. 4 [42].

Wt_Mo

o

QT% = x 100 (4)

Where M, and M, are the weights of the samples in the
swollen and dry states (in saline solutions), respectively, and
Q, is the qualitative time of salt resistive swelling percent-
age at a given time.

2.8 Temperature-responsive swelling

Different swelling ratios indicated that the hydrogel is tem-
perature-sensitive. We took pre-weighed samples (0.2 g)
and dipped them in distilled water at various temperatures
(3°C, 25°C, 60°C, 80°C) using a refrigerator, room tempera-
ture, hot air oven, and vacuum oven. At regular intervals of
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one hour, we removed the samples and weighed them until
the hydrogel reached its equilibrium weight [42]. The swell-
ing ratio was calculated using Eq. 1.

2.9 pH-responsive swelling

Buffer solutions with different pH values, ranging from 3.0
to 11, were used to evaluate the swelling behavior of GgG-
cl-poly(AA) at various pH levels. Following established
procedures outlined in the literature, we prepared alkaline
and acidic solutions [42]. We employed a microproces-
sor pH meter (ATC) to measure the pH readings precisely.
Known amounts of the dried hydrogel were submerged in
various pH solutions, and the pH-responsive swelling per-
centage was calculated using Eq. 1.

2.10 Reswelling study

We employed distilled water to submerge a pre-weighted
dry hydrogel sample (0.2 g) to confirm that it reached its
swelling equilibrium and then re-weighted it. The swelled
hydrogels were dried at 60 °C in a hot air oven for 12 h. After
drying, the hydrogel sample was re-soaked in distilled water
to calculate its equilibrium swelling capacity. We repeated
this swelling and drying process five times using the same
hydrogel sample. We also assessed the losses in the equilib-
rium swelling capacity of the same hydrogel sample [35].

2.11 Biodegradation studies

Biodegradation tests of GgG-cl-poly(AA) were conducted
after the disposal of hydrogel samples in the soil, which
involved soil burial and vermicomposting procedures. 0.5 g
samples of GgG-cl-poly(AA) were taken and buried at a
depth of 2 cm circularly with an equal distance of 3 cm in
the pots containing garden soil and vermicompost. After
specific intervals, one sample from each pot was removed,
cleaned, dried, and precisely weighed. The biodegradation
studies were conducted for 65 days. Instrumental methods
such as FE-SEM and FTIR investigations were used to
examine biodegradability qualitatively [32]. The percentage
of biodegradation (BD%) was determined using Eq. 5.

Wi — Wy

i

BD % = x 100 (5)

Where W; is the initial weight of the sample, and W is the
final weight of the degraded sample.

2.12 Characterization

The characterization of gum guggu/ and GgG-cl-poly(AA)
hydrogel was carried out using various instrumentation tech-
niques. A microwave oven, I[FB model-17PM-MECI, was
used with power requirements of 1200 W and a frequency
of 2450 MHz. An FTIR spectrophotometer (PerkinElmer)
equipped with ATR mode, diamond crystal, and ZnSe for
the focusing component was used to record the FTIR spec-
tra. The scan parameters were set between 4000—400 cm ™!
with a resolution of 4 cm™!. SEM Hitachi 3600 N scanning
electron microscope with a 5-axis motorized stage and an
ultra-dry compact EDS Detector (Thermo Scientific™)
were used for high-resolution imaging and elemental analy-
sis, respectively. X-ray studies were conducted on an X-ray
Diffractometer operating at 40 kV and 30 mA with a Cu-Kg
filter, scan range (5°<6<160°), and scan axis 26. TGA stud-
ies were performed on Perkin Elmer equipment to assess the
material’s thermal stability. The Bruker 'H nuclear magnetic
resonance cryomagnetic spectrophotometer ('H NMR)
at 400 MHz was used to determine its chemical structure
precisely.

3 Results and discussion

3.1 Optimization and analysis of the maximum
swelling percentage

The optimization and maximum SC of GgG-cl-poly(AA)
hydrogel at various initiator concentrations ranging from
0.00796 to 0.01991 x 10~ mol/L were investigated and pre-
sented in Fig. la. Initially, SC increased at 0.00796 mol/L
initiator concentration and then decreased with a further
increase in initiator concentration. The maximum swelling
capacity (700%) was observed at 0.015918 mol/L of initia-
tor concentration. The suggested trend was evident because
the enhancement in initiator concentration can generate
more free radicals, increasing grafting effectiveness and
improving water absorption [44]. However, excessive ini-
tiator addition beyond the optimum value may terminate
the free radical reaction prematurely and hinder the graft-
ing yield [45]. Furthermore, increased reaction velocity and
bimolecular collision favor the chain-terminating step when
the initiator concentration exceeds an optimal level, depend-
ing on process parameters and reactant properties.
Consequently, a lower SC was observed at high initiator
concentrations [44, 45]. The solvent amount also affected
the swelling capacity of GgG-cl-poly(AA). Figure 1b illus-
trates that SC initially increased up to 710% at 11 mL of
solvent volume and then decreased due to an optimal sol-
vent concentration, which generates hydroxyl free radicals,

@ Springer



Adsorption

800

Swelling (%)

1@
700
600 4
500
400
300
200
100
04 T T T
06 08 10 1.2 14 16 18 20

Initiator Conc.x10™3(mol/L)

l

2.2

800

1)

700

600 +

500 -
400 -.
300-
200-.
100-.
0

8 9 10

Swelling (%)

11

12
Solvent (mL)
800 (d)

700
600 -
2 5004
= .
£ 400
E -
3 300
200 -
100
04

0.5 1.0 1.5 2.0 2.5

Monomer Conc. (mL)

800
4 (c)
700
600
:\; 500-:
2 400
% E
= 300 -
w .
200 +
100
0 -
40 60 80 100 120
Time (sec)
1000 (e)
800
<
o 600
£
T;’ :
& 4004
200 4
0 - + -
0.03 0.04

11

0.05 0.06 0.07

Crosslinker Conc.x1 0'3 (mol/L)

Fig. 1 Variation of percentage swelling with reaction parameters

creating more active sites for reaction propagation. Beyond
this optimal level, an increase in solvent concentration
causes a decline in SC because the GgG and AA have fewer
active sites available for free radical graft polymerization
[46]. Solvent concentration significantly affects the SC
during the synthesis of crosslinked hydrogels. The energy
obtained from microwave irradiation and absorbed by the
solvent to produce hydroxyl free radicals contributes con-
siderably to the dispersion of the copolymerization reaction,
resulting in an initial rise in SC [45]. Figure lc demon-
strates that the optimized time was 60 s with a maximum
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swelling percentage of 720%. Initially, when the reaction
time increased from 40 to 80 s, SC decreased, primarily due
to the formation of shorter polymer chains that hindered the
absorption of water molecules [45].

Conversely, prolonged reaction times led to increased
crosslinking in the polymer, with multiple branched chains
causing entanglement and forming small holes in three-
dimensional networks, restricting polymer expansion.
Hence, terse and long reaction times resulted in lower water
absorbency [45]. Beyond 60 s, the additional free radicals
attempted to stop the crosslinking process and increased the



Adsorption

Table 1 The optimized reaction parameters for synthesizing GgG-cl-poly(AA)

Sample Optimized reaction parameters
code Back- Initiator Solvent Time Monomer pH Micro- Crosslinker Mean +SD +SE
GGGG bone concentration  amount (sec) concentra- wave concentration  percentage
(2) (mol/L) (mL) tion Power  (mol/L) swelling
10-3 (mL) (%) 1073 (M)
GgG-cl-poly(AA) 0.5 0.0079 11 60 1 7 100 0.0079 980 26.76  15.45

Where no of replication=3, M =mean, +SD =standard deviation, and + SE =standard error of the mean

Fig.2 FTIR spectra of (a) GgG
and (b) GgG-cl-poly(AA)

S
]
'x]
=
©
=
£
»n
=
=
[ -
L 1695
—— GgG
—— GgG-cl-poly(AA)

4000 3500 3000 2500 2000 1500 1000 500

possibility of adverse reactions such as homopolymeriza-
tion [45]. Monomer concentration significantly affects the
hydrogel’s swelling capacity. The swelling behaviour of
crosslinked hydrogel was investigated at various monomer
concentrations ranging from 0.5 to 2.5 mL. Figure 1d shows
the maximum swelling percentage obtained at | mL of AA
concentration. Beyond this optimum value, the swelling
percentage decreases with a further increase in monomer
concentration. After optimization, the decrease in SC may
be attributed to the reduction of active sites on the GgG
backbone as graft copolymerization starts.

Additionally, excessive monomer concentration can lead
to the formation of homopolymers or self-crosslinking net-
works, which thickens the reaction medium and hampers
the movement of free radicals [47]. In addition, a decline in
the osmotic pressure difference may cause the hydrogel net-
work to contract [44—46]. The swelling capacity of polymer
absorbent relies mainly on the polymer composition and
properties of the external solution [46, 48]. It is widely rec-
ognized that adding excessive crosslinkers to the reaction
mixture reduces the SC of hydrogel because the crosslinker
molecules can settle between the polymer chains, which
may reduce the availability of hydrophilic functional groups

Wavenumber (cm-')

and decrease SC. Figure le shows the effect of MBA con-
centrations on the swelling capacity of GgG-cl-poly(AA).
The optimized crosslinker concentration was 0.054x 1073
mol/L with an 847% maximum swelling capacity of the
synthesized hydrogel [45, 49]. All the optimization experi-
ments were performed three times, and the optimized con-
centration of each parameter is summarized in Table 1.

3.2 FTIR analysis

Figure 2 presents the FTIR spectra of guggul gum and GgG-
cl-poly(AA) hydrogel. The FTIR spectrum of GgG exhibits
a broad peak at 3285 cm™! that may be attributed to OH
stretching vibrations. The 2928 cm™! peaks and 2154 cm™!
may correspond to N-H symmetric stretching vibrations.
The FTIR data confirmed that GgG consists of protein moi-
eties and polysaccharides and exhibits a broad transmit-
tance associated with the O-H stretching of carbohydrates
[45, 46]. The sharp peak obtained at 1022 cm™' represents
stretching and bending vibrations of C=0, C-C, C-H C-O-
C, and C-O-H groups. The peak obtained at 1594 ¢cm™!
indicates the presence of carboxylate groups of amino acids
[47]. Upon crosslinking the GgG with AA, some changes
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in the FTIR spectra have been observed. The disappear-
ance of the O-H stretching peak and the appearance of two
amide N-H symmetric stretching peaks at 3285 cm™' and
asymmetric stretching peaks at 3214 cm™! clearly show the
transformation of the backbone into a crosslinked hydrogel
network [50, 51].

Further, the C-N stretching frequency at 1594 cm™! is
also visible in the IR spectrum of hydrogel, confirming the
presence of acrylic acid [33]. A peak at 1695 cm™! cor-
responding to C=O0 stretching vibrations confirmed the
presence of acrylic acid in the synthesized hydrogel [41].
Compared to the backbone GgG, the presence of additional
bands and a shift in the peak position confirmed the pres-
ence of AA chains in the synthesized hydrogel network [31].

3.3 X-ray diffraction studies

XRD patterns of GgG and GgG-cl-poly(AA) are shown in
Fig. 3. The backbone GgG exhibited a broad peak at 20.22°
on the 20 scale, indicating its smooth and semi-crystalline
structure. The main amorphous feature of GgG is des-
ignated by its low-intensity diffraction pattern [32, 49].
However, when the backbone was transformed into a cross-
linked hydrogel network, its crystalline nature increased,
with a slight peak position shift to 20.45° [45]. This shift
occurs when a long-range ordered configuration is formed
in the crosslinked hydrogel network, enhancing its crystal-
line nature [50]. When correctly positioned over the gum
surface, the acrylic acid chain causes the system to transi-
tion to a more crystalline form with a few small and sharp
peaks [35, 52]. Changes in peak broadening, sharpness, and
position indicate the transformation of GgG into a more
crystalline form following crosslinking, which was further
validated by SEM analysis.

Fig.3 XRD pattern for GgG and GgG-cl-poly(AA)

Intensity (a.u.)
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3.4 Surface morphological analysis

SEM findings of GgG and GgG-cl-poly(AA) demonstrated
the morphological changes obtained after crosslinking the
GgG surface with the AA moieties illustrated in Fig. 4. The
smooth surface is depicted in the SEM image of GgG, indi-
cating the homogeneous nature of the gum visible in Fig. 4a
[47, 48]. After grafting with polyacrylic acid chains, the
surface of GgG undergoes morphological alterations, dis-
tinguishing the crosslinked product from the backbone [31,
33]. Figure 4b shows the SEM investigations of synthesized
hydrogel and reveals that the smooth surface of the back-
bone has been transformed into a rough and crosslinked
structure, providing evidence of crosslinking [41].

3.5 Thermal analysis (TGA)

TGA provides information in a disciplined manner related
to the changes occurring in the mass of material concerning
time and temperature [50]. TGA was used to examine the
thermal characteristics of GgG and GgG-cl-poly(AA), as
shown in Fig. 5. In the GgG-cl-case of poly(AA), an initial
weight loss of 5.5% was observed, which may have been
caused by the loss of unbound and bound water molecules
trapped inside the matrix. Initially, the crosslinked hydrogel
network was broken down into small fragments during the
first step of decomposition [47]. Decarboxylation caused
a weight loss of 27.55% in the first stage, which began at
230 °C. A weight loss of up to 16.93% was observed in the
second stage of decomposition, which began at 370 °C. Due
to depolymerization and the creation of cyclic aromatic
molecules, the third stage got underway at 500 °C with a
17.22% weight loss [52, 53].

In the case of gum GgG, weight loss was observed in three
stages. In the first stage, 5.5% weight loss was observed.
The sample had undergone a mild dehydration stage, loss
of some water molecules, and depolymerization reactions
during the second stage of decomposition. The first step of

— GgG
—— GgG-cl-poly(AA)

1I0 20 3I0 4I0 5IO 60
20 (degree)
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decomposition was seen between 200 and 390 °C, result-
ing in a weight loss of 44.48%, while the second stage
occurred between 390 and 570 °C, resulting in a weight loss
of 32.56% [47, 51].

3.6 'H-NMR analysis

Figure 6a depicts the '"H NMR spectrum of the backbone.
The broad peak at 3.3 ppm represents the characteristic
feature of polysaccharides. The H-6 (methyl groups) of
the converged and a and B anomers of L-rhamnopyranosyl
residues are expected to be responsible for the peak at 1.30
ppm. Peaks at 2.18 ppm and 2.16 ppm are assigned to the
methyl protons of the acetyl groups, while the peak ranging
from 4.12 ppm and 5.12 ppm is associated with 2-acetylated

Temperature (°C)

D-glucopyranosyl, D-glucopyranosyl, and D-glucuropy-
ranosyl residues [53, 54]. The peak of the aromatic proton is
confirmed at 9.23 ppm [55].

Additionally, the presence of O-CH; groups in the gum
is responsible for the peaks in the 3.1-3.9 ppm range [56].
The existence of the -CH- group of glucose is confirmed by
the peak at 4.70 ppm, and the appearance of a single bond of
glucuronic acid (-CH) at 5.07 ppm is consistent with records
in the literature [47]. The two peaks at 2.51 ppm and 3.31
ppm are caused by protons in DMSO and a small amount
of moisture. 'H NMR spectrum of GgG-cl-poly(AA) shows
peaks in the range of 4.95-5.99 ppm and 6.00-7.00 ppm
(Fig. 6b). The monomer grafting into the hydrogel is con-
firmed by the '"H NMR signal at 6.55 ppm, which matches
the terminal COOH protons provided by the AA moieties.
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Furthermore, the N-H bond of MBA produces a strong peak
of around 7.05 ppm, verifying the crosslinking of the hydro-
gel matrix [42].

3.7 Water retention studies in different soil samples

The amount of water available for planting or cropping
depends on the water retained in different soil areas. Recent
advances in agriculture, soil improvement, and crop develop-
ment have increased the use of cross-linked hydrogels [57].
These hydrogel networks have a large capacity for water
absorption, which enhances the soil’s ability to retain water
and support optimal plant growth, especially in drought-like
conditions [42]. In this context, the water retention qualities
of the synthesized hydrogel in different soil samples were
tested by checking the weight of the samples daily until con-
sistent results were obtained. Figure 7 shows the results of
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the water evaporation rate of GgG-cl-poly(AA) hydrogels.
According to the experimental findings, soil samples con-
taining hydrogel evaporated water slower than the control
samples. As depicted in the graph, the water content of the
different soil samples decreased over time, but the rate of
water loss varied depending on whether the soil sample con-
tained hydrogels [42]. Clay soil containing hydrogel exhib-
ited a slower water evaporation rate than the control sample,
as seen in Fig. 7a. The control sample retained the moisture
level in the soil for only 10-13 days, whereas the clay soil
with hydrogel could retain water for 20 days. In Fig. 7b, the
control mixture evaporated entirely in 10 days, whereas the
clayey and sandy soil mixture with absorbent retained water
for 19 days. Figure 7c clarifies that the sandy soil with the
absorbent preserved water for 18 days. The pictorial pre-
sentation of the water retention studies is shown in Fig. 7d.
According to some experts, the increased water-holding
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capacity of hydrogels has led to an increased need for irriga-
tion and resolved many issues related to agriculture outputs
[58, 59]. Additionally, the proposed absorbent can serve as
an effective soil moisture retention agent, releasing water
molecules gradually for agricultural and horticultural pur-
poses [60].

3.8 Water absorption study of GgG-cl-poly(AA) in
open-air

The results of the water absorbance of GgG-cl-poly(AA)
indicated a higher water retention capability (WRC). The
WRC of this hydrogel at pH="7 and 50% relative humidity
is shown in Fig. 8. The GgG-cl-poly(AA) swollen hydro-
gel with various swelling ratios (1201, 1191, and 931) was
found to sustain water content for three days even after

exposure to the air at 30 °C and humidity levels around
50%. The sample exhibited a linear water loss for up to 3
days, after which it stabilized. The hydrogel’s unique cross-
linked structure and the multiple hydrophilic groups on the
molecular chains were responsible for its exceptional water
absorption in open air [44, 60].

Additionally, the water absorbed by the hydrogel might
be released more readily as the temperature rises. The
interaction of van der Waals forces and hydrogen bonding
between the water molecules and the hydrogels determine
the water retention properties [40, 47]. The exceptional
qualities of the synthesized hydrogel could be helpful in
agricultural applications to retain moisture and deliver
nutrients to plants.

@ Springer



Adsorption

Fig. 8 Water absorption curve of GgG-cl-poly(AA) in open air

3.9 Salt resistive swelling study of GgG-cl-poly(AA)
hydrogel in various salt solutions

Evaluation of the salt-resistive swelling behavior of GgG-
cl-poly(AA) hydrogel is critical due to its agricultural
and horticultural applications, especially for the sustained
release of biofertilizers [42]. GgG-cl-poly(AA) exhibited
more significant shrinking as the ionic charge increased, and
the ionic species strongly influenced the swelling ratio. The
swelling capacity of all hydrogel samples in NaCl, CaCl,,
and FeCl; solutions tends to decrease as the salt content
increases, represented in Fig. 9. This decrease can be attrib-
uted to the ionic interactions between the mobile and fixed-
charged ions, significantly increasing the osmotic pressure
between the internal hydrogel and the external solution.
These interactions help to predict hydrogels’ swelling and
shrinking behavior in salt solutions [35]. The swelling ratio
of GgG-cl-poly(AA) dramatically decreases as the salt con-
centration of the solution increases [35, 61].

Additionally, the charge density on the GgG-cl-poly(AA)
caused them to shrink in distinct ways depending on the
chemical composition of the hydrogel network [42]. This
result demonstrates that the swelling rate of hydrogels in
salt solution depends on the ionic charge and salt concen-
tration [60, 62]. The GgG-cl-poly(AA) hydrogel began to
contract upon increasing the Na* ion concentration, possi-
bly due to the drop in Donnan’s osmotic pressure. However,
it is essential to note that the swelling rate of the hydro-
gel sample varied depending on the specific salt solution
[63]. Notably, the NaCl solution had the highest swelling
ratio, followed by CaCl,, while FeCl; had the lowest. Con-
sequently, the hydrogel demonstrated intelligent swelling
behavior in NaCl, CaCl,, and FeCl; solutions.
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3.10 Effect of the temperature on swelling
percentage

The impact of temperature on the swelling percentage of
the candidate polymer was examined at various tempera-
tures (3 °C, 25 °C, 60 °C, and 80 °C) over a predetermined
period of 3—4 h) as shown in Fig. 10. The hydrogel’s swell-
ing capacity varies with temperature variation, indicating
that it is sensitive to warm and cold conditions [62, 64]. The
swelling rate of the hydrogel increases as the temperature
increases from 3 °C to 25 °C because the hydrophilic group
(-COOH, -NH,) establishes an intermolecular hydrogen
bond with water molecules, and absorption increases rap-
idly [64]. A sudden increase in swelling was observed at
high temperatures, which may be due to the abrupt increase
in entropy and internal energy, and it further increases
the diffusion of water molecules and enhances the swell-
ing percentage [47]. The interaction among the polymeric
chains and water molecules causes hydrogels to swell in
water, further expanding the polymer’s network structure.
As the temperature rises, it disrupts the hydrogen bonding
and entanglement of interconnected polymeric chains. As
a result, the swelling rate increases [65, 66]. After increas-
ing the swelling temperature from 60 °C to 80 °C, the gel
expands and shows excellent water retention ability. Ini-
tially, the swelling degree increased as the swelling tem-
perature increased, reaching its maximum value at 80 °C.
This increase may be attributed to the excellent elasticity of
the polymeric matrix at higher temperatures, leading to an
increased swelling percentage [67, 68].
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3.11 Effect of pH on the swelling percentage of
GgG-cl-poly(AA)

Swelling studies of GgG-cl-poly(AA) were conducted at dif-
ferent pH levels (3.0-11.0) at a preoptimized time interval
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Fig. 11 Variation of swelling ratio with pH values

of 4 h, as shown in Fig. 11. The maximum swelling percent-
age (923%) was observed at pH 11, and a minimum swell-
ing percentage (633%) was recorded in an acidic medium of
pH 3. Protonation and deprotonation of COO- and COOH
groups on the polymer chains were responsible for the
abrupt changes in swelling behavior at different pH levels
[40]. In the pH range of 3-5, the effects of extra counterions
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such as CI” and Na* may be present during screening. This
effect causes an extreme reduction in swelling. In highly
acidic conditions, CI” anions may show a screening effect
with (NH;") ions, further preventing the effective NH;*-
NH;" ions repulsions and reducing the overall swelling
percentage [62, 64]. The external pH environment signifi-
cantly influences the swelling behavior of the synthesized
hydrogel. Most acidic and basic functional groups are non-
ionizable in the pH range of 6 to 8. Therefore, the amine and
carboxylic acid may result in the cross-linking of polymer
chains, further showing a reduced swelling percentage [40,
64]. In addition, a further increase in pH ionizes the carbox-
ylic acid groups. It causes a significant increase in swelling
due to electrostatic repulsions operating between the COO™
groups. However, as the pH rises above 9.0, the counter-
ions (Na™) show a screening effect that prevents the further
swelling of hydrogels [66, 69]. The observed swelling pat-
tern of GgG-cl-poly(AA) hydrogel follows the following
order: pH 11> pH9>pH7>pHS5 > pH3.

3.12 Reswelling behaviour of GgG-cl-poly(AA)
hydrogel

The ability of any hydrogel to hold and absorb water is the
most crucial parameter, particularly in the agricultural field
[37, 69]. The reswelling capability of GgG-cl-Poly(AA)
hydrogel in distilled water following five successive swell-
ing/drying cycles is demonstrated in Fig. 12. The breaking
of polymer networks occurs due to the heavyweight and
more significant pressure produced inside the hydrogel
system by the absorption of water molecules [47]. Conse-
quently, the swelling capability gradually decreases due
to the closing of space between hydrogel structures with

Fig. 12 Reswelling capability 700

increased reswelling cycles. This is because the repeated
process of swelling-deswelling breaks the physical cross-
linking points of synthesized hydrogel networks and dam-
ages the crosslinked network structure [35]. As a result, both
the equilibrium water absorbency and the hydrogel’s capac-
ity to store water gradually decrease. Even after five consec-
utive cycles of swelling and drying, the GgG-cl-poly(AA)
hydrogel samples can retain a significant amount of water,
with a retention percentage of 505% in distilled water. This
represents only a 16.25% reduction in swelling percentage
from the initial absorbing capacity of GgG-cl-poly(AA)
hydrogel. These results indicate that the synthesized hydro-
gel sample showed a maximum swelling capacity even
after multiple uses. Consequently, the generated GgG-cl-
poly(AA) sample may find applications as a recyclable and
reusable material in various fields [37, 47].

3.13 Biodegradation studies

Most hydrogels possess low soil degradability, and accu-
mulating such materials in the soil causes soil pollution in
the surrounding environment; hence, they are unsuitable
for widespread agricultural applications [70, 71]. In the
presented research work, the synthesized hydrogel based
on natural gum GgG and polyacrylic acid was analyzed for
biodegradation studies using two different methods, i.e., the
soil burial method using garden soil and composting using
vermicompost. After 65 days of analysis, the degradation
pattern was observed in three distinct stages. The decom-
position of polymers depends on various factors such as
temperature, pH, oxygen supply, humidity, and mineral and
nutrient availability, and all of these play a crucial role in the
growth of microorganisms and the degradation of samples
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[72, 73]. Figure 13 shows the schematic representation
and mechanism of biodegradation. Initially, we studied the
impact of biodegradation after seven days in stage I of bio-
degradation, and this was followed by stage II after 30 days.
Finally, the third stage of degradation was analyzed after
60 days [70]. This GgG-cl-poly(AA) hydrogel degradation
pattern can be explained based on swelling when exposed to
the soil solution. This allowed the water molecules to per-
meate deep inside the hydrogel’s network, destroying the
inner crosslinked matrix. Overall, the network architecture
of the hydrogel begins to change and collapse, leading to a
decreased crosslink density within the network [33].

This behavior can be attributed to the more hydro-
philic character of the hydrogel matrix, which increases
its hygroscopic properties, promotes the development of
microorganisms during degradation, and finally degrades
the crosslinked structure [34, 42]. Figure 14 depicts the

degradation behavior of GgG and GgG-cl-poly(AA) hydro-
gels. In each case, five samples of the GgG backbone and
GgG-cl-poly(AA) hydrogel were arranged in garden soil
and vermicompost pots. After seven days, the samples
were removed one by one, washed thoroughly, and dried
in a hot air oven at 60 °C until the weight of the samples
became constant. The biodegradation percentage (BD) was
determined using Eq. 5. It was found that the backbone was
degraded up to 82.52% through the soil burial method and
95% through the vermicomposting method of degradation.
Similarly, the final degradation percentage of GgG-cl-
poly(AA) hydrogel was 85.36% and 98.21% through soil
burial and vermicomposting methods, respectively. This is
confirmed by Fig. 14(a-b), which proves that the degrada-
tion rate was slower in the initial stages and then increased
with time. This was due to the hardness of the outer sur-
face of dried samples, which made it more difficult for the

Hydrogel used for biodegradation study

Garden soil

Vermi compost

Biodegradation test

Hydrogel sample
Soil medium

Control conditions

Temperature
Moisture
Humidity

Hydrogel sample

Vermi medium

> Microbial interaction

Hydrogel sample
Soil supernatant

Fig. 13 Schematic presentation and mechanism of biodegradation through GgG-cl-poly(AA) hydrogel
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Fig. 14 Biodegradation studies of GgG-cl-poly(AA) using (a) soil burial and (b) vermicomposting method; photographs of degraded GgG-cl-
poly(AA) hydrogel through (c¢) soil burial method and (d) vermicomposting method

enzymes to erode them earlier. Moisture played a crucial
role in softening the samples, causing them to swell and
triggering the growth and activity of enzymes [4]. SEM and
FTIR results confirmed the breaking of bonds and loss of
functional groups due to biodegradation [34, 74].

3.14 Evidence of biodegradation

According to the FTIR data, it is evident that GgG-cl-
poly(AA) hydrogel begins to break down in soil and ver-
micompost due to bacterial indigestion and bond breaking,
as depicted in Fig. 15a and b. As per FTIR data, the cross-
linked network of GgG-cl-poly(AA) hydrogel in soil and
vermicompost leads to breaking covalent bonds and shifting
peak positions [31, 73, 75]. The distinct FTIR peaks were
observed with no variation in peak strength in stage I of
both biodegradation studies. However, in stage II, a notable
reduction in peak intensity was observed for each functional
group. This reduction may be attributed to the breakdown of
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bonds due to enzymatic degradation, resulting in the depo-
lymerization of the hydrogel matrix. Eventually, the resi-
dues are absorbed by enzymes, which metabolize them into
carbon dioxide and other gases. Stage III of biodegradation
demonstrated enhanced polymeric chain oxidation to min-
eral ions and gases [4, 36, 76].

SEM analysis clearly showed the structural and mor-
phological changes occurring on the sample’s surface. As
the biodegradation time increases, the morphological dam-
age becomes more severe, as seen in the picture of SEM
in Fig. 16a, b, ¢, d, and e. Due to the breakdown of the
crosslinked hydrogel matrix, various types of small gaps,
fractures, and cracks were observed on the surface of GgG
and GgG-cl-poly(AA) through both soil burial and vermi-
composting methods [11]. SEM images of GgG depicted a
cloudy morphology due to complete alteration by enzymes,
represented in Fig. 16a.

The SEM images of degraded GgG-cl-poly(AA) hydro-
gels obtained through vermicomposting and soil burial
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Fig. 15 FTIR spectra of degraded GgG-cl-poly(AA) hydrogel (a) soil burial method, and (b) vermicomposting method

methods exhibit minor visible changes consistent with the
earlier degradation rates and show surface pits and cracks
seen in Fig. 16b and d. Crosslinks were found to disappear
as the surface eroded due to enzymatic action, making the
structure opaque. Enzymatic secretion and microbial attack
during the vermicomposting process enhance the hydrogel
porosity, size, brittleness, and number of cracks, leading to
increased heterogeneity and irregularity [42]. Figure 16c,
e shows a completely porous and fractured structure. The
complete breakdown of covalent connections between vari-
ous polymeric chains due to chemical and enzymatic degra-
dation is likely the source of accelerated degradation at this
stage [11, 12, 42].

In conclusion, the morphological analysis indicated that
both soil burial and vermicomposting tests result in the
degradation of the GgG and GgG-cl-poly(AA) crosslinked
networks. The degradation process demonstrates that GgG-
cl-poly(AA) hydrogel has no detrimental effects on soil
fertility. Instead, it enhances the organic matter content in
the soil and accelerates water retention, leading to improved
crop yield [69].

4 Conclusion

In this study, we synthesized GgG-cl-poly(AA) hydrogel
using a microwave synthesis method with AA as a monomer,
APS as an initiator, and MBA as a crosslinking agent, result-
ing in good swelling and water-retaining properties. This
approach is practical, quick, effective, and cost-effective for
producing natural hydrogels. The synthesized samples were
optimized to achieve a maximum swelling percentage. The

water retention capability demonstrated that the prepared
hydrogel takes 22 days to evaporate completely. Moreover,
the moisture release ratio was over 60% even after three
days of exposure to open air at ambient temperature. The
synthesized hydrogel exhibited substantial swelling under
different temperature and pH conditions. This research also
reveals that the prepared hydrogel possesses reswelling
ability with only a 16.78% loss after five repetitions.

Furthermore, biodegradation experiments indicated that
vermicompost soil degraded hydrogels faster than garden
soil. GgG-cl-poly(AA) hydrogel exhibited a lower swell-
ing in different salt solution concentrations than aqueous
solutions. Consequently, the synthesized GgG-cl-poly(AA)
hydrogel can be utilized in agricultural applications as a
soil conditioner and a water-conserving agent. Additionally,
these polymers can serve as carriers for transporting nutri-
ents in agrarian fields.
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