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ABSTRACT: The objective of this study is the prepatation of new copolymer hydrogels
with featured properties such as non-toxic, biocompatible, and biodegradable
characteristics that can be used in different biomedical applications. Therefore, the
superabsorbent hydrogels were prepared mostly from natural polymers that grafted with
synthetic polymers, to improve their mechanical, crystalline, and thermal properties and
control the degree of swelling. Six new hydrogels were prepared using chitosan, alginate,
and gum Arabic and grafted with starch, poly(ethylene glycol), poly(methyl methacrylate),
and polyacrylamide. The hydrogels were characterized using FT-IR, X-ray diffraction,
TGA, FESEM, and EDS techniques. All the hydrogels are thermally stable; moreover, the
chitosan and alginate hydrogels are semi-crystalline, while gum Arabic hydrogels are
amorphous in nature. The FESEM images of the chitosan and alginate hydrogels show
rough and undulating surfaces, consisting of homogeneous materials with semi-crystalline

sites.

While gum Arabic hydrogels show irregular surfaces containing flakes intertwined with
each other, they have dark surfaces without bright areas, providing evidence of amorphous

structures.

1. INTRODUCTION

Hydrogels are 3D networks of hydrophilic polymers. They can absorb water and retain massive amounts of water without
dissolving [1,2] while remaining solid or semi-solid due to chemical or physical cross-linking. They contain hydrophilic
functional groups (like —OH, —NH, and —COOH) that form hydrogen bonds in water, allowing them to swell up and reach
thousands of times their dry weight [4]. Hydrogels can hold up to 99% of their weight in water [5], creating a soft, rubbery
texture. Hydrogels have distinct properties such as viscoelasticity; they are half solid-like and half liquid-like. In addition, they
change volume, shape, or state (sol-gel phase transition) according to external stimuli like temperature, light, pH, electric fields,
etc. The hydrogels can spontaneously repair damage occurring to their internal network after physical trauma [6,7]. Most
hydrogels are biocompatible, non-toxic, and well-tolerated by living tissues. Hydrogels are classified into natural (like gelatin,
collagen, alginate, and chitosan), synthetic like (polyethylene glycol (PEG), and poly(vinyl alcohol) (PVA)), which offer high
durability, and hybrid hydrogels that combine natural and synthetic components to balance mechanical strength with bioactivity
[8,9].
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The cross-linking of hydrogels represents the important process of joining flexible polymer chains together to form a 3D
network that traps water. In general, hydrogels are cross-linked physically using weak, non-covalent forces such as hydrogen
bonds, ionic charges like sodium hexametaphosphate (SHMP), or hydrophobic loops to link chains. On the other hand,
hydrogels are cross-linked chemically with strong, permanent covalent bonds between their chains such as glutaraldehyde and
N, N"- methylenebisacrylamide (MBA) [10]. Hydrogels are prepared by turning monomers or water-soluble polymers into a
solid or jelly network. The preparation methods use chemical reactions (covalent bonds), physical forces (non-covalent links),
or high-energy radiation to lock the hydrophilic molecules together [11]. Referring to two main concepts, the hydrogels are
reacted according to their synthesis (cross-linking reactions that form the 3D network) through chemical or physical cross-
linking, and according to their environment (stimuli-responsive swelling or shrinking) [12].

There are fundamental differences between physical and chemical hydrogels. Physical hydrogels use reversible, non-covalent
bonds making them softer and meltable. Chemical hydrogels often use permanent covalent bonds making them stronger,
durable, and stable.

Physical hydrogels have low mechanical strength and tend to break down under heavy stress. They are reversible and can melt
or dissolve with changes in pH, heat, or salt levels [13]. The chemical hydrogels have high mechanical strength, stability and
durability. Generally, they are irreversible, as they are not melted back into liquid form easily [14]. Finally, hydrogels are highly
biocompatible and well suited for drug delivery, embedding living cells, contact lenses, wound dressings, soil water retention

and super-absorbent covers in hygiene products [15].
In this study, a number of new hydrogels were prepared and cross-linked chemically.

The prepared hydrogels are chitosan grafted polyethylene glycol (CH-g-PEG), chitosan grafted starch (CH-g-ST), alginate
grafted polyethylene glycol (ALG-g-PEG), gum Arabic grafted polyethylene glycol (GA-g-PEG), gum Arabic grafted
poly(methyl methacrylate) (GA-g-PMMA), and finally gum Arabic grafted polyacrylamide (GA-g-PAM). N, N'-
methylenebisacrylamide (MBA) was used for chemically cross-linking. The prepared hydrogels were characterized using FT-IR,
XRD, TGA, FESEM, and EDS techniques.

2. EXPERIMENTAL
2.1 Materials and chemicals

Chitosan (CH) was obtained from Alpha Chemika, Maharashtra, India. Poly(ethylene glycol) (PEG) was purchased from Shilpa
Medicare Limited, Ambatapur, India. The compounds N, N'-methylenebisacrylamide (MBA), acetic acid, sodium alginate
(ALG), gum Arabic (GA), methyl methacrylate (MMA), ammonium persulphate (APS), benzaldehyde, sodium hydroxide,
hydrochloric acid, n-heptane, sodium bicarbonate, ferric chloride, and calcium chloride were obtained from BDH Brighouse,
UK. Acrylamide (AM), starch (ST), and pyrogallol were purchased from Fluka, Geneva, Switzerland. Ascorbic acid, ceric
ammonium nitrate, and dimethyl sulfoxide (DMSO) were supplied by Sigma-Aldrich.

2.2 Preparation of hydrogels
2.2.1 Preparation of (CH-g-PEG)/MBA copolymer hydrogel

A 2 g sample of chitosan was dissolved in 200 mL of (2 v/v) acetic acid solution. The mixture was stirred gently for 3 hours at
room temperature and its pH was kept between 3.6 and 5.6. A 2 g sample of PEG was dissolved in 100 mLL. DMSO, and the
solution was transferred into a 500 mL round bottom flask. A 2.4 mL sample of benzaldehyde was added with a few drops of
concentrated HCL. The final mixture was heated for 8 hours to 80°C with stirring and was finally neutralized with NaOH
solution. The organic layer was washed several times with water or a saturated sodium bicarbonate solution for impurity
removal, and then the product was dried at room temperature. The produced acetal-PEG product was dissolved in 150 mL of
acetic buffer solution with a pH of 3.6 to 5.6. The acetal-PEG solution was added to the chitosan solution in a 500 mL three-
neck round flask. The reflux system was connected to a nitrogen line passed through alkaline pyrogallol solution to remove
oxygen. The reacted matetials were heated to 60°C with stirring for 6 hours. A sample of ascorbic acid (2 g) as a reducing agent
was added to the reaction mixture. The reacted materials were heated to 90°C for 2 hours with stirring to complete the grafting
process. For cross-linking, a 2 g sample of N, N'-methylenebisacrylamide (MBA) was added and the heat was reduced to 60°C

962
Natural Resources for Human Health (NRFHH)

https://nrfhh.com



Natural Resources for
Human Health

elSSN: 2583-1194

for 1 hour with stirring. Then, the heat was stopped, but stirring was continued for another hour. The precipitate was collected,

washed with distilled water several times, and then dried at room temperature.
2.2.2 Preparation of (CH-g-ST)/MBA copolymer hydrogel

A sample of chitosan (2 g) was dissolved in 200 mL of a 2% v/v acetic acid solution. The mixture was kept at pH 3.6-5.6 with
stirring for 3 hours at room temperature. A solution of starch (ST) in distilled water D.W. was prepared by dissolving 2 g of ST
in 20 mL of D.W. and heated to 50°C for 30 minutes with stirring. In a 250 mL three-neck round flask, the two mixtures were
combined, and 20 mL of a 5% w/v aqueous solution of ceric ammonium nitrate (CAN) was added to initiate the grafting
reaction. The reflux system was connected to a nitrogen gas line passed through an alkaline pyrogallol solution, and its contained
compounds wete heated to 90°C for 2 hours with stirring for the grafting reaction. A 2 g sample of MBA for chemical cross-
linking was added, and the solution was heated to 60°C for hour with stitring. Then the heat was stopped, and stitring was
continued for additional hour. The formed precipitate was washed several times with D.W. and then dried at room temperature.

2.2.3 Preparation of (ALG-g-PEG) copolymer hydrogel

A 2 g sample of sodium alginate (ALG) was dissolved in 100 mL of D.W., and a viscous solution was formed. A 2 g sample of
PEG in 100 mL of D.W. was prepared. The alginate and PEG mixtures were transferred into a 500 mL three-neck round flask,
which was connected to a nitrogen gas line that passed through alkaline pyrogallol solution. A 1.23 g sample of ammonium
persulfate (APS) was added as an initiator. The reflux mixture was heated to 70°C for 2 hours with stirring to facilitate the
formation of free radicles in the alginate backbone, which enabled the grafting of PEG onto the alginate chains. The mixture
components were kept under stirring for an extended period of 3 hours at a controlled temperature of 50°C. A 2 g sample of
MBA cross-linker was added with stirring and the temperature was maintained at 45°C for 150 minutes. The formed precipitate

was collected, washed, and dried at room temperature.
2.2.4 Preparation of (GA-g-PEG)/MBA copolymer hydrogel

A 2 g sample of gum Arabic was prepared as a clear solution in 100 mL of D.W. On the other hand, the PEG solution was
prepared using 2 g of PEG in 100 mL of D.W. The two solutions were mixed inside a 500 mL three-neck round flask, which
was already connected to a nitrogen gas line passed through alkaline pyrogallol solution. The initiator APS was added as 20 mL
sample of 5% w/v, and the final solution was heated to 70°C for 2 hours with stirting. A 1 g sample of MBA cross-linker was
added, and the mixture was kept at 70°C for another 2 hours with stirring. Then the heat was stopped while continuing stirring

for another hour. The precipitate product was collected, washed several times with D.W., and dried at room temperature.
2.2.5 Preparation of (GA-g-PMMA)/MBA copolymer hydrogel

A 3.8 mL sample of methyl methacrylate (MMA) monomer was transferred into a 250 mL three-neck round flask. A 2 g sample
of gum Arabic was dissolved in 100 mL of D.W. and added to the MMA monomer. The flask was connected to a nitrogen gas
line passed through alkaline pyrogallol solution. A 20 mL sample of APS initiator prepatred in a 5% w/v aqueous solution was
added to the flask and the final mixture was heated to 70°C for 1 hour with stirring. A 2 g sample of MBA cross-linker was
added, and the temperatute of the mixture was kept at 70°C for another hour with stitring. Then heating was stopped, and
stirring was continued for an extra hour. The formed precipitate was collected, washed several times with D.W., and dried at

room temperature.
2.2.6 Preparation of (GA-g-PAM)/MBA copolymer hydrogel

A 2 g sample of GA was prepared in 100 mL of D.W. and added together with a solution of acrylamide (AM) monomer
prepared by dissolving 2 g in 100 mL of D.W. A 250 mL three-neck round flask was used for the reflux reaction connected, to
a nitrogen gas line passed through alkaline pyrogallol solution. 20 mL of 5% w/v APS initiator was added, and the flask was
heated to 70°C for hour with stirring. A 1 g sample of MBA cross-linker was added, and the temperature was continued at
70°C for hour with stitring. Then heat was stopped but stitring was kept for an extra hour. The formed precipitate product was
collected, washed several times with D.W, and dried at room.

963
Natural Resources for Human Health (NRFHH)

https://nrfhh.com



Natural Resources for
Human Health

elSSN: 2583-1194

3. RESULTS AND DISCUSSION

Hydrogels are prepared because of their unique, water-swollen polymer networks, offering incredible versatility for medical
treatments, mimicking living soft tissues, sustainable agriculture and releasing medicine slowly or under the effects of some
stimuli, such as heat, pH, and light. Hydrogels ate synthesized in order to create flexible 3D networks of hydrophilic polymer

chains that have the ability to absorb and retain massive amounts of water.

Six different types of copolymer hydrogels were prepared from natural and synthetic polymers and synthetic monomers. The
prepared polymers were characterized using a number of techniques, including FT-IR, XRD, TGA, FESEM, and EDS.

3.1 Characterization of the prepared hydrogels
3.1.1 FT-IR spectroscopy

The FT-IR spectrum of the (CH-g-PEG)-MBA copolymer hydrogel, the name of which has been abbreviated in the following
form CPE-MBA (Figure 3.1 and Table 3.1), shows that the absorption frequency 3339 cm™ belongs to (-OH) groups in
chitosan. The peak at 1628 cm™ represents amide I groups of chitosan [16] and the carbonyl groups of MBA.
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Figure 3.1: FT-IR spectrum of CPE-MBA copolymer hydrogel.
The peak at 1547 cm™ belongs to amide II of chitosan [17].

Table 3.1: FT-IR absorption frequencies of the hydrogel’s functional groups

FT-IR Characteristic Functional Groups
P e | e vcsome | S | oy | ovena | s
CPE-MBA 3339 2947, 2849 1698 1547 1423 1026 1130 1325
CST-MBA 3334 2936, 2872 1634 1556 1404 1023 1145 1324
APE-MBA 3197 3043, 2867 1644 1528 1410 1024 1125 1298
GPE-MBA 3226 2926, 2880 1643 1526 1403 1045 1179 1296
GPM-MBA 3289 2948, 2850 | 1729,1644 | 1525 1446 1045 1147 1380
GPA-MBA 3204 3003, 2926 1644 1523 1442 1043 1183 1392

The FT-IR spectrum of the (CH-g-ST)/MBA hydrogel, the name of which has been abbreviated in the following form CST-
MBA (Figure 3.2 and Table 3.1), shows that the peak at 3334 cm™ belongs to (-OH) groups of both chitosan and starch
polymers. The peak at 1634 cm™ represents the amide I of chitosan as well as the carbonyl groups of MBA. The band at 1556

cm™! represents the amide II of chitosan [18].
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Figure 3.2: FT-IR spectrum of CST-MBA copolymer hydrogel.

The FT-IR spectrum of (ALG-PEG)/MBA hydrogel, abbreviated as APE-MBA copolymer hydrogel (Figure 3.3 and Table
3.1), shows that the peak at 3197 cm™ represents the hydroxy groups of alginate. The peak at 1644 cm™ belongs to the carbonyl
groups (C=0) of alginate and MBA [19]. The absorption frequency at 1528 cm™ represents the (N-H)def group of MBA.
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Figure 3.3: FT-IR spectrum of APE-MBA copolymer hydrogel.

The FT-IR specttum of (GA-g-PEG)/MBA hydrogel, abbreviated as GPE-MBA hydrogel (Figute 3.4 and Table 3.1), shows
that the peak at 3226 cm™ belongs to the hydroxyl group (-OH) of gum Arabic. The peak at 1643 cm™ represents the carbonyl
groups (C=0) of gum Arabic and MBA [20]. The peak at 1526 cm™ belongs to (N-H) groups of MBA.
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Figure 3.4: FT-IR spectrum of GPE-MBA copolymer hydrogel.
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The FT-IR specttum of (GA-g-PMMA)/MBA copolymer hydrogel, abbreviated as GPM-MBA (Figute 3.5 and Table 3.1),
shows that the absorption frequency at 3289 cm™ belongs to the (-OH) groups of gum Arabic. The peak at 1729 cm™ belongs
to the carbonyl groups (C=0) of PMMA which is heavily influenced by the adjacent methoxy group [21]. The absorption
frequencies at 1644 cm™ and 1525 cm™ belong to the carbonyl groups (C=0) and amide II (-NH) groups of MBA. The peak
at 1147 cm™ belongs to (C-N) and (C-O-C) units, representing an asymmetric band for the ester functional group linking to
the methoxy oxygen [22].
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Figure 3.5: FT-1R spectrum of GPM-MBA copolymer hydrogel.

The FT-IR specttum of the (GA-g-PAM)/MBA copolymer hydrogel, abbreviated as GPA-MBA (Figure 3.6 and Table 3.1),
shows that the peak at 3204 cm™ belongs to the (-OH) groups of gum Arabic. The absorption frequency at 1644 cm™ represents
the carbonyl groups (C=0) of gum Arabic, the amide I band of PAM, and those of MBA. The peak at 1523 cm™ belongs to
the amide II of PAM and MBA.
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Figure 3.6: FT-IR Spectrum of GPA-MBA copolymer hydrogel.
3.1.2 X-ray diffraction

The X-ray diffraction (XRD) is used to determine the degree of crystallinity and crystal structure of the studied materials. The
XRD pattern of the CPE-MBA hydrogel (Figure 3.7) shows that chitosan is a semi-crystalline compound that was grafted with
PEG, which also has a semi-crystalline structure, and cross-linked with crystalline MBA. As a result, the formed hydrogel shows
a semi-crystalline structure (Figure 3.7) containing 27 crystalline peaks. However, chitosan shows main peaks that appear
between 11.16° and 20.63° along the 20 axis, while PEG gives peaks at 19.04° and 23.34° along the 20 axis. The main peak of
MBA is at 25.80° along the 20 axis [23-25].
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T

Figure 3.7: XRD pattern of CPE-MBA copolymer hydrogel.

The XRD pattern of the CST-MBA copolymer hydrogel (Figure 3.8) shows two main broad peaks close to each other, located

between 25.35° and 45.51° along the 20 axis, indicate that the hydrogel has a semi-crystalline configuration, as they ovetlap with
each other.
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Figure 3.8: XRD pattern of CST-MBA copolymer hydrogel.

The XRD pattern of the APE-MBA copolymer hydrogel (Figure 3.9) shows that alginate has a characteristic main primary peak
at 23.58° along the 20 axis, and broad diffraction halos represent a secondary peak that mainly appears at 17.82° along the 20
axis [26]. The peak of PEG was observed at 19.07° along the 20 axis, while the peak that appeared at 26.20° along the 20 axis
is from MBA. Finally, the XRD pattern (Figure 3.9) shows that the hydrogel has a partially crystalline configuration.

Figure 3.9: XRD pattern of APE-MBA copolymer hydrogel.
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The XRD pattern of the GPE-MBA copolymer hydrogel (Figure 3.10) shows that the hydrogel has an amorphous nature. The
sample shows a broad peak appearing at 19.09° along the 20 axis, which belongs to PEG and another small peak at 24.8° along
the 20 axis that is from the MBA compound.

Figure 3.10: XRD pattern of GPE-MBA copolymer hydrogel.

The XRD pattern of the GPM-MBA copolymer hydrogel (Figure 3.11) shows that the nature of the hydrogel is amorphous.
However, gum Arabic shows a broad diffuse halo peak centered between 12.0° and 25.0° along the 26 axis. Therefore, three
broad peaks appeared for the GPM-MBA hydrogel (Figure 3.11) as follows: 12.79°, 21.88°, and 42.05° along the 20 axis,
representing gum Arabic, MBA, and PMMA, respectively [27].
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Figure 3.11: XRD pattern of GPM-MBA copolymer hydrogel.

The XRD pattern of the GPA-MBA copolymer hydrogel (Figure 3.12) shows that the hydrogel has an amorphous nature with
a broad diffuse halo centered at 20.28° along the 20 axis belonging to PAM [28]. Accordingly, the hydrogel has shown an

amorphous structure.

N«M L |

Figure 3.12: XRD pattern of GPA-MBA copolymer hydrogel.
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3.1.3 TGA thermal analysis

The TGA thermogram of the CPE-MBA copolymer hydrogel (Figure 3.13 and Table 3.2) shows a weight loss of 0.5% at an
initial decomposition temperature (IDT) of 283.0°C, which means the hydrogel is thermally stable [29]. Moreover, the hydrogel
records a weight loss of 2.0% at the maximum decomposition temperature (Tmax) of 429.0°C, which indicates that the hydrogel
is thermally stable, and at its crystalline decomposition temperature (CT) of 520.0°C, the hydrogel losses only 38.5% of its total
weight. In addition, the hydrogel shows a final decomposition temperature (FDT) of 591.0°C with a weight loss of only 43.0%
only [30].

TaA

%
150.00

WeightLoss -2491mg

Weight Loss 1.137mg
-19658%

5000 -22822%

100.00 T 000 300.00 400,00 500.00 60000
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Figure 3.13: TGA thermogram of CPE-MBA copolymer hydrogel.

The TGA thermogram of the CST-MBA copolymer hydrogel (Figure 3.14 and Table 3.2) shows that the hydrogel exhibits a
weight loss of 1.56% at an IDT of 43.0°C and a weight loss of 30.0% at Tmax of 282.0°C, which indicating that the hydrogel
is thermally stable [31]. Moreovert, the hydrogel shows a weight loss of 56.5% at Tcr of 480.0°C, which suggests that the hydrogel
is stable; particulatly it exhibits a weight loss of 60.0% at a high FDT of 597.0°C [32].

TGA
%

Weight Loss  -4000mg
61776%
100.00

Weight Less  -0.806mg
12448%

Weight Loss 1925mg
50.00 2.730%

Weight Loss 1133mg
17.498%
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3Tﬂe?nﬂun[()]
Figure 3.14: TGA thermogram of CST-MBA copolymer hydrogel.

Table 3.2: TGA thermal analysis data of the prepared polymer hydrogels.
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APE-MBA | 1.5 375 325 280.0 575 4095 645 587.5
GPEMBA | 135 39.0 30.0 303.5 575 422.0 62.0 592.0
GPM-MBA | 0.80 46.0 37.0 347.5 66.5 453.0 735 588.0
GPAMBA | 0.0 48.0 32.0 2735 425 443.0 635 790.0
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The TGA thermogram of the APE-MBA copolymer hydrogel (Figure 3.15 and Table 3.2) shows that the hydrogel has a weight
loss of 1.25% at an IDT of 37.5°C and a weight loss of 32.5% at a Tmax of 280.0°C. Moreover, the hydrogel shows a weight
loss of 57.5% at a Tecr of 409.5°, which means the hydrogel is thermally stable, and this is why it losses only 64.5% at an FDT

of 587.5°C [33].

Weight Loss -4.696mg

-1.336mg
RIS

WeightLoss  -2.110mg
20597%

10000 20000 400.00 500.00 600.00

30000
Temp (C)

Figure 3.15: TGA thermogram of APE-MBA copolymer hydrogel.

The TGA thermogram of the GPE-MBA copolymer hydrogel (Figure 3.16 and Table 3.2) shows that the hydrogel has a weight
loss of 1.35% at IDT of 39.0°C and a weight loss of 30.0% at Tmax of 303.5°C. In general, the hydrogel shows a thermally
stable structure according to its weight losses of 57.5% and 62.0% at Tcr of 422.0°C and FDT of 592.0°C, respectively [34, 35].

4.505%
100.00

Weightloss  +1233mg
a7622%

20000 40000 50000 500,00

Figure 3.16: TGA thermogram of GPE-MBA copolymer hydrogel.
The TGA thermogram of the GPM-MBA copolymer hydrogel (Figure 3.17 and Table 3.2) shows that the hydrogel has a weight

loss of 0.80% at IDT of 46.0°C and a weight loss of 37.0% at Tmax of 343.5°C. In addition, the weight loss of 66.5% at Tct of
453.0°C gives a weight loss of 73.5% at FDT of 588.0°C, which means the hydrogel is thermally stable [34, 306].

Weight Loss  -0.836mg
-1Boa%

0.00 100.00 20000 300.00 400.00 50000 60000
Temg (C]

Figure 3.17: TGA thermogram of GPM-MBA copolymer hydrogel.

The TGA thermogram of the GPA-MBA copolymer hydrogel (Figure 3.18 and Table 3.2) shows that the hydrogel has a weight
loss of 0.60% at an IDT of 48.0°C and a weight loss of 32.0% at Tmax of 273.5°C. Moreover, the hydrogel shows a weight loss
of 42.5% at Tcr of 443.0°C and a weight loss of 49.5% at FDT of 443.0°C, which means the hydrogel has good thermal stability

[37-38].
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Figure 3.18: TGA thermogram of GPA-MBA copolymer hydrogel.

3.1.4 FESEM and EDS analysis

The FESEM image of the CPE-MBA copolymer hydrogel (Figure 3.19) shows a non-smooth surface of homogeneous hydrogel.
The hydrogel components appeared cohesive and contiguous with bright white areas representing the semi-crystalline structure

of the hydrogel [39].

e

EHT = 1000kV = EHT = 1000k Signai A = SE1 Date: 26 Apr 2026 e
WD =924 mm Photo No. = 45 Time: 104459 — WD=92¢mm Photo No. = 49 Time: 10.49.06

Figure 3.19: FESEM images of CPE-MBA copolymer hydrogel (a)and(b)images represent different regions of
the sample.

The EDS image of the CPE-MBA hydrogel (Figure 3.20) shows that the hydrogel mainly contains carbon, oxygen, and nitrogen,
with traces of sodium present from the deacetylation of chitin.

Figure 3.20: EDS image of CPE-MBA copolymer hydrogel.

The FESEM image of the CST-MBA copolymer hydrogel (Figure 3.21) shows a rough and undulant hydrogel surface with
many holes and folds. The bright white areas belong to the semi-crystalline structure of the hydrogel [40].
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Figure 3.21: FESEM images of CST-MBA copolymer hydrogel (a) and (b) images represent different regions of the
sample.

The EDS image of the CST-MBA copolymer hydrogel (Figure 3.22) shows that the hydrogel consists of pure materials,
containing carbon, oxygen, and nitrogen with no other elements.

Figure 3.22: EDS image of CST-MBA copolymer hydrogel.

The FESEM image of the APE-MBA copolymer hydrogel (Figure 3.23) shows that the hydrogel surface is clearly rough, jagged,
and contains many holes and folds. In addition, the hydrogel surface is filled with protrusions that contain many pores. The
bright white areas covering most of the hydrogel surface indicate that the hydrogel has a semi-crystalline composite [41-42].

Signal A = SE1 Date: 21 Apr 2026 ZEISS|
WD = 14.27 mm Photo No. = 31 Time: 10.34:21

EHT = 10.00kV Signal A = SE1 Date: 21 Apr 2026 =
WD = 14.27 mm Photo No. = 30 Time: 10:3253

Figure 3.23: FESEM images of APE-MBA copolymer hydrogel (a) and (b) images represent different
regions of the sample.

The EDS image of the APE-MBA copolymer hydrogel (Figure 3.24) shows that the hydrogel contains carbon, oxygen, nitrogen,
and sulfur. The first three elements are part of the hydrogel composite, while the sulfur element is often introduced through
the sulfur-containing persulfate initiator used to trigger the reaction [43].
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Figure 3.24: EDS image of APE-MBA copolymer hydrogel.

The FESEM image of the GPE-MBA copolymer hydrogel (Figure 3.25) shows that the hydrogel has a discontinuous and
irregular surface that contains flakes intertwined with each other. The bright white areas have disappeared in the FESEM image
of the GPE-MBA hydrogel, which means the hydrogel has an amorphous nature [44].

EHT = 10.00kV Signal A = SE1 Dato: 26 Apr 2026 ZEISS|

EHT =10.00kv Signal A = SE1 Dato: 26 Apr 2026 ZE1SS]
WD = 9.2¢ mm Photo No. = 38 Time: 10:33:43

WD = 9.26 mm Photo No. = 39 Time: 10:36:54

Figure 3.25: FESEM images of GPE-MPA copolymer hydrogel (a) and (b) images represent different regions of
the sample.

The EDS image of the GPE-MBA copolymer hydrogel (Figure 3.26) shows that the hydrogel contains carbon, oxygen, nitrogen,
sulfur, and potassium elements. The sulfur element remained from the initiator, while the potassium element is typically present
in the hydrogel; it stems from the natural composition of gum Arabic itself [45].

Figure 3.26: EDS image of GPE-MBA copolymer hydrogel.

The FESEM image of the GPM-MBA copolymer hydrogel (Figure 3.27) shows that the hydrogel has a cross-sectioned surface
with interconnected flakes scattered on its surface. The hydrogel is filled with folds and cracks spread across its surface. The
irregular interlined flakes prove the hydrogel was grafted and cross-linked [46]. Moreover, the hydrogel shows no bright white
areas, meaning the hydrogel is amorphous.
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Figure 3.27: FESEM images of GPM-MBA copolymer hydrogel (a) and (b) images represent different regions of

the sample.

The EDS image of the GPM-MBA copolymer hydrogel (Figure 3.28) shows the hydrogel contains carbon, oxygen, and nitrogen,
which are the main elements of the hydrogel and traces of sulfur, which come from the initiator.

Figure 3.28: EDS image of GPM-MBA copolymer hydrogel.

Finally, the FESEM image of the GPA-MBA copolymer hydrogel (Figure 3.29) shows a homogeneous surface of the hydrogel
that contains ovetlapping folds and zigzags, as well as pores distributed on the hydrogel surface. The FESEM image shows no
bright white areas on the hydrogel surface, which means the hydrogel is amorphous [47].

EHT = 10.00 kY Signal A = SE1 Dte: 26 Apr 2026 -
WD =918 mm Photo No. = 34 Time: 10.26.02
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— WD = 884 mm Photo No. = 28 Time: 101807

Figure 3.29: FESEM images of GPA-MBA copolymer hydrogel (a) and (b) images represent different regions of
the sample.

The EDS image of the GPA-MBA copolymer hydrogel (Figure 3.30) shows that the hydrogel contains carbon, oxygen, nitrogen,
sulfur, and potassium elements. The last two elements come from the initiator and gum Arabic, respectively.
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Figure3.30: EDS image of GPA-MBA copolymer hydrogel.

3.2 Uses and applications of the prepared hydrogels

The main properties of the hydrogel are three-dimensional networks of hydrophilic polymers, soft materials, and the ability to
absorb and retain large amounts of water, reaching thousands of times their dry weight while remaining insoluble due to
chemical or physical cross-linking. Because of these distinct properties, hydrogels will have many applications in virous fields,
including industrial, medical, agricultural, water desalination, and others. Prepared hydrogels which are CPE-MBA, CST-MBA,
APE-MBA, GPE-MBA, GPM-MBA, and GPA-MBA were examined and their chemical compositions, crystalline structures,
thermal stability and surface morphology were investigated. The CPE-MBA, CST-MBA, and APE-MBA hydrogels show semi-
crystalline configurations, are thermally stable, and have rough and undulanting surface morphologies containing a large number
of holes and folds. Therefore, these hydrogels are suitable for advanced technologies like self-healing materials, shape-memory
devices, smart 3D printing inks, and injectable medical gels.

On the other hand, the GPE-MBA, GPM-MBA, and GPA-MBA hydrogels have shown a discontinuous and irregular surface
that contains interconnected flakes scattered on it. Moreover, the hydrogels are thermally stable and have an amorphous
structure. Therefore, these hydrogels are highly useful for targeted drug delivery, tissue regeneration scaffolds, and efficient
wound hydration.

4. CONCLUSIONS

New hydrogels were prepared using different polymers. The preparation process includes grafting of natural polymers like
chitosan, alginate, and gum Arabic with natural polymers like starch, or synthetic polymers like poly(ethylene glycol),
poly(methyl methacrylate), and polyacrylamide. All prepared hydrogels were cross-linked with N, N'-methylenebisacrylamide.
Modern and sophisticated chemical procedures have been used to prepare new copolymer hydrogels.

The hydrogels were characterized using FT-IR spectroscopy; all their structures have been verified based on their functional
groups. The X-ray diffraction analysis shows the CPE-MBA, CST-MBA, and APE-MBA hydrogels have semi-crystalline
configurations, while GPE-MBA, GPM-MBA, and GPA-MBA hydrogels have amorphous structures.

The prepared hydrogels show thermal stability at high temperatures, and their weight loss percentages at Tmax and Tcr were
acceptable at high decomposition temperatures. The scanning electron microscope images of the hydrogels- surfaces are filled
with holes and folds, and the bright white areas are shown only in the FESEM images of CPE-MBA, CST-MBA, and APE-
MBA hydrogels.

The EDS analysis shows the prepared hydrogels mainly consist of carbon, oxygen, and nitrogen elements. Some samples show
the presence of sulfur, which comes from the remainder of the initiator, or potassium, which is a natural component of gum
Arabic.
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