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Abstract Hydrogels are 3-dimensional polymer network materials with the ability to absorb a large amount of water. The
current advancement in technology has increased their demand in the fields of industrial and environmental applications. This
study reports the synthesis and characterization of superabsorbent hydrogels derived from lemon juice. The preparation
involved linking lemon juice (LJ) with Ethylenediamine (EDA) via an amide linkage to obtain HLE-1 hydrogel. The polymer
hydrogel was then cross-linked with maleic acid via an ester linkage to form HLE-2 hydrogel. Characterization was done
using FT-IR, SEM, and XRD. The optimization of the swelling conditions was studied by varying contact time and the
dosage of both lemon juice and the cross-linker. XRD analysis showed the conversion of amorphous hydrogel HLE-1 to
crystalline hydrogel HLE-2 upon cross-linking. The FT-IR spectra showed a new strong symmetric stretching -COO- peak at
1079.83 cm-1 in HLE-2 indicating successful ester linkage. SEM analysis showed pores of different sizes and shapes in
HAE-2 compared to a rigid, concrete, and smooth surface in HLE-1. Upon the optimization of the synthesis conditions of the
cross-linked hydrogel, a swelling capacity of 925% was obtained. Crosslinking the hydrogel improved its water absorption
ability. The high swelling capacity of the hydrogel provides a baseline for potential application in agriculture, especially in
semi and arid regions.
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entanglements [4]. Currently, most hydrogels in literature
have been developed in the laboratory with their large-scale
production being costly, toxic, complex in synthesis, and

1. Introduction

Polymer superabsorbent hydrogels are three-dimensional
hydrophilic structures that are prepared through the linking
of materials either chemically or physically to form
copolymers with super absorbing characteristics. The
hydrophilic groups in hydrogels polymer backbone
(-CONH,, -OH, —-COOQOH, —SO3H) have the ability to absorb
water many times the original weight while maintaining
their structures [1]. The recent rapid increase in population
growth has led to the development of new technologies
of synthesizing hydrogels towards major applications in
wastewater treatment, agriculture, and food industry,
biotechnological and medical fields. Researchers have drawn
interest in this field due to the increasing demand for
hydrogels [2]. Permanent and reversible hydrogels depend
on the nature of cross-linkers in the network of polymer
[3]. Reversible hydrogel has a non-homogeneous network
asa resultof non-covalentbonds andtemporary chain
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non-biodegradable, with minimal reports in Africa on their
use [1], [5]. The availability of lemon juice coupled with
its rich carboxylic groups makes it a potential monomer
in hydrogel synthesis [6]. On the other hand, lemon juice
incorporated with ethylenediamine organic surfactant forms
polymer gel which when cross-linked with maleic acid can
form crystalline phases with small particle size and large
surface area for water absorption. This study aimed at
synthesizing and characterizing a green superabsorbent
hydrogel from bio-derived materials to try and address the
technical limitations of the existing hydrogels.

2. Materials and Methods

2.1. Reagents and Chemicals

The lemons were obtained from the local market in
Machakos County - Kenya then transported to Kenyatta
University laboratory. Ethylenediamine was obtained from
Merck Chemical Co (Darmstadt, Germany), and maleic acid
was purchased from Kenya science chemical limited Kenya.
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2.2. Extraction of Lemon Juice from Lemon Fruits

During the extraction of lemon juice, the peels of lemon
fruits were removed to obtain the inner part. The fresh soft
parts of the fruit were cut into smaller sizes, put into an
electric blender machine for blending. After blending the
mixture was then filtered using a standard sieve of 14-16
micropores to obtain lemon juice [7].

2.3. Preparation of Hydrogel from Lemon Juice and
Ethylenediamine (HLE-1)

145.0mL of lemon juice and 90.0mL of ethylenediamine
(14.8M) were measured and put in an aluminum container.
100 mL of distilled water was added to the mixture to aid
in the solvation process. The mixture was then heated at a
temperature of 373 K to 405 K in an oven to form a viscous
gel. The gel was allowed to cool to form solid hydrogel
HLE-1.

2.4. Preparation of Cross-Linked Hydrogels (HLE-2)

The cross-linked HLE-2 superabsorbent hydrogel was
prepared by adding 75.0mL of 3.5M maleic acid to HLE-1
hydrogel. The mixture was stirred and heated continuously at
a temperature of 373K to 405K to form a viscous gel. It was
then cooled to form HLE-2 hydrogel. Figure 1 shows the
preparation scheme of HLE-2 hydrogel.
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Figure 1. Scheme of preparation of HLE-2 hydrogel
2.5. Characterization of the Hydrogel

2.5.1. Fourier Transform Infrared (FT-IR) Analysis of the
Superabsorbent Hydrogels

The functional group analysis of the uncross-linked
HLE-1 and cross-linked HLE-2 was done using FT-IR
spectroscopy [8]. The obtained crystal samples were dried at
a temperature of 305K in an oven for 6 hours until a constant
weight was attained. The dry sample of each hydrogel
HLE-1 and HLE-2 were mixed with pre-dried KBr in a ratio
of 25: 1 mg respectively. The fine homogenous mixture was
compressed to form a transparent pellet then analyzed using
the transmission method at 4000-200 cm™ wavelength range
(Shimadzu IR Tracer-100) [9].

2.5.2. Phase Composition Analysis of the Superabsorbent
Hydrogels

The XRD analysis procedure for phase composition of the
HLE-1 and HLE-2 hydrogels was adopted from Aikawa et al.
[10]. The samples of superabsorbent hydrogels were cut into
smaller sizes of 1 cm? followed by drying the samples at a
temperature of 305K for 6 hours. The dry samples were
placed on a silicon wafer, the measurement of phase and
morphology of samples taken continuously from scattering
angle (20) ranging 10 to 90° at 40 kV and a current of 15 mA
with Cu ka radiation (1.54059-1.54441) using XRD (model
Hossein Beygin German).

2.5.3. Microstructural Analysis of the Superabsorbent
Hydrogels

The superabsorbent hydrogel microstructures of HLE-1
and HLE-2 were determined using a (ZEISS SUPRA 60
German) bright microscope at an accelerating voltage of
250 kV. The prepared samples were dried in the oven at
45°C for 6 hours until a constant weight was attained
followed by coating with gold then placing them in an
enclosed glass slide to obtain micrographs [11].

2.6. Effect of Lemon Juice (LJ) Dosage on Swelling
Capacity of Cross-Linked Hydrogel

The hydrogels were prepared by varying dosage of lemon
juice (LJ) from (0.9, 1.8, 3.6, 5.4, 7.2, and 9.0mL) while
maintaining the volume of ethylenediamine and maleic acid
as 4.5mL and 5.0mL respectively. 2.0g of each prepared
sample gel was put in a uniform polyester bag and immersed
in water for 24 hours to determine the swelling capacity.

2.7. Effect of Maleic Acid Dosage on the Swelling
Capacity of the Hydrogel

The effect of the maleic acid (cross-linker) concentration
was studied by varying dosages (1.25, 2.5, 3.75, 5.0, 6.25,
and 7.5mL) while maintaining the volume of lemon juice at
7.2mL, and that of ethylenediamine as 4.5mL. 2.0 g of each
gel sample weighed accurately was then immersed in water
for 24 hours to determine the swelling capacity.

2.8. Equilibrium Water Content (EWC)

The swelling percentage capacity of HLE-2 samples was
determined gravimetrically in deionized water at 25°C using
a polyester bag method [12], [13], [14]. The prepared
samples were allowed to dry to a constant weight in an oven
at 45°C. 2.0 g of the dried sample was put in a polyester bag
made of 200 mesh nylon and then immersed in the water
to swell. The sample was then removed from the water and
excess water was removed using Whatman filter paper.
The equilibrium swelling capacity of the hydrogel was
determined using equation 1 [13], [15].

EWC (%) = QtQ;Q x 100 1)

Where Q, is the initial weight of hydrogel before
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swelling and Q, is the final mass of the swollen hydrogel.

2.9. The Effect of Contact Time on the Swelling Capacity
of the Hydrogel

The procedure of studying the effect of contact time on
the swelling capacity of HLE-2 was adopted from Takigami
et al. [16]. Varying contact times in the range (0.5, 1, 2, 4, 6,
12, and 24 hours) were used to study the effect of contact
time on swelling capacity. 2.0 g of HLE-2 hydrogel was
immersed in 500 mL of distilled water for a specified
contact time. The samples were then removed periodically
after the expiry of the specified time and new mass
determined. The swelling capacity was then determined
using equation 1 provided in section 2.8.

3. Results and Discussion

3.1. FT-IR Spectrum of Superabsorbent Hydrogels

FT-IR was used to determine the functional groups present
in the green superabsorbent hydrogel before and after
cross-linking with maleic acid. Figure 2 shows the IR
spectrum of the hydrogel before crosslinking. The hydrogel
was coded as HLE-1.
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Figure 2. FT-IR spectrum of HLE-1 hydrogel

The broadband at 3329.83 cm™ is a characteristic of the
aliphatic secondary amine NH stretching vibration while
the band at 2934.52 cm™ represents the C—H stretching
asymmetric vibration in the methyl group in lemon juice [17].
The absorptions bands at 1591.45 cm™, 1399.95 cm™, and
1341.35 cm™ are assigned to aromatic ring stretching,
tertiary alcohol -OH bending, and primary -OH in-plane
bending respectively [18]. In addition, the absorption band
at a wavelength of 1215.77 cm™, 1073.28 cm™, 1110.52 cm™,
701.72 cm™ and 618.45 cm™, represents aromatic secondary
amine CN stretching, cyanate —OCN, C-OCN stretch, and
primary amine CN stretch respectively while 994.05 cm™,
and 917.56 cm™ represents C-O bend associated with lemon
juice, and Vinylidene C-H out of plane bend [18].

Figure 3 shows the spectrum of the cross-linked hydrogel
HLE-2. The new sharp peaks at a wavelength of 3948.89
cm™ and 3909.17 cm™ observed in HLE-2 are associated

with stretching frequency of the —OH group as well as
intramolecular and intermolecular hydrogen bonds. The
band at 3787.88 cm™ is assigned to NH-NH, dimeric
stretching vibration [19]. In addition, the new small
absorption band at 3371.58 cm™ is attributed to the presence
of strong H-OH interaction. The spectra bands around
1989.08 cm™ and 1947.47 cm™ are attributed to —CN
bending and (-CONH,) amide functional groups as well as
decreased bending vibration of —OH from 701.72 cm™ to
671 cm™ shows amide linkage between lemon juice and
ethylenediamine in HLE-2 hydrogel [20]. The new broad
bands around 2371.58 cm™, 1577.76 cm™, 1383.61 cm?,
1205.20 cm™, and 885 cm™ are due to C=O stretching
in ester aldehyde, primary amine -NH bending, -OH bending
in ester, phenol C-O stretching and C-O-C stretching
respectively. The presence of those functional groups
illustrates that there was an ester cross-link between the
hydrogel HLE-1 and maleic acid [21]. In addition, IR spectra
in figure 3 showed a new strong symmetric stretching -COO"
peak at 1079.83 cm™ indicating successful ester linkage
formation [22].
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Figure 3. FT-IR spectrum of HLE-2 hydrogel

3.2. Phase Composition of HLE-1 and HLE-2 Hydrogels

The phase composition of the samples was determined
using the XRD technique. The figure 4 and 5 represents
the diffraction patterns of HLE-1 and HLE-2 hydrogels
respectively.
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Figure 4. Powdered diffraction pattern of HLE-1 hydrogel
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The diffraction pattern of HLE-1 (Figure 4) shows a broad
hump between 11-32° (20) which is associated with the
amorphous nature of the hydrogel. The sharp peaks at (20)
43.49 and 44.51° were attributed to the presence of graphite
crystalline phases in the polymer network in the hydrogel
[23]. The diffraction pattern shows that the hydrogel HLE-1
was mainly amorphous.
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Figure 5. Powdered diffraction pattern of HLE-2

The diffraction pattern of HLE-2 shows the appearance
of new sharp peaks with relatively high intensity at 15.96,
16.81,21.21, 23.59, 27.88, 29.77 (20). These peaks were as a
result of the presence of crystalline phase of Ca(NH,-OH),
(C8H602)4H20, SFG, BiLa.O.g33, K4Ti4F1006.3H20, and
MgCH;.4NHj; respectively [24]. In addition peaks between
31.20 to 38.24, and 41.78 to 49.49 (20) are assigned to
CsH3N4NaO,.H,0 and Pb(OH),.3H,0 crystalline phases
respectively [25]. The crosslinking of the hydrogel with
maleic acid yielded a polymerization reaction forming a
high crystalline three-dimensional structure in HLE-2 super
hydrogel [26]. XRD analysis shows a phase shift of the
hydrogels from amorphous to crystalline upon cross-linking.

3.3. Microstructural Analysis of HLE-1 and HLE-2
Hydrogels

The microstructural analysis of the hydrogels was carried
out using a scanning electron microscope. Figure 6 (A and B)
shows the micrographs of both the uncross-linked and
cross-linked hydrogels HLE-1 and HLE-2 respectively.

Figure 6. SEM micrographs of the (A) HLE-1 and (B) HLE-2 hydrogel

A rigid, concrete and smooth surface was observed in
HLE-1 (Figure 6(A). Upon cross-linking, the microstructure
of the hydrogel changed to an uneven surface indicating

dispersal of the polar phase. The spherical and
spindle-shaped structures on the surface of HLE-1 indicate
a copolymerization reaction between lemon juice with
ethylenediamine [27]. The SEM micrograph of HLE-2
contains pores of different sizes and shapes with an external
surface full of cavities which may have occurred due to the
presence of maleic acid as a cross-linker between different
monomers during polymerization reaction [28].

3.4. The Effect of Lemon Juice Dosage on the Swelling
Capacity of HLE-2 Hydrogel

Figure 7 shows the percentage swelling obtained when 2.0
g of the hydrogel was immersed in distilled water.
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Figure 7. The effect of lemon juice dosage on the percentage swelling of
2.0gof HLE-2

The percentage swelling of HLE-2 (Figure 7) increased
from 280% to 955% when lemon juice dosage was increased
from 0.9 to 7.2mL then remained fairly constant. The
increased swelling percentage may be associated with
increased hydrophilic nature and ionic pressure effect due to
the increased dosage of lemon juice [29]. On the other hand,
a decrease in the swelling capacity after the optimal dosage
of lemon juice may be as a result of the inadequate entropy
and internal energy caused by the shielding effect of
increased hydroxyl groups from the citric acid in lemon juice,
leading to a low rate of diffusion of water molecules into the
hydrogel [30], [31]. 7.2mL produced HLE-2 hydrogel with
the optimal water absorption capacity.

3.5. The Effect of Maleic Acid Dosage on the Swelling
Capacity of HLE-2 Hydrogel
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Figure 8. The effect of maleic acid dosage on the percentage swelling
of 2.0 g of HLE-2 hydrogel immersed in 500 mL of distilled water and
swelling period of 24 hours
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Figure 8 shows the effect of varying dosages of maleic
acid cross-linker on the swelling capacity of super absorber
hydrogel HLE-2.

Figure 8 indicated that an increase in cross-linker dosage
from 1.25 to 3.75mL gradually increased the percentage
swelling capacity of HLE-2 super hydrogel from 490 to
920%. The increased swelling capacity suggested that an
increased dosage of maleic acid increased the number of
hydrophilic groups in the hydrogel. Swelling occurs through
electrostatic repulsion between anions inside the hydrogel
network and its elasticity [32]. The decreased swelling
capacity of HLE-2 hydrogel after a cross-linker dosage of
3.75mL was observed. The decrease in swelling capacity
after the optimal cross-linker dosage of 3.75mL could be a
result of the decrease in an expansion of the hydrogel
structure caused by increased crosslinking points. The
decreased expansion of the hydrogel leads to shielding
of the water molecules from being absorbed into the
three-dimensional structure of hydrogel [32]. The addition of
a chemical cross-linker is important to improve both the
integrity of the gel and the predictability of mechanical
properties [33].

3.6. Effect of Contact Time on the Swelling Capacity of
the Hydrogel

Figure 9 shows the effect of contact time on the swelling
capacity of green superabsorbent hydrogels HLE-2 at
different contact times.

[y
N
o
o

1000
800
600
400
200

Mean % sweeling

0.5 1 2 4 6 12 24
Time in hours

Figure 9. The effect of contact time on the percentage swelling of 2.0 g of
HLE-2 hydrogel prepared using LJ, EDA, and maleic acid at a volume ratio
of 144:90:75 respectively immersed in 500 mL of distilled water

Figure 9 show that the percentage swelling of hydrogel
increased from 305% to 925% for HLE-2 when the contact
time was increased from 0.5 to 6 hours followed by a
decrease to 640% after 6 hours. The increase in swelling
capacity may be as a result of water penetration in the
hydrogel through capillary and diffusion in the glassy state
and then absorbed by hydrophilic groups such as carboxylate
through the formation of hydrogen bonds [34]. The swelling
of the hydrogel is driven by the repulsion of hydrophilic
groups inside the network and the osmotic pressure
difference between the hydrogel. The decreased rate of water
absorption after the optimal contact time may be attributed to
saturation of the porous network hence the unavailability of
vacant sites for water molecules [35].

4. Conclusions

The study showed that the cross-linked hydrogel prepared
using LJ, EDA, and maleic acid in the volume ratio of
144:90:75 respectively produced maximum water absorption
as well as the swelling capacity of 925%. The appearance
of FT-IR symmetric stretching -COO™ peak at 1079.83 cm™
is an indication of successful ester linkage in the formation
of HLE-2 cross-linked hydrogel. XRD analysis of the
hydrogels showed that cross-linking transformed the
hydrogel from amorphous to crystalline nature. SEM
analysis suggested a rigid, concrete, and smooth surface in
HLE-1 as compared to the uneven surface with the dispersal
of a polar phase in HLE-2. HLE-2 showed a maximum
swelling capacity of 925% when subjected to 6 hours in 500
mL deionized water. The hydrogel synthesized being a
good water absorber has a high potential of being used in
agriculture to improve on the yields especially in arid and
semi-arid regions.
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