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INTRODUCTION

Superabsorbent hydrogels are three-dimensional polymeric 
materials with the ability to swell and retain large quantities of 
water within their hydrophilic structure (Koetting et al., 2015; 
Ullah et al., 2015). The presence of hydrophilic groups in their 
structure, permeability, and compatibility, makes them find 
application in wastewater treatment, agriculture and food 
industry, biotechnological and medical fields. The increase in 
their demand has led to increased motivation for their further 
study by most researchers (Rimmer, 2011). The nature of the 
cross-linker used determines the permanent and reversible 
nature of hydrogels. This is attributed to the fact that the 
type of cross-linker determines whether the interaction will 
be a chemical or involve a physical entanglement (Shukla 
et al., 2012). The reversible hydrogel has a non-homogeneous 
network as a result of non-covalent bonds and temporary chain 
entanglements (Shukla et al., 2012). Currently, most hydrogels 
in the market are synthetic acrylate-based products, and their 
application is limited due to poor biocompatibility and non-
biodegradability and hence toxic when applied in agriculture 
(Meng & Ye, 2017). This study was therefore geared towards 
synthesizing superabsorbent hydrogels that are non-toxic, 
biocompatible, and biodegradable by incorporating glycerol 
organic surfactant into lemon juice in the presence of maleic 

acid as a cross-linker with a view of addressing the technical 
limitations posed in the existing hydrogels.

MATERIALS AND METHODS

Reagents and chemicals

The lemons were purchased from a local market in 
Machakos County-Kenya and were used as the source of 
citric acid (Lemon juice). Glycerol was purchased from Merck 
Chemical Co (Darmstadt, Germany), while maleic acid was 
obtained from Sigma Aldrich Company (German).

Extraction of lemon juice (LJ) from lemons

The lemons were washed with distilled water to remove 
earthy materials and then peeled to obtain the soft part. The 
soft part was cut into smaller pieces and blended using an 
electric blender (CSZ 910) to obtain a viscous mixture. The 
mixture was then filtered using a standard sieve of 14-16 
micro pores to obtain lemon juice (LJ) (Coolman et al., 2008).

Preparation of hydrogel using lemon juice and 
ethylenediamine (HLG-1)

72.0 mL of lemon juice and 45.0 mL of 13.6M glycerol 
were measured and put into a 2-L aluminum container. 
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The mixture was then heated in an oven at a temperature of 
373 K while stirring to facilitate the polymerization reaction. 
The heating was stopped when the viscous gel was formed 
and the gel cooled to form clear solid (HLG-1) hydrogel 
(Coolman et al., 2008).

Crosslinking of the polymer gel HLG-1 with maleic acid

The hydrogel gel HLG-1 prepared in section 2.3 was cut 
into smaller pieces and placed in a 2 L aluminum container 
and heated in an oven to melt. 50.0 mL of 3.5M maleic acid 
was then added as a cross-linker and the mixture was heated 
continuously with stirring at a temperature of 373 K until a 
viscous gel was formed. The mixture was then removed from 
the oven and cooled to form (HLG-2) hydrogel. Figure 1 shows 
the diagrammatic scheme for preparation of HLG-2 hydrogel.

Characterization of the hydrogel

FT-IR analysis of the superabsorbent hydrogels

The FTIR spectroscopy technique was used to analyze 
structural changes of HLG-1 and HLG-2 hydrogels before 
and after crosslinking. Crystal of the synthesized samples was 
dried in an oven at 45°C until a constant weight was attained 
(Selling et al., 2015). 1 mg of each of the hydrogel samples 
was mixed with 25 mg of dry spectroscopic grade potassium 
bromide. The mixture was then ground with a mortar and 
pestle to form a fine powder which was compressed into 
a thin transparent pellet for analysis using FT-IR (model 
Shimadzu IR Tracer-100) at a wavelength range of 4000-200 
cm-1 (Hammond et al., 2005).

XRD analysis of the superabsorbent hydrogels

The phase compositions analysis procedure of the (HLG-1 
and HLG-2) hydrogels was adopted from Aikawa et al. (1998). 
Dried hydrogel samples were cut into smaller sizes before 
placing them into the silicon wafer. The determination of 
phase and morphology of samples was taken continuously 
from scattering angle (2θ) ranging 10 to 90° and at 40 kV and 
a current of 15 mA with Cu ka radiation (1.54059-1.54441) 
using XRD (model Hossein Beygin German).

Microstructural analysis of the superabsorbent hydrogels

Scanning electron micrographs were used to determine 
the microstructure of (HLG-1 and HLG-2) superabsorbent 
hydrogels. The samples were oven-dried at 318 K for 4 hours 
until a constant weight was attained. The samples were gold-
sputter coated to make them electrically conductive then 
micrographs were obtained at an accelerating voltage of 
2.50 kV using a scanning electron microscope (SEM) (Zeiss 
Supra 60, German) (Zhu et al., 2017).

Effect of lemon juice (LJ) dosage on the swelling 
capacity of HLG-2 hydrogel

The superabsorbent hydrogels were prepared by varying dosage 
of LJ from (0.9, 1.8, 3.6, 5.4, 7.2, and 9.0 mL) while maintaining 

the volumes of 13.6M glycerol and 3.5M maleic acid cross-linker 
as 3.75mL and 5.0 mL respectively. The swelling ability was 
determined by immersing 2.0 g of each prepared hydrogel sample 
in 500 mL of deionized water in a 1 L beaker for 24 hours.

Effect of maleic acid dose on the swelling capacity of 
the hydrogel HLG-2

The superabsorbent hydrogels were prepared by varying 
dosage of the maleic acid (cross-linker) dosage (1.25, 2.5, 3.75, 
5.0, 6.25, and 7.5 mL) while maintaining the volume of LJ at 
5.4 mL and that of glycerol as 3.75mL. The swelling capacity 
of hydrogels was determined by immersing 2.0 g of each 
prepared sample in distilled water for 24 hours.

Equilibrium Water Content (EWC)

The procedure for the determination of the equilibrium 
water content of the hydrogels was adopted from Dalaran et al. 
(2009). The prepared samples were allowed to dry in an oven 
to a constant weight at a temperature of 318 K. 2 0g of the dried 
sample was put in polyester-bags made of 200 mesh nylon and 
its weight was recorded as Mx. The samples in polyester bags 
were then immersed in deionized water at room temperature 
for 12 hours. The swollen polyester -bag was then removed 
from the water and wrapped with tissue paper to dry. It was 
then weighed and its mass recorded as Mt. The equilibrium 
swelling capacity was determined using equation 1 (Dalaran 
et al., 2011; Çöle et al., 2013).

−
= t(%) ×100x

x

M M
EWC

M
� 1

Where Mx initial weight of hydrogel before swelling and Mt 
final mass swollen hydrogel.

Effect of contact time on the swelling capacity of the 
hydrogel

The effect of contact time on swelling capacity of hydrogels 
HLG-2 was studied by varying contact times (0.5, 1, 2, 4, 
6, 12, and 24 hours). 2.0 g of each hydrogel prepared at the 
optimum volume ratio of LJ: G: maleic acid of 5.4: 3.75: 3.75 
was immersed in 500 mL of deionized water in a 1 L beaker 
for a specified contact time. After the expiry of contact time, 
samples were removed and the weight of swollen gel recorded 
followed by determination of the swelling capacity using 
equation 1 provided in section 2.8.

RESULTS AND DISCUSSION

FT-IR functional groups analysis of HLG-1 and 
HLG-2 hydrogels

FT-IR analysis was carried out to identify the functional 
groups present in the superabsorbent hydrogel before and 
after cross-linking. Figure 2 shows the IR spectrum of the 
uncross-linked hydrogel (HLG-1).
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The absorption peaks observed at around 3790.34 cm-1 are 
a result of the presence of isolated -OH groups in lemon juice 
while the broad peak of H-OH appeared at 3410.95 cm-1. The 
sharp spectra peaks at around 1528 cm-1 and 619.96 cm-1 are 
assigned to –COO- stretching and –OH out of plane bend 
respectively. The peak at 1528 cm-1 assigned to –COO- is 
a clear indication of the formation of ester linkage between 
citric acid in lemon juice and glycerol monomers. The peaks 
at 1256.32 cm-1, 1120.37 cm-1, and 745.75 cm-1 are attributed 
to C-O stretching in ether, C-O stretch in alky, and C-H out of 
plane bending respectively.

Figure 3 shows the IR spectrum of the HLG-2 super 
hydrogel upon crosslinking with maleic acid. Broadband at 
3338.55 cm-1 could be attributed to the overlap peaks of –OH 
group stretching in citric acid with a strong H bonded peak 
observed at around 2934.41 cm-1 in glycerol. In addition, a 

peak at around 1706.30 cm-1 is associated with C=O carbonyl 
stretching in α and β unsaturated aldehyde in the hydrogel 
network. The bands appearing at 1399.85 cm-1, 1339.36 cm-1, 
and 1323.24 cm-1 are attributed to tertiary –OH bending in 
alcohol, primary –OH in-plane bending and secondary –OH 
in-plane bending respectively (Coma et al., 2003). Sharp small 
peaks appeared at around 1073.19 cm-1, 994.20 cm-1 associated 
with –COO- symmetric stretching and C-O-C bending. 
The spectra band observed at 1591.34 cm-1 is a result of the 
presence of –COO- asymmetric stretching associated with 
successful ester crosslinking between –OH in the polymeric 
unit (HCG-1) and –COOH group in the maleic acid binder.

The phase composition of HLG-1 and HLG-2 hydrogels

Figure 4 and 5 shows the powdered diffraction patterns of 
the uncross linked HLG-1 and crosslinked HLG-2 hydrogel 

Figure 1: Diagrammatic scheme of preparation of HLG-2 hydrogel.

Figure 2: FTIR spectrum of HLG-1 uncross-linked  hydrogel.
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Figure 3: FT-IR spectrum of HLG-2 cross-linked hydrogel.

Figure 4: Powdered diffraction pattern of uncross linked HLG-1.

Figure 5: Powdered diffraction pattern of cross-linked HLG-2.
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respectively. The amorphous characteristics of uncross linked 
HLG-1 hydrogel is highly noticeable due to presence of broad 
halo peak at angle between 11–31 (2θ) (Varaprasad et al., 
2010). The XRD analysis shows that theHLG-1 hydrogel is 
mainly amorphous. Upon crosslinking with maleic acid, the 
polymeric hydrogel was converted to crystalline as shown in 
Figure 5.

The crystalline peaks at an angle (2θ) 18.21 and 21.47 were 
observed due to the presence of carboxylate crystalline phases 
on the polymer network an indication of the semi-crystalline 
nature of hydrogel HLG-2 (Mohamood et al., 2018). The 
peaks appearing at an angle (2θ) 25.52 and 27.83 were due to 
the tubular structure of carbon atoms in the hydrogel network 
of HLG-2 compared to an amorphous structure in HLG-1 
(Mohamood et al., 2018). The peaks at (2θ) of 38.18, 40.19, 
53.42, 54.88, and 62.48° may be attributed to the crystalline 
phase of carboxylate groups in HLG-2, (Naohara et al., 2017). 
The peak at 26.68° (2θ) arises due to the tubular structure 
of carbon atoms in the HLG-2 gel (Naohara et al., 2017). 
Crosslinking the hydrogel showed conversion of the hydrogel 
from amorphous to crystalline. The increase in ester linkages 
upon crosslinking resulted in the formation of a three-
dimensional crystalline polymer structure with high water 
absorption capacity (Zhao et al., 2004).

SEM analysis of HLG-1 and HLG-2 superabsorbent 
hydrogels

The microstructure and morphological analysis of the 
superabsorbent hydrogel of HLG-1 and HLG-2 was done 
using a scanning electron microscope (SEM) (Zeiss supra 
60) at an accelerating voltage of 2.50 kV. The SEM images of 
powdered hydrogels are shown in figure 6.

The SEM micrograph in figure 6(A) clearly shows that 
uncross linked HLG-1 super hydrogel had a rigid and 
constricted surface compared with rough morphological 
surfaces with voids throughout its structure in HLG-2. The 
change in morphology after crosslinking contributes to 
water absorption properties of HLG-2 green superabsorbent 
(Karadağ & Üzüm, 2012). The presence of voids in cross-
linked polymeric hydrogel could also account for the increased 
water absorbing ability of the hydrogel. This was possible 
due to intermolecular hydrogen bonding or intramolecular 
hydrogen bonding between the side chains and its backbones 
in HLG-2 green super hydrogel (Guo et al., 2010).

Effect of lemon juice (LJ) dosage on the swelling 
capacity of hydrogel (HlG-2)

Figure 7 shows the percentage swelling obtained when 
2.0 g of prepared hydrogel was immersed in distilled water as 
described in section 2.8.

The graph in figure 7 shows that as the dose of (LJ) was 
increased from 0.9-5.4mL, the percentage swelling of hydrogel 
increased from 380% to 860%, followed by a decrease. The 

increase could be associated with the increased number of 
anionic hydroxyl groups that led to increased grafting between 
the functional groups of the monomers forming a crystalline 
structure (Parvathy & Jyothi, 2012). Decreased percentage 
swelling after obtaining optimal swelling capacity could be 
attributed to the termination of disproportionation reaction 
instead of coupling as dosage ratio of (LJ) exceeded that of 
glycerol (Lanthong et al., 2006). A volume of 5.4mL of LJ gave 
a maximum water absorption capacity of 860%.

The effect of maleic acid dosage on the swelling 
capacity of hydrogel (HLG-2)

Figure 8 shows the effect of varying dosages of maleic 
acid cross-linker on the swelling capacity of superabsorbent 
hydrogel HLG-2.

Figure 8 shows that the percentage swelling of HLG-2 
hydrogel increased from 380 to 990% upon increasing the 
cross-linker dosage from 1.25 to 3.75mL. An increase in cross-
linker dosage increased the mechanical strength of hydrogel 
resulting in the formation of smaller well-cross-linked 
pore networks with increased hydrophilic groups for water 
absorption (Kabiri et al., 2003). It was also noted that further 
increase of maleic acid dosage above 3.75mL led to a decrease 
in the percentage swelling capacity. This could be attributed 
to the fact that an increase in cross-linker dosage above the 
optimal led to the increased crosslinking density resulting 
in a rough and rigid network with low water absorption and 
expansion rate (Kabiri et al., 2003). Incorporation of chemical 
cross linker in hydrogel preparation improves its mechanical 
properties as well as the integrity of the gel (Durrani & 
Donald, 1995), however, there is a need to determine the 

Figure 7: The effect of lemon juice dosage on the percentage 
swelling of 2.0 g HLG-2.

Figure 6: SEM micrographs for (a) uncrosslinked HLG-1 and 
(b) crosslinked HLG-2 hydrogels.
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optimal dosage that will not reduce the swelling capacity of 
the gel affecting its economic application. A volume ratio of 
LJ: G: maleic acid (5.4: 3.75: 3.75) was used to prepare HLG-2 
gel with optimum swelling capacity.

Effect of contact time on the swelling capacity of the 
hydrogel

Figure 9 shows the effect of contact time on the swelling 
capacity of superabsorbent hydrogel HLG-2 at different 
contact times.

The percentage swelling of HLG-2 hydrogel increased 
steadily from 315% to 910% with the increase in contact time, 
from 0.5 to 6 hours followed by a gradual decrease in the 
rate of swelling to 860% (Figure 9). Between 0.5 to 6 hours 
there was an increase in swelling capacity due to increased 
absorption led by the high number of absorption sites in the 
hydrogel. An increase in contact time increases the amount 
of water penetrating the polymer gel through capillary 
and diffusion in the glassy state and which is absorbed by 
hydrophilic groups such as carboxylate through the formation 
of hydrogen bonds (Ji et al., 2018). The swelling is driven by 
the repulsion of hydrophilic groups inside the network and 
the osmotic pressure difference in the hydrogel. Above the 
optimal time of 6 hours, the water absorption rate decreased 
due to the porous network of the polymer getting saturated 
hence no vacant spaces for more water molecules (Parvathy & 
Jyothi, 2014). Moreover, during the swelling process hydrogels 
expand and then dissociate releasing acidic molecules in water 
which decreases water absorption into the functional group (Ji 
et al., 2018).

CONCLUSIONS

The FT-IR spectra showed a band at 1528 cm-1 and 
1591.34 cm-1 associated with –COO- stretching indicating 
successful ester linkage during polymerization and the 
crosslinking process. XRD analysis showed the conversion 
of amorphous polymeric material to crystalline. The SEM 
analysis of HLG-1 showed rigid, rough, and constricted 
surfaces compared with rough morphological surfaces with 
clear pores throughout its structure in HLG-2. The results 
showed that the use of lemon juice, glycerol, and maleic acid 
in the volume ratio of 5.4: 3.75: 3.75 respectively produced 
hydrogel with a maximum swelling capacity of 910% when 
immersed in water for 6 hours. The high swelling capacity of 
the cross-linked hydrogel provides a potential application in 
agriculture especially in semi-arid and arid regions to boost 
food production.
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