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Abstract

In this study, an eco-friendly controlled release fertilizer cellulose-based hydrogel was prepared from cellulose fibers
derived from wastepaper, epichlorohydrin (ECH) as a crosslinker and carboxy methyl cellulose (CMC) as a gelling
agent. A maximum swelling capacity of 2000% was achieved for cellulose hydrogel with optimum composition. The
soil moisture contents in the presence of optimized cellulose hydrogels were determined using the digital moisture
meter. Maximum soil moisture of 36.5% was obtained in topsoil, followed by 30.1% in wet clayey soil and 23.4% in
sandy soil after 7 days. Urea as a model fertilizer was loaded onto the cellulose hydrogels to control the release of
fertilizer. The maximum loading capacity of urea in cellulose hydrogel is 0.51 g/g. The urea-controlled release profiles
of the cellulose hydrogel in distilled water and various types of soils were investigated. The formulation of cellulose
hydrogels was observed to facilitate the gradual release of urea, with about 74.71% release in topsoil, 73.37% release
in wet clayey soil and 71.84% release in sandy soil within 42 days when compared to the free urea which was about
97.32%, 95.09% and 98.47% release in topsoil, wet clayey soils and sandy soils, respectively within 7 days. The result of
this study shows that the urea-loaded cellulose hydrogel could be a promising controlled-release fertilizer.
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Introduction
Cellulose hydrogels refer to three-dimensional (3D)
network structures consisting of highly crosslinked lin-
ear or branched hydrophilic cellulosic polymer chains
[1, 2]. Upon contact with water, cellulose hydrogels can
absorb and hold a huge amount of water in their poly-
meric networks and swell up to 99% [2, 3]. Due to their
exciting properties, hydrogels have been used in enzy-
matic immobilization, solute separation, baby diapers [4],
pharmaceuticals and biomedical applications [5-8], as
well as soil conditioner for agriculture and horticulture
[9]. Furthermore, superabsorbent hydrogels have been
reported to improve soil conditions for cultivation via
the enhanced water-holding capacity of the soil, reduced
irrigation, high soil permeability, optimized nutrients
uptake, and delayed dissolution of fertilizers, resulting in
increased crop growth performance and yields [10, 11].
Fertilizers and irrigation are essential for plant
growth to increase the quality and yield of any crop
plants and the yield of the crops is mainly a function
of fertilizer and water used [12]. However, low nutrient
efficiency (<50%) and nutrient loss are often reported
by conventional fertilizers due to heavy leaching, sur-
face run-off, undesirable reaction with organic com-
pounds in the soils, and vaporization and volatilization
processes [13—-16]. A promising agriculture strategy to
address these challenges is the encapsulation of fertiliz-
ers in superabsorbent hydrogels as controlled-release

fertilizers to minimize fertilizer loss, extend nutrient
supply for a longer period and enhance fertilizers utili-
zation efficiency.

Currently available controlled-release fertilizers in the
market are expensive due to the cost of coating materials
and convoluted production process, thus deterring their
wide use in agriculture [16]. Moreover, most of the fer-
tilizer-controlled-release carriers are made of synthetic
polymers, such as acrylamide-based products, making
them less environmentally friendly due to their possible
toxicity [16]. Cellulose-based hydrogels are desired for
their renewable source, abundance, biocompatibility, bio-
degradability and ability to improve water retention in
the soil [17].

In this work, a series of cellulose-based hydrogels were
fabricated by crosslinking cellulose fibers extracted from
waste papers and carboxymethylcellulose (CMC) with
epichlorohydrin (ECH). The cellulose fibers were derived
from wastepapers, because papers are readily available
precursor materials and inexpensive. The ratio of cellu-
lose and CMC concentrations was varied in the hydrogel
fabrication and the swelling ratio of the hydrogels was
compared. Urea-loaded cellulose hydrogel was prepared
from the cellulose hydrogel with optimized physical—
chemical properties. The release profiles of urea-loaded
cellulose hydrogels were investigated in water and dif-
ferent types of soils to evaluate the potential use of these
hydrogels as a controlled-release system.
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Materials and methods

Chemical reagents and materials

Cellulose fibers extracted from wastepaper were used
as the raw material. Sodium carboxymethyl cellulose
(CMC, M,,=262.9) was obtained from Sigma Aldrich
(Wisconsin, United States of America) and epichlo-
rohydrin (ECH,>99% GC, M,,=92.52) was obtained
from R&M Chemicals (Essex, United Kingdom).
Sodium hydroxide (NaOH, M,,=40) was also obtained
from Sigma Aldrich and urea (N,H,CO, M,,=60) was
purchased from HmbG Chemicals (Hamburg, Ger-
many). Reagent solution for the Hach method was
obtained from Hach Company/Hach Lange GmbH
(United States of America). All chemicals were used
without further purification.

Soil properties

Topsoil is classified as red—yellow podzolic soil (the
soil group is classified under Sarawak Soil Classifica-
tion System). The soil is acidic with pH levels ranging
from 4 to 5, with a fine sandy clay-like texture (30 —
50% clay) with a CECclay of more than 24 cmolckg™.
Wet clayey soil is classified as gley soil (the soil group
is classified under Sarawak Soil Classification Sys-
tem). The soil is alkaline with pH level ranging from
8 to 10 and contains clay minerals, in which the gley
layer occurs within the reach of the root systems or
cultivated plants, i.e., the gleyed horizon or 50% gley-
ing within 50 cm below O horizon. Wet clayey soil is
sticky, develops a plasticity texture when wet and may
turn hard, brittle and non-plastic when dry. Sandy soil
is classified as arenaceous soil (the soil group is classi-
fied under Sarawak Soil Classification System) with pH
levels ranging from 5.8 to 6.3. The soil includes mineral
soil content with a sandy particle-size class in the upper
50 cm or more of the profile.

Cellulose extraction from wastepapers

Shredded waste papers were grounded and soaked in
water and stirred continuously at 2000 rpm for 2 h.
Subsequently, the filtered sample was treated with 12%
(w/v) NaOH under constant stirring for 12 h [18]. The
extracted cellulose pulps were washed with distilled
water several times to remove excess NaOH and dried
in an oven at 60 °C to constant weight.

Preparation of cellulose hydrogel

Cellulose hydrogel was prepared by adapting the pro-
cedure used by Chin et al. [18], Zhang et al. [19], Salleh
et al. [20] and Alam et al. [21]. NaOH/urea (NU) of
7:12% (w/v) solvent was prepared and precooled before
use. Cellulose fibers were dissolved in the NU solution
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Table 1 Composition of cellulose-based hydrogels
Composition Cellulose concentration  CMC

(% w/v) concentration

(% w/v)

@ 1.0 1.75
Q 20 1.75
a 30 1.75
c4 40 1.75
(@5 50 1.75
CMC2.0 30 2.0
cMC2.5 3.0 25
CMC3.0 30 3.0
CMC35 3.0 35
CMC4.0 30 4.0
CMC4.5 30 45
CMC5.0 30 5.0

and stirred for 1 h. Various concentrations of cel-
lulose fibers (wt%) and CMC (Table 1) were added to
the NU solvent to form a suspension. For example, to
prepare a C1 cellulose hydrogel, 1% (w/v) cellulose was
dissolved in the NU solvent for 1 h, and 1.75% (w/v)
CMC was then added. The suspension was mixed until
CMC was fully dissolved. After, 5 mL of 99% ECH was
added slowly into the mixture and stirred at 1800 rpm
at room temperature for 15-25 min until the mixture
turned into a highly viscous gel. The viscous gel was
then stored in a freezer at — 20 °C overnight to allow
crosslinking to form hydrogels [18]. Thereafter, the
hydrogel was obtained upon thawing at room tempera-
ture, immersed in excess distilled water, and thoroughly
washed to remove excess NaOH, urea and ECH. Finally,
the hydrogel was oven dried at 50-60 °C and kept for
further characterization.

Sample characterization

Dried cellulose hydrogel was characterized using Fou-
rier Transform Infrared (FTIR) Spectrometer (Thermo
Scientific Nicolet iS10) within the wavenumber ranging
from 400 to 500 cm™! using ATR technique. The sur-
face morphology of the sample was observed using Field
Emission Scanning Electron Microscope (FESEM) (JEOL
JSM-IT500HR) at a magnification of 1000x. The ther-
mal stability of the samples was analyzed using Differ-
ential Scanning Calorimetry (DSC) (Netzsch-Geratebau
GmbH-DSC 200 F3 Maia Thermal Analyzer) in tempera-
ture range from — 150 °C to 600 °C.

Swelling ratio
The swelling properties of cellulose hydrogels were
studied in distilled water at 26 °C. A pre-weighed, dried
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regular-shaped hydrogel sample was prepared and
immersed in distilled water under a controlled environ-
ment. The weights of the hydrogel were recorded until
the equilibrium was reached. The swelling ratio was cal-
culated according to the following equation [22]:

— Mf

Swelli tio = ————
welling ratio ME

x 100 (1)
where M and Mf are weights of swollen and dried sam-
ples, respectively.

The soil moisture properties

The soil moisture was determined using the digital soil
moisture meter (Extech Instruments-MO750). 200 g
sample of each type of soil was placed in the beaker and
dried in the oven at 60 °C to constant weight. After that,
the optimized cellulose hydrogel was buried in the dried
soils and the initial soil moisture content was recorded.
The moisture content of each soil was measured again
after 1 week to determine the moisture properties of cel-
lulose hydrogels in soils. Control treatment involving
soils without the optimized cellulose hydrogel was also
included.

Fabrication of urea-loaded cellulose hydrogel

The optimized cellulose hydrogel was selected based on
the porosity, swelling and soil moisture properties for the
fabrication of urea-loaded cellulose hydrogels as a con-
trolled-release fertilizer [11].

Urea-loaded cellulose hydrogel was fabricated by adapt-
ing the procedure used by Li et al. [23]. A pre-weighed
dried regular shape hydrogel sample was immersed into
2.5% (w/v) urea solution for 48 h and placed in a con-
trolled environment. The swollen urea-loaded hydro-
gels were dried to constant weight. The loading capacity
(mg/g) of fertilizers were calculated using the following
equation :
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at 20 °C. 2 mL of the solution was collected at intervals
1, 3,5,7,11, 14, 22, and 30 days or the time when cumu-
lative N release of the fertilizers reaches more than 80%.
Subsequently, 2 mL of fresh deionized water was added
to keep the total liquid volume at 100 mL. Control treat-
ment involving free urea was also conducted. The total
N-nutrient concentrations of the collected solution were
measured using the Hach method [25].

The dried, urea-loaded, cellulose hydrogel was placed
in non-woven plastic mesh bags and buried 5 cm beneath
the surface of the soil in a pot containing 200 g of dried
soil to investigate the release of urea from the hydrogel
in the soil. The soils were watered two times daily with
70 mL of water. Small soil samples (0.25-0.30 g) were
collected at 1, 3, 5, 7, 11, 14, 22, 30 and 42 days. Control
treatment involving untreated urea was also included.
The N-nutrient content in the soil was determined using
the Hach method [26]. Each treatment was performed in
triplicates. Three types of soils were used including top-
soil, wet clayey soil and sandy soil to observe the release
behavior of the cellulose hydrogel in different soils.

Release kinetics of cellulose hydrogels
The release behavior was analyzed using the follow-
ing Korsmeyer—Peppas equation [27]:

M Kot
m = Kkpt (3)
where Kyp, ¢, and # are diffusion constant, time and dif-
fusion exponent indicative of the release mechanism,
respectively. M,/M_, is the fraction of fertilizer released at
the time, . The nutrient release mechanism is classified
according to different values of n. The value of n<0.45
means that the fertilizer release mechanism corresponds
to a Fickian model, while 0.45<n<0.89 means that the
fertilizer release mechanism is a non-Fickian diffusion

Loading capacity <
g

mg\  (Totalamount of urea) — (Nonbound urea) (2)
B Weight of hydrogel

The total N-nutrient in the solution was measured
using the Hach method 8075 (Total Kjeldahl Nitro-
gen (TKN), Nessler Method (150 mg/1)) [23]. The Hach
method was conducted by adapting the procedure from
Hach et al. [24]

Release of urea in water and soils

Release of urea in water and soil was conducted by adapt-
ing procedure used by Li et al. [23] and Liu et al. [24]. To
evaluate nitrogen release, the urea-loaded, dried hydrogel
was immersed in distilled water (100 mL) and incubated

transport. For n>0.89, then the nutrient release obeys
the case II transport [27].

Statistical analysis

Significant differences of the mean were statistically
analysed with ANOVA, and the differences reported
throughout are significant at »p <0.05 or 0.01 using SAS
software package 9.2 (SAS Institute 2010). All diagrams
were drawn using GraphPad Prism 9 v9.4.1 software
(2022).
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Fig. 1 FTIR spectra of a cellulose fibers and b ECH-crosslinked cellulose hydrogel

Results and discussion

FTIR analysis

Figure 1 shows FTIR spectra of (a) cellulose fibres
and (b) an ECH-crosslinked cellulose hydrogel. The
wavenumber range of 3360 cm™! and 2900 cm ™! were
referred to -OH and C-H bond of polysaccharides
(Fig. 1a). The broad peak at 3335 cm™! was due to the
stretching vibration of the hydroxyl group in polysac-
charides which included intermolecular and intramo-
lecular hydrogen bonds vibration in cellulose. Figure 1b
shows the crosslinking reaction in the cellulose hydro-
gels in which the transmittance peak at 1060 cm™! was
attributed to the stretching vibration of C—O-C which
formed from the components of the reaction between
ECH and CMC [19]. In addition, the presence of the
carbonyl group (C=0) can be observed at 1720 cm™*
which confirmed the successful introduction of the
carbonyl group in the structures [19]. This result also
confirms the COOH groups in the CMC and hydrogels.
Meanwhile, a new peak at 1328 cm ™! in the crosslinked
hydrogel confirmed that crosslinking has occurred [19].
In conclusion, the expected product, a cellulose hydro-
gel, was well-prepared via chemical crosslinking.

— C3 hydrogel

o

Heat flow (mW)

T T T T T T 1
100 200 300
-20+ Temperature

-40-
Fig. 2 DCS curve of C3 cellulose hydrogel

Differential scanning calorimetry

The DSC curve of C3 cellulose hydrogel is shown in
Fig. 2. The DSC curve of C3 cellulose hydrogel shows
a high and broad endothermic peak due to the pres-
ence of both cellulose and CMC. The peak>290 °C
is ascribed to dehydration or decomposition of cel-
lulose. Meanwhile, CMC also gives a broad peak
(170 °C< T >260 °C), attributed to the lower thermal
stability of CMC [28, 29]. Furthermore, this endother-
mic peak is also attributed to breaking hydrogen bonds
[29], as the hydrogels are formed by intermolecular
hydrogen bonds due to the presence of -COOH in their
structure.
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(b)

(d)

Fig. 3 FESEM images of a cellulose fibres, and ECH-crosslinked cellulose hydrogels of varying cellulose concentrations and 1.75% (w/v) CMC: b C1,

cC2,d C3, e C4 and f C5 cellulose hydrogels. Magnification x 1000

Morphology and swelling behavior of cellulose hydrogel
The FESEM images of cellulose fibers and cellulose
hydrogels are shown in Fig. 3. The cellulose fibers (Fig. 3a)
appeared as long fibers with randomly flat shapes. The
microstructure of the successfully synthesized cellulose
hydrogels at different % w/v of cellulose was observed
and compared in Fig. 3b—f.

The cellulose hydrogels of different compositions were
further characterized for their swelling behaviors (Fig. 4a,
b). C3 cellulose hydrogel consisting of 3% (w/v) cellu-
lose and 1.75% (w/v) CMC showed the highest swelling
percentage of 2055% among all formulations (Fig. 4a).

The high swelling percentage of C3 cellulose hydrogel
could be attributed to the highly porous microstruc-
ture with multiple channels and interconnected capil-
laries (Fig. 3d), thus facilitating the diffusion of water
molecules into the cellulose hydrogel network [30, 31].
In the freeze—thaw preparative step, phase separation
in the polymer solution occurred, allowing the forma-
tion of porous C3 assembly [32, 33]. For C4 and C5 cel-
lulose hydrogels, reduced swelling ratios were observed,
suggesting that higher cellulose content in the hydro-
gels promotes polymer chain entanglement via intra
and inter-molecular hydrogen bonds [33]. Low swelling
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percentages in distilled water were also observed in C1
and C2 hydrogels, due to the weaker hydrogels formed
from lower cellulose concentrations, in which irregu-
lar granular surfaces and rod-like morphology were
observed in their FESEM micrographs (Fig. 3b, c).

Figure 4b shows the maximum swelling percentage
of cellulose hydrogels synthesized at different concen-
trations of CMC. In general, the swelling percentage
increases with the CMC concentrations on account of
its polyelectrolyte properties [34]. The hydrogel swelling
could also be influenced by the presence of ions in the
system. Due to the increasing amount of Na* ions at high
concentrations of CMC (CMC4.5 and CMC5.0, Fig. 4b),
no substantial changes in their water absorption were
observed [35].

Herein, the swelling behavior in our cellulose hydro-
gels could be described using the Flory—Rehner theory,
in which the equilibrium volume of the cellulose hydrogel
networks is affected by the balance between the osmotic
pressure and the elastic restorative force [36].

Effects of cellulose hydrogel on soil moisture

The soil moisture of three types of soils is presented in
Fig. 5. The addition of the C3 cellulose hydrogel in the
dried soils showed a substantial increase in the mois-
ture content and retained the moisture for 7 days before
the hydrogel dried up. The highest soil moisture was
recorded in the topsoil up to 36.5% after 7 days, followed
by wet clayey soil (30.1%) and sandy soil (23.4%). Topsoil
showed 26.62% increased with C3 cellulose hydrogel than
that of without C3 cellulose hydrogel, while wet clayey
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soil and sandy soil showed 22.13% and 23.6% percentage
increase. Compared to the topsoil, the lower moisture
content in the wet clayey soil was most likely attributed
to the slow infiltration of water from cellulose hydrogel
through the compact soil profile of clayey soil with small
particle size. It is expected that the lowest soil moisture
content was observed in the sandy soil at 23.4% in pres-
ence of the C3 hydrogel. Typically, the moisture of sandy
soil ranges between 3 and 10% from the driest condition
to the wettest condition [37]. These findings indicate that
the presence of C3 cellulose hydrogel enhances the mois-
ture content in soils and reduces water transpiration.
Application of C3 cellulose hydrogel in soil potentially
reduces farming irrigation frequencies, and enhanced the
survival of plants during drought seasons and thus crop
yield.

Loading and release profiles of urea in water and soils
Based on the analysis reported in this work as included
in the previous section, optimal formulation to prepare
cellulose hydrogel was observed in C3 composition.
Therefore, C3 composition was further selected for the
fabrication of urea-loaded cellulose hydrogels.

The urea loading capacity of C3 cellulose hydrogel is
shown in Fig. 6a. The urea loading for C3 cellulose hydro-
gel was rapid and equilibrium was achieved within 48 h.
The maximum loading capacity of urea (N-nutrient con-
tent) of C3 cellulose hydrogel was 0.51 g/g. Rapid encap-
sulation of urea by C3 cellulose hydrogel was due to the
high initial concentration gradient of urea in the water
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and the facile diffusion of urea into the porous structures
of C3 cellulose hydrogel [38].

Urea release profiles of C3 cellulose hydrogel in water
and soils are shown in Fig. 6b, c, respectively. In control
studies, 98.7% free urea was released in water within
1 day (Fig. 6b). In contrast, more controlled and slower
release of urea from C3 cellulose hydrogel in water was
observed, with only 50.77%, 71.26% and 80.46% release
after 1 day, 1 week and 1 month, respectively. “Burst
release” was observed at the initial stage of the studies
(within 1 h) for all types of fertilizer due to the high ini-
tial concentration gradient of loaded urea in the cellulose
hydrogels and the release of urea near the surface [39].

The controlled-release behaviors of free urea and C3
cellulose hydrogel in different soils were further investi-
gated to evaluate the potential application of C3 cellulose
hydrogel for precision agriculture (Fig. 6¢). While more
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Table 2 Parameters of diffusion Korsmeyer and Peppas model
for urea release from C3 cellulose hydrogels in water and soil

Kinetic Parameter Water Topsoil Wetclayey Sandy soil
model Soil
Korsmeyer— R? 09565 09734 0.9935 0.9575
Peppas n 0.1452 0.1284 0.1245 02574

Kip 1.7103 1653 1.6727 1.3608

than 95% free urea (control) was released in topsoil, wet
clayey soil and sandy soil within 1 week, the urea release
by C3 cellulose hydrogels in those soil samples was sig-
nificantly reduced to below 60% after 7 days. For the wet
clayey soils, the N-nutrient content released was 42.14%
(1 day), 56.32% (1 week) and 73.37% (1 month), which
were the lowest % release among all the types of soil
added with C3 cellulose hydrogels. Meanwhile, in topsoil,
the N-nutrient release in C3 cellulose hydrogels released
47.70%, 56.34% and 74.71% within 1 day, 1 week and
1 month, respectively. A similar urea release trend was
demonstrated by C3 cellulose hydrogels in sandy soils,
with 45.98%, 55.17% and 71.84% urea release in the soils
at 1 day, 1 week and 1 month, respectively.

The possible N-nutrient release mechanism of C3 cel-
lulose hydrogels involves a combination of absorption,
dissolution and diffusion [39]. High urea release (>70%)
from C3 cellulose hydrogels within 1 month might be
attributed to the excellent hydrophilic properties of the
extracted cellulose from blended wastepaper and CMC
polyelectrolyte, facilitating water absorption of the
hydrogel networks from the soils, causing the hydrogels
to swell. The dynamic exchange of free water is expected
between the cellulose hydrogels and the urea solution [8,
10]. This gradually enhances the urea dissolution within
the hydrogels and speeds up the diffusion of urea from
the porous hydrogels to the surroundings. Differences
in the osmotic pressure between the cellulose hydrogels
and their surroundings are the main driving forces of the
N-nutrient release of C3 cellulose hydrogels. Based on
our preliminary findings, the release profiles of urea from
C3 cellulose hydrogels in water and various soil condi-
tions (< 80%) within 30 days show promising compliance
with the standards of slow-release fertilizers of the Com-
mittee of European Normalization (CEN) [10, 40].

Kinetics studies of urea release

The kinetic model proposed by Korsmeyer—Peppas was
applied to analyze the urea release behavior of C3 cel-
lulose hydrogels in both water and soils [30, 38]. The
kinetics release parameters in water and soils were cal-
culated based on Eq. 3 (Table 2) and plotted in Fig. 7a, b,
respectively.
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It can be deduced from Table 2 that the Fickian dif-
fusion model is the most suitable to describe the con-
trol-release mechanism of fertilizer in water and soils
(R?>0.85 and n<0.45). This indicates that the ferti-
lizer release of C3 cellulose hydrogels was driven by
diffusion through their pores and channels which was
influenced by the concentration gradient and degree of
swelling of the hydrogels [34, 41, 42].

Conclusion

Cellulose hydrogels were successfully prepared from
varying ratios of cellulose fibers derived from paper
wastes, CMC and ECH, using inexpensive and bio-
degradable materials. FTIR result confirmed that an
ECH-crosslinked cellulose hydrogel was performed
successfully. Cellulose hydrogels based on C3 compo-
sition exhibited porous networks with a high swell-
ing ability as well as enhanced soil moisture retention
soils, promising its utilization in sandy soils, as well as
arid and semi-arid land. C3 cellulose hydrogel showed
favorable performance as a controlled-release fertilizer
based on its high loading capacity of urea as the model
fertilizer and controlled release behavior in different
types of soil. Moreover, the fertilizer release kinetic
studies revealed that C3 cellulose hydrogel corresponds
to the Korsmeyer—Peppas kinetic model in both water
and soil media. Our findings suggested the high poten-
tial of C3 cellulose hydrogel possesses high potential as
an eco-friendly and cost-effective slow-release fertilizer
improve the utilization efficiency of fertilizer and water
conservation in agricultural applications.
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