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Abstract

Iron (Fe) is a vital micronutrient essential for crop growth and development. Utilisation of bio-based, environmentally friendly
functional polymers is inevitable for society. As an alternative to the conventional Fe fertiliser, the present study aimed to syn-
thesise a higher Fe percentage containing hydrogel with organic substances that can facilitate the slow release of nutrients,
reduce fertiliser nutrient fixation, and minimise environmental pollution. The reaction variables were optimised for the prepara-
tion of superabsorbent using sugarcane bagasse and nano-zeolite-based slow-release Fe fertiliser (SR Fe) hydrogel. This was
formulated by graft, co-polymerising acrylic acid, acrylamide, sugarcane bagasse, and nano-zeolite with N,N'-methylene bis-
acrylamide as a crosslinker and ammonium persulfate as an initiator. Based on the swelling percentage, the reaction variables
of the SR Fe fertiliser were standardised. The crosslinker (MBA - 10 wt%), the initiator (APS - 10 wt%), the filler (Nano-zeolite -
10 wt%), the monomer acrylamide composition (AAm - 2g), the acrylic acid content (AA - 7 ml), the reaction temperature (60°C),
and the drying temperature (40°C) were chosen based on desirable swelling percentage and loaded with Fe fertiliser. The Fe
fertiliser was loaded to sugarcane bagasse in different ratios (1:0.5, 1:1, 1:1.5, 1:2). The present study showed that the SR Fe
fertiliser with the highest percentage of Fe (6.4%) in the ratio of sugarcane bagasse to Fe fertiliser of 1:2 could be used as an
effective SR Fe fertiliser to supply nutrients slowly to crops to meet their nutrient needs and improve nutrient use efficiency.
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INTRODUCTION soluble fertilisers. SRF formulations minimise fertiliser

dose, losses, and environmental damage. Superabsor-
Slow-release fertiliser (SRF) formulations were created bent hydrogels (SHs) have become popular for encap-
to address environmental issues posed by water- sulating or holding soluble nutrients in SRF formula-
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tions (Anas et al., 2020). SHs are made of a three-
dimensional crosslinked polymeric network that absorbs
and retains a significant amount of aqueous or biologi-
cal fluids (Firmanda et al., 2022). For high-quality, high-
yield crops, the soil must have enough iron (Fe) micro-
nutrients in addition to main nutrients like nitrogen (N),
phosphorous (P), and potassium (K). However, the low
solubility of Fe in calcareous soils lowers its availability
for plants. Thus, these plants have iron-deficient chloro-
sis due to poor Fe uptake and utilisation (Arif et al.,
2022). Due to this nutritional problem, plants release
natural organic compounds into the rhizosphere to com-
plex and absorb Fe from the soil. Due to the high Fe
deficiency, this technique may not give enough Fe for
plants in calcareous soils. Applying soluble ferric ion
fertilisers to the soil or directly onto the plant foliage is
recommended to prevent or manage iron-deficient chlo-
rosis. Due to their high-water solubility, irrigation and
rains can leach these Fe fertilisers from soil strata. Fe
fertilisers must be applied often to the soil to provide an
effective concentration of Fe ions at the root zone. Rou-
tine Fe fertiliser supply increases fertiliser use, which
wastes fertiliser, uses more energy, and raises expens-
es (Kalyan et al., 2021). A novel slow-release Fe fertilis-
er formulation based on SHs can improve plant iron
nutrition, reduce fertiliser loss, and reduce groundwater
contamination. Synthetic acrylate monomers make up
most SHs, but their high production cost and environ-
mental effect have limited their use. Because of their
particular commercial and environmental benefits, mul-
ticomponent SHs made of acrylate monomers and poly-
saccharides that are naturally occurring are of tremen-
dous interest (Thivya et al., 2022). Chitosan, alginate,
starch, and gelatin have been employed to synthesise
multicomponent SHs. However, sugarcane bagasse
(SB), an agro-industrial byproduct of sugarcane, has
been inadequately studied as a cheap and abundant
starch source for SH synthesis. SB in SH synthesis
increases biodegradability and decreases acrylate-
based monomer content (Shariatinia, 2020). SHs can
supply agrochemicals, but their high production cost
limits their application. Filling SH mixtures with low-cost
clay minerals can fix this. Many SRF formulations have
been produced, but few have been employed to prevent
Fe deficiency-related nutritional problems. The leaching
of Fe fertilisers is another key issue that has received
less attention. These challenges led us to formulate a
novel multinutrient fertiliser by integrating a soluble Fe
fertiliser into an SB-based superabsorbent nanocompo-
site. SB to synthesise SH is a great idea that lowers
manufacturing costs and opens new avenues for agro-
industrial byproducts (Kumar, 2022). Nano-zeolite's
strong hydrophilicity increases the superabsorbent
nanocomposite's swelling capacity. Nano-zeolite can
also control nutrient release in multinutrient fertiliser
formulations (Pimsen et al., 2021). Slow-release fertilis-

er hydrogel performance depends on optimising reac-
tion factors. Thus, the present study aimed to explore
best reaction variables affecting hydrogel swelling ca-
pacity to prepare superabsorbent slow release Fe ferti-
liser hydrogel.

MATERIALS AND METHODS

Materials

Sugarcane bagasse (SB) was utilised without further
purification after being obtained from an agricultural-
based enterprise (EID Parry). The chemicals acrylic
acid (AA), acrylamide (AAm), N,N'-methylene bisacryla-
mide (MBA), ammonium persulfate (APS), ferrous sul-
phate, and ethanol were purchased from the Merck
company. Sigma Aldrich supplied the zeolite. Other
agents utilised in this study were of an Analytical grade,
and Milli-Q® distilled water was used for preparing all
solutions.

Methods

Preparation of SB/ Nano-zeolite superabsorbent
nanocomposite Fe fertiliser

A suitable amount of ground sugarcane bagasse (19g),
an abundantly available agro-industrial byproduct
(particle size range = 40—-80 mesh) was dissolved in 50
mL of Milli-Q® water, followed by adding nano-zeolite
while stirring continuously. The resultant suspension
was then sonicated with a probe sonicator at 50 W for 5
minutes with 10 seconds on and off cycle, maintaining
the temperature at about 32°C and 35% amplitude.
Then, it was transferred to a 1000 mL flat-bottom three-
neck flask fitted with a reflux condenser, magnetic stir-
rer with hot plate, a thermometer, and a nitrogen line.
After heating the solution to the desired temperature
(40°C to 90°C the most desirable temperature with
maximum swelling was selected for synthesis)) gradu-
ally and purging it with nitrogen to eliminate dissolved
oxygen and maintain anaerobic condition, a predeter-
mined amount of APS was added to form starch macro-
radicals. A solution with varying quantities of 70% neu-
tralised AA, MBA, and AAm was added to the reaction
mixture 10 minutes later. The quantities of inputs and
desired temperature leading to high swelling ratio were
selected and used for loading Fe fertiliser. FeSO, was
added in different ratios with respect to sugarcane ba-
gasse after the addition of APS. Throughout the reac-
tion time (approx. 45 min), the desired temperature
(varying from 40°C to 90°C) was maintained for the
polymerisation process to be completed. The ensuing
hydrogel was subsequently cut into small pieces, treat-
ed using ethanol to eliminate unreacted species and
then dried in a vacuum oven to a constant weight at the
desired temperature. Using an atomic absorption spec-
trophotometer (AAS), the iron content of a synthetic
nanocomposite iron fertiliser was measured, and the
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percentage of iron in the resulting product was estimat-
ed. The schematic representation for the synthesis of
SB/Nano-zeolite superabsorbent nanocomposite Fe
fertiliser hydrogel is depicted in Fig. 1.

Standardisation of reaction variables based on the
swelling percentage

Effect of reaction variables on the swelling percent-
age

The quantity of sugarcane bagasse (1 g), nano-zeolite
(10 wt%), AA (2 g), APS (10 wt%), and Acrylic acid (7
mL) was unaltered, while the quantity of crosslinker
was adjusted from 0.25% wt to 30% wt to investigate
the effect of crosslinker on swelling. Similarly, the
amount of the initiator was changed from 1 weight per
cent to 30 weight percent while keeping all other pa-
rameters constant. Similarly, to investigate the effect of
the filler, the amount was altered from 1% wt to 30%
wt, while no other parameters were changed. All other
variables were held constant while varying the amount
of acrylamide from 0.5 to 3.5 g to observe its impact on
swelling. Again, while holding all other variables con-
stant, the amount of acrylic acid was changed from 1
ml to 10 ml to observe its impact on swelling. The tem-
perature was varied from 40°C to 90°C without chang-
ing any other parameters to evaluate the reaction tem-
perature's impact on swelling. Parallel to this, the tem-
perature was changed from 40°C to 70°C without
changing any other parameters to study the drying tem-
perature's impact on swelling.

Swelling Percentage Calculation of Hydrogels:

Swelling behaviour of SB/Nano-zeolite derived super
absorbent polymer was examined by soaking a prede-
termined amount (0.1g) of hydrogels in deionised water
at the ambient temperature to attain the equilibrium
condition. The swelled gels were taken out and their
exteriors were lightly padded with blotting paper to
eliminate extra water on top of the gels, and the mass
of the gel was recorded. When there was no variation

@ - Condenser

@ - Thermometer

@ - Reactor flask

- Magnetic bead

B - Hectric heating and magnetic stirring
@ - Magnetic stirrer

@ - Cooling water

® - Cooling water outlet

Fig. 1. Schematic representation for the synthesis of slow
release nanocomposite iron fertiliser

in the mass of swollen hydrogels, hydrogels reached
their equilibrium condition. The swelling percentage of
hydrogels was calculated with the following formula:
w2-wi
w1

Swelling percentage (%) = x 100 Eq. 1

W, is the weight of dry hydrogel and W, is the weight of
swollen hydrogel.

Procedure for the estimation of Fe in SR Fe fertilis-
er hydrogel

To determine the micronutrient Fe content, 2 g of ferti-
liser sample was transferred to silica basin. The con-
tents were ignited over rose head flame gently during
the initial stage and strongly using muffle furnace in
later stages to convert the sample to ash. Ignited ash
from silica basin was transferred to a 250 ml conical
flask with a jet of water and with 5 ml of concentrated
H,SO,4, The conical flask was covered with funnel after
adding 20 ml of concentrated HCI and subjected to
digestion. After digestion, the content in the flask was
diluted with water, and the insoluble matter was al-
lowed to settle and filtered through Whatman No. 1
filter paper with hot water. The filtrate washing was
collected in a 500 ml volumetric flask and the volume
was made upto 500 ml with distilled water. The micro-
nutrient Fe content in the sample solution was estimat-
ed using an Atomic Absorption Spectrophotometer
(Model: Varian SpectrAA 220) (Lindsay and Norvell,
1978).

Calculation:
Fe content (ppm) = Concentration (A) X (Volume of
extract made up (ml)/ Wt. of sample taken for analysis

(9) Eq. 2

Estimation of encapsulation efficiency

Loading efficiency (%) = Product yield obtained
during synthesis (g)/ Fe added through fertiliser (g) X
100 Eq. 3

Incubation experiment to optimise the effect of dif-
ferent ratios of sugarcane bagasse and Fe fertiliser
on nutrient release

An incubation experiment was conducted to optimise
the effect of different sugarcane bagasse and Fe ferti-
liser ratios on nutrient release. Hundred grams of pro-
cessed soil sample was weighed into polythene con-
tainers and mixed with the calculated quantities of SR
Fe fertilisers with different ratios per treatment. The
batch experiments were conducted in Completely Ran-
domised Block Design (CRD) with three replicates. The
soil was incubated for 60 days. The soil was main-
tained at field capacity throughout the incubation period
by regular moisture adjustments. Destructive sampling
was carried out at 7, 15, 30, 45 and 60 days after incu-
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bation. The treatment schedule included six treatments:
T1(No Fe), T, (Fe as FeSQ,), T3 (SR Fe fertiliser 1:0.5),
T4 (SR Fe fertiliser 1:1), Ts (SR Fe fertiliser 1:1.5), and
Tes (SR Fe fertiliser 1:2). The DTPA extractable Fe pre-
sent in soil samples were estimated using the standard
protocol outlined by Lindsay and Norvell (1978).

RESULTS AND DISCUSSION

Effect of crosslinker on the swelling percentage
The amount of crosslinker significantly impacts the hy-
drogel's distinguishing characteristics. By joining the
various polymer chains to create pores inside the poly-
mer matrix, the crosslinker creates a 3D network. The
mechanical characteristics of the gel are impacted by
the crosslinker concentration, which in turn impacts
how well they can swell (Gao et al., 2021). Fig. 2a illus-
trates how crosslinkers affect the SAH's ability to ab-
sorb. The swelling percentage climbed from 265% at
0.25 wt % to 516% at 10 wt % and subsequently de-
clined to 470 %, as indicated when the amount of MBA
increased from 0.25 to 30 wt %. With a crosslinker con-
centration of 10 weight percent, the hydrogel was de-
termined to have the greatest swelling capacity. The
swelling ability was reduced after the crosslinker con-
centration was increased from 10 weight percent to 30
weight percent. This might be because the crosslinking
density rises with the crosslinker's concentration, re-
ducing the hydrogel's capacity to swell (Sarmah and
Karak, 2020). The distance between the crosslinked
points also reduces with an increase in crosslinking
density, making the hydrogel harder and more com-
pact. Consequently, the ability of the hydrogel to swell
is diminished because the pores between the cross-
linked sites cannot be significantly enlarged (El Idrissi
et al., 2022). As a result, the area available for water
adsorption in pores reduces. The crosslinker can not
connect individual polymer sites in lower concentrations
to create a stable gel (Qamruzzaman et al., 2022).

Effect of initiator on the swelling percentage

By thermally converting free starch macroradicals, the
initiator starts the polymerisation of monomer mole-
cules. The initiator's concentration strongly influences
the hydrogel's swelling (Tanan et al., 2019). It was dis-
covered that when the initiator concentration was
raised, the swelling capacity was enhanced initially
(from 1 to 10 wt%) until it reached 513%, and then it
decreased to 397% when the APS concentration was
increased to 30 wt%. The maximal SAH swelling oc-
curred at an APS level of 10 wt%, which was regarded
as the ideal initiator concentration (Fig. 2b). This was
also the lowest concentration of the initiator, below
which the hydrogel-forming effects of the polymerisa-
tion reaction were ineffective. This might result from a

lack of free radical formation required for the polymeri-
sation process to produce active monomer radicals
(Olad et al., 2020). Again, the hydrogel's ability to swell
was diminished at initiator concentrations higher than
this (10 wt%). This could be due to the production of
several free starch macroradicals, which produce nu-
merous active monomer radicals, and the outcomes of
numerous tiny polymers (Tanan et al., 2021).

Effect of filler (Nanozeolite) concentration on

the swelling percentage

Fig. 2c demonstrates that the absorbency increased to
510 g/g and then dropped as the nano-zeolite content
raised from 1 to 30 wt%. This could be because the
surface of nanozeolite contains a lot of active OH
groups. Nano-zeolite may have exfoliated and scattered
during the copolymerisation process, increasing the
surface area of the superabsorbent hydrogel and, as a
result, the water absorption capacity (Betriani et al.,
2023). However, when the amount of nano-zeolite in-
creased, the capacity for storing water in the network
was reduced because the more nano-zeolite crosslink-
ing agent reduced the network's available space
(Chaisena et al., 2020).

Effect of acrylic acid content on the swelling
percentage

Hydrogels with various monomeric concentrations were
created to study the impact of monomeric composition
on swelling. Fig. 2d depicts the hydrogel's dynamic
swelling % at various acrylic acid concentrations. The 7
ml acrylic acid solution had the highest swelling per-
centage of 512%. Since acrylic acid has a pKa value of
4.28, its chains are collapsed at pH values below 4,
which lowers the swelling ratio. Yet, as the pH rises
above 6 and 8, acrylic acid produces carboxylate ions
that repel one another, causing the swelling ratio to
steadily rise. According to findings, gel swelling in-
creased as acrylic acid content increased because
more carboxylic groups were available for ionisation
(Ghobashy et al., 2022). This led to electrostatic repul-
sion throughout the chain, which caused the initially
coiled molecules to expand. When the pH of the media
shifted from lower to higher, hydrogels swelled more
(Rop et al., 2019).

Effect of monomer (AAm) content on the swelling
percentage

Fig. 2e showed how the amount of Acrylamide (AAm)
affected the ability of SAH to absorb water. The maxi-
mum absorption capability was noted when the AA con-
tent was 2g. The hydrogel's capacity to swell was signif-
icantly reduced after the AA content was reduced from
2 to 0.5 g. This might be because there isn't enough AA
in the matrix to create the best crosslinked polymer
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chains. This could also be due to the reaction mixture's
lower total solid concentration (Daoud and Bennour,
2021). As a result, there is more initiator present,
which, as explained earlier, causes the molecular chain
length to shorten and lowers the swelling value. Yet,
the swelling capacity has risen with adding more AA
due to more hydrophilic COO groups on the AA chains
(Kumar et al., 2019). However, when the amount of AA
was large (2.5 g), the solid concentration in the reaction
mixture was equally high. The amount of chain coiling
and crosslinking grew along with increased monomer
concentration inside the reactor, resulting in a very high
degree of polymerisation and an extremely hard hydro-
gel. As the gel's strength grew, the pores between the
crosslinked sites expanded to a limited degree. As a
result, there was less space for water molecules
(Zhang et al., 2023).

Effect of drying temperature on the swelling per-
centage

The drying temperature is another crucial element in
creating superabsorbent hydrogels (Sharma et al,
2023). Fig. 2f illustrates how tthe drying temperature
affects the swelling behaviour of the superabsorbent
nanocomposite fertiliser hydrogels It demonstrates that
the swelling percentage of the hydrogels reduces as
the temperature rises, with the largest swelling percent-
age being observed when the hydrogel was dried to
achieve constant weight at a temperature of 40°C. The
decrease in swelling with increasing temperature may
be attributable to polysaccharide breakdown and ther-
mal crosslinking of polyacrylamide, which can occur at

9.00
8.00
7.00
6.00

5.00

DTPA-Fe

1.00

0.00

m 7 DAl wm15DAI

k] II
“II| |

Treatments

30DAI

high temperatures (Chen and Chen, 2019). At high
temperatures, the "main chain" of the polysaccharide is
anticipated to disintegrate. The disconnection causes
the polysaccharide molecular weight (MW) to drop,
which in turn causes the hydrogel's swelling to go
down. In addition, polyacrylamide thermal crosslinking
can lessen the swelling (Azeem et al., 2023).

Effect of reaction temperature on the swelling
percentage

The reactions were carried out at various temperatures,
spanning from 40 to 90 °C to investigate the impact of
temperature on the hydrogel's swelling percentage. The
swelling percentage of the hydrogels was enhanced by
raising the temperature to 60°C, as shown in Fig. 2g
and subsequently, it was decreased. Maximum swelling
percentage (515%) was attained at 60 °C. Increasing
the number of free radicals produced on the polymer
backbone and the likelihood of colliding with macroradi-
cals increases the swelling percentage (Sharma et al.,
2021). Yet, the increased radical chain termination at
higher temperatures may cause the swelling percent-
age to fall after 60 °C.

Preparation of SB/Nano-zeolite Superabsorbent
nanocomposite iron fertiliser

The most efficient superabsorbent hydrogel was pre-
pared with the appropriate reaction variables and
FeSO, fertiliser was loaded into the hydrogel. The load-
ing of FeSO, fertiliser was done at different ratios of
iron fertiliser and sugarcane bagasse. Sugarcane ba-
gasse (SB) and Fe fertiliser ratios of 1:0.5, 1:1, 1:1.5,

||II| ||II| IIII‘

Fig. 3 Effect of slow release nanocomposite iron fertiliser hydrogel on available Fe status of soils at different time

intervals
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Table 1. Synthesis of nanocomposite iron fertiliser with different ratios and the percentage of Fe, loading efficiency of the

synthesised nanocomposite iron fertiliser

Ratio of Sugarcane bagasse and Fe
fertiliser (Fertiliser source- FeSO,)

% Fe in fertiliser

% Fe in product derived Loading efficiency (%)

1:0.5 20
1:1 20
1:1.5 20
1.2 20

1.6 39
3.2 40
47 39
6.4 40

and 1:2 resulted in effective hydrogel formation; howev-
er, feeding the hydrogel with Fe fertiliser above these
ratios was undesirable. Using an atomic absorption
spectrophotometer (AAS), the iron content of a synthet-
ic nanocomposite iron fertiliser was measured, and the
percentage of iron in the resulting product is shown in
Table 1. The percentage of Fe in fertiliser product de-
rived from SB and Fe fertiliser ratio 1:2 was 6.4 %, and
the loading efficiency was 40%. As the highest percent-
age of Fe was found in SB and Fe fertiliser ratio 1:2,
this may be used as efficient slow-release iron fertiliser.

Effect of slow-release nanocomposite iron fertiliser
hydrogel on available Fe status of soils at different
time intervals

Slow-release nanocomposite iron fertiliser had an im-
pact on Fe release in soil (Fig. 3). The initial iron status
of the soil used for the incubation experiment was 5.48
mg kg'. The fertiliser release profile of pure FeSO,
compound, owing to its ease of dissolution in a soil so-
lution, exhibited a sharp increase in the fertiliser re-
lease rate on 7 DAl and then declined. From the results
of fertiliser release in soll, it can be inferred that nutri-
ents in the SR Fe fertilisers are liberated slower
throughout the incubation period than those in the pure
FeSO, compound. This might be attributed to the hy-
drogel's interlinked porous structure facilitating slow
nutrient release. These results were in tandem with the
results reported by Gharekhani et al. (2018), Olad et al.
(2016) and Rashidzadeh et al. (2014).

Conclusion

The SR Fe fertiliser was formulated successfully and
involved graft co-polymerisation of acrylic acid, acryla-
mide, sugarcane bagasse, and nano-zeolite with N,N'-
methylene bis-acrylamide as a crosslinker and ammo-
nium persulfate as an initiator. The SR Fe fertiliser's
reaction characteristics were optimised based on the
swelling percentage. The crosslinker (MBA - 10%), initi-
ator (APS - 10%), filler (Nano-zeolite - 10%), monomer
acrylamide composition (AAm - 2g), acrylic acid content
(AA - 7 ml), reaction temperature (60°C), and drying
temperature (40°C) were all chosen based on the de-
sired swelling percentage and loaded with Fe fertiliser.

Among different loading ratios of the Fe fertiliser tested
concerning sugarcane bagasse, SR Fe fertiliser with
the highest concentration of Fe (6.4%) in a 1:2 loading
ratio can be used as an efficient slow-release Fe ferti-
liser to meet crops' nutrient needs and increase nutrient
use efficiency,
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