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ABSTRACT

Sustainable crop production requires fertilizers that synchronize nutrient release with plant demand while
minimizing leaching. Here, we introduce a biochar—hydrogel smart slow/controlled-release fertilizers (S/CRFs)
engineered from rice husk biochar and Poly(vinyl alcohol)/borate/alginate (PVA/B/A) hydrogel. The prepared
S/CRFs were characterized in terms of their functional groups, pore structure, elemental composition, swelling
behaviour, water-retention capacity, nutrient-release performance, and biodegradability. Performance evaluation
revealed that increasing the impregnation time reduced biochar porosity and was accompanied by lower swelling
and water-retention capacities. Granules prepared with biochar impregnated for 48 h exhibited the slowest potassium
release, reaching 89.47% cumulative release after 42 days in soil. The release behaviour was best described by the
pseudo-second-order kinetic model. Biodegradability tests confirmed progressive disintegration within 70 days,
supporting their environmental compatibility. The combined use of KCl-impregnated biochar, a hydrogel matrix,
and a hydrogel coating created a triple-barrier release system: the biochar served as a porous nutrient-storage matrix,
whereas the hydrogel functioned both as an internal nutrient reservoir and as an external diffusion-controlling
coating. This strategy integrates pore confinement, diffusion control, and biodegradability, offering a scalable
strategy for developing smart fertilizers with the potential to improve nutrient-use efficiency while reducing nutrient
losses; thereby supporting the SDG-12.
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INTRODUCTION
The intensive application of conventional soluble fertilizers has long supported global agricultural
productivity, but their inefficiency is well recognised. Large fractions of applied nitrogen and phosphorus
are lost to leaching, volatilisation, and runoff, contributing to eutrophication, greenhouse gas emissions,
and diminished nutrient use efficiency (NUE).! These issues are directly linked to the achievement of the
United Nations Sustainable Development Goals (SDGs), particularly SDG-12 (Responsible Consumption
and Production), emphasising the need for more efficient and environmentally sustainable nutrient
management strategies. The development of slow/controlled-release fertilizers (S/CRFs) has therefore
become a critical research area to synchronise nutrient availability with plant uptake dynamics, reduce
nutrient losses, and enhance agronomic performance. These systems often employ coatings, carriers, or
hydrogel matrices to regulate nutrient release, while balancing cost, biodegradability, and scalability.'-?
Biochar has emerged as a multifunctional component in S/CRFs owing to its high porosity, surface area,
and functional groups that facilitate nutrient adsorption and gradual desorption. Rice husk-derived biochar
(RHB) is particularly attractive, given rice husk’s abundance, high silica content, and tuneable surface
chemistry. RHB-based fertilizers have been shown to reduce nitrogen leaching, improve phosphorus
retention, and provide sustained nutrient release.’>* RHB impregnated with nitrogen sources significantly
slowed nitrogen release while simultaneously immobilizing cadmium, highlighting its dual agronomic
and environmental benefits.? Field and pot trials confirm that RHB-coated urea improves soil fertility and
NUE more than uncoated fertilizers.> Hydrogels are another promising approach for nutrient delivery,
functioning as three-dimensional polymer networks capable of swelling in soil moisture and releasing
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entrapped fertilizers by diffusion or degradation. Natural polymers such as alginate and starch, as well as
synthetic polymers such as poly(vinyl alcohol) (PVA), have been extensively studied for their ability to
encapsulate urea and NPK fertilizers.®” PVA provides mechanical robustness, film-forming capability,
and reversible physical crosslinks, making it widely used in hydrogel-based S/CRFs.® Sodium alginate, in
particular, forms stable gels with divalent cations (e.g., Ca’"), enabling bead or matrix formation for
encapsulation.” Alginate plays an important role in hydrogel formation by acting as a crosslinking agent.
Some studies have demonstrated the capacity of PVA/alginate hydrogels to retard urea release
significantly compared to unencapsulated fertilizers.!®!! For instance, PVA-alginate-humic acid
hydrogels exhibited extended urea release and improved biodegradation characteristics, showing potential
as soil conditioners.!?

Borate ions form dynamic diol-borate complexes with PVA hydroxyl groups, yielding reversible,
physically crosslinked networks with tuneable swelling, mechanical strength, and self-healing capacity.'?
Under repeated dry—rewet cycles, sodium tetrahydroxyborate crosslinked poly(vinyl alcohol) and alginate
form a shape-stable hydrogel at pH higher than nine.'* Compared to glutaraldehyde crosslinking, borate
crosslinking is less toxic and more environmentally benign, aligning better with sustainable agricultural
applications.'? In addition, starch-based hydrogels crosslinked with borate effectively reduced the release
rate of urea from hours to several days.” These findings highlight the potential of combining PVA,
alginate, and borate crosslinkers to fine-tune hydrogel performance for S/CRFs. Integrating rice husk
biochar and PV A/borate/alginate hydrogels offers complementary benefits for S/CRFs design. Biochar’s
microporosity provides storage sites for nutrient ions and mitigates burst release, while the hydrogel
matrix further regulates diffusion through swelling and moisture-responsive behaviour. This synergy
enhances nutrient use efficiency and reduces environmental losses, while simultaneously improving soil
water retention and contributing trace elements such as silica. Moreover, both biochar and hydrogel
components are derived from relatively low-cost feedstocks and can be scaled with existing agricultural
and polymer technologies.

Although the potential of this hybrid system has been recognized, systematic investigations into the
interactions among biochar feedstock, pyrolysis temperature, surface modification, fertilizer loading
methods, and hydrogel formulation parameters (PVA/alginate ratio, borate concentration, and crosslink
density) remain scarce.'’ In particular, studies focusing on nutrient-release kinetics are still limited. This
study therefore develops a composite S/CRFs in which rice husk-derived biochar serves as a nutrient
carrier embedded within and/or coated by a PVA/borate/alginate hydrogel matrix. Physicochemical
characterisation, nutrient release modelling, and fertilizers performance evaluation are conducted to
establish design—function relationships and assess the potential of this hybrid system to enhance
controlled nutrient release, mitigate nutrient losses, and promote sustainable crop production.

EXPERIMENTAL
Materials and Methods
Poly(vinyl alcohol) (PVA, Mw 60,000 g/mol), sodium borate (Na>B4O7), sodium alginate, and potassium
chloride (KCl, Merck) were used as raw materials. Biochar was prepared by pyrolysing local rice husk in
a furnace (Uchida IMF 72, Japan). Deionised water was used throughout the study.

General Procedure

Preparation of Rice Husk-Derived Biochar

Rice husks were pyrolysed at 400 °C for 30 minutes to obtain biochar, which was ground (70 mesh),
washed, and dried at 50 °C. A portion of biochar was impregnated with saturated KCI solution under
stirring at room temperature for 24 h and 48 h. The impregnated samples were filtered, rinsed, and dried
at 50 °C. The resulting materials were designated BClys (biochar impregnated for 24 h) and BClas
(biochar impregnated for 48 h).

Preparation of S/CRFs Granule

Granules of S/CRFs were prepared by mixing untreated biochar (BC) or impregnated biochar (BClza,
BCls) with KCl powder, followed by the addition of the binder, namely poly(vinyl
alcohol)/borate/alginate (PVA/B/A) hydrogel solution. The mixture was granulated, dried at room
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temperature, and oven-dried at 50 °C, to produce BC-A-G, BCl24-A-G, and BClss-A-G. For coated
variants, the granules were immersed in (PVA/B/A) hydrogel solution and dried at 50 °C to produce BC-
A-G-E, BClx4-A-G-E, and BCl4-A-G-E.

Sorption Capacity of RHB

The sorption capacity of RHB was determined from the mass difference of the sample before and after
KCI impregnation. Subsequently, KCI desorption from the RHB into deionized water was monitored by
periodically measuring the electrical conductivity of the solution.

Swelling Ratio and Water Retention of S/CRFs Granule
The swelling ratio (SR) of coated granules was obtained by immersing dried samples (Wy) in deionized
water for 3 h and reweighing (W)), calculated using equation (1):
W,-Wg
(%SR) = x 100% (1)
Wy

Water retention (WR) was determined by periodic weighing during drying until a constant mass (W) was
reached, calculated using equation (2):

) _ (Wt_WOO)
%WR = G5

x 100% ()

Release Behaviour of KCI from S/CRFs Granule

In aqueous medium, granules were immersed in 500 mL deionized water under stirring (200 rpm).
Conductivity was recorded at 30 s intervals to monitor KCl release. In soil medium, granules were buried
in soil maintained at near-saturation by daily irrigation with 10 mL deionized water. Samples were
recovered at selected intervals (0, 0.5, 1, 7, 14, 28, 42 days), digested in aqua regia, and analysed for
residual K" by AAS.

Biodegradability of S/CRFs Granule
Biodegradability was assessed by incubating granules in soil under natural conditions. Structural
degradation was monitored periodically through visual inspection.

Characterization Techniques

Functional groups and vibrational modes of RHB were characterized using Fourier Transform Infrared
Spectroscopy (FT-IR) (Bruker Alpha II, Germany). The surface area and pore volume of the RHB were
determined using a Brunauer—Emmett—Teller (BET) surface area analyzer (Quantachrome Nova, USA).
The elemental composition of the RHB was determined using X-ray Fluorescence (XRF) Spectrometry
(S8 Tiger Bruker, USA). The conductivity of the solution was measured using a conductivity meter
(Mettler Toledo LE703, UK). The potassium content of the soil was determined using atomic absorption
spectroscopy (AAS) (Qualitest type WFX-130A, China).

RESULTS AND DISCUSSION
Physicochemical Characteristics of Rice Husk-Derived Biochar and S/CRFs Granules
Vibrational/Functional Group
The FTIR spectra of raw rice husk and its derived biochar (Fig.-1) demonstrate significant structural
transformations after pyrolysis at 400 °C. The broad absorption band at 3,314 cm’! in raw rice husk,
attributed to O—H stretching of hydroxyl groups in cellulose, hemicellulose, and lignin, nearly
disappeared in biochar. This decline indicates dehydration and thermal decomposition of hydroxyl-rich
functionalities during carbonisation, consistent with dehydration and decarboxylation pathways reported
in lignocellulosic pyrolysis.'®!” The C-H stretching band at 2920 cm!, representing aliphatic structures,
also diminished in biochar, confirming cleavage of alkyl chains and volatilization of low-molecular-
weight organics.'®!” Such structural losses are linked to the release of volatile organic compounds during
pyrolysis, which progressively converts biomass into a condensed aromatic network. The carbonyl
absorption at 1730 cm™! in raw rice husk, typically arising from ester and hemicellulose-derived carbonyls,
shifted to 1707 cm™! with reduced intensity in biochar. This indicates partial degradation of ester/aldehyde
groups, with remnants of more stable aromatic carbonyl species persisting.?%!

2278
RICE HUSK BIOCHAR-HYDROGEL COMPOSITE AS A SLOW/CONTROLLED-RELEASE FERTILIZERS Hendrawan et al.




RASAYAN J. Chem.
Vol. 19 | No. 4 | 2276-2287 | October-December | 2026

Transmitance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

Fig.-1: FT-IR Spectra of Rice Husk and Rice Husk-Derived Biochar (RHB)

In parallel, the C=C stretching band shifted from 1637 cm to 1596 cm™ and became more intense,
suggesting progressive aromatization and the development of conjugated aromatic structures.?” In the
fingerprint region, the vibrational band at 1024 cm™! (Si-O-Si/C-O) shifted to 1067 cm™ with increased
intensity in biochar, highlighting the enrichment of silica—a dominant constituent of rice husk ash.?*>+2
The enhanced band at ~788 ¢cm™! is associated with aromatic C—H out-of-plane deformation and/or Si-O
vibrations, further supporting silica enrichment and the development of planar aromatic carbon
structures.?®?” The weak absorption features below 600 cm™! are attributed to inorganic minerals and
residual salts, consistent with earlier reports on rice husk biochar.?®? The FTIR analysis reveals the
progressive transformation of rice husk biomass into a more aromatized and silica-rich carbon material
through pyrolysis. The observed elimination of hydroxyl, aliphatic, and labile carbonyl groups, together
with the enrichment of conjugated aromatic and silicate structures, demonstrates the enhanced
recalcitrance and physicochemical stability of biochar. Such properties make rice husk biochar a
promising matrix for use in slow/controlled-release fertilizers (S/CRFs) formulations, where structural
integrity and nutrient-binding capacity are essential.!’

Surface Area and Pore Volume of Rice Husk-Derived Biochar

BET analysis of rice husk biochar prepared at 400 °C (30 min, heating rate 20 °C/min) revealed a specific
surface area of 126.21 m?/g, an average pore diameter of 0.966 nm, and a pore volume of 0.197 cm?/g.
The relatively large surface area suggests that this biochar can act as an effective internal reservoir for
fertilizers solutions, enhancing sorption and retention of nutrients.3*32 The pore volume of 0.197 cm?/g
further supports this function, reflecting sufficient internal storage capacity for KCl solution. Nutrient
release from such porous networks is expected to occur through pore diffusion and capillary-driven
transport, resulting in gradual desorption rather than rapid leaching. The combination of high surface area
and pore volume therefore strengthens the role of biochar as an internal component of slow/controlled-
release fertilizers (S/CRFs). Increased contact area enhances impregnation efficiency and physical
interactions (e.g., van der Waals forces, hydrogen bonding), while the porous reservoir helps delay
nutrient release relative to low-porosity carriers.*

Elemental Composition of Rice Husk-Derived Biochar
XRF analysis of rice husk-derived biochar (prior to washing) revealed the presence of both macro- and
micronutrients relevant to agronomic applications (Table-1). Potassium was detected at a relatively high
concentration (6,368 ppm), indicating that rice husk biochar itself can act as a natural K source for
plants.3*

Table-1: Elemental Composition of Rice Husk-Derived Biochar (RHB)

Element | Concentration (ppm) | Element | Concentration (ppm)
Mo 12.34 Fe 406.23
Zr 9.34 Mn 299.52
Sr 8.73 Cr 34.23
Rb 45.65 Ca 1203.00
Zn 55.30 K 6,368.19
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Micronutrients such as Fe (406 ppm), Mn (300 ppm), Zn (55 ppm), and Mo (12 ppm) were also detected,
each of which plays crucial roles in plant physiology. Fe and Mn are essential for photosynthesis and
electron transport, Zn contributes to enzyme activity and auxin metabolism, while Mo is a cofactor in
nitrogen assimilation processes.’>¢ The XRF profile confirms that rice husk biochar is enriched with
beneficial macro- and micronutrients while free of toxic elements at concerning levels. This elemental
composition not only ensures its safety for agricultural use but also enhances its value as both a nutrient
carrier and a supplementary fertilizers component.

Physical characteristics of S/CRFs Granules

Uncoated S/CRFs granules prepared from biochar exhibited a compact, solid morphology, black
coloration, and slightly rough surface texture, with an average mass of 0.551 g (SD = 0.0026) and density
of 0.781 g/cm? (SD = 0.0026) (Fig.-2a). These physical characteristics indicate a stable granular structure
suitable for handling and further modification. To enhance nutrient release control, hydrogel coating was
applied to the granules. The coated S/CRFs granules displayed a smoother surface with a thin whitish
layer covering the biochar matrix (Fig.-2b), consistent with successful hydrogel encapsulation. The coated
granules showed a slightly higher average mass (0.654 g, SD = 0.0044) and density (0.798 g/cm?, SD =
0.0011), suggesting that the hydrogel layer contributed additional bulk while maintaining structural
compactness.

Without coating With coating

Fig.-2: Granule of S/CRFs: (a) without Coating, (b) with Coating

Three types of coated granules were prepared: (i) hydrogel-coated biochar without KCl impregnation
(BC-A-G-E), (ii) hydrogel-coated biochar impregnated for 24 h (BClxs-A-G-E), and (iii) hydrogel-coated
biochar impregnated for 48 h (BClss-A-G-E). The successful formation of stable, compact, and coated
S/CRFs granules is significant, as it ensures that the system integrates desorption properties of biochar,
diffusion in the reservoir (bulk) and the diffusion-barrier function of hydrogel coating. This triple
mechanism mimics the two barriers system C/RF, widely recognized as an effective strategy to extend
nutrient release duration while minimizing leaching losses.?’*® Thus, the combination of KCI-
impregnated biochar with hydrogel encapsulation and coating provides a promising S/CRFs system,
capable of delivering nutrients in a controlled manner through internal pore storage, reservoir, and
external coating diffusion resistance.

Performance of Biochar and S/CRFs Granules

Sorption and Desorption of KCI on Biochar

The impregnation of rice husk biochar with saturated KCI solution was conducted at two contact times
(24 and 48 h) to evaluate its nutrient sorption capacity. The results, (Table-2), show that increasing the
impregnation time significantly enhanced the amount of KCl retained in the biochar, from 0.268 g (24 h)
to 0.401 g (48 h). This indicates that prolonged contact allows greater diffusion of K* and CI- ions into the
biochar pore network, driven by a strong concentration gradient between the saturated solution and the
internal micro/mesopores. Nutrient sorption in biochar is controlled by multiple mechanisms, including
ion exchange, electrostatic attraction, surface complexation, physical adsorption, and pore filling.**" In
the case of KCI, the process is dominated by capillary-driven pore filling and electrostatic interactions
between K* ions and surface functional groups, supported by the relatively high surface area and pore
volume of the rice husk biochar.
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Table-2: Impregnation of Rice Husk-Derived Biochar (RHB) with KCl

Time of Impregnation (h) Volume of saturated KCl | Mass of KCl inside
Samples Code Mass of BC
P © (mL) BC ()
BClx4 24 5 50.0 0.2680
BCls 48 5 50.0 0.4014

These findings suggest that biochar can act as a nutrient reservoir, storing fertilizers salts in its porous
matrix. To confirm the storage and release capacity of the impregnated biochar, desorption tests were
performed in deionized water, with conductivity measured as an indirect indicator of KCl release (Fig.-3).
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Fig.-3: Desorption of KCI from Rice Husk-Derived Biochar (RHB) into Deionized Water

Both impregnated samples released ions into the medium, as evidenced by a gradual increase in solution
conductivity over time. Interestingly, BClo4 exhibited a higher conductivity increase compared to BClas,
suggesting that a larger fraction of the absorbed ions was readily released from the 24 h impregnated
biochar. By contrast, ions sorbed during 48 h impregnation penetrated deeper into the biochar pore
structure, leading to stronger retention and slower release. The release mechanism can be explained as a
three-step process: (i) water infiltration into biochar pores, (ii) dissolution of impregnated KCl, and (iii)
diffusion of K* and CI- ions into the external medium. This desorption process reflects the controlled
nutrient release function of biochar, in which nutrient availability is gradually modulated by water access
and pore diffusion resistance. These results confirm that rice husk biochar can serve as an efficient
sorbent—reservoir system for KCl, with tuneable release dynamics depending on impregnation conditions.

Swelling Ratio (SR) of S/CRFs Granules

The swelling ratio (SR) of BC-A-G-E, BClxs-A-G-E, and BClsks-A-G-E is 219.30%, 216.21%, and
208.31% respectively. These SR values followed the order BC-A-G-E > BClxu-A-G-E > BCls-A-G-E,
indicating that non-impregnated biochar facilitated the highest swelling capacity, while prolonged KCl
impregnation (48 h) resulted in the lowest values. This trend can be attributed to the pore accessibility of
the biochar within the granule matrix. In the non-impregnated state, biochar retained open mesopores and
micropores that allowed maximum water infiltration and hydrogel expansion. Conversely, partial or full
impregnation of biochar with KCl progressively filled the porous network, restricting water uptake and
reduced osmotic driving force. Longer impregnation time promoted greater ion diffusion into biochar,
reducing the void space available for hydration. Consequently, water mass uptake (/) decreased,
lowering SR values. Thus, although impregnation enhances nutrient loading, excessive duration
compromises the hydrogel swelling performance, highlighting the trade-off between nutrient
encapsulation and water absorption.

Water Retention (WR) of S/CRFs Granules

Water retention (WR) over 120 h revealed.an exponential decline in moisture content across all
treatments (Fig.-4), reflecting natural evaporation and diffusion. Non-impregnated granules showed
slightly higher WR values compared to impregnated ones, particularly during the initial stages. This effect
is attributed to the higher pore accessibility of untreated biochar, which slowed water release.

In contrast, 24 h and 48 h impregnated granules exhibited faster water depletion due to pore blockage by
KCl, limiting storage capacity and accelerating desorption. When integrated with SR, WR provides a
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holistic view of water dynamics in the S/CRFs system. SR indicates hydrogel swelling potential, and WR
evaluates temporal stability of retained water.
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Fig.-4: Water Retention (WR) of Coated S/CRFs Granule

The collective decline of these parameters in impregnated granules underscores the trade-off between
nutrient enrichment and hydration capacity. Optimising impregnation conditions is therefore crucial to
balance nutrient loading with sufficient water storage and sustained release, ensuring efficient
performance of S/CRFs formulations in agricultural applications.

Release Behaviour of KCI from S/CRFs Granule into Deionised Water

The experimental results for the release behaviour of KCl from S/CRFs granules into deionised water
(Fig.-5) showed six distinct release profiles, resulting from the combination of two factors: impregnation
time (non-impregnated, 24 h, and 48 h) and hydrogel coating (uncoated vs. coated).
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Fig.-5: Release Behaviour of KCI from S/CRFs Granule into Deionised Water

In general, all treatments exhibited an increase in conductivity with time, but the release rates varied
significantly. Non-impregnated-uncoated granules (BC-A-G) released KCl most rapidly, showing a sharp
conductivity increase characteristic of conventional fertilizers, which tend to release nutrients without
control. The application of a poly(vinyl alcohol)/borate/alginate (PVA/B/A) hydrogel as the coater for the
same granule (BC-A-G-E) slowed nutrient release markedly, demonstrating its effectiveness as a physical
diffusion barrier. Granules impregnated for 24 h (BClx4-A-G) exhibited slower release compared to the
non-impregnated formulation (BC-A-G), as part of the KCI was embedded within the biochar micropores,
requiring a longer diffusion pathway before reaching the bulk solution. When combined with hydrogel
coating (BCL24-A-G-E), the release rate was further reduced due to the presence of triple diffusion
barriers. The most controlled release was observed in granules impregnated for 48 h with hydrogel
coating (BClss-A-G-E), which showed the lowest final conductivity value. This indicates a multi-stage
release mechanism, where ions are first retained within the microporous biochar matrix and subsequently
retarded by the external hydrogel network both in the form of matrix (bulk) and reservoir (coater). The
release mechanism of KCI from the S/CRFs into deionised water can be explained as follows. In the non-
impregnated, uncoated granules (BC-A-G), KCl was present only within the bulk matrix (reservoir
system). Upon water penetration, the KCI readily dissolved and diffused into the surrounding solution,
resulting in a rapid increase in electrical conductivity. In contrast, the S/CRFs prepared using KCI-
impregnated biochar and subsequently mixed with and coated by hydrogel (BCIx-A-G-E) exhibited
sequential diffusion barriers. Specifically, the released KCI had to diffuse through the biochar micropores,
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the hydrogel matrix, and finally the polymer coating, resulting in slower and more gradual release kinetics.
After the equilibrium or saturation condition is reached, non-impregnated granules (BC-A-G) reached a
conductivity of 0.448 mS, while impregnated granules showed markedly lower values: 0.361 mS (BClas-
A-G) and 0.246 mS (BClss-A-G). The phenomenon is similar for both the granule with and without
coating (BCl24-A-G-E and BCls-A-G-E). This reduction reflects a decrease in immediately soluble KCl
due to entrapment within biochar pores, thereby extending nutrient availability. This study demonstrates
that the combination of biochar impregnation, reservoir, and hydrogel coating creates a synergistic multi-
barrier system, enhancing the temporal control of nutrient release. Biochar functions as an ion adsorbent,
whereas the hydrogel serves both as a nutrient reservoir and as an external diffusion-controlling barrier.
Together, these components establish a hierarchical release mechanism that delays ion transport and
minimises nutrient losses. This integrated design represents a step toward the development of smart
fertilizers capable of synchronising nutrient release with plant demand while reducing nutrient losses to
the environment, particularly under conditions susceptible to leaching.

Release Behaviour of KCI from S/CRFs Granule into Soil

The release profile of KCl from S/CRFs granules into soil is shown in Fig.-6. The release curve
demonstrates a biphasic pattern, consisting of an initial burst followed by a sustained release phase. At the
initial stage (0—12 h), approximately 25.03% of potassium was released, exceeding the recommended
maximum of 15% within 24 h for slow/controlled-release fertilizers (S/CRFs).*! By day 1, cumulative
release reached 42.91%, and increased steadily to 75.59% by day 7. Subsequently, the release rate
declined, reaching 81% at day 14, 83.76% at day 28, and 89.47% at day 42.
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Fig.-6: Release Behaviour of KCI from S/CRFs Granule into Soil

Comparative analysis with previous studies supports these findings. It was reported that single
impregnation techniques led to phosphorus release of up to 40% within 5 days.** It was also observed that
extremely rapid release occurred from single-granule fertilizers (53.62% K and 49.62% P within 24 h).*
By contrast, the integration of biochar impregnation, granulation, and hydrogel coating in this study
produced a more moderate release profile, particularly after the first week. In order to determine the
release mechanism of KCl onto the soil, the data were fitted to several kinetic models. To simplify the
modelling and reduce the number of parameters to estimate, the data was then normalised as a percentage
with regard to the initial amount of KCI in the hydrogel, which is 231.74 g mL-!. Statistical analysis of the
release of KCl onto soil showed that the experimental data best fit the pseudo-second order (PSO) kinetic
model with a coefficient of determination (R?) of 0.9973, expressed in eqn.-3.

(l_qe)
(7—q,) kt + 1

Where ¢, is the amount of KCI remaining in the granule at time ¢, g. is the amount of KCI remaining in the
granule after the equilibrium is reached, and & is the rate constant. PSO release kinetics typically indicate
a complex mechanism of release from the hydrogel, with a limit as to how much of the available nutrient
can be released from the hydrogel. The PSO kinetic model estimates that the equilibrium amount of
nutrient is 10.99%, which is in line with the experimental data at day 42 of 10.53%, indicating that after 6
weeks all the releasable nutrients had been released from the hydrogel to soil.
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Biodegradability
In this study, granules were exposed to activated sludge as a microbial source, and surface changes were
visually monitored over 70 days (Fig.-7).

BCI24-A-G-E

BCI48-A-G-E

Fig.-7: Photograph of Physical Appearance of BClss-A-G-E and BCl24-A-G-E During Biodegradability Test

At day 1, both 24 h and 48 h impregnated granules appeared intact, with smooth surfaces and no visible
degradation. By day 30, initial signs of surface deterioration were observed. Granules impregnated for 24
h exhibited subtle discolouration, while 48 h impregnated samples showed more pronounced changes,
including roughened surfaces, increased porosity, and yellow—brown discolouration. By day 70, advanced
degradation was evident in both formulations, characterised by hydrogel softening and microbial biofilm
growth. These results demonstrate that structural degradation begins approximately in the fourth week,
coinciding with the transition from diffusion-dominated release to matrix-assisted release, thereby
aligning degradation dynamics with nutrient supply. This synchronisation is beneficial, as it ensures that
nutrient release accelerates during later plant growth stages, when nutrient demand is typically higher.4!#4
The observed biodegradability is attributed to the material composition of the granules. Hydrogels
composed of PVA, borate, and alginate are known to be microbially degradable.** In addition, rice husk
biochar provides a porous substrate that supports microbial colonisation.*® Furthermore, longer
impregnation times (48 h) appeared to increase porosity and accessibility of the matrix to microbial attack,
explaining the more rapid structural deterioration observed in these samples. The degradation pathway
involves a combination of hydrolytic and microbial processes, with biochar serving not only as a nutrient
reservoir but also as a microhabitat for microbial consortia. This dual functionality ensures that the
S/CRFs granules not only release nutrients in a controlled manner but also decompose naturally, leaving
no harmful residues. Such biodegradability is essential for the design of sustainable, environmentally
friendly fertilizers, aligning with circular economy principles and soil health preservation.*® It also
supports the objectives of the United Nations Sustainable Development Goals (SDGs), particularly SDG
12 (Responsible Consumption and Production).

CONCLUSION
Although the incorporation of rice husk-derived biochar (RHB) into the PV A/borate/alginate hydrogel
matrix did not significantly affect the swelling ratio or water retention capacity, it effectively integrated
nutrient storage, controlled release, and biodegradability into a single material system. Impregnation of
RHB with KClI significantly enhanced its nutrient storage capacity, and a longer impregnation time (48 h)
resulted in greater K* retention and a slower release rate than the 24 h treatment. Using the hydrogel as
both a binder and a coating produced compact, mechanically stable granules with properties suitable for
agricultural application. In aqueous media, hydrogel-coated granules prepared with KCl-impregnated
biochar exhibited substantially slower nutrient release than the uncoated controls. In soil, nutrient release
reached 25.03% during the first 12 hours and gradually increased to 89.47% after 42 days. Among the
kinetic models evaluated, the pseudo-second-order model provided the best fit to the experimental data.
The granules also exhibited progressive microbial and hydrolytic degradation, beginning around day 30
and progressing to substantial softening by day 70. The integration of KCl-impregnated biochar, a
hydrogel reservoir, and a hydrogel coating provided a promising smart fertilizer platform that combines
controlled nutrient release with environmentally benign biodegradation. This system shows strong
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potential for precision agriculture, particularly in regions susceptible to nutrient leaching or irregular
rainfall, and thereby supports the achievement of the objectives of Sustainable Development Goal 12
(Responsible Consumption and Production).
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