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Abstract

Nutrient-use efficiency in agricultural fertilization remains very low because nitrogen is readily lost
through leaching and volatilization. Biochar and chitosan can be used as nutrient-coating
materials to modify nutrient-release rates and improve fertilization efficiency. This study evaluates
the structural and elemental characteristics of chitosan-biochar slow-release fertilizers by
comparing BCB@N and BCB@N/Fe composites. Particle size analysis showed an increase in
average particle size from 430.18 + 19.60 um for BCB@N to 485.48 + 62.64 um for BCB@N/Fe.
EDX data revealed high percentages of carbon and silica in BCB@N, confirming a porous
framework, whereas BCB@N/Fe exhibited elevated oxygen and calcium levels, indicating the
formation of Fe-chitosan complexes and the coprecipitation of Ca ions. TEM imaging confirmed
that this chemical modification transformed the open internal microstructure of BCB@N into a
significantly denser surface in BCB@N/Fe. Accordingly, the smaller particle size and open structure
of BCB@N may facilitate faster water diffusion and earlier nutrient release, while the denser
structure and larger particle size of BCB@N/Fe may provide a stronger barrier to water diffusion
and support slower, more controlled nutrient release.

Keywords: biochar; chitosan; nitrogen; slow-release fertilizer; biodegradability

Introduction

In developing an effective modern
fertilization system that minimizes nutrient
loss to the environment, research on slow-
release fertilizers is essential. Urea prill
fertilizer, with a nitrogen content of 46%, is
not sufficiently efficient to support plant
growth because conventional urea prills are
easily washed away, causing the released
nitrogen to dissolve and be transported by
water (1,2). In addition, nitrogen is volatile
and can undergo denitrification in the

environment. These conditions indirectly
increase the required urea dosage, which in
turn contributes to environmental pollution,
particularly soil and water degradation.
Therefore, the use of slow-release fertilizers
is highly promising because it can increase
nitrogen uptake by plants, reduce nitrogen
loss to the environment, improve fertilizer-
use effectiveness and efficiency, and
indirectly reduce pollution levels (3,4).
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Many studies have been conducted
on slow-release fertilizers; however, several
limitations remain, particularly regarding
the type of material selected as the coating.
The coating material plays an important
role in the effectiveness of controlled
nutrient release; therefore, material
selection is crucial in the development of
slow-release fertilizers. Conventional SRF
development often uses synthetic polymers
that are difficult to decompose, leaving
residues that cause problems in agricultural
soils. Natural polymers have gained
increasing interest as environmentally
friendly coating materials for agricultural
applications. Among these materials,
chitosan is considered one of the most
promising biopolymers because of its
biodegradability, biocompatibility, non-
toxicity, and excellent film-forming
properties. These characteristics make
chitosan a potential coating material for the
development of slow-release fertilizers
(SRFs), enabling improved nutrient-use
efficiency while minimizing environmental
impacts (5,6). Chitosan biopolymers are
biodegradable and porous materials that
can be used as storage media. They also
contain active groups that can increase
binding capacity. However, chitosan has low
mechanical strength and exhibits
hydrophilic properties, although it is
insoluble in water at neutral pH and
dissolves only under acidic conditions (7).
Meanwhile, the use of chitosan as a coating
material in SRFs remains largely limited to
single-nutrient fertilizers containing only
one essential nutrient, namely nitrogen, and
has not been widely applied in the
development of compound fertilizers
containing essential macro- and
micronutrients (4,8). In addition to
chitosan, biochar has potential as an SRF
coating material because its high organic
carbon content can support soil
improvement. Various studies have also
demonstrated the role of biochar in
improving soil properties (9-11). However,
studies on chitosan-biochar composites for
fertilizer-coating materials have not been
conducted systematically, particularly for
nitrogen-Fe fertilizers. The biochar-
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chitosan combination is a porous material
with high porosity that supports nutrient
adsorption capacity; however, because of
this high porosity, the composite also has a
high diffusion rate (12-14). This limitation
can be overcome by adding metals, such as
Fe, to biochar-chitosan composites to form
coordination bonds with amine or
carboxylate groups, resulting in a more
compact and dense structure (15,16).

Previous studies have mainly
focused on two-component systems, such as
chitosan-N or chitosan-Fe, while the four-
component chitosan-biochar-N system
with added Fe has not been widely studied.
Therefore, understanding the hybrid
structure in relation to slow-release
fertilizers is important. Various approaches
were used to characterize the structural
components of the fertilizer-coating system,
including particle size analysis (PSA),
energy-dispersive ~ X-ray  spectroscopy
(EDX), and transmission electron
microscopy (TEM). Although research on
the development of slow-release fertilizers
continues to expand, achieving optimal
fertilization efficiency while mitigating
environmental leaching remains
constrained by the structural limitations of
single-layer coatings. The use of a chitosan-
biochar hybrid composite as a dual-coating
system offers a promising strategy to
overcome these drawbacks; however, a
comprehensive understanding of its
structural characteristics and mechanistic
performance remains limited. Therefore,
this study aims to evaluate the structural
properties of this hybrid composite to
elucidate its efficacy as a dual-coating
matrix. This work demonstrates the
significant potential of chitosan-biochar
systems in controlling nutrient release and
improving fertilization efficiency.

Experimental Section

Materials

The materials used in this study
were 2% acetic acid (Sigma-Aldrich, Merck),
chitosan (Sigma-Aldrich, Merck), biochar,
urea, and distilled water.
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Instruments

The instruments used in this study
were a particle size analyzer (PSA;
Shimadzu SALD-7500, 0.01-2500 pm),
energy-dispersive X-ray spectroscopy (EDX;
JEOL JSM-6510LA, 0.5-30 kV), and
transmission electron microscopy (TEM;
JEM-2100Plus JEOL, 20-200 kV).

Research Procedure

Sample Preparation

The chitosan solution was prepared
by dissolving chitosan in 2% acetic acid to
produce chitosan gel. Iron sand, as the Fe
source, was first crushed using a mortar and
sieved to a size of 250 mesh. Biochar was
obtained from the pyrolysis of rice husks
and sieved to a size of 250 mesh.

Synthesis of SRF Beads

The chitosan gel was prepared in the
first container and stored. In the second
container, 3 g of urea as the nitrogen source
was dissolved in 15 mL of water, and 3 g of
biochar was dispersed into the solution
while stirring with a magnetic stirrer for 30
min. The mixture in the second container
was added to the first container containing
the stirred chitosan gel until a homogeneous
mixture was obtained. The resulting
mixture was placed in a syringe and slowly
dripped into 1 M NaOH to induce
solidification and form biochar-chitosan-
urea (BCB@N) beads. The beads were
neutralized and dried at room temperature.
The same process was used to synthesize
beads with added Fe to form biochar-
chitosan-urea-Fe (BCB@N/Fe) beads.

Characterization

The  resulting BCB@N  and
BCB@N /Fe beads were characterized using
several instruments.

PSA Characterization

The sample was dispersed in
distilled water to ensure homogeneity and
prevent agglomeration. Particle size
distribution measurements were conducted
at room temperature (25°C) with a
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scattering angle of 90°. The results are
presented as mean particle size distribution
curves to evaluate the structural uniformity
of the coating material.

EDS Characterization

The sample was dried in a vacuum
oven and coated with a thin carbon layer to
enhance electrical conductivity. Analysis
was performed at an accelerating voltage of
15-20 kV with a working distance (WD) of
approximately 10 mm. The elemental
mapping results were used to confirm the
presence and distribution of constituent
elements within the sample matrix.

TEM Characterization

The sample was ground into a fine
powder and subsequently dispersed in
ethanol via sonication for 15 min. The
resulting suspension was then deposited
onto a carbon-coated copper grid.
Microscopic observations were carried out
at accelerating voltages ranging from 120 to
200 kV to obtain high-resolution images of
the coating morphology and internal
porosity of the matrix.

Results and Discussion

SRF beads were successfully
synthesized through a solidification process
and then characterized.

Figure 1. Solidified beads

Particle Size Distribution

The particle size distributions of the
BCB@N and BCB@N/Fe composites were
analyzed, with each sample measured in
triplicate. The average size values are
shown in Tables 1 and 2, while the particle
size distribution curves are shown in
Figures 2 and 3.
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Table 1. Average size of BCB@N SRF beads

Measurement 1
Measurement 2
Measurement 3
Average BCB@N

446.03 um
432.25 pym
412.27 pm
430.18 + 19.60 pm

Figure 2. Particle size distribution of BCB@N

Table 2. Average size of BCB@N/Fe SRF beads

Measurement 1
Measurement 2
Measurement 3
Average BCB@N/Fe

498.34 um
425.96 um
532.14 pym
485.48 +62.64 pm

Figure 3. Particle size distribution of BCB@N/Fe

The PSA results showed that the
average particle size of BCB@N was 430.18
+ 19.60 um, while that of BCB@N/Fe was
485.48 + 62.64 um. Compared with BCB@N,
the BCB@N/Fe composite had a
significantly larger particle size, which was
driven by the successful introduction of iron
species. The added Fe interacted with
chitosan and biochar through complex
formation via cross-linking with the
chitosan polymer. This cross-linking formed
larger macromolecules and increased the
density of BCB@N/Fe. Based on the average
particle size data, the standard deviation of
BCB@N/Fe was greater than that of
BCB@N, with values of +62.64 um and
+19.60 pm, respectively. This indicates that
the bead synthesis process produced less
uniform beads because of the formation of
Fe oxide aggregates in the chitosan-biochar
matrix composite as the coating material.
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The substitution of Fe from iron
sand incorporated into the chitosan
polymer strongly affected the size and
morphology. Transition metal ions act as
cross-linking agents through coordination
bonds with amino and carboxylate groups
present in chitosan and biochar, resulting in
larger particle sizes and higher mechanical
stability in the chitosan polymer system.
Cross-linking between metal ions and
carboxylate groups is consistent with
reported mechanisms for silica-magnetite
adsorbents, in which surface OH groups are
cross-linked with Fe-O groups on the
magnetite surface (16,17).

The BCB@N composite had a
smaller particle size distribution because no
Fe from iron sand was added; therefore, Fe
oxide aggregates were not formed, resulting
in smaller particle sizes. In relation to its
potential as a slow-release fertilizer
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material, the smaller size of BCB@N can
increase the surface area of the material,
allowing the nutrient-release mechanism to
occur more rapidly. In contrast, the larger
BCB@N/Fe composite may release
nutrients more slowly because the larger
particle size lengthens the nutrient diffusion
pathway. Thus, the addition of Fe to the
slow-release fertilizer system not only
enriches the nutrient content but also
contributes to controlling nutrient release

Microstructural Characterization Of...

through changes in particle size.

EDX Characterization

To identify the elemental
composition of the BCB@N and BCB@N /Fe
composites, EDX analysis was conducted.
Based on the EDX data, the binding of urea
and Fe in the chitosan-biochar matrix can
be analyzed. The EDX results are shown in
Table 3 and Figure 4.

Table 3. Elemental composition of BCB@N and BCB@N/Fe

Element Percentages
BCB@N BCB@N/Fe

C 64.74 47.19
0 32.10 45.59
Na 1.06 1.05
Mg 0.75 0.96
Si 3.55 0.36
Ca 0.46 4.85
Cu 0.88 -

— 51

Based on the characterization
results of the constituent element
percentages, significant differences were
observed in the elemental composition of
BCB@N and BCB@N/Fe. BCB@N was

Figure 4. Elemental composition of BCB@N and BCB@N /Fe

— ) 1

dominated by carbon and oxygen, with
percentages of 64.74% and 32.10%,
respectively. This result is consistent with
the composition of the BCB@N composite,
which consists of chitosan, biochar, and
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nitrogen, where carbon and oxygen are the
main elements of the chitosan-biochar
structure. The small amount of Si content
(3.55%) indicates the presence of silicate
minerals from biochar. Several minor
elements with percentages below 1%, such
as Na, Mg, Ca, and Cu, were impurity
minerals produced during the chitosan-
biochar synthesis process. In BCB@N/Fe,
the carbon content decreased to 47.19%,
while the oxygen content increased to
45.59%.

Fe was not detected by EDX because
the electron beam penetrates and excites X-
rays only from a depth of 1-2 um (18),
whereas Fe was located within the core
matrix of the chitosan-biochar-based SRF.
This dual-layer coating system was further
confirmed by TEM analysis (see Figure 5).
The increased oxygen content in BCB@N/Fe
is attributed to the presence of iron oxide
phases, such as Fe304 and Fe203. In
addition, this increase was enhanced by
cross-linking between Fe-0 groups and the
abundant amine, hydroxyl, and carboxyl
functional groups provided by chitosan and
biochar (13,16).

The increased oxygen level also
supports the formation of chitosan-Fe
complexes  through cross-linking. A
significant increase in Ca ions was observed
in BCB@N/Fe compared with BCB@N, from
0.46% to 4.85%. These data strengthen the
indication of Fe involvement because Fe in
the BCB@N/Fe composite can trigger
coprecipitation with Ca ions, thereby
increasing the strength of the composite
structure. Silicate minerals decreased
because of silicate dispersion by Fe as a
result of Fe-chitosan bond formation, which
made the matrix denser and more compact.
Other minerals, such as Na and Mg, were
present as impurities. Cu was not detected
in BCB@N/Fe, likely because its signal was
masked by the modified Fe-containing
matrix. In BCB@N composites dominated by
carbon and silicate, the resulting structure
was more open and porous, accelerating the
nutrient-release process. In BCB@N/Fe
composites, the increases in oxygen and
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calcium contributed to the formation of a
denser matrix with stronger mechanical
bonding properties, resulting in reduced
porosity and slower nitrogen diffusion.

These results show that BCB@N/Fe
composites can increase the density and
mechanical strength of chitosan polymers
and have potential for the development of
slow-release fertilizers. This finding is
consistent with research showing that
biochar-based slow-release nitrogen
fertilizers with added Ni (SRF-Ni) produce a
non-uniform structure but increase matrix
density, thereby reducing the pore surface
area (19).

TEM Characterization

Observation of the internal
microstructure can provide a clear picture
of aggregation patterns, porosity, and
nitrogen-Fe interactions in the chitosan-
biochar matrix. High-resolution TEM images
can provide information on the relationship
between the internal structure of the
composite and its functional properties,
which are important for the development of
slow-release fertilizers (20). TEM images
showing the internal morphology of the
BCB@N and BCB@N/Fe composites are
presented in Figure 5.

Based on the TEM images in Figure
5, significant structural differences were
observed between the BCB@N and
BCB@N/Fe composites. The TEM images of
the BCB@N composite showed low-to-
moderate-contrast aggregates because of
the non-homogeneous distribution of
chitosan and biochar, which was clearly
visible at magnifications of 100x and 200x.
This finding is consistent with the
composition of the BCB@N composite,
which consists of nitrogen-containing
chitosan-biochar. At 500x magnification,
the formed aggregates appeared porous,
with a diffuse amorphous structure
commonly found in chitosan composite
systems, making the internal morphology of
BCB@N more open. The internal
microstructural characteristics of BCB@N
strongly indicate that the interaction
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formed was mainly physical, with a less
dense structure, resulting in faster nitrogen
diffusion.

Figure 5 shows that BCB@N/Fe had
aggregates with more intense dark contrast,
which was clearly visible at magnifications
of 100x and 200x. The darker contrast is
characteristic of iron or iron oxide particles
with high electron density. At 500x
magnification, the morphology of
BCB@N/Fe clearly formed solid
agglomerates originating from iron-sand Fe
particles measuring hundreds of
nanometers and distributed as clusters. The
presence of Fe particles increased

. .- i .
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compaction, aggregate density, and
structural  regularity. The functional
properties of the BCB@N/Fe microstructure
are associated with nucleation through
coordination and electrostatic interactions
between Fe and the amino groups of
chitosan and the carboxylate groups of
biochar, which trigger compaction of the
BCB@N/Fe composite. This compaction
causes the BCB@N/Fe composite matrix to
become denser, resulting in decreased
porosity and narrower intraparticle
diffusion pathways, which may slow the rate
of nitrogen release.

~ (b) 500x

%

&

¢

(b) 500x |

Figure 5. TEM images of (a) BCB@N and (b) BCB@N/Fe

Conclusion

BCB@N and BCB@N/Fe composites
based on chitosan-biochar had average
particle sizes ranging from 430.18 + 19.60
um to 485.48 + 62.64 ym, with Fe addition
increasing the overall granule dimensions.
The high percentages of carbon and silica in
BCB@N confirm a well-developed porous
framework suitable for nutrient retention.
Chemical = modification  through  Fe

impregnation transformed this open
internal microstructure into a significantly
denser surface in BCB@N/Fe, as confirmed
by TEM imaging. This transition was driven
by the successful formation of Fe-chitosan
complexes and the coprecipitation of Ca
ions, which were supported by the elevated
oxygen and calcium levels observed in the
EDX analysis. The diversity of these
functional interactions and the denser
matrix morphology strengthen structural
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stability, creating potential reactive sites for
controlled nutrient management. Overall,
these distinct structural and elemental
characteristics make BCB@N and
BCB@N /Fe highly promising for improving
nutrient-release efficiency gradually,
thereby supporting increased fertilizer
efficiency and agricultural sustainability.
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