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Abstract. Rice husk biochar was added to modify ureic fertilizer in order to control nitrogen release
in two methods: (1) mixed-granule and (2) as a coating. The mixed-granule fertilizer was made of
varied compositions of rice husk biochar, ureic fertilizer, and clay as a binder, whereas the coating
model was formulated from ureic fertilizer, biogas sludge, and clay as a core and coated with various
compositions of biochar and clay. All of the samples were leached by 100 mL of water once every
three days, and the leachate was analyzed for its nitrogen content. Of all samples, coated fertilizer
with a composition of 20% biochar and 80% clay showed the slowest nutrient diffusion with an
effective diffusivity (De) number of 2.85×10-8 cm/s2. The results show that both models increase
fertilizer’s ability to hold nitrogen longer than pure fertilizer. Both methods, mixed-granule and
coated, showed slow release rate patterns, particularly at the beginning of the leaching process, and
held the nitrogen content longer. Both models’ release rates enable the modification of nitrogen
release to meet the need for nitrogen in certain plantations.
Keywords: Coated fertilizer; Granule fertilizer; Nitrogen release; Rice husk biochar

1. Introduction
As an agrarian country with rice as its main staple, Indonesia is one of the main rice
producers. Rice production has been increasing each year. This paddy grain is constituted
by 20–30% husk, with rice husk waste amounting to the range of 11,000,000–14,000,000
tons every year (Pode, 2016). However, rice husk can also be a valuable material if it is well
processed. One example is to convert rice husks into biomass charcoal in the form of a
briquette used for solid fuel combustion and gasified to produce syn-gas (Dafiqurrohman
et al., 2016). The other example is for soil remediation, usually applied for clay or limestone
(Shen et al., 2014) and the extraction of amorphous silica (Dhaneswara et al., 2020). In this
work, we study the use of biochar from rice husk as a slow-release fertilizer agent.
One of the most popular methods to produce biomass is the slow pyrolisis method that
turns biomass into charcoal. Charcoal’s characteristically porous body provides an ideal
habitat for soil microbes, but it is not consumed like other organic compounds. It can also
hold the water and nutrients needed for crops (Shen et al., 2014). Biochar as a soil enhancer
provides better humidity and fertility to the soil. This application also supports the carbon*Corresponding
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negative concept that minimizes the amount of carbon accumulation in the open air by
adding it into the soil. Biochar also acts as a repair agent in the soil that changes its physical,
chemical, and biological characteristics (Manyà et al., 2018; Zhu et al., 2019).
The usage of agricultural fertilizer in Indonesia is currently dominated by urea. Due to
its ease of use, a high level of crop production and government subsidies further increase
farmers’ consumption of this nitrogen-based fertilizer (Winanto, 2018). Although currently,
the government has started to promote the use of organic fertilizer due to its production
limitation and higher price, urea remains the most-used fertilizer, providing about 60% of
the total fertilizer needs in Indonesia each year.
Urea is specially created to supply nitrogen to crops, but unfortunately, there is a lack
of efficiency in nitrogen supplying crops. From the amount of fertilizer shown, about 20–
65% of the urea is wasted. The nitrogen loss in the fertilizer used occurs because of
evaporation as NH3, immobilization in soil pores or being carried away along with water.
These inefficiencies cause adverse effects to the environment as excess nitrogen changes
soil pH, which kills microbes in the soil, and leached fertilizer can poison water that may be
consumed by human and animals. To fulfil the nitrogen supply to crops and increase
harvests, many farmers have increased their use of urea, which results in worse pollution
and excessive use of fertilizer (Bari et al., 2007; Nardi et al., 2018).
To decrease the adverse effect of urea and reduce the consumption of urea, there is a
need to increase usage efficiency. Several experiments have shown that one of the most
efficient methods is controlling the release of various fertilizer constituents, like nitrogen,
into the soil. An experiment by Zhang et al. (2018) revealed that, using controlled-release
urea, the urea needed was decreased by 50%, but the crop yield increased by 20–28%.
Another experiment examining the effect of controlled-release urea by Nardi et al. (2018)
showed that the use of slow-release urea promoted higher microbial activity and lower-pH
soil, which reduces the harmful effect of urea on the soil. The method of producing slowrelease fertilizer has itself been researched extensively, with Lateef et al. (2016) using
nano-zeolite to encapsulate fertilizer, resulting in soil’s increased water retention and
promoting fertilizers’ absorption efficiency into the soil. An experiment by Zhang et al.
(2014) used graphene oxide (GO) as the coating for a potassium-based fertilizer. The
release of potassium ions took place after seven to eight hours, with about 93.8% of
potassium ions released from the fertilizer. An experiment using GO was also conducted by
Andelkovic et al. (2018) for P-based fertilizer, which resulted in fertilizer absorption into
the soil increasing to 99%. Moreover, GO can be produced from graphite waste, providing
a circular economy and increasing the feasibility of using GO a slow-release fertilizer or in
any other utilization (Kusrini et al., 2019; Kusrini et al., 2020). Muharam et al. (2015)
studied the release of potassium chloride from chitosan microspheres as a slow-release
fertilizer.
In the current study, rice husk waste from agricultural production was made into
biochar and utilized as an economically and environmentally friendly alternative coating
agent for urea. The fertilizer in this experiment was modified with the addition of a mixture
of rice husk biochar and clay. Biochar itself has been found to have a beneficial effect on soil
and crop yields as its porous structure made up of carbon can, when added to the soil,
increase the soil’s ability to store nutrients and increase water retention, decreasing heavy
metal content and regulating soil pH (Zornoza et al., 2016; Chen et al., 2018). Nitrogen
release is also assessed using a mathematical model. The models are divided into two forms,
granule mixture and coated fertilizer, as Figure 1 shows.
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Figure 1 Difference between coated and granule-modified fertilizer

2.

Materials and Methods

2.1. Raw Materials
The biochar used in this experiment was produced from biomass waste of rice husks.
To obtain biochar, dried rice husk was processed using slow pyrolysis at a temperature of
300oC for 24 hours. The clay for this experiment was procured from Bayat Village, Central
Java. The procured clay contained two important materials, SiO2 and Al2O3, stable at room
temperature. Clay was used for its ability to bind materials and inertness. As the nitrogen
source, commercial ureic fertilizers were used. This fertilizer contains 96% urea (CH 4N2O).
Sludge from a biogas waste product was also used for its nitrogen content.
2.2. Sample Preparation
2.2.1. Granule model
Rice husk biochar and clay were milled using a mortar and sieved to a #60 mesh size.
All materials were then mixed using a granulator pan with a composition in accordance to
Table 1.
Table 1 Granule fertilizer model composition (A; B; C) and coating formulation (D; E; F)
Sample
A
B
C

Biochar (%)
20
40
50

Urea (%)
60
40
30

Clay (%)
20
20
20

Sample
D
E
F

Biochar (%)
20
50
60

Clay (%)
80
50
40

To obtain uniform samples, the granules obtained were sieved to obtain a #14 mesh size.
2.2.2. Coated model
In the coated model, there were two steps to produce the fertilizer. The first step was
to make the core, and the second step was the core coating. For all fertilizers, the core
composition was fixed. However, the coating composition was varied to modify the nitrogen
release.
a) Core production
Ureic fertilizer, sludge, and clay were mixed with 70%: 20%: 10% w/w. Water was then
added to the mixture to facilitate the binding process, and then the mixture was formed into
a ball, each ball weighing 1 g.
b) Coat production
For coating, there were three mixture composition variables to determine the nitrogen
release for each composition, as Table 1 shows. For every 1.5 g of sample, biochar and clay
were mixed, and water was then added to facilitate the binding process. The mixture was
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then used to coat the surface of the fertilizer core. In a comparison, some fertilizer cores
were not coated in order to determine the nitrogen release phenomena without a coating.
2.3. Leaching Experiments
2.3.1. Blank soil
To ensure that the soil contained nitrogen in an uneventful amount, blank soil was
leached using 100 mL of water once every three days for nine days, and the leachate was
analyzed for its nitrogen content.
2.3.2. Granule model
Fertilizer was added at about 15 g for each pot. For Pot 1, pure ureic fertilizer was
added, as much as 15 g. For pots 2–3, Granule A was added, as much as 15 g. For pots 5–6,
Granule B was added, as much as 15 g. For pots 6–7, Granule C was added, as much as 15 g.
Every three days for nine days, the soils were leached with 100 mL of water. The leachate
was then collected and analyzed for its nitrogen content.
2.3.3. Coated model
The coated fertilizer was added to the soil inside the leaching pot, as much as 5 g for
each pot. For pot 1, the coatless fertilizer was added. For pots 2–3, Coated Fertilizer D was
added. For pots 4–5 Coated Fertilizer E was added. And for pots 6–7, Coated Fertilizer F was
added. The pots, then, were leached with 100 mL of water every three days for nine days.
The leachate was then collected and analyzed for its nitrogen content.
2.4. Nitrogen Analysis
The leachate was analyzed for its nitrogen content in Laboratorium Analisis Tanah at
UPN (Universitas Pembangunan Nasional) in Veteran, Yogyakarta. The resulting analysis
will obtain the available nitrogen content in the leachate. The available nitrogen is the
nitrogen that is readily taken up by the plant.
2.5. Model of Coated Fertilizer
The mathematical model can be used to predict the rate of nitrogen release both from
the core and the coating. It becomes possible to obtain the diffusivity of nitrogen releasing
through the medium (core and coating). From the diffusivity coefficient found in the model,
the releasing characteristic can also be predicted if the composition and coating thickness
vary. The mathematical model calculations are shown in Equations 1–19.

Figure 2 A two-dimensional diagram for a spherical volume element

Nitrogen mass balance in volume element (4. 𝜋. 𝑟̅ 2 . ∆𝑟)
Rate of mass input – Rate of mass output = Rate of mass accumulation
𝑑𝐶
(4. 𝜋. 𝑟 2 . 𝑁𝐴 )|𝑟 − (4. 𝜋. 𝑟 2 . 𝑁𝐴 )|𝑟+∆𝑟 = 4. 𝜋. 𝑟̅ 2 . ∆𝑟. 𝑑𝑡𝐴
while 𝑁𝐴 , according Fick’s laws:
𝑑𝐶
𝑁𝐴 = (𝑁𝐴 + 𝑁𝐵 )𝑥𝐴 − 𝐷𝐴𝐵 𝑑𝑟𝐴
Assume (𝑁𝐴 = 𝑁𝐵 ≈ 0) because the mass transfer is only the diffusion, thus

(1)
(2)
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𝑁𝐴 = −𝐷𝐴𝐵

𝑑𝐶𝐴

From Equations 2 and 3, we have
𝜕 2 𝐶𝐴
𝜕𝑟 2

2 𝜕𝐶𝐴

+𝑟

𝜕𝑟

(3)

𝑑𝑟
1 𝜕𝐶𝐴

=𝐷

𝜕𝑡

𝑒

(4)

Equation 4 is a second-order partial ordinary differential equation. To find De, the finite
difference approximation (FDA) method is used.
𝑗+1

𝜕 2 𝐶𝐴

=

𝜕𝑟 2

𝑗+1

𝐶𝐴 𝑖+1 −2 𝐶𝐴 𝑖

𝜕𝐶𝐴
𝜕𝑟

𝑗+1

+𝐶𝐴 𝑖−1

(∆𝑟)2
𝑗+1

=

(5)

𝑗+1

𝐶𝐴 𝑖+1 −𝐶𝐴 𝑖−1

(6)

2.∆𝑟

𝑗+1
𝑗
𝐶𝐴 𝑖 −𝐶𝐴 𝑖

𝜕𝐶𝐴

=
(7)
∆𝑡
Effective diffusivity (𝐷𝑒 ) is the nitrogen diffusivity in the fertilizer. 𝐷𝑒 is obtained after the
remaining mass in the fertilizer is calculated with the FDA method approach to the mass
value of the experimental data. The output of Equation 4 is concentration distribution for
each time and position variable, 𝐶𝐴 (𝑟, 𝑡), in the fertilizer. The remaining nitrogen mass is
obtained by Equation 8:
𝑗
2
𝑀𝐴 (𝑡) = ∑𝑁
(8)
𝑖=1(𝐶𝐴 𝑖 × 4𝜋𝑟𝑖 ∆𝑟)
After the remaining mass is calculated, data fitting is done by Equation 9:
𝑗
𝑗 2
𝑆𝑆𝐸 = ∑𝑁𝑡
(9)
𝑗=1(𝑀𝐴 − 𝑀𝐷 )
In the coated model, there are two values of De, which are core diffusivity (𝐷𝑒,1 ) and coating
diffusivity (𝐷𝑒,2 ), both diffused by nitrogen. The value of 𝐷𝑒,1 can be obtained directly from
solving Equations 1–9, with the following boundary condition:
The initial concentration of the fertilizer is Co, thus
𝐶𝐴 𝑡=0
= 𝐶0
(10)
𝑟=𝑟
Because the soil is leached, let nitrogen concentration outside the fertilizer be assumed as
zero,
𝐶𝐴 𝑡=𝑡
=0
(11)
𝑟=𝑅
Nitrogen concentration inside the fertilizer is always at the maximum value,
𝑑𝐶𝐴 𝑡=𝑡
| |=0
(12)
𝑑𝑟 𝑟=0
However, 𝐷𝑒,2 cannot be obtained directly. 𝐷𝑒,1 must be obtained prior to calculating 𝐷𝑒,2 .
Therefore, the equation is split into two groups:
a. Core section,
𝜕𝑡

𝜕 2 𝐶𝐴,1
𝜕𝑟 2

2 𝜕𝐶𝐴,1

+𝑟

𝜕𝑟

b. Coating section,
𝜕 2 𝐶𝐴,2
𝜕𝑟 2

2 𝜕𝐶𝐴,2

+𝑟

𝜕𝑟

1 𝜕𝐶𝐴,1

=𝐷

𝑒,1

𝜕𝑡

1 𝜕𝐶𝐴,2

=𝐷

𝑒,2

𝜕𝑡

(13)
(14)

With the following boundary conditions:
For the initial condition, the concentration of nitrogen in every position of the fertilizer is
𝐶𝐴 𝑡=0
= 𝐶0
(15)
𝑟=0~𝑟1
The initial concentration of nitrogen in the coating is zero, thus
𝐶𝐴 𝑡=0
=0
(16)
𝑟=𝑟1 ~𝑟2
The nitrogen concentration in the coating outside the surface is always zero, thus
𝐶𝐴 𝑡=𝑡
=0
(17)
𝑟=𝑟2
In the interface of layers between the core surface and the coating inside the surface, the
mass transport is the same, for i = n:
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(18)

(𝐴. 𝑁𝐴,1 )|𝑖=𝑛 = (𝐴. 𝑁𝐴,2 )|𝑖=𝑛
𝑗+1
𝑗+1
)) |𝑖=𝑛 = (4𝜋𝑟𝑖 2 . 𝑘𝑐,2 . (𝐶𝐴 𝑖+1
(4𝜋𝑟𝑖 . 𝑘𝑐,1 . (𝐶𝐴 𝑖𝑗+1 − 𝐶𝐴 𝑖−1
𝑗+1
𝑗+1
) = 𝑘𝑐,2 . (𝐶𝐴 𝑛+1
𝑘𝑐,1 . (𝐶𝐴 𝑛𝑗+1 − 𝐶𝐴 𝑛−1
− 𝐶𝐴 𝑛𝑗+1 )
𝑗+1
𝑘𝑐,1
𝑘
𝑗+1
.
𝐶
+ (−1 − 𝑘𝑐,1 ) . 𝐶𝐴 𝑛𝑗+1 + 𝐶𝐴 𝑛+1
=0
𝐴
𝑘𝑐,2
𝑐,2
𝑛−1
2

where,

𝑘𝑐,1
𝑘𝑐,2

−

𝐶𝐴 𝑖𝑗+1 )) |𝑖=𝑛
(19)

and 𝐷𝑒,2 can be obtained by trial and error, using the Scilab program.

The model predicted the available nitrogen mass at various positions of the radius in
the fertilizer for each time. These differential concentrations were integrated into total
deposit nitrogen, and the value was compared to the experimental data from the analysis
of leachate. The diffusivity for every variation is the value that gave the smallest sum of
square of error (SSE) for the remaining total nitrogen content in the coated fertilizer
obtained in the experiment. The method can be seen in Figure 3.

Figure 3 Method of this study on granule and coated modified fertilizer

3.

Results and Discussion

3.1. Granule Fertilizer
3.1.1. Raw material characterization
Biochar’s ability to retain nutrition was the effect of its porous carbon structure. Thus,
further characterization was needed to determine the composition and surface
characteristics of biochar that will affect its nutrition (fertilizer and water) retaining ability.
This characterization was obtained using SEM-EDX (scanning electron microscopy-energy
dispersive X-ray). The results are shown in Figure 4.
Figure 4b shows that biochar has high carbon content on its surface that acts as a slowrelease agent for the fertilizer, and its porous carbon structure can increase the soil’s
nutrient retention ability. The presence of silica shows the binding potential of biochar to
be easily granulated in the granulation process using water. The presence of oxygen further
increases the binding ability of the biochar (Suliman et al., 2017).
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(a)

(b)

(c)

Figure 4 SEM-EDX results of raw material: (a) oxygen; (b) carbon; and (c) silica

Combined, these characteristics define and ascertain biochar’s ability as an excellent
coating material for controlled-release fertilizer. The granules that were made were mixed
with soil in a pot and leached using water periodically. Also, to obtain the data on the total
mass of the available nitrogen released, each sample was compared with standard samples
(pure urea for the granule method and uncoated urea for the coating method). The blank
soil had been leached and analyzed before the experiment; the analysis results found that
the available nitrogen content in the soil was negligible. So, it can be concluded that the
nitrogen content in the obtained samples came only from the fertilizer.

Figure 5 Cumulative percentage release of nitrogen for granule of uncoated fertilizers

Figure 5 shows that the addition of biochar into the fertilizer slowed the release of
nitrogen into the soil. Compared to the other samples, Sample A—which only contained
20% of biochar—showed the highest rate of release. Sample B and Sample C contained 40%
and 50% biochar, respectively. The initial release of nitrogen from Sample B was lower, at
9.35%, while Sample C’s initial release of nitrogen was at 18.70%. But, over time, both
samples’ rates became close to one another. It can be concluded, however, that the best
composition to control the release of nitrogen is Sample B, with 40% biochar, 40% urea,
and 20% clay. For Sample A, which had the highest rate of release, the biochar at 20%
composition proved not to be enough to slow the release significantly. Sample C, which had
a higher initial release than Sample B, because of the high content of biochar—which is
proven to be hydrophobic (Kinney et al., 2012)—involves a possibility of cracking that
occurred at the start of the experiment, increasing the surface area for the nitrogen release.
However, over time, the release rate of Sample B—with lower biochar content—started to
resemble with Sample C.
3.2. Coated Fertilizer
Figure 6 shows that the effect of the coating slowed the release of nitrogen into the soil.
The phenomenon observed in the experiment with the granule method showed that the
more biochar was used in the composition, the more fragile the bond was due to its
hydrophobic characteristic. This finding explains the phenomenon in which Sample D
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released the least available nitrogen, using 80% clay and 20% biochar as its coating. This
result was because Sample D contained the most clay compared to the other samples, which
resulted in its ability to maintain its shape.

Figure 6 Cumulative percentage release of nitrogen for coated fertilizer

Samples E and F—which used 50% and 60% biochar for their coating material,
respectively—could not maintain their shape because there was too little clay in their coats,
which became brittle, and the nitrogen was easily leached by the water. In doing the
calculation, some variables needed for Equation 19 were defined. These variables came
from the parameters used in the experiment for the coated model fertilizer. The defective
diffusivity coefficient (De) value could then be obtained using Equation 19, which was
solved by Scilab. The values are shown in Table 2.
Table 2 Effective diffusivity coefficient for all coated modified fertilizer
Sample
Core
Coating D
Coating E
Coating F

De (cm2/s)
7.360938E-07
2.850000E-08
7.700000E-08
7.600000E-08

Table 2 shows that the slowest release rate of nitrogen occurred in Sample D. A lower
De number means a slower release of nitrogen (Irfan et al., 2018). The available nitrogen
left in the fertilizer could then be calculated from the De value for the scale-up process. The
result of the calculation, compared to the experimental data, is shown in Figure 7.

Figure 7 Data fitting of the available nitrogen remaining in the coated fertilizer
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Conclusions

The experiment with granule fertilizer showed that the addition of rice husk biochar
can slow the release of nitrogen from the fertilizer. The results showed that the addition of
more biochar into the granule slowed the release of nitrogen. The optimum amount,
however, is 40% biochar, 40% urea, and 20% clay, as shown. The addition of more biochar
did not affect the release rate, other than the initial release. The experiment with coated
fertilizer showed that decreasing biochar content in the coating slowed the nitrogen
release. The slowest release of nitrogen was obtained with 80% clay and 20% biochar
content. This phenomenon is due to biochar’s hydrophobicity, which makes the coating
more brittle at high biochar content, such that it will leak nitrogen. High clay content also
acts as a binder to prevent the release of nitrogen into the soil. The De value obtained from
the 80% clay and 20% biochar sample was 2.85×10-8 cm/s2. Because of the differences in
nitrogen absorption for every type of plant, the coating method chosen can be suitable for
the absorption system. This result shows that biochar is a prospective slow-release agent
in minimizing the inefficiency of fertilizer usage. The use of biochar provides a circular
economy for farmers dealing with rice husk waste from paddies’ production.
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