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as compared with the uncoated fertilizer, following 
a zero-order kinetic mechanism. These controlled-
release characteristics enhanced the plant perfor-
mance as evidenced by the increased okra height. 
Overall, the corn starch/soybean wax coating demon-
strated a strong potential for reducing the nutrient loss 
while promoting crop growth.
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1  Introduction

As world population increases, the food demand 
among humans also increases. The improvement 
of crop yield is necessary to provide sufficient and 
quality food to humans. Fertilizers have been used 
in farming and planting for decades to maintain the 
fertility of soil and provide sufficient nutrients to 
the crops, thus improving the quality and quantity 
of crops (Chen et  al., 2018). Nitrogen, phosphorus 
and potassium are essential macronutrients for plant 
growth, yet conventional fertilizers are not fully 
absorbed by plants due to their high solubility which 
leads to nutrient loss through leaching, volatiliza-
tion or surface runoff (Sim et al., 2021). Controlled-
release fertilizers address this problem by releasing 
nutrients more efficiently and sustaining their avail-
ability in the soil for a longer period. By controlling 
the nutrient release rate, these fertilizers improve 
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nutrient use efficiency, reduce environmental pollu-
tion and minimize nutrient loss from heavy rainfall 
or excessive irrigation (Lawrencia et al., 2021). As a 
result, controlled-release fertilizers help to ensure that 
nutrients are better absorbed by crops while protect-
ing the environment.

Biochar is a carbon-rich material produced dur-
ing pyrolysis process using biomass as the feedstock 
(Manyà et  al., 2018). Biochar is commonly used 
in reducing greenhouse gas emissions, adsorption, 
waste management, catalyst, energy storage and car-
bon sequestration (Ndoung et  al., 2021). In agricul-
ture, biochar is also used in amending the soil texture 
and properties by absorbing heavy metals contained 
in the soil (Kwapinski et al., 2010). Besides, biochar 
is also used to improve soil properties such as cation 
exchange capacity, soil acidity, water retention and 
plant growth (Xiang et al., 2020). Biochar-based fer-
tilizers are recently invented by researchers to reduce 
nutrient leaching and improve nutrient use effi-
ciency. Despite biochar-based fertilizers slow down 
the release of nutrients, the release property of the 
nutrients still needs to be improved due to the weak 
bonding between the biochar and nutrients (An et al., 
2021; Sim et  al., 2025). To enhance the prolonged 
release mechanism, coating technology and biochar-
based fertilizer have been combined as a potential 
option. Zhang et al. (2023) developed a sodium algi-
nate coated urea-impregnated biochar-based fertilizer 
and studied its effect on maize growth, which showed 
excellent slow-release property and enhanced maize 
growth performance. The nutrient release rate of the 
coated biochar-based fertilizers greatly depended on 
the encapsulating materials.

Synthetic polymers have been commonly used 
as encapsulating materials to synthesize controlled-
release fertilizers. Most of the synthetic polymers 
are costly and non-biodegradable which cause envi-
ronmental pollution (Lawrencia et  al., 2021). The 
non-biodegradable polymers accumulate in soil, thus 
reducing the soil quality and crop production. In 
recent years, bio-based polymers such as starch have 
gained interests as green encapsulating materials to 
replace synthetic polymers as they are biodegradable 
and cheaper. The main drawback of using starch as 
an encapsulating material is the high hydrophilicity, 
thereby the release rate of nutrients would be fast. 
The modification of starch or the use of crosslinker 
have been introduced to overcome this limitation.

Double coating layer is an innovative method to 
alleviate the performance of the nutrient release rate 
of the coated biochar-based fertilizers. Kareem et al. 
(2021) claimed that the double coating layer of ferti-
lizer extended the release performance as compared 
with single coating layer. Apart from polymer-based 
encapsulating material, waxes such as paraffin wax, 
microcrystalline wax (Wang et  al., 2017), carunaba 
wax, beewax and candedila wax (Baird et  al., 2023) 
have been investigated as encapsulating materials 
to reduce the release of nutrients due to their hydro-
phobic characteristics. Soybean wax is another natu-
ral wax commonly used in food coating (Shen et al., 
2020). The application of soybean wax as an encap-
sulating material to synthesize controlled-release fer-
tilizers has not been explored in the literature. Vari-
ous formulations of double coated fertilizers such as 
polyacrylate and carnauba wax (Ge et al., 2022), chi-
tosan and microcrystalline wax (Wang et  al., 2017), 
ethyl cellulose and cellulose superabsorbent (Zhang 
& Yang, 2021), hydroxy propyl methyl cellulose/pol-
yvinyl alcohol/glycerol and blended paper (Kareem 
et  al., 2021), polyvinyl alcohol/silica (Ghosh et  al., 
2024) and biopolyurethane/ceresin wax (Su et  al., 
2024) had been utilized as encapsulating materials to 
synthesize double coated slow/controlled-release fer-
tilizers. To date, the use of corn starch/soybean wax 
combination to develop new formulation of double 
coated slow/controlled-release fertilizer has not been 
found in the literature. Therefore, this study investi-
gated the potential of an environmentally-friendly 
double coated biochar-based controlled-release fer-
tilizer synthesized using corn starch as inner coating 
and soybean wax as outer coating. This study evalu-
ated the performance of the double coated biochar-
based fertilizer in terms of the thermal stability, water 
retention in soil, nitrogen release behaviour, release 
kinetics and okra plant growth.

2 � Materials and Methods

2.1 � Synthesis of Uncoated and Corn Starch/Soybean 
Wax Double Coated Biochar‑based Fertilizers

Rice husk ash biochar fertilizer supplied by BioChar 
Organik was used in this study. The biochar fertilizer 
was first grinded to powder form and 25% (w/w) of 
hydroxypropyl methyl cellulose was mixed with the 
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biochar fertilizer powder with a ratio of 1:10 (w/w). 
The mixture was placed in a pellet press machine to 
form pellets and dried in an oven overnight at 70 ℃. 
This sample was labelled as uncoated biochar-based 
fertilizer. To synthesize corn starch/soybean wax coated 
biochar-based fertilizer, 2% (w/w) of corn starch was 
prepared by mixing 2 g of corn starch with 100 mL of 
distilled water (Himmah et  al., 2018). 1 g of glycerol 
was then added into the corn starch. The solution was 
stirred and heated using a magnetic stirrer hot plate 
until the solution turned homogenous. The solution was 
cooled to room temperature (25 ± 2 ℃). The granulated 
biochar fertilizer was dipped into the solution and dried 
in an oven for 2 h at 70 ℃. This step was repeated four 
times to make sure that the granulated biochar fertilizer 
was evenly coated with corn starch. After coating with 
corn starch, 5  g of soybean wax was heated using a 
magnetic stirrer hot plate until the soybean wax turned 
into liquid form. The biochar fertilizer coated with corn 
starch was then dipped into the soybean wax solution 
and naturally dried at room temperature (25 ± 2 ℃). 
The schematic diagram of the synthesis of corn starch/
soybean wax coated biochar-based fertilizer is shown in 
Fig. 1. The coating content was calculated using Eq. (1) 
(Su et al., 2024).

where m2 represents the weight of the coated biochar-
based fertilizer while m1 represents the weight of the 
uncoated biochar-based fertilizer.

(1)Coating content (%) =
m2 − m1

m2

× 100

2.2 � Characterization of Uncoated and Corn Starch/
Soybean Wax Double Coated Biochar‑based 
Fertilizers

The nitrogen contents of the uncoated and corn starch/
soybean wax coated biochar-based fertilizers were 
determined using Kjeldahl method (Liu et  al., 2019). 
The surface morphology and elemental composition 
of the fertilizers were determined using scanning elec-
tron microscopy-energy dispersive X-ray spectroscopy 
(SEM–EDS) (Model TM4000Plus, Hitachi, Japan) 
with accelerating voltage of 15  kV (Adeniyi et  al., 
2019). The surface chemistry of the fertilizers was ana-
lyzed using Fourier transform infrared spectroscopy 
(FTIR) (Model IRAffinity 1S, Shimadzu, Japan) under 
400–4000 cm−1 (Sarkar et al., 2021) while the thermal 
stability of the fertilizers was determined using a ther-
mal analyzer (Model DTG-60, Shimadzu, Japan).

2.3 � Cumulative Nitrogen Release Behaviour

About 400 g of soil was weighed and placed in a bottle 
with holes on the cap. Two pieces of filter papers were 
cut into small round shape and lined the cap. 0.73 g of 
uncoated biochar-based fertilizer and 0.78  g of corn 
starch/soybean wax coated biochar-based fertilizer was 
respectively placed into 400 g of the soil. The fertiliz-
ers were buried in the middle section of the soil and 
50 mL of distilled water was added into the soil. The 
soil was watered once every two days, and the water 
collected under the bottle was tested for the nitrogen 

Fig. 1   Schematic diagram of the synthesis of corn starch/soybean wax coated biochar-based fertilizer



	 Water Air Soil Pollut         (2026) 237:397   397   Page 4 of 15

Vol:. (1234567890)

content using Kjeldahl method (Liu et al., 2019). The 
nitrogen content was determined using Eq. (2).

2.4 � Release Kinetic Modelling

The nutrient release kinetic models used to study the 
release mechanism of the uncoated and corn starch/
soybean wax coated biochar-based fertilizers were 
zero-order release kinetic model, first-order release 
kinetic model, Higuchi model and Korsmeyer-Peppas 
model (Maghsoodi et al., 2020; Sim et al., 2024), as 
shown in Eqs. (3)-(6), respectively:

where Q is the amount of nitrogen release (mg), Qo is 
the initial amount of nitrogen leach in the beaker 
(mg), Co is the initial amount of nitrogen in the ferti-
lizer (mg) and Ct is the amount of nitrogen leach in 
the beaker, t is the time (day), Mt

Mo

 represents the 
release of nitrogen from uncoated and corn starch/
soybean wax coated fertilizer at time t, n indicates the 
exponent (transport mechanism) whereas kt, ko, kH 
and kkp are the release constants.

2.5 � Water Retention in Soil

About 400  g of soil was weighed and placed in a 
bottle. Then, 0.73  g of the uncoated biochar-based 
fertilizer and 0.78 g of the corn starch/soybean wax 
double coated biochar-based fertilizer was added 
into the 400 g of the soil separately. The fertilizers 
were buried in the middle of the soil and 150 mL of 
distilled water was added into the soil, and the bot-
tles with the soil and distilled water were weighed 
again. The bottles were weighed every two days 

(2)Nitrogen(%) =
(Titrantvolume − titrantblank)xnormalityofacidx14Nx1000

Sampleweight(mL)

(3)Q = Qo + ko

(4)Log Ct = Log C0 −
kt

2.303

(5)
Mt

Mo

= kHt
1

2

(6)
Mt

Mo

= kkpt
n

until constant readings were obtained. The water 
retention capacity of both the uncoated and corn 

starch/soybean wax coated biochar-based fertilizers 
was calculated using Eq. (7) (Olad et al., 2018):

where WR (%) is the water retention of the fertilizer, Wt 
(g) is the weight of sample bottle measured daily, Wo 
(g) is the initial weight of bottle containing soil, ferti-
lizer and distilled water, W (g) is the weight of bottle 
containing soil and distilled water (control experiment).

2.6 � Plant Growth

Okra (lady fingers) seedlings were first wetted in a 
container and kept in a dark and cool place. After 
two days, the seeds were transplanted to the pots 
prepared with normal topsoil. The texture of the 
soil was clayey-textural type, while the pH of the 
soil was 6.48. The nitrogen content of the soil was 
about 0.2%. The plant growth experiments were 
conducted for a short-term period of 25  days. The 
application rate of nitrogen was supplied at 200 kg/
ha (Jallow et al., 2021). The plants were left to grow 
for another few days before the uncoated and corn 
starch/soybean wax coated biochar-based fertilizers 
was respectively added to the plants. The uncoated 
and corn starch/soybean wax coated biochar-based 
fertilizers were then buried around the roots of the 
plants in the pots (about 5 cm deep in the soil). The 
initial height of the plants and number of leaves 
were measured. The pots were placed under the sun 
and watered every day. The height of the plants and 
number of leaves were recorded every five days.

3 � Results and Discussion

3.1 � Surface Morphology and Elemental Analysis

Figure  2 shows the surface morphology of the (a) 
uncoated biochar-based fertilizer and (b) corn starch/

(7)WR(%) =
Wt −W

Wo −W
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soybean wax coated biochar-based fertilizer under 
200 × magnification. From Fig. 2(a), the surface of the 
uncoated biochar-based fertilizer was rough, uneven 
and had more pores. The contact area between the 
membrane shell of the biochar-based fertilizer and 
water molecules was increased by the surface rough-
ness and porousness. As a result, a lot of water quickly 
permeated the fertilizer membrane, accelerating the 
nutrient decomposition and release (Tian et al., 2021). 
Besides, the surface of the uncoated biochar-based 
fertilizer was loose and did not hold tightly together. 
The biochar-based fertilizer pellets would then scatter 
easily when water was added to them, thus increas-
ing the nutrient release rate. This caused the scattered 
biochar-based fertilizer to have a direct contact with 
the water as more surface area was exposed to water, 
thereby increasing the nutrient release rate. Wang 
et  al. (2023) found that the biochar-based fertilizer 

without granulation had a higher nutrient release 
rate than the biochar-based fertilizer with granula-
tion. In contrast, the surface of the corn starch/soy-
bean wax coated biochar-based fertilizer (Fig.  2(b)) 
was smoother, more even and had less pores on the 
surface. This was possibly due to the presence of 
the coating layers which had sealed the pores of the 
biochar-based fertilizer. The findings were consistent 
with Su et  al. (2024) which reported that the addi-
tion of a layer of ceresin wax sealed the micropores 
of the biopolyurethane coated fertilizer. The diffusion 
of water molecules into the core and release of nutri-
ents from the core could be stopped by the uniform 
and dense coating layers (Jia et al., 2020). This helped 
to prevent the fertilizer to release nutrients too quickly 
and being washed away by heavy rainfall. The surface 
of the biochar-based fertilizer was covered by a dual 
thin coating layer, reducing particle scattering during 
watering. If the fertilizer were scattered, the surface 
area for nutrient leaching would also increase. There-
fore, the presence of coating layers was important to 
prevent the biochar-based fertilizer from scattering 
during handling or watering (Alemi et al., 2010). The 
coating content of the corn starch/soybean wax coated 
biochar-based fertilizer was 10%.

The nitrogen content of the uncoated biochar-
based fertilizer was found to be 1.33%, whereas the 
nitrogen content of the corn starch/soybean wax 
coated biochar-based fertilizer was 1.26%. The insig-
nificant difference was possibly caused by the loss 
of nitrogen during the encapsulating process, as part 
of the soluble nitrogen might dissolve and diffuse 
from the fertilizer. Similar observation was reported 
by Sim et  al. (2024) that the tapioca starch/palm oil 
coated biochar-based fertilizer had a lower nitrogen 
content (9.50%) than the uncoated biochar-based 
fertilizer (15.50%) due to the loss of nitrogen during 
the encapsulating process. Different nitrogen content 
could also be due to the different synthesis meth-
ods, conditions and materials used such as the type 
of biochar and nutrient. The different porous struc-
ture and functional groups of biochar varied with the 
biochar type and synthesis conditions, thereby the 
ability of nutrient retention varied greatly. It is impor-
tant to optimize the nutrient loading capacity of the 
biochar in order to ensure more nutrient can be sup-
plied to the plants (Sim et al., 2025). Himmah et al. 
(2018) conducted a study to compare the nitrogen 
content of starch coated and uncoated NPK fertilizer, 

Fig. 2   Surface morphology of (a) uncoated and (b) 
corn starch/soybean wax coated biochar-based fertilizers 
(200 × magnification)
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and found that the nitrogen content of starch coated 
NPK fertilizer was 11.91% whereas the nitrogen con-
tent of uncoated NPK fertilizer was 14.04%. It was 
stated that the reduction of the nitrogen content was 
probably due to the effect of dilution and volatiliza-
tion that occurred during the coating process (Him-
mah et al., 2018). It was concluded that the nitrogen 
content of starch coated NPK fertilizer was slightly 
lower than the uncoated NPK fertilizer. Although the 
nitrogen content was slightly reduced, the controlled-
release profile was enhanced, allowing nutrients to 
be supplied to the plants over a longer period rather 
than being rapidly released and lost through leach-
ing into groundwater or surface runoff. This not only 
mitigates environmental pollution but also improves 
nutrient use efficiency by plants.

Table  1 compares the total mass percentage and 
atom percentage of other elements contained in 
the uncoated and corn starch/soybean wax coated 
biochar-based fertilizers. There were five elements 
namely carbon, oxygen, potassium, phosphorus 
and silicon detected in both the uncoated and corn 
starch/soybean wax coated biochar-based fertilizers. 
According to Asadi et  al. (2021), rice husk biochar 
contained carbon, oxygen, phosphorus, potassium 
and silicon. The total mass percentage of carbon and 
oxygen of the rice husk biochar was higher than other 
elements. The uncoated and corn starch/soybean wax 
coated biochar-based fertilizers synthesized in this 
study contained higher carbon and oxygen as com-
pared to other elements. However, the carbon and 
oxygen mass percentage of the corn starch/soybean 
wax coated biochar-based fertilizer was higher than 
the uncoated biochar-based fertilizer. This was possi-
bly due to the nutrient analysis of the coated fertilizer 
had been impacted by the inclusion of starch as the 

coating (Himmah et  al., 2018). The silicon element 
was reduced for soybean wax coated biochar-based 
fertilizer due to the diffusion of water-soluble sili-
con from the biochar-based fertilizer during the coat-
ing process. The phosphorus and potassium contents 
of both the uncoated and corn starch/soybean wax 
coated biochar-based fertilizers showed no significant 
difference. The phosphorus, potassium and silicon 
contents of the uncoated and corn starch/soybean wax 
coated biochar-based fertilizers could act as nutrient 
sources to alleviate the soil fertility. Sim et al. (2024) 
also claimed that the other elements found in the tapi-
oca starch/palm oil biochar-based fertilizer could be 
used as macronutrient and micronutrient for plant 
growth.

3.2 � Chemical and Thermal Properties

Figure  3 shows the FTIR spectrum of the (a) 
uncoated biochar-based fertilizer and (b) corn starch/
soybean wax coated biochar-based fertilizer. Refer-
ring to Fig. 3(a), OH stretching vibration was found 
at 3800  cm−1 (Lingegowda et  al., 2013). The aro-
matic primary amine, N–H strength was found in the 
range of wavelength 3510–3460 cm−1. Another broad 
absorption between 3100 – 3500  cm−1 indicated the 
presence of hydroxyl group. The sharp peaks found 
at 2033.33 cm−1 and 2164.13 cm−1 indicated that the 
sample contained isothiocyanate (-NCS) and thiocy-
anate (-SCN). The C = C – C aromatic ring stretching 
and secondary amine > N – H bend was detected at 
1580  cm−1. At 1062.78  cm−1, inorganic compounds 
such as silicate ion, phosphate ion and sulphate 
ion were detected. Primary amine, CN stretch and 
alkyl substituted ether, and C-O stretch was found 
at 1062.78  cm−1. The presence of ether and oxy 

Table 1   Comparison of 
elements contained in 
uncoated and corn starch/
soybean wax coated 
biochar-based fertilizers

Elements Mass (%) Atom (%)

Uncoated 
biochar-based
fertilizer

Corn starch/soybean 
wax coated biochar-
based
fertilizer

Uncoated 
biochar-based
fertilizer

Corn starch/soybean wax 
coated biochar-based
fertilizer

Carbon (C) 57.1211 60.5847 52.3714 69.3563
Oxygen (O) 56.4057 31.0474 38.8236 26.6823
Potassium (K) 0.8187 0.8396 0.2306 0.2953
Phosphorus (P) 0.4445 0.6930 0.1580 0.3076
Silicon (Si) 21.4650 6.2296 8.4164 3.0499
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compounds in the sample was due to the addition 
of hydroxypropyl methylcellulose (Akinosho et  al., 
2013). In the range of 400–700 cm−1 thiols and thio-
substitude compounds were observed.

The FTIR spectrum of the corn starch/soybean wax 
coated biochar-based fertilizer was quite similar to 
the uncoated biochar-based fertilizer. Due to the corn 
starch/soybean wax coating layers, the peaks observed 
at the fingerprint region were slightly shifted. Zafar 

et al. (2021) stated that with the addition of a coating 
layer, the wavelength present in FTIR would have a 
slight difference from the uncoated biochar-based fer-
tilizer. At 1045.42 cm−1, aliphatic phosphate, P-O-C 
stretch was detected. Primary amine, CN stretch and 
phosphate ion were also detected. The presence of ali-
phatic phosphate was due to the soybean wax coating 
layer having hydrophobic properties, and the aliphatic 
group was generally hydrophobic (Ge et  al., 2022). 

Fig. 3   Surface chemistry of (a) uncoated and (b) corn starch/soybean wax coated biochar-based fertilizers
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Hence, aliphatic group was not found in the FTIR 
spectrum of the uncoated biochar-based fertilizer. Ge 
et  al. (2022) reported similar findings in which the 
water-borne polymer coated with carnauba wax urea 
fertilizer showed different functional groups than the 
uncoated fertilizer. Due to the hydrophobic property 
of carnauba wax, aliphatic group was present only in 
the coated urea fertilizer.

Figure  4(a) and Fig.  4(b) respectively shows the 
thermal behaviour of the uncoated and corn starch/
soybean wax coated biochar-based fertilizers. Refer-
ring to Fig. 4(a), at the range of 32 ℃ to 280 ℃, 8.37 
% of the uncoated biochar-based fertilizer sample 
was lost, as compared to 1.66 % of the corn starch/
soybean wax coated biochar-based fertilizer sample 
was lost. At the range of 310 to 355 ℃, another 3.18 
% of the uncoated biochar-based fertilizer was lost 
due to the decomposition of the cellulose and lignin 
contents of the sample. According to Ramesh and 
Raghavan (2024), the decomposition of cellulose and 
lignin contents in the urea impregnated biochar-based 
fertilizer was observed at 200 °C to 500 °C. For corn 
starch/soybean wax coated biochar-based fertilizer, 

the decomposition process occurred at the range 
of 280 ℃ to 405 ℃ where only 0.15 % of the sam-
ple was lost. At 355 ℃, the weight of the uncoated 
biochar-based fertilizer was further reduced by 10.03 
%, whereas the weight of the corn starch/soybean wax 
coated biochar-based fertilizer was reduced by only 
3.33 % at 405 ℃. Referring to Fig.  4(b), two sharp 
peaks were found on the uncoated biochar-based fer-
tilizer sample. The first sharp peak was at the range 
of 32 ℃ to 146 ℃, where at this stage the evaporation 
and degradation of the sample occurred. The second 
peak was observed at the range of 270 ℃ to 400 ℃, 
where the degradation of the sample residual contin-
ued. For the corn starch/soybean wax coated biochar-
based fertilizer, an obvious sharp peak was found at 
the range of 230 ℃ to 470 ℃ due to degradation of 
the sample. The TGA data of the uncoated and corn 
starch/soybean wax coated biochar-based fertilizers 
are shown in Table  2. Based on the DTG and TGA 
results, the thermal stability of the corn starch/soy-
bean wax coated biochar-based fertilizer was better 
than the uncoated biochar-based fertilizer. This indi-
cated that the use of corn starch as an inner coating 

Fig. 4   (a) TGA and (b) DTG graphs of uncoated and corn starch/soybean wax coated biochar-based fertilizers
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material and soybean wax as an outer coating mate-
rial had successfully improved the thermal stabil-
ity of the coated biochar-based fertilizer. In contrast, 
An et  al. (2021) observed that biopolymers coated 
biochar-based fertilizer had a poorer thermal stability 
than the uncoated biochar-based fertilizer. It could be 
concluded that the thermal stability of the coated fer-
tilizer depended on the formulation of the encapsulat-
ing methods and materials used.

3.3 � Water Retention Capacity

Figure  5 shows the water retention capacity of (a) 
uncoated and (b) corn starch/soybean wax coated 
biochar-based fertilizers in soil. The uncoated biochar-
based fertilizer had a lower water retention capacity of 
58.11% as compared to the corn starch/soybean wax 
coated biochar-based fertilizer (65.54%) achieved 
on day 23. This was because the corn starch coat-
ing material assisted in retaining the water molecules 
due to its high hydrophilicity which allowed water 

molecules to interact with the corn starch (Fertahi 
et  al., 2021). The tapioca starch/palm oil encapsu-
lated biochar-based fertilizer synthesized by Sim et al. 
(2024) also improved the water retention of sandy 
soil. Gungula et al. (2021) also reported that the water 
retention capacity of the fertilizer coated with Boras-
sus aethiopum starch and Maesopsis eminii hydrogels 
was higher than the uncoated fertilizer, which reduced 
the frequency of irrigation. The ability to retain water 
is important to a fertilizer as it could supply water 
during dry periods. Additionally, it promotes optimal 
plant growth, improves water efficiency and shortens 
watering cycles (Gungula et al., 2021).

3.4 � Cumulative Nitrogen Release Behaviour

Figure  6 shows the cumulative nitrogen release of 
(a) uncoated and (b) corn starch/soybean wax coated 
biochar-based fertilizers in 23  days. The cumulative 
nitrogen release of the uncoated biochar-based ferti-
lizer was 1.096 mg, whereas the cumulative nitrogen 
release of the corn starch/soybean wax coated bio-
char-based fertilizer was only 0.474 mg after 23 days. 
The slow-release rate of corn starch/soybean wax 
coated biochar-based fertilizer was caused by the dual 
coating layers which acted as water barrier to prevent 
the water to enter or have a direct contact with the fer-
tilizer core. The soybean wax as outer layer coating 
was hydrophobic which further reduced the uptake of 
water molecules. From day 1 to 15, the corn starch/
soybean wax coated biochar-based fertilizer released 
very little nitrogen which was 0.205 mg (2.23%) and 

Table 2   TGA data of uncoated and corn starch/soybean wax 
coated biochar-based fertilizers

Sample T5 (°C) T50 (°C) Residual 
weight 
(%)

Uncoated biochar-based 
fertilizer

59.78 595.82 32.24

Corn starch/soybean wax 
coated fertilizer

254.31 681.42 39.57

Fig. 5   Water retention 
capacity of (a) uncoated 
and (b) corn starch/soybean 
wax coated biochar-based 
fertilizers in soil
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started to release more nitrogen after 17  days. This 
was because the coating layers started to degrade as 
microorganisms in the soil engulfed the coating lay-
ers. According to Himmah et  al. (2018), the starch 
that was not mixed with chemicals was easier to be 
degraded by microorganisms, hence the fertilizer 
coated with starch only would release nutrients faster 
than the fertilizer coated with other polymers or 
waxes. Therefore, with soybean wax acting as a pro-
tective layer, the microorganism would take a longer 
time to degrade the soybean wax layer before degrad-
ing the corn starch coating layer.

Although the uncoated biochar-based fertilizer 
released more nitrogen content than the coated bio-
char-based fertilizer, the nitrogen release rate of the 
uncoated biochar-based fertilizer was considered slow. 
As shown in Fig.  6, after 23  days, only 11% of the 
total nitrogen content in the uncoated biochar-based 
fertilizer had been released. This was because the 
nutrient was bound to the surface functional group and 
pores of the biochar which caused the biochar-based 
fertilizer to possess slow-release property (Piash et al., 
2022). As demonstrated by Ndoung et al. (2021), the 
release rate of nutrient from the uncoated biochar-
based fertilizer was slower than the conventional fer-
tilizers such as urea, ammonium nitrate, potassium 
dibasic phosphate and single super phosphate. On day 
23, only 5.15% of the nitrogen was released from the 
corn starch/soybean wax coated biochar-based fer-
tilizer. This proved that the corn starch/soybean wax 

coating layers were more efficient as the coating layers 
would slow down the nitrogen release, thus preventing 
nitrogen from evaporating into the air or being washed 
due to heavy rainfall or irrigation.

3.5 � Nitrogen Release Kinetic Modelling

The release kinetic rate constant (k), release exponent 
(n) and R2 of the uncoated and corn starch/soybean 
wax coated fertilizers obtained from zero-order release 
kinetic model, first-order release kinetic model, Higu-
chi model and Korsmeyer-Peppas model are summa-
rized in Table 3. The first-order release kinetic model, 
Higuchi model and Korsmeyer-Peppas model were not 
suitable for explaining the nitrogen release mechanism 
of both the uncoated and corn starch/soybean wax 
coated biochar-based fertilizers as the R2 values were 
relatively low. The R2 values obtained for the zero-
order release kinetic model were the highest (close 
to 1), which indicated that this kinetic model best 
described the nitrogen release mechanism of both the 
uncoated and corn starch/soybean wax coated biochar-
based fertilizers. The release of nitrogen was found 
to be independent of the concentration. The nitrogen 
release rate of the corn starch/soybean wax coated bio-
char-based fertilizer was slower than the uncoated bio-
char-based fertilizer. This proved that the corn starch/
soybean wax encapsulating layers were effective in 
slowing down the nutrient release of the fertilizer syn-
thesized in this study. Sim et  al. (2024) in the other 

Fig. 6   Cumulative nitrogen 
release behaviour of (a) 
uncoated and (b) corn 
starch/soybean wax coated 
biochar-based fertilizers 
in soil
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hand observed that the Korsmeyer-Peppas model was 
the best in describing the nutrient release of tapioca 
starch/palm oil encapsulated biochar-based fertilizer 
which involved multiple release mechanisms. Kareem 
et  al. (2021) found that the first-order release kinetic 
model was best in describing the hydroxyl methyl 
propyl cellulose/polyvinyl alcohol/glycerol and blend 
paper double coated fertilizer. The different release 
mechanism occurred for different type of controlled-
release fertilizers could be due to the different condi-
tions and encapsulation formulations used to synthe-
size the fertilizers.

3.6 � Okra Growth Performance

Figure 7 shows the height of the okra plants in 25 days. 
From day 5 to day 20, the okra plant added with the 

uncoated biochar-based fertilizer was taller than the 
other samples. The plant added with the corn starch/
soybean wax coated biochar-based fertilizer had lower 
growth initially. On day 10, the controlled plant and 
the plant with the uncoated biochar-based fertilizer 
grew higher. The controlled plant grew 7  cm higher 
than the plant with the corn starch/soybean wax coated 
biochar-based fertilizer, whereas the plant with the 
uncoated biochar-based fertilizer was 8.6  cm higher. 
This was because the nutrients in the corn starch/
soybean wax coated biochar-based fertilizer released 
more slowly. On day 25, more nutrients were being 
released hence the plant added with the corn starch/
soybean wax coated biochar-based fertilizer started 
to grow higher than the other two samples, achiev-
ing the highest height of 35.5  cm. The number of 
leaves of the plant added with corn starch/soybean 

Table 3   Parameters of 
different kinetic models 
for uncoated and corn 
starch/soybean wax coated 
biochar-based fertilizers

Kinetic model Parameter Uncoated biochar-
based fertilizer

Corn starch/soybean wax 
coated biochar-based 
fertilizer

Zero order kinetic
model

k (day−1) 0.4525 0.1798

R
2 0.9746 0.9483

First order kinetic model k (day−1) −0.1509 −0.2634

R
2 0.4768 0.4180

Higuchi model k (day−1) 2.8714 1.1878

R
2 0.9004 0.8339

Korsmeyer-Peppas model k (day−1) 0.5852 0.0927
N 0.6549 0.2411

R
2 0.9588 0.2117

Fig. 7   Height of okra 
plants for control, added 
with uncoated and corn 
starch/soybean wax coated 
biochar-based fertilizers
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wax coated biochar-based fertilizer increased from 3 
to 6 (Fig.  8(a)) whereas the number of leaves of the 
plant added with uncoated biochar-based fertilizer 
increased from 3 to 7 (Fig.  8(b)). This was possibly 
due to the nutrients released by the corn starch/soy-
bean wax coated biochar-based fertilizer was slower, 
hence longer time was required for the plant to absorb 
more nutrients at the early stage, thus causing a slower 
growth. This however benefits in the long-term by pro-
viding more consistent nutrients throughout the growth 
cycle of the plant. As the plant growth performance 
was conducted in a short duration in this study, it was 
believed that the number of leaves of the plant added 
with corn starch/soybean wax coated biochar-based 
fertilizer would eventually increase and outperform 
the plant with uncoated biochar-based fertilizer as 
more nutrients for the uncoated biochar-based fertilizer 
would be leached without being utilized by the plant 
due to the fast nutrient release rate. The findings were 
supported by Sun et  al. (2023) which found that the 
controlled-release fertilizer was not able to meet the 
rapid demand in the early rice seedlings growth stage.

4 � Conclusions

Corn starch/soybean wax double coated biochar-
based controlled-release nitrogen fertilizer was 
synthesized. The corn starch/soybean wax coated 
fertilizer enhanced the water retention capacity in 
soil (65.54%) as compared to the uncoated biochar-
based fertilizer (58.11%) after 23  days. The nutri-
ent release rate of the corn starch/soybean wax 
coated biochar-based fertilizer was slower than the 
uncoated biochar-based fertilizer, with the zero-
order kinetic model best described the release kinet-
ics of both the uncoated and coated fertilizers. The 
thermal stability of the corn starch/soybean wax 
coated biochar-based fertilizer was better than the 
uncoated biochar-based fertilizer. The height of okra 
plant added with corn starch/soybean wax coated 
fertilizer treatment was the highest as compared to 
the control and uncoated biochar-based fertilizer 
samples after 25 days. This study demonstrated that 
the corn starch/soybean wax formulation is a prom-
ising and sustainable coating for controlled-release 

Fig. 8   Leaves of okra plants (a) control, (b) added with uncoated biochar-based fertilizer and (c) added with corn starch/soybean 
wax coated biochar-based fertilizer
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systems, thereby contributing to the advancement of 
modern agricultural technologies. Overall, the dual-
layer corn starch/soybean wax coated biochar-based 
fertilizer functions as a green controlled-release 
fertilizer that improves nutrient use efficiency and 
minimizes environmental impact. In future studies, 
the long-term effect and techno-economic analysis 
of the formulated corn starch/soybean wax coated 
biochar-based fertilizer on other plants can be 
investigated to evaluate its feasibility for large-scale 
production and field application.

Acknowledgements  The authors acknowledge the research 
grant provided by the Ministry of Higher Education, Malay-
sia under Fundamental Research Grant Scheme FRGS/1/2024/
WAS04/UNIMAS/02/1. The authors also acknowledge Universiti 
Malaysia Sarawak (UNIMAS) for providing the research support.

Author Contributions  I. J. X. Yong contributed to the con-
ceptualization, data curation, formal analysis, investigation, 
methodology and writing the manuscript. I. A. W. Tan contrib-
uted to the conceptualization, methodology, project adminis-
tration, supervision and writing the manuscript. D. H. H. Sim 
contributed to the software, visualization, reviewing and edit-
ing the manuscript. L. L. P. Lim contributed to the funding 
acquisition, resources, supervision, validation, reviewing and 
editing the manuscript.

Funding  Open access funding provided by The Ministry of 
Higher Education Malaysia and Universiti Malaysia Sarawak. 
This work was funded by the Ministry of Higher Educa-
tion, Malaysia under Fundamental Research Grant Scheme 
(FRGS/1/2024/WAS04/UNIMAS/02/1).

Data Availability  Data will be made available on request.

Declarations 

Ethics approval and consent to participate  Not applicable.

Consent for Publication  All of the authors have read and 
approved the paper for publication.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Com-
mons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License, which permits any non-commercial use, shar-
ing, distribution and reproduction in any medium or format, as 
long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, 
and indicate if you modified the licensed material. You do 
not have permission under this licence to share adapted mate-
rial derived from this article or parts of it. The images or other 
third party material in this article are included in the article’s 

Creative Commons licence, unless indicated otherwise in a 
credit line to the material. If material is not included in the arti-
cle’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, 
you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecom-
mons.org/licenses/by-nc-nd/4.0/.

References

Adeniyi, A. G., Ighalo, J. O., & Onifade, D. V. (2019). Pro-
duction of biochar from elephant grass (Pernisetum pur-
pureum) using an updraft biomass gasifier with retort 
heating. Biofuels, 12(10), 1283–1290. https://​doi.​org/​10.​
1080/​17597​269.​2019.​16137​51

Akinosho, H., Hawkins, S., & Wicker, L. (2013). Hydroxy-
propyl methylcellulose substituent analysis and rheologi-
cal properties. Carbohydrate Polymers, 98(1), 276–281. 
https://​doi.​org/​10.​1016/j.​carbp​ol.​2013.​05.​081

Alemi, H., Kianmehr, M., & Borghaee, A. (2010). Effect of 
pellet processing of fertilizer on slow-release nitrogen in 
soil. Asian Journal of Plant Sciences, 9(2), 74–80. https://​
doi.​org/​10.​3923/​ajps.​2010.​74.​80

An, X., Wu, Z., Qin, H., Liu, X., He, Y., Xu, X., Li, T., & Yu, 
B. (2021). Integrated co-pyrolysis and coating for the 
synthesis of a new coated biochar-based fertilizer with 
enhanced slow-release performance. Journal of Cleaner 
Production, 283, Article 124642. https://​doi.​org/​10.​
1016/j.​jclep​ro.​2020.​124642

Asadi, H., Ghorbani, M., Rezaei-Rashti, M., Abrishamkesh, 
S., Amirahmadi, E., Chengrong, C., & Gorji, M. (2021). 
Application of rice husk biochar for achieving sustainable 
agriculture and environment. Rice Science, 28(4), 325–
343. https://​doi.​org/​10.​1016/j.​rsci.​2021.​05.​004

Baird, R. J., Kabiri, S., Degryse, F., da Silva, R. C., Andelko-
vic, I., & McLaughlin, M. J. (2023). Hydrophobic coat-
ings for granular fertilizers to improve physical handling 
and nutrient delivery. Powder Technology. https://​doi.​org/​
10.​1016/j.​powtec.​2023.​118521

Chen, J., Lü, S., Zhang, Z., Zhao, X., Li, X., Ning, P., & Liu, 
M. (2018). Environmentally friendly fertilizers: A review 
of materials used and their effects on the environment. 
Science of Total Environment, 613–614, 829–839. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2017.​09.​186

Fertahi, S., Ilsouk, M., Zeroual, Y., Oukarroum, A., & Barakat, 
A. (2021). Recent trends in organic coating based on 
biopolymers and biomass for controlled and slow release 
fertilizers. Journal of Controlled Release, 330, 341–361.

Ge, C., Xu, X., Ma, F., Zhou, J., & Du, C. (2022). Biomimetic 
modification of water- borne polymer coating with car-
nauba wax for controlled release of urea. International 
Journal of Molecular Sciences, 23(13), Article 7422.

Ghosh, A., Singh, A. K., Kumar, R. V., Singh, P. D., Misra, 
S., Ahamed, S., Ojha, D., Chandra, A., & Bhattacharyya, 
R. (2024). Silica and polymer coated controlled release 
nitrogen-phosphorus fertilizer for improving nutrient 
and water use efficiency in semi-arid India. Journal of 

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1080/17597269.2019.1613751
https://doi.org/10.1080/17597269.2019.1613751
https://doi.org/10.1016/j.carbpol.2013.05.081
https://doi.org/10.3923/ajps.2010.74.80
https://doi.org/10.3923/ajps.2010.74.80
https://doi.org/10.1016/j.jclepro.2020.124642
https://doi.org/10.1016/j.jclepro.2020.124642
https://doi.org/10.1016/j.rsci.2021.05.004
https://doi.org/10.1016/j.powtec.2023.118521
https://doi.org/10.1016/j.powtec.2023.118521
https://doi.org/10.1016/j.scitotenv.2017.09.186
https://doi.org/10.1016/j.scitotenv.2017.09.186


	 Water Air Soil Pollut         (2026) 237:397   397   Page 14 of 15

Vol:. (1234567890)

Environmental Chemical Engineering, 12(3), Article 
112737. https://​doi.​org/​10.​1016/j.​jece.​2024.​112737

Gungula, D. T., Andrew, F. P., Joseph, J., Kareem, S. A., Bar-
minas, J. T., Adebayo, E. F., Saddiq, A. M., Tame, V. T., 
Dere, I., Ahinda, W. J., & Ator, R. (2021). Formulation 
and characterization of water retention and slow-release 
urea fertilizer based on Borassus aethiopum starch and 
Maesopsis eminii hydrogels. Results in Materials, 12, 
Article 100223. https://​doi.​org/​10.​1016/j.​rinma.​2021

Himmah, N., Djajakirana, G., & Darmawan, D. (2018). Nutri-
ent release performance of starch coated NPK fertilizers 
and their effects on corn growth. Sains Tanah Journal of 
Soil Science and Agroclimatology, 15(2), 104. https://​doi.​
org/​10.​15608/​stjssa

Jallow, S. A. F., Sey, K., & Manneh, F. J. (2021). Effect of NPK 
fertilizer (15: 15: 15) rates and methods of applications on 
the growth and yield of okra (Abelmoschus Esculentus L.) 
at site III farm, the Gambia. Ponte Academic Journal, 77, 
1–12. https://​doi.​org/​10.​21506/j.​ponte.​2021.5.1

Jia, C., Lu, P., & Zhang, M. (2020). Preparation and characteri-
zation of environmentally friendly controlled release ferti-
lizers coated by leftovers-based polymer. Processes, 8(4), 
Article 417. https://​doi.​org/​10.​3390/​pr804​0417

Kareem, S. A., Dere, I., Gungula, D. T., Andrew, F. P., Saddiq, 
A. M., Adebayo, E. F., Tame, V. T., Kefas, H. M., Joseph, 
J., & Patrick, D. O. (2021). Synthesis and characteriza-
tion of slow-release fertilizer hydrogel based on hydroxy 
propyl methyl cellulose, polyvinyl alcohol, glycerol and 
blended paper. Gels, 7(4), Article 262. https://​doi.​org/​10.​
3390/​gels7​040262

Kwapinski, W., Byrne, C., Kryachko, E., Wolfram, P., Adley, 
C., Leahy, J. J., Novotny & E. H., Hayes, M. H. B. (2010). 
Biochar from biomass and waste. Waste and Biomass 
Valorization, 1(2), 177–189. https://​doi.​org/​10.​1007/​
s12649-​010-​9024-8

Lawrencia, D., Wong, S., Low, D., Goh, B., Goh, J., Ruktanon-
chai, U., Soottitantawat, A., Lee, L. H., & Tang, S. Y. 
(2021). Controlled release fertilizers: A review on coating 
materials and mechanism of release. Plants, 10(2), Article 
238. https://​doi.​org/​10.​3390/​plant​s1002​0238

Lingegowda, D., Kumar, J., Prasad, A., Zarei, M., & Gopal, S. 
(2013). FTIR spectroscopic studies on Cleome Gynandra-
comparative analysis of functional group before and after 
extraction. Romanian Journal of Biophysics, 22(3–4), 
137–143.

Liu, X., Liao, J., Song, H., Yang, Y., Guan, C., & Zhang, 
Z. (2019). A biochar-based route for environmentally 
friendly controlled release of nitrogen: Urea-loaded bio-
char and bentonite composite. Scientific Reports, 9(1), 
1–12. https://​doi.​org/​10.​1038/​s41598-​019-​46065-3

Maghsoodi, M. R., Najafi, N., Reyhanitabar, A., & Oustan, S. 
(2020). Hydroxyapatite nanorods, hydrochar, biochar, and 
zeolite for controlled-release urea fertilizers. Geoderma, 
379, Article 114644. https://​doi.​org/​10.​1016/J.​GEODE​
RMA.​2020.​114644

Manyà, J., Azuara, M., & Manso, J. (2018). Biochar produc-
tion through slow pyrolysis of different biomass materials: 
Seeking the best operating conditions. Biomass and Bio-
energy, 117, 115–123. https://​doi.​org/​10.​1016/j.​biomb​ioe.​
2018.​07.​019

Ndoung, O., Figueiredo, C., & Ramos, M. (2021). A scoping 
review on biochar- based fertilizers: Enrichment tech-
niques and agro-environmental application. Heliyon, 
7(12), Article e08473. https://​doi.​org/​10.​1016/j.​heliy​on.​
2021.​e08473

Olad, A., Zebhi, H., Salari, D., Mirmohseni, A., & Reyhani 
Tabar, A. (2018). Slow- release NPK fertilizer encapsu-
lated by carboxymethyl cellulose-based nanocomposite 
with the function of water retention in soil. Materi-
als Science & Engineering c, Materials for Biological 
Applications, 90, 333–340. https://​doi.​org/​10.​1016/j.​
msec.​2018.​04.​083

Piash, M. I., Iwabuchi, K., & Itoh, T. (2022). Synthesizing 
biochar-based fertilizer with sustained phosphorus and 
potassium release: Co-pyrolysis of nutrient-rich chicken 
manure and Ca-bentonite. Science of the Total Environ-
ment, 822, Article 153509. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2022.​153509

Ramesh, K., & Raghavan, V. (2024). Agricultural waste-
derived biochar-based nitrogenous fertilizer for slow-
release applications. ACS Omega, 9(4), 4377–4385. 
https://​doi.​org/​10.​1021/​acsom​ega.​3c066​87

Sarkar, A., Biswas, D. R., Datta, S. C., Dwivedi, B. S., Bhat-
tacharyya, R., Kumar, R., Bandyopadhyay, K. K., Saha, 
M., Chawla, G., Saha, J. K., & Patra, A. K. (2021). 
Preparation of novel biodegradable starch/poly(vinyl 
alcohol)/bentonite grafted polymeric films for fertilizer 
encapsulation. Carbohydrate Polymers, 259, Article 
117679. https://​doi.​org/​10.​1016/j.​carbp​ol.​2021.​117679

Shen, T., Fan, S., Li, Y., Xu, G., & Fan, W. (2020). Preparation 
of edible nonwettable coating with soybean wax for repel-
ling liquid foods with little residue. Materials, 13(15), 
Article 3308. https://​doi.​org/​10.​3390/​ma131​53308

Sim, D. H. H., Tan, I. A. W., Lim, L. L. P., & Hameed, B. H. 
(2021). Encapsulated biochar-based sustained release 
fertilizer for precision agriculture: A review. Journal of 
Cleaner Production, 303, Article 127018. https://​doi.​org/​
10.​1016/J.​JCLEP​RO.​2021.​127018

Sim, D. H. H., Tan, I. A. W., Lim, L. L. P., Lau, E. T., & 
Hameed, B. H. (2024). Synthesis of tapioca starch/palm 
oil encapsulated urea-impregnated biochar derived from 
peppercorn waste as a sustainable controlled-release fer-
tilizer. Waste Management, 173, 51–61. https://​doi.​org/​10.​
1016/j.​wasman.​2023.​11.​006

Sim, D. H. H., Tan, I. A. W., Lim, L. L. P., Yeo, F. K. S., 
Phornvillay, S., Abat, M., Lam, S. S., & Hameed, B. H. 
(2025). Biochar-based slow/controlled-release fertilizer 
for sustainable agriculture: Recent advances, challenges 
and future prospects. JOurnal of Environmental Chemi-
cal Engineering, 13, Article 118826. https://​doi.​org/​10.​
1016/j.​jece.​2025.​118826

Su, B., Yang, M., Gao, B., Li, Z., Zhao, X., Zhang, S., Cheng, 
D., Shen, T., Yao, Y., & Yang, Y. (2024). Ceresin wax 
enhances hydrophobicity and density of bio-based pol-
yurethane of controlled-release fertilizers: Streamlined 
production, improved nutrient release performance, and 
reduced cost. Journal of Cleaner Production, 452, Article 
142145. https://​doi.​org/​10.​1016/j.​jclep​ro.​2024.​142145

Sun, Y., Yuan, X., Chen, K., Wang, H., Luo, Y., Guo, C., 
Wang, Z., Shu, C., Yang, Y., Weng, Y., Zhou, X., Yang, 

https://doi.org/10.1016/j.jece.2024.112737
https://doi.org/10.1016/j.rinma.2021
https://doi.org/10.15608/stjssa
https://doi.org/10.15608/stjssa
https://doi.org/10.21506/j.ponte.2021.5.1
https://doi.org/10.3390/pr8040417
https://doi.org/10.3390/gels7040262
https://doi.org/10.3390/gels7040262
https://doi.org/10.1007/s12649-010-9024-8
https://doi.org/10.1007/s12649-010-9024-8
https://doi.org/10.3390/plants10020238
https://doi.org/10.1038/s41598-019-46065-3
https://doi.org/10.1016/J.GEODERMA.2020.114644
https://doi.org/10.1016/J.GEODERMA.2020.114644
https://doi.org/10.1016/j.biombioe.2018.07.019
https://doi.org/10.1016/j.biombioe.2018.07.019
https://doi.org/10.1016/j.heliyon.2021.e08473
https://doi.org/10.1016/j.heliyon.2021.e08473
https://doi.org/10.1016/j.msec.2018.04.083
https://doi.org/10.1016/j.msec.2018.04.083
https://doi.org/10.1016/j.scitotenv.2022.153509
https://doi.org/10.1016/j.scitotenv.2022.153509
https://doi.org/10.1021/acsomega.3c06687
https://doi.org/10.1016/j.carbpol.2021.117679
https://doi.org/10.3390/ma13153308
https://doi.org/10.1016/J.JCLEPRO.2021.127018
https://doi.org/10.1016/J.JCLEPRO.2021.127018
https://doi.org/10.1016/j.wasman.2023.11.006
https://doi.org/10.1016/j.wasman.2023.11.006
https://doi.org/10.1016/j.jece.2025.118826
https://doi.org/10.1016/j.jece.2025.118826
https://doi.org/10.1016/j.jclepro.2024.142145


Water Air Soil Pollut         (2026) 237:397 	 Page 15 of 15    397 

Vol.: (0123456789)

Z., Chen, Z., Ma, J., & Sun, Y. (2023). Improving the 
yield and nitrogen use efficiency of hybrid rice through 
rational use of controlled-release nitrogen fertilizer and 
urea topdressing. Frontiers in Plant Science, 14, 1–19. 
https://​doi.​org/​10.​3389/​fpls.​2023.​12402​38

Tian, H., Li, Z., Lu, P., Wang, Y., Jia, C., Wang, H., Liu, Z., & 
Zhang, M. (2021). Starch and castor oil mutually modi-
fied, cross-linked polyurethane for improving the con-
trolled release of urea. Carbohydrate Polymers, 251, Arti-
cle 117060. https://​doi.​org/​10.​1016/j.​carbp​ol.​2020.​117060

Wang, K., Hou, J., Zhang, S., Hu, W., Yi, G., Chen, W., Chen, 
L., & Zhang, Q. (2023). Preparation of a new biochar-
based microbial fertilizer: Nutrient release patterns and 
synergistic mechanisms to improve soil fertility. Science 
of the Total Environment, 860, Article 160478. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2022.​160478

Wang, J., Liu, S., Qin, Y., Chen, X., Xing, R., Yu, H., Li, 
K., & Li, P. (2017). Preparation and characterization of 
controlled-release fertilizers coated with marine polysac-
charide derivatives. Chinese Journal of Oceanology and 
Limnology, 35(5), 1086–1093. https://​doi.​org/​10.​1007/​
s00343-​017-​6074-9

Xiang, A., Qi, R., Wang, M., Zhang, K., Jiang, E., Ren, Y., 
& Hu, Z. (2020). Study on the infiltration mechanism of 

molten urea and biochar for a novel fertilizer prepara-
tion. Industrial Crops and Products, 153, Article 112558. 
https://​doi.​org/​10.​1016/J.​INDCR​OP.​2020.​112558

Zafar, N., Niazi, M. B. K., Sher, F., Khalid, U., Jahan, Z., Shah, 
G. A., & Zia, M. (2021). Starch and polyvinyl alcohol 
encapsulated biodegradable nanocomposites for environ-
ment friendly slow release of urea fertilizer. Chemical 
Engineering Journal Advances, 7, Article 100123. https://​
doi.​org/​10.​1016/J.​CEJA.​2021.​100123

Zhang, H. W., Xing, L. B., Liang, H. X., Liu, S. Z., Ding, W., 
Zhang, J. G., & Xu, C. Y. (2023). Preparation and char-
acterization of biochar-based slow-release nitrogen ferti-
lizer and its effect on maize growth. Industrial Crops and 
Products, 203, Article 117227. https://​doi.​org/​10.​1016/J.​
INDCR​OP.​2023.​117227

Zhang, M., & Yang, J. (2021). Preparation and characteriza-
tion of multifunctional slow release fertilizer coated with 
cellulose derivatives. International Journal of Polymeric 
Materials and Polymeric Biomaterials, 70(11), 774–781. 
https://​doi.​org/​10.​1080/​00914​037.​2020.​17653​52

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.3389/fpls.2023.1240238
https://doi.org/10.1016/j.carbpol.2020.117060
https://doi.org/10.1016/j.scitotenv.2022.160478
https://doi.org/10.1016/j.scitotenv.2022.160478
https://doi.org/10.1007/s00343-017-6074-9
https://doi.org/10.1007/s00343-017-6074-9
https://doi.org/10.1016/J.INDCROP.2020.112558
https://doi.org/10.1016/J.CEJA.2021.100123
https://doi.org/10.1016/J.CEJA.2021.100123
https://doi.org/10.1016/J.INDCROP.2023.117227
https://doi.org/10.1016/J.INDCROP.2023.117227
https://doi.org/10.1080/00914037.2020.1765352

	Corn StarchSoybean Wax Double Coated Biochar-based Controlled-release Nitrogen Fertilizer: Water Retention, Release Kinetics and Okra Growth
	Abstract 
	1 Introduction
	2 Materials and Methods
	2.1 Synthesis of Uncoated and Corn StarchSoybean Wax Double Coated Biochar-based Fertilizers
	2.2 Characterization of Uncoated and Corn StarchSoybean Wax Double Coated Biochar-based Fertilizers
	2.3 Cumulative Nitrogen Release Behaviour
	2.4 Release Kinetic Modelling
	2.5 Water Retention in Soil
	2.6 Plant Growth

	3 Results and Discussion
	3.1 Surface Morphology and Elemental Analysis
	3.2 Chemical and Thermal Properties
	3.3 Water Retention Capacity
	3.4 Cumulative Nitrogen Release Behaviour
	3.5 Nitrogen Release Kinetic Modelling
	3.6 Okra Growth Performance

	4 Conclusions
	Acknowledgements 
	References


