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ARTICLE INFO ABSTRACT

Keywords: The application of bio-based controlled-release fertilizers is one of the sustainable methods for improving fer-
Waste utilization tilizer effectiveness and reducing agricultural non-point source pollution. In this study, liquefied tobacco
Biochar

(Nicotiana tabacum L.) stem (LTS) and castor oil were used as raw materials to prepare bio-based polyurethane
coating (BPC). The BPC and biochar obtained through pyrolysis were coated on nitramine phosphorus to prepare
bio-based double-coated controlled-release fertilizers (BDCRFs). The variables are the 3 %, 5 %, and 7 % BPC
coating amounts and biochar from different sources (tobacco stem, fir wood and coconut shell were pyrolyzed at
500 °C under oxygen restriction) as components of BDCRFs. The results demonstrated that the excellent hy-
drophobicity (water contact angle = 138°) and lipophilicity (polyols contact angle = 30°) of tobacco stem
biochar (TSB) was conducive to coupling with BPC to improve the controlled-release performance of BDCRFs.
Column leaching test indicated the tobacco stem fertilizer (TSF) can achieve long-term controlled-release: with
the coating rate of 3 %, 5 % and 7 %, TSF released 71 % + 2 %, 66 % + 2 % and 71 % =+ 2 % of nutrients on 70,
84 and 124 days, respectively. Meanwhile, the kinetic analysis revealed that the nutrient release mechanism of
BDCRFs followed the Ritger-Peppas model. Additionally, TSF with the excellent nutrient release performance
were compared with conventional fertilizer (CF), nitramine phosphorus (NP), and no fertilizer (CK) in tobacco
field experiments. The results indicated that the biomass, growth indexes and nutritional status of tobacco
reached the highest under TSF-5 % treatment. Therefore, the nutrient release of BDCRFs matched the nutrient
demand for tobacco growth, reducing the time and labor costs of topdressing and improving the nutrient uti-
lization rate. Therefore, BDCRFs are considered as potential candidates for sustainable development of agri-
culture and the widespread development and application of controlled-release fertilizers.

Bio-based polyurethane
Controlled-release fertilizer
Agricultural sustainability

1. Introduction

The agricultural sector is currently confronted with the significant
challenge of striking a balance between enhancing productivity and
ensuring environmental sustainability. The extensive application of
fertilizers plays a crucial role in enhancing soil fertility and boosting
crop yields (Zhang et al., 2018). However, conventional fast-effective
fertilizers have problems such as poor nutrient utilization efficiency
and uncontrollable slow-release behavior. Leaching of nutrients (mainly
N, P and K) contributing to a range of environmental issues such as water
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eutrophication, soil compaction and salinization (Hu et al., 2024). The
average utilization rates of N, P and K in Chinese crops were only 33 %,
24 % and 42 %, respectively. In recent years, controlled-release fertil-
izers (CRFs) have attracted significant attention to improve nutrient
utilization and reduce environmental pressure. Fertilizer polymer
coating technology has demonstrated the potential to deliver nutrients
at a slow/controlled-release rate more effectively, achieving optimal
crop nutrition while minimizing environmental issues (Kassem et al.,
2024). Most coating materials used in CRFs are predominantly
petroleum-based products such as polyvinyl alcohol, polyurethane and
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polyolefin etc. These materials are costly and pose challenges in terms of
degradation, which significantly restricts the widespread application of
CRFs (Zhang et al., 2021). In addition, the EU’s regulatory activities on
plastics may also affect the use of traditional coatings on fertilizers
(Nielsen et al., 2023). It has been reported that polyols can be derived
from biomass liquefaction technology, and then cheap, renewable and
degradable bio-based polyurethane coating materials can be synthesized
with isocyanate (Wang et al., 2021). Ma et al. used cotton straw and
siloxane to prepare superhydrophobic bio-based polymer coated fertil-
izer, The nitrogen release time of 7 % of the coated fertilizer reached 38
days (80 % release) (Ma et al., 2018). Diego et al. coated phosphate
fertilizer with castor-based polyurethane, and the maximum release
time of the fertilizer reached 44 days (80 % release) (da Cruz et al.,
2017). Chen et al. prepared bio-based polymer-coated fertilizer by
liquefaction of lignin. The coated fertilizer results in 70 % phosphorus
release after 21 days (Chen et al., 2023). The bio-based CRFs reported
above all exhibited effective controlled-release of fertilizers.

Tobacco, as a high-value crop, is widely cultivated in China with an
annual production of about 5 million tons (Ma et al., 2022). As a part of
tobacco, tobacco stem (TS) is usually regarded as tobacco field waste to
be discarded or incinerated, causing resource waste and environmental
pollution (more than 48 million kilograms of tobacco stems were pro-
duced in 2017) (Muvhiiwa et al., 2021). However, owing to high content
of cellulose, hemicellulose and lignin in TS, it has the potential to pre-
pare liquefied polyols for the synthesis of bio-based polyurethane
coatings (BPC) (Brzoska et al., 2024). The majority of CRFs produced by
BPC exhibits inadequate nutrient release characteristics as a result of the
abundance of hydrophilic groups and pores (Ma et al., 2018; Wang et al.,
2023). In order to address the limitations of BPC, hydrophobic and
thermostable additions such as organic siloxane (Zhang et al., 2021) and
nanoparticles (Zhang et al., 2017) were grafted with hydrophilic groups
in BPC to enhance the controlled-release performance of CRFs. Never-
theless, the high cost of these additives and the environmental pollution
associated with the application in soil have limited the large-scale
implementation of additives. Biochar is widely considered as a
cost-effective and environmental-friendly material. On the one hand,
biochar is applied directly in soil to enhance soil properties, including
pore structure, cation exchange capacity, pH, and salinity regulation
(Zhang et al., 2022). On the other hand, it can also serve as a coating
layer or additive to enhance the degradability and mechanical strength
of polymer coatings, consequently facilitating the long-term stable
controlled-release of CRFs (Gonzalez et al., 2015; Jia et al., 2020).
Therefore, CRFs prepared with biochar have significant potential for
enhancing the controlled-release properties of fertilizers and soil
improvement applications.

Herein, a hypothesis has been proposed: the coupling of biochar and
bio-based polyurethane both derived from biomass can enable long-term
controlled nutrient release and enhance fertilizer efficiency. To certify
the hypothesis, the bio-based double-coated controlled-release fertil-
izers (BDCRFs) were successfully prepared with bio-based polyurethane
and biochar as raw material. Biochar materials derived from low-cost
bio-wastes (fir wood (FW), tobacco stem (TS), coconut shell (CS)) are
characterized to explore its applicability in the development and utili-
zation of CRFs. The results demonstrated that tobacco stem biochar has
hydrophobicity (water contact angle of 138°) and lipophilicity (polyol
contact angle of 30°), which is conducive to BPC coupling. Liquefied
tobacco stem (LTS), produced through the liquefaction of tobacco stems,
are utilized to synthesize a bio-based polyurethane coating (BPC), which
is then characterized for its degradability (16 % degradation in 120
days). The synthesis of BDCRFs involved coating biochar on nitramine
phosphorus particles, followed by the polymerization of LTS and iso-
cyanate on the biochar surface. The BDCRFs were comprehensively
characterized, and the nutrient controlled-release performance of
BDCRFs was evaluated, with the nutrient release mechanism revealed
through kinetic analysis (Ritger-Peppas model). The controlled release
of TSF-3 %, TSF-5 % and TSF-7 % released 71 % + 2 %, 66 % + 2 % and
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71 % =+ 2 % of nutrients on 70, 84 and 124 days, respectively. Finally,
field experiments were conducted to prove the application of TSF could
meet the nutrient demands of tobacco growth, reduce topdressing time
and labor costs, and significantly enhance nutrient utilization rates,
thereby realizing the cyclic utilization of tobacco field wastes. The
environmentally friendly, low-cost, and high-performance BDCRFs
holds promise for addressing challenges such as low fertilizer use effi-
ciency, high application costs, leaching losses, and potential environ-
mental contamination from coating materials. Furthermore, it provides
technical and theoretical foundations for the sustainable development of
agriculture and the widespread development and application of CRFs.

2. Materials and methods
2.1. Materials

Tobacco stem (TS), collected from the Changsha Liu Yang tobacco
trial site, was dried at 105 °C for 24 h to remove moisture content, then
crushed and screened through a 60-mesh sieve. Fir wood (FW), collected
from a wood factory in Guizhou. Coconut shell (CS), collected from a
biomass pellet factory in Hainan. Castor oil, polyethylene glycol (PEG-
400), glycerol, Polyvinyl Alcohol (PVA) and attapulgite powder were
obtained from Shanghai Macklin Biochemical Technology Co., Ltd.
Polyaryl polymethylene isocyanate (PAPI) was purchase from Sino-
pharm Chemical Reagent Co., Ltd. Nitramine phosphorus (already
screened, 3 mm in diameter and nitrogen content 30 %) was obtained
from Hunan Jin Ye Zhong Wang Technology Co., LTD.

2.2. Preparation of biochar

The preparation process of biochar as shown in Fig. 1a. A 300 mL
ceramic crucible was filled with 50 g of TS, covered, and then placed
into a Muffle furnace. The crucible was heated from room temperature
to 500°C for 2 h. After the temperature dropped to room temperature,
the crucible was removed and the prepared tobacco stem biochar (TSB)
was collected. The fir wood biochar (FWB) and coconut shell biochar
(CSB) were prepared under the same conditions as above.

2.3. Preparation of liquefied tobacco stem

The scheme of liquefaction progresses for TS as shown in Fig. 1b. The
liquefaction of TS was implemented in a 1000 mL three-neck flask with
condenser, electric stirrer and thermometer fitted. PEG-400 (280 g) and
glycerol (120 g) were Poured into the flask with stirring constantly. The
flask was then heated to 160°C and 80 g of TS was added into the flask
mixed with the liquefaction agents. Finally, the sulfuric acid (12 mL)
was gradually dripped into the flask. Most of TS was liquefied after
90 min, and then the solid-liquid mixture was removed and filtered to
obtain polyol solution after the flask was cooled at room temperature.
The liquefied tobacco stem (LTS) was saved for the subsequent prepa-
ration of fertilizer coating materials. The solid obtained from the
filtration was dried and weighed to calculate the liquefaction rate.

2.4. Preparation of bio-based fertilizer coating material

Mixed polyols were prepared by mixing CO and LTS according to
mass ratio 4:1 for 10 min. 1 g mixed polyol was mixed with 1 g PAPI and
stirred for 1 min for polymerization reaction, and then added poly-
merization solution into the polytetrafluoroethylene mold evenly, and
then cured in the oven at 75°C for 30 min to form a film. The bio-based
polyurethane coating (BPC) was obtained (The thickness of BPC is about
200 pm, which is consistent with the thickness of the characterized
fertilizers).



X. Tang et al.

105 °C, dry

60-mesh

TS (original)

(b)

Mixed polyol

PAPI

o

Attapulgite

Industrial Crops & Products 223 (2025) 120296

500°C,2h

Muffle furnace Biochar

’/ Vied azlyol

Mixed polyol

3%

4% PVA

BDCRFs

Fig. 1. The scheme of preparation progresses for (a) biochar, (b) mixed polyol, (c) BDCRFs.

2.5. Preparation of BDCRFs

The scheme of preparation progresses for BDCRFs as shown in
Fig. 1c. The BDCRFs were named as FWF-X, TSF-X and CSF-X (X is the
coating content of polyurethane: 3 wt%, 5 wt% and 7 wt%) according to
the type of biochar and amount of coating. 300 g of nitramine phos-
phorus (3 mm in diameter and nitrogen content 30 %) was placed in a
rotary coating machine (BY-300, Shanghai Drug testing Instrument Co.,
LTD) and the rotation speed of the coating machine was 30 r/min. Then
20 wt% (The mass ratio was calculated according to the total amount of
fertilizer, the same below) biochar and 5 wt% attapulgite were added to
the coating machine to mix evenly (10 min). Then 3 wt% PVA aqueous
solution (4 %) was sprayed into the coating machine as a binder for
granulation. After granulation, mixed material was preheated at 75°C
for 10 min. The mixed polyol (1.5 wt%) and PAPI (1.5 wt%) described
in 2.4 were added to the coating machine three times (0.5 wt% BPC and
0.5 wt% PAPI were added each time), each reaction was 10 min, and
after three reactions (30 min), the coating amount of 3 wt% BPC was
formed. The preparation steps for coating amounts of 5 % and 7 % were
the same as above, but the addition of mixed polyols was added at 5 wt%
and 7 wt% respectively. In addition, we obtained an economic evalua-
tion of BDCRFs by calculating the market price of the above-mentioned
materials and the energy (mainly electricity) used in the preparation
process (Zhu et al., 2024). The production prices of BDCRFs in different
coating amounts were compared with representative commercial CRFs
(Table 3).

2.6. Characterization analysis

The fundamental properties (pH, EC, BET, et al.) of biochar were
measured according to NY/T 3672-2020. A thermos gravimetric
analyzer (TGA, Mettler Toledo, Switzerland) was used to analyze the
thermal stability of biochar. 10 mg of sample was heated from 50 °C to
700 °C at 10 °C/min in air (flow rate = 100 mL/min). The graphitization
degree of biochar was conducted by employing the Raman spectrometer
using a 532 nm laser wavelength. The water contact angle (WCA) of
biochar surfaces were determined by the droplet shape analyzer (KINO
SL200KS, American). Fourier-transform infrared (FTIR, Nicolet 380,
American) spectroscopy was used to analyze the surface functionality of
biochar, TS, LTS and BPC. The scanning electron microscope (SEM,
Quanta250FEG, USA) was used to determine the surface morphology of
biochar and CRFs. The acceleration voltage was set to 5 kV, the scanning
mode was secondary electronic mode, and the vacuum is 10~% pa. The
sample was fixed on the sample table with conductive tape, and the
fertilizer cross section detection was obtained by cutting the fertilizer
particle from the center with a scalpel to expose the cross-section
morphology. The atomic force microscope (AFM, Bruker multimode,
German) was used to analyze the surface roughness of controlled-release
fertilizer. The contact mode is semi-contact mode, and the scanning
range is 5 x 5 microns. The composition and molecular weight distri-
bution of LTS were determined using a gas chromatography-mass
spectrometer (GC-MS, Agilent, 6890 N/5975B, America) and a gel
permeation chromatograph (GPC, model HLC-8420, Japan), respec-
tively. Specific parameter settings for GC-MS and GPC determination of
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LTS were further described in supplementary materials (Text S1). The
biodegradability of BPC was measured. The soil burial degradation was
conducted according to the method of Chen et al. (2018) (Chen et al.,
2018). The dry BPC pieces (3 x 3 cm, thickness 0.1-0.3 mm) were
buried in soil at a depth of 10 cm. Sprinkle about 15 mL of water every 3
days to keep the soil moist. The soil biodegradation test was carried out
for 120 days at regular intervals (10 days). Remove the samples carefully
from the soil and rinse with distilled water to remove the soil. The
samples were then dried at 60 °C at a constant weight. At each sampling,
three samples were washed and weighed to calculate the mass loss. The
surface morphology of the BPC after 120 days of degradation was
analyzed by scanning electron microscope (SEM, Quanta250FEG, USA).
Nitrogen responsiveness (biochar exhibits adsorption or release of ni-
trogen) of biochar was measured. 0.1 g of biochar was added into
250 mL conical bottle and 100 mL of ultra-pure water (or add 50 mg/L
of ammonium chloride solution) was added, then the conical bottle was
put into a shaker (150 rpm, 25°C) for 24 h and removed. The biochar
was filtered and the filtrate was collected for determination of nitrogen
content. The automatic mobile injection analyzer (FIA-6000 +, China)
was used to determine the total Kjeldahl nitrogen content in fertilizer
solution and tobacco plants. The detection wavelength was 660 nm, the
temperature of the heating module was constant at 37 °C, the rotational
speed of the peristaltic pump was 35 r/min, the integration method was
calculated according to the peak area, and the injection time was 50 s.
The treatment of tobacco samples, fertilizer samples and the preparation
of the solution required for testing are described in Text S2.

2.7. Column leaching of BDCRFs

The cumulative N release rate of FWF, TSF and CSF in quartz sand
columns at 25°C was determined (refer to GB/T 41667-2022). The
leaching test device was a PVC cylindrical tube (35 cm height, 5 cm
inner diameter). Each column with 30 cm of quartz sand (no other im-
purities) and two fine nylon screens were placed at the bottom of the
column to prevent quartz sand from entering the leachate. The 10 g
fertilizers were put into a net bag, and then placed the bag in the middle
of the quartz sand. Each treatment was repeated three times. The
deionized water (100 mL) was added to the top of the column for each
test. The leachate at the bottom of the column was collected for subse-
quent determination. Leaching was performed on 1, 3, 5, 7, 10, 14, 28,
42 and 56 days. The water samples were collected and nitrogen con-
centration was determined (Nitrogen determination methods are
described in 2.6), until the N release rate reached 80 %.

2.8. Nutrient release kinetics

Three dynamic equations were used to fit the nutrient release of
controlled-release fertilizers: the zero-order kinetic equation, the first-
order kinetic equation, Higuchi kinetic equation and Ritger-Peppas ki-
netic equation (Mohamed et al., 2022; Papadopoulou et al., 2006).

Zero-order kinetic equation:

N, =axt+b e))

First-order kinetic equation:

N, 1 —exp”™(—kt) @
Higuchi kinetic equation:

jvi; — K+ Vi ©)
Ritger-Peppas kinetic equation:

N

L =Kt

N (€3]
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where N; is the cumulative release rate in time t, Ny is the maximum
release rate, N;/N, is the release rate at time t. a, k, K and Ky is the
diffusion kinetic constant in each equation, b is the release constant, n is
the diffusional exponent.

2.9. Field experiment

Field experiment was performed to study the effects of BDCRFs on
crop growth. The field experiment was conducted in tobacco experi-
mental field in Liu Yang, Changsha, Hunan Province. The planting soil
was loamy sandy soil with pH 6.14, organic matter 14.27 g/kg, available
phosphorus 54.49 mg/kg, alkali-hydrolyzed nitrogen 181.34 mg/kg,
and cationic exchange capacity 17.58 cmol/kg. Fertilizers were applied
14 days before tobacco transplanting. CK was treated with no fertilizer;
CF was treated according to local conventional fertilization (The sample
in this work is the local second topdressing data, and the local total of
four topdressing times); NP was treated with uncoated nitramine
phosphorus. Each treated with two ridges, a total of 12 ridges, and the
total planting area was 0.075 hm?. The ratio of nitrogen, phosphorus
and potassium per hectare was 150: 180: 480 in local fertilization. For
CF, base fertilizer (1050 kg/hmz) and cake fertilizer (600 kg/hmz) were
used as fertilizer before tobacco transplantation, and potassium sulfate
(450 kg/hm?) and potassium nitrate (450 kg/hm?) were applied in the
following four topdressing times. The ratio of nitrogen, phosphorus and
potassium applied in NP and CRFs groups was the same as CF. Nitrogen
fertilizer was provided by nitramine phosphorus (502.5 kg/hm?),
phosphate and potassium were provided by calcium magnesium phos-
phate fertilizer (1500 kg/hmz) and potassium sulfate (922.5 kg/hmz),
respectively. Tobacco was transplanted on 15 March, 2024, with rows
spaced 120 cm apart and plants spaced 50 cm apart. Agronomic traits of
tobacco were measured and sampled during the budding stage. The
roots, stems and leaves of the plants were collected and washed with
distilled water, then dried with absorbent paper, and the fresh weight of
the roots, stems and leaves was measured. The samples were then dried
in an oven at 105 °C for 30 min, followed by drying at 60 °C to a constant
weight, after which the dry weight was measured. Finally, the nitrogen
content of the plants was measured and calculated. Each treatment was
repeated three times.

2.10. Statistical analysis

Data were recorded and organized using Microsoft Excel 2021
(Microsoft, Washington, USA). Statistical analysis was performed using
IBM SPSS 26 (SPSS, Chicago, USA), one-way analysis of variance
(ANOVA) followed by the least significant difference (LSD) method was
used to compare the significance of differences between treatments,
with significance levels of p < 0.01. Data were visualized and plotted
using Origin 2022 (Origin Lab, Massachusetts, USA). The synthesis re-
action diagram of tobacco stem liquefaction and polyurethane was
drawn with king draw (Qingdao Qingyuan Precision Agriculture Tech-
nology Co., LTD, Qingdao, China).

3. Results and discussion
3.1. Characterization of biochar

Table 1 showed the agronomical and surface properties of the FWB,
TSB and CSB. All the biochar exhibited alkalinity (The pH of FWB, WSB
and CSB reached 8.35 + 0.21, 9.01 + 0.29 and 7.89 + 0.09, respec-
tively) due to the hydrolysis of alkali salts and alkaline elements such as
calcium (Ca), magnesium (Mg), sodium (Na) and potassium (K) (Pariyar
et al., 2020). The alkaline biochar has potential applications in acidic
soil improvement (Prasad et al., 2018). Compared with FWB and TSB,
CSB has a higher electric conductivity (EC) due to its higher soluble salt
content and higher specific surface area (Dugdug et al., 2018). The CEC
indicates the ability of biochar or fertilizer to absorb nutrients (cations).
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Table 1
Agronomical and surface properties of biochar.
Sample pH EC CEC TOC BET
(ps/cm) (cmol/L)  (mg/g) (m*/g)
FWB 8.35 31.90 12.69 475.12 164.81
+0.21b + 1.15¢ + 0.58b + 1.53c +1.15b
TSB 9.01 47.80 28.24 495.57 139.60
+ 0.29a + 0.80b + 1.38a + 0.77a + 2.62¢
CSB 7.89 117.20 13.88 484.23 1454.17
+ 0.09b + 1.21a + 0.47b + 0.56b + 2.71a

TSB has the highest CEC (28.24 + 1.38 cmol/L) compared with FWB and
CSB. The high CEC of biochar contributes to fix nutrient elements (K,
NHJ) in soil and promotes the absorption of nutrients for plants (Bera
et al.,, 2017). In addition, the FWB, TSB and CSB have higher total
organic carbon, and the application of biochar into soil is conducive to
increasing soil organic carbon content. The content of heavy metal el-
ements in biochar was determined, as shown in Table S2. The total
concentrations of all heavy metal elements (As, Cr, Co, Cu, Pb, Ni and
Zn) detected in the FWB, TSB, and CSB were far below the allowable
thresholds specified by the International Biochar Initiative (Sun et al.,
2023). Therefore, the application of FWB, TSB and CSB into soil will not
cause secondary pollution. The surface morphology of biochar was
analyzed by SEM as shown in Fig. S1. The results showed that all biochar
had sheet (block) structure. FWB and TSB have circular hole defects,
while CSB has strip defects, which was can be attributed to the volatil-
ization of organic matter during the pyrolysis process (Shaaban et al.,
2013). These defects are conducive to increasing the specific surface
area of biochar, which improving soil structure and properties such as
porosity and water retention after application (Marcinczyk and Oleszc-
zuk, 2022).
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The results of TGA and DTG indicated that the thermal stability of the
biochar followed the order: CSB > FWB > TSB (Fig. 2a). This was due to
the higher carbonization degree of CSB and FWB. This difference was
reflected by the higher BET surface area of CSB (1454.17 + 2.71 m?/g)
and the higher carbon content of FWB (77 %) (Carneiro et al., 2018).
Raman spectroscopy was used to analyze the crystallinity and graphi-
tization degree of biochar, as shown in Fig. 2b. The ID/IG value was
commonly used to measure the degree of defects in biochar (Dong et al.,
2022). The result had shown that TSB has the least degree of defects and
higher degree of graphitization (ID/IG = 1.534), which also related to
the different carbonization degrees of biochar prepared by pyrolysis
with different raw materials. The results of FTIR analysis (Fig. 2c)
showed that FWB, TSB and CSB all contain -OH (3433 cm’l), -C=0
(1610 cm ™), -COOR (1190 em™), -R-O-R’ (1035 cm ™ !). The -CH; or
-CH,- (1435 cm ™)) was present in FWB and TSB, while -CHs is a hy-
drophobic group, so FWB and TSB will exhibit stronger hydrophobic
properties than CSB. The response of biochar to nitrogen was measured
(Fig. S2). It can be seen that there was a certain degree of nitrogen
release in FWB and CSB, while TSB has an adsorption effect on nitrogen.
On the one hand, FWB and CSB can provide more nutrients for crops,
and on the other hand, TSB can be used as biochar-based fertilizer to
further improve the control of fertilizer release.

The water absorption and water contact angle (WCA) of FWB, TSB
and CSB were shown in Fig. 2d. Hydrophobicity was defined as the
water contact angle more than 90° and vice versa. The preparation
temperature and type of biochar will affect the type and quantity of
surface functional groups, and then affect its hydrophobicity (Fan et al.,
2022; Sun et al., 2022). The WCA value of FWB, TSB, and CSB all greater
than 90°, indicating all the biochar exhibited hydrophobicity. The WCA
of FWB and TSB reached 137° and 138° respectively, showing higher
hydrophobicity compared with CSB. This can be attributed to the CSB

(b) 3
D |
1 I
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Z
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Fig. 2. (a) Thermogravimetric analysis of biochar. Note: The inset represents the derivative plot. (b) Raman analysis of biochar. (¢) FTIR analysis of biochar. (d) The

water absorption capacity and water contact angle of biochar.
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has a higher specific surface area and larger pore structure leading to
easier infiltration of water (Dong et al., 2023). In addition, the WCA and
water absorption of biochar showed obvious correlation, while the
higher the WCA, the lower the water absorption. The results showed that
all three kinds of biochar showed hydrophobicity, especially the hy-
drophobic angle of TSB reached 138°, indicating that the addition of
biochar in controlled-release fertilizer was conducive to enhancing the
hydrophobicity of fertilizer and improving the controlled-release per-
formance of fertilizer. The lipophilic property of biochar was measured
using diiodomethane, PVA aqueous solution (4 %) and mixed polyol
(CO: LTS = 4:1 wt%), respectively (Fig. S3). Compared with FWB and
CSB, TSB exhibited the largest lipophilicity in diiodomethane and mixed
polyol, indicating TSB was more easily combined with coating materials
(BPC) to improve the coating layer density in the process of fertilizer
preparation, so as to further enhance the controlled-release performance
of fertilizer (Jia et al., 2020; Madhubashani et al., 2021). All of the
biochar showed hydrophobic (lipophobicity) characteristics in PVA
aqueous solution, which was mainly aqueous solution because there was
less solute (PVA) in solution. Due to the addition of solute (PVA), the
degree of hydrophobic (lipophobicity) was slightly reduced, which was
consistent with the results of WCA.

3.2. Characterization of LTS and BPC

The synthesis of liquefied tobacco stem (LTS) as shown in Fig. 3a.
The average molecular weight of LTS was 232 g/mol (Fig. S4a), indi-
cating TS was successfully decomposed into small molecular compounds
by liquefaction, which is conducive to the subsequent synthesis reaction
of BPC (Chen et al., 2023). Moreover, the GC-MS analysis of LTS
composition has unveiled that the macromolecular substance TS,
composed of hemicellulose, cellulose, and lignin (Mw = 8064), was
decomposed during pyrolysis (Sun et al., 2019). The decomposition
products include small molecular compounds such as Hexaethylene
glycol and hydroxyethoxy ethanol, with specific details found in
Table S3. The hydroxyl value of TS reached 237.96 mg KOH/g

a %
OH
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(Table S4), which indicated that LTS was more likely to react with iso-
cyanate to form BPC. A bio-based polyurethane coating (BPC) with
hydrophobic properties was prepared and applied to the outermost
coating of fertilizers, and the synthesis process of BPC as shown in
Fig. 3b. BPC was prepared by the reaction of LTS with castor oil and
PAPI. The BPC film was obtained by film forming experiment on poly-
tetrafluoroethylene plate, and its WCA was determined to be 95°
(Fig. S4b), which was a hydrophobic coating material.

To further confirm the successful synthesis of LTS and BPC, FTIR was
used to analyze the surface functional groups of TS, LTS, mixed polyols,
CO and BPC, as shown in Fig. 4a. For TS, the characteristic peaks of -OH,
C-C and C-O bonds correspond to3437 em™!, 1381 em™!, 1043 cm ™Y,
respectively. For polyols (LTS, CO, mixed polyols), the absorption peak
at 3420 cm ! indicated the stretching vibration of -OH, while the peak
at 2919 cm ! and 2850 cm ™! indicated the symmetric and asymmetric
stretching vibration of C-H (Lee et al., 2017). The absorption peak at
1739 cm ™! correspond to the stretching vibration of -COO-, indicating
the decomposition of cellulose (Ma et al., 2018). The broadband peak at
1088 cm ™! can be attributed to the stretching vibration of the C-O bond,
indicating that the product of the liquefied biomass is a polyether polyol
(Wang et al., 2023). For BPC, the weak characteristic peak at 3420 em!
correspond to less -OH stretching and N-H stretching vibration, while
the characteristic peak at 1739 cm™! and 1620 cm ™! was C=0, and the
absorption peak at 1527 cm ™! was N-H bending vibration (Wang et al.,
2022). The above analysis showed the successful synthesis TS and BPC.
The degradation performance of BPC in soil was tested (Fig. 4b). It can
be seen that BPC degraded 16 % in 120 days, which was higher than the
degradation performance of polyurethane synthesized with castor oil
alone (12 % degradation in 120 days) (Zuliani et al., 2022). The
degradation rate of BPC fitted the zero-order kinetic equation, indicating
the mass of BPC decreased steadily with time. The SEM before and after
120 days of BPC degradation was characterized (Fig. S5). Compared
with BPC before degradation, more cracks and holes appeared in the
surface regions of degraded BPC. This largely depends on the role of
bacteria and fungi in the soil. Relevant studies have shown that
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Fig. 3. Diagram of the synthesis process of (a) LTS and (b) BPC.
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Fig. 4. (a) FTIR analysis of TS, polyols and BPC (b) degradability of the BPC in soil burial test.

microorganisms can selectively colonize and exhibit chemotaxis on the
surface of coated materials, thus promoting the degradation of coated
materials (Tian et al., 2024; Zhang et al., 2024). The high degradation
performance of BPC provides a strategy for the application of green
bio-based controlled-release fertilizer in agriculture.

3.3. Morphology analysis of BDCRFs

The SEM micrographs had shown that there were obvious pore
structures on the surface of BDCRFs (Fig. 5). The pore structures may
cause the coating layer to thin at the same rate of coating, allowing
water to enter the kernel fertilizer easily, which leaded nutrients to
released quickly (Zhang et al., 2017). It can be seen that TSF had fewer
exposed holes compared with FWF and CSF, which was the result of the
filling and covering of the surface coating materials. Through the
cross-section of fertilizer, it’s obviously that there were clear stratifica-
tions between the coating materials and the carbon materials. However,
the FWB and CSB can be clearly seen in Fig. 5a2 and Fig. 5c2, respec-
tively. There was a distinct gap between the CSB and the coating ma-
terials. For TS, the coating material was tightly bound to the carbon

material in Fig. 5b2. This is due to the difference in the lipophilicity of
different biochar, which resulting in the binding ability of biochar and
the coating material was different (Zhang et al., 2023). The results had
shown that the density of the coating was improved by the tight binding
of TSB to BPC, and the TSF had fewer pore defects, enhancing the
controlled-release performance of the coated fertilizer.

AFM were used to analyze the surface roughness and morphologies
of the coating materials (Fig. S6). There were concentrated sunken poles
on the surface of FWF, which indicated the existence of localized micro-
holes. The surface of TSF were distributed with uniform and dense
micro-bulges, indicating the higher surface roughness and uniform dis-
tribution of micro-holes. There were significant and discrete micro-
bulges in CSF, showing the deep and uneven distributed micro-holes
on the surface of CSF. It can be seen that TSF has the highest surface
roughness and better hydrophobic properties compared with FWF and
CSF, which is consistent with the results of WCA and SEM.

3.4. Nitrogen release and kinetics of BDCRFs

The initial and cumulative nitrogen-release curves of FWF, TSF and

Fig. 5. SEM images of surface (al) FWF, (b1) TSF and (c1) CSF and cross-section (a2) FWF, (b2) TSF and (c2) CSF.
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CSF with 3%, 5% and 7 % polyurethane coating percentage were
shown in Fig. 6. According to the initial release rate of fertilizers, it can
be seen that the higher the coating rate, the lower the initial release rate
of nutrients. The nutrient release rate of TSF was lower than FWF and
CSF, indicating the TSF had better controlled-release performance than
FWF and CSF. This can be attributed to the high hydrophobicity and
lipophilicity of TSB, which enhance the nutrient release control per-
formance of the coated fertilizer (Sankaranarayanan et al., 2021). Ac-
cording to the cumulative release rate of fertilizers, BDCRFs showed
excellent controlled-release performance compared with NP. More than
80 % (96 % + 4 %) of the nutrients in NP were released within 7 days,
while the controlled-release longevity of CSF-3 % reached 70 days
(82 % =+ 4 %). FWF-3 % and TSF-3 % showed higher controlled-release
performance compared with CSF-3 %, with 79 % + 2 % and 71 %
+ 2 % of nutrients released within 70 days, respectively. The coating
percentage had great influence on the nutrient release rate of fertilizers.
With the increasing of the coating percentage, the slower the nutrient
release rate of fertilizer, the longer controlled-release performance
(Wang et al., 2023). The coating rate increased from 3 % to 7 %, and the
nutrient release longevity of CSF increased from 70 days to 124 days
(The nitrogen release of TSF-7 % reaches 71 + 2 % in 124 days). It can
be seen that the nitrogen release rate of TSF was slower than FWF and
CSF at the same percentage, which indicated the characteristics of bio-
char had the strong influence on fertilizer release characteristics (Zhang
et al., 2023). The results had shown that TSF had the better nutrient
controlled-release performance compared with FWF and CSF. This can
be attributed to the lipophilicity of TSB formed a tight coating layer with
the coating material, improving the controlled-release performance of
TSF.

To investigate the release rule and mechanism of BDCRFs, the first-
order kinetic equation, Higuchi equation and Ritger-Peppas equation
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were used to fit the release curve of nitrogen. The fitting parameters for
nitrogen release kinetics of BDCRFs were listed (Table 2). All of the ki-
netics models described the process of nutrient release, and the corre-
lation coefficient R? of Ritger-Peppas equation had shown that it was
more able to represent the cumulative release rule and mechanism of
nitrogen than the Higuchi equation and first-order kinetic equation (Das
and Ghosh, 2022; Liu et al., 2020). Therefore, Ritger-Peppas equation
was used to indicate the characteristics and mechanism of nutrient
release in controlled-release fertilizers. The release performance of fer-
tilizers was significantly affected by the amount of coating, the type of
coating materials and the hydrophobic performance (Zhang et al., 2021;
Zhao et al., 2020). For Ritger-Peppas equation, the value of n < 0.43, the
nutrient release rule corresponded to the Fick diffusion, and the value of
0.43 < n < 0.85, the diffusion is non-Fick diffusion, while the value of
0.85 < n, the diffusion is Case-II transport. It can be seen in Table 2 that
nutrient release of fertilizers with a coating amount of 3 % corresponded
to the Fick diffusion, while nutrient release of fertilizers with a coating
amount of 7 % corresponded to non-Fick diffusion. In addition, the
controlled-release fertilizers with 5 % coating amount showed different
release mechanisms due to different biochar with different hydrophobic
and lipophilic, CSF-5 % was Fick diffusion, TSF-5 % and FWF-5 % were
both non-Fick diffusion. The results had shown that high coating amount
significantly enhanced the controlled-release performance of BDCRFs,
which was consistent with the results of nutrient release. The high hy-
drophobic and lipophilic biochar can improve the controlled-release
performance of CRFs. This may be due to the biochar cross-linking
with BPC improved the hydrophobic properties of the coatings (An
et al., 2021; Chen et al., 2018). Therefore, selecting the suitable biochar
under the same controlled release time can greatly reduce the prepa-
ration cost of controlled-release fertilizer. Moreover, TSB had shown the
lower diffusion kinetic constant a, k and Ky value in the equations at the
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Fig. 6. (a) Initial release rate and cumulative release rate of N in column leaching of BDCRFs with (b) 3 %, (c) 5 %, (d) 7 % coating percentage. Note: the insertion

chart shows the release of nitramine phosphorus (NP) and BDCRFs within 7 days.
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Table 2
Fitting parameters of release kinetic equation of BDCRFs.

Industrial Crops & Products 223 (2025) 120296

Sample Zero-order First-order Higuchi Ritger-Peppas
a b R? k R? Ky R? K n R?

FWF-3 % 0.82 26.32 0.90 0.11 0.88 1.64 0.89 17.42 0.35 0.99
FWF-5 % 0.79 17.06 0.91 0.05 0.98 1.57 0.90 9.54 0.47 0.99
FWF-7 % 0.56 15.64 0.93 0.03 0.97 1.13 0.92 7.43 0.49 0.98
TSF-3 % 0.76 26.10 0.83 0.12 0.96 1.49 0.81 17.50 0.33 0.97
TSF—-5 % 0.74 11.37 0.93 0.03 0.99 1.47 0.92 6.11 0.55 0.98
TSF—-7 % 0.51 13.46 0.94 0.02 0.96 1.03 0.93 6.23 0.51 0.99
CSF-3 % 0.82 31.66 0.81 0.13 0.94 1.64 0.78 21.62 0.32 0.95
CSF—-5 % 0.76 26.23 0.85 0.08 0.96 1.52 0.83 16.23 0.37 0.97
CSF—-7 % 0.60 15.40 0.93 0.02 0.98 1.20 0.93 7.09 0.51 0.99

same coating rate, which indicated the TSB significantly improved the
controlled-release performance of fertilizers. The higher coating rate of
controlled-release fertilizer with the same type of biochar also reduced
the diffusion kinetic constants a, k and Ky value in the equations. This
indicated the fertilizer with high coating rate had better
controlled-release performance, which was consistent with the results of
nutrient release.

3.5. Field experiment and economic evaluation

According to previous analysis, TSF showed excellent controlled-
release performance, so TSF with different coating rates was applied
to tobacco field experiment to explore the effect of BDCRFs on crop
growth (Fig. 7). The biomass of tobacco was shown in Fig. 7a. Compared
with CK (Fresh weight 214.6 4+ 14.0 g, dry weight 28.0 + 3.8 g), the
biomass of tobacco in all fertilization groups was significantly increased.
Specifically, it can be seen that the tobacco in the TSF-5% group
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exhibited the largest biomass (fresh weight 700.5 + 7.6 g, dry weight
98.2 + 2.5 g) and slightly higher than that in the CF group (fresh weight
682.6 + 32.1 g, dry weight 98.0 +1.5g). This indicated that its
nutrient release matched the nutrient requirements of tobacco and
continued to supplement the nutrient requirements of tobacco growth.
Leaf length, leaf width, Plant height and stem girth were important
growth indexes of tobacco. The growth indexes under different fertil-
ization treatments were shown in Fig. 7b-c. TSF group had better growth
indexes than CF group and NP group. TSF-5% group had the best
growth indexes, with the leaf width reaching 30.9 + 1.8 cm, leaf length
reaching 60.9 + 2.5 cm, plant height reaching 90.3 + 3.9 cm and stem
girth reaching 7.7 + 0.4 cm. In the fast-effective fertilizers group, the
tobacco growth indexes indicated a trend of CF > NP > CK in each
group. Specifically, according to the order of CF, NP and CK groups, the
tobacco growth indicators were as follows: the leaf width was 26.6

+1.2>234+11>172+0.9; the leaf length was 57.0
+2.9>459+3.0>34.5+0.8; the plant height was 86.7
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Fig. 7. The BDCRFs application in tobacco field experiment: (a) fresh and dry weight, (b) leaf length and width, (c) plant height and stem girth, (d) SPAD and
nitrogen content of plants. Note: lowercase letters indicate significant differences among treatments (p < 0.01).
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+ 1.7 >77.24+ 3.0 > 35.0 £ 1.4; The stem girth was 7.6 +£ 0.3 > 6.4
+ 0.4 > 5.8 + 0.6. The SPAD and nitrogen content of tobacco reflected
the nutrient status of different treatments (Fig. 7d). CK showed the
lowest SPAD (21.6 + 2.1) and nitrogen content (5 + 1 %), while TSF-
5% had the highest SPAD (37.2 + 0.4) and nitrogen content (13
+ 1 %). There was little difference between the nitrogen content of CF
(12+1%) and TSF-5% (13 +£1 %). The results showed that the
nutrient release of TSF-5 % can meet the nutrient demand of tobacco
growth, promote the absorption and utilization of nutrients, reduce
nutrient leaching and improve fertilizer utilization rate. It is worth
mentioning that the conventional fertilization of tobacco requires
manual multiple top dressing at different times, while BDCRFs only
needs to be applied once before tobacco transplanting, which greatly
reduces labor costs and provides a theoretical reference for the devel-
opment and utilization of novel fertilizers. Fig. S7 shows the photos of
tobacco field experiment maturation in each group.

The results of the economic evaluation revealed that the production
costs of the fertilizers developed in this work were significantly lower
than those of commercial slow/controlled-release fertilizers (Table 3).
The total production of TSF-3 %, TSF-5 % and TSF-7 % is 2.27 USD/kg,
2.37 USD/kg and 2.47 USD/kg respectively. The highly effective TSF-
5 % reduced the preparation cost by 9.14 USD/kg and 3.00 USD/kg
compared to 1-C-CRFs and 2-C-CRFs, respectively. In addition, com-
mercial CRFs mainly use urea as the fertilizer core, which was also used
in a large proportion of the studies (Azeem et al., 2014). This limits the
use of CRFs with urea as the core (some crops are not suitable for urea
application, such as tobacco). BDCRFs with nitramine phosphorus as
fertilizer core can be applied to tobacco, which needs multiple
topdressing crops (Jiang et al., 2025). BDCRFs are expected to be scaled
up to develop a market for the application in crops such as tobacco due
to their demand and low cost of production. The photographs of (a) TS,
(b) LTS, (c) BPC, (d) FWF-5 %, (e) TSF-5 % and (f) CSF-5 % as show in
Fig. S8.

4. Conclusion

An environmentally friendly controlled-release fertilizer (BDCRFs)
with low-cost and excellent performance was developed through the
double-coating of biochar and bio-based polyurethane. The physico-
chemical properties and morphology of biochar and BPC were studied,
while the controlled-release performance of BDCRFs were evaluated and
compared. The results demonstrated that the coupling of biochar and
bio-based polyurethane enables long-term, stable nutrient release in
BDCRFs, following the Ritger-Peppas model. Moreover, the application
of BDCRFs in tobacco planting has achieved excellent results. However,
challenges remain in terms of scale production, given that the synthesis
process involves the coupling of multiple materials and is more complex
than standard coated CRFs. The strategy of using biochar and bio-based
polyurethane in CRFs has proven to be a feasible method for enhancing
controlled-release performance and achieving green, low-cost produc-
tion. The application prospect of BDCRFs in the future can be further
improved by optimizing the synthesis process. In the context of circular
and sustainable agriculture, the BDCRFs prepared in this work are
derived from tobacco field waste and effectively meet the nutrient re-
quirements of tobacco. The application effect of BDCRFs in other crops
and the performance of BDCRFs prepared from more agricultural wastes
need to be further investigated. Future research should focus on opti-
mizing the formulation of BDCRFs to broaden the agricultural applica-
tions, while also addressing the diverse needs of crops in sustainable
agricultural systems.
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Table 3

The economic evaluation of BDCRFs.
Item TSF-3 % TSF-5 % TSF-7 % 1-C-CRFs® 2-C-CRFs?

(USD/kg) ~ (USD/kg)  (USD/kg)  (USD/kg) (USD/kg)
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PVA (4 %) 0.26 0.26 0.26 - -
H,S04 0.01 0.01 0.01 - -
PAPI 0.01 0.02 0.03 - -
TS 0.08 0.08 0.08 - -
NP 0.83 0.83 0.83 - -
Total 2.27 2.37 2.47 11.51¢ 5.37¢

a: 1-C-CRFs: the first type of commercial fertilizer.

b: 2-C-CRFs: the second type of commercial fertilizer.

c: the data derived from the study of Tanan et al. (Tanan et al., 2021).
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