Lu et al. BMC Chemistry ~ (2025) 19:154 BMC Chem istry
https://doi.org/10.1186/513065-025-01529-8

. : . ®
Preparation of a novel economically efficient ==
and environment friendly controlled release
urea from liquefied corn straw and castor oil
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Abstract

Because of the renewable nature of castor oil, it has been widely used in the production of bio-based polyurethane
(BPU) coated controlled-release fertilizer. However, although castor oil (CO) is a natural material, the polyurethane
prepared from castor oil is still a product difficult to degrade. In order to further improve the degradability of castor
oil-based polyurethane, six different BPU coated controlled-release urea were prepared using liquefied corn straw
(LCS)-based polyoals, castor oil, isocyanate as raw materials, glycerol and acrylamide as crosslinking agents. The
surface morphology, hydrophobicity, thermal stability, release characteristic curve, degradation related functional
groups, colony, soil micro plastic content and other indicators of controlled-release urea were determined, and
then six different controlled-release urea were comprehensively evaluated. The results showed that the release

time of LCS based polyurethane coated urea was shorter than that of CO based polyurethane coated urea, but the
degradation was better. The crosslinking structure significantly improved the hydrophobicity of BPU and prolonged
the release period of controlled-release fertilizer. When 30% castor oil was replaced by liquefied corn straw, the
release period remained unchanged, but the degradability was improved, which made the content of microplastics
in soil decreased. In a word, the partial replacement of castor oil with liquefied corn straw and its application in the
production of coated controlled release fertilizer has high environmental benefits.
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Introduction

Polyurethane (PU), the polymer containing carbamate
group (-NH-COO-) in the molecule, which is generally
obtained by the reaction of isocyanate (-NCO) and alco-
hol (-OH) [1], has been commonly used in the produc-
tion of controlled release fertilizer (CRF) due to its high
strength and good water resistance [2].

Traditional PU is mostly derived from petrochemical
products, but with the advancement of material technol-
ogy, bio-based materials are being increasingly used in
the production of PU [3]. The bio-based materials that
have been reported for the production of PU-coated
controlled-release fertilizers mainly include animal and
vegetable oils, crop straws, starch, etc [4—7]. At pres-
ent, vegetable oil is one of the most used materials in
the production of bio-based PU. For example, castor
oil, which contains hydroxyl groups, can directly react
with isocyanates to prepare polyurethane [8]. On the
other hand, crop straw is one of the cheapest and most
widely distributed biomaterials. Currently, crop straws

in intensive production are mostly directly crushed and
returned to the fields, but many straws in individual
farms are still treated as waste [9]. Even a large amount
of straw is burned, which seriously pollutes the soil and
atmospheric environment [10, 11]. Corn straw, in partic-
ular, has higher biomass than other common crops [12,
13]. Moreover, the moisture content of corn straw is high,
so it is difficult to completely crush it when it is used for
straw returning to the field [14]. Making good use of crop
straw, especially corn straw, has high economic and envi-
ronmental effects [15—-17].

Crop straw contains abundant lignocellulose, which
can be used to prepare polyols through liquefaction. This
step generally involves first crushing biomass materi-
als to destroy their dense structure, and then hydrolyz-
ing or hydrogenating them under the action of a catalyst
to generate small molecule polyols [18]. This method
can treat lignocellulosic biomass from different sources.
In previous studies, polyols have been prepared using
wheat straw and eggplant branches as raw materials and
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used in the production of PU coated fertilizers [19-21].
But these materials generally have higher hydrophilicity,
which leads to the shorter controlled-release period of
bio-based PU coated CRFs [22]. Therefore, it is necessary
to carry out a series of treatments on these bio-based
PU materials to make them have better hydrophobicity
and stability. Only in this way can bio-based PU coated
CRF meet the nutrient requirements of crops in the long
growth period under the condition of one-time basal
application [23, 24]. The crosslinking structure of PU
can effectively improve the thermal stability, mechani-
cal strength and hydrophobicity of PU materials [25,
26]. Therefore, the construction of effective crosslink-
ing structure in PU coated CRF system is of great sig-
nificance to improve the adaptability of fertilizer in high
temperature and high humidity environment and reduce
the damage of fertilizer membrane shell in the process of
transportation and application [27].

Otherwise, controlled release and degradation are con-
tradictory. CRFs with longer controlled release period
are usually more difficult to degrade. How to realize the
organic unity of the two is a problem that needs to be
considered. The degradation of PU is the result of a series
of complex biophysical and biochemical processes. It is
generally believed that fungal and bacterial microorgan-
isms cut off some chemical bonds in PU under the action
of enzymes to generate low molecular weight com-
pounds, which are finally biologically ingested and trans-
formed into water and carbon dioxide through various
metabolisms [28]. In the soil environment, fungi rather
than bacteria are the main reason for PU degradation in
the laboratory soil micro world [29-31].

In this study, a novel bio-based PU coated controlled
release urea was prepared with corn straw-based polyol,
castor oil, polyaryl polymethylene isocyanate (PAPI) as
raw materials. And a cross-linking structure was con-
structed in the PU system using acrylamide and glycerol
as crosslinking agents. The hydrophobicity, degrada-
tion rate of PU and the content of microplastics in soil
were measured to evaluate the effects of different bio-
based materials and cross-linking structures on the con-
trolled release and degradation characteristics of CRFE.
The research results will provide a scientific basis for the
resource utilization of agricultural and forestry wastes
and the improvement of green and environment-friendly

CRE.

Materials and methods

Materials

Urea granules were the core of coated fertilizers, which
were purchased from Shandong Hualu Hengsheng
Chemical Industry Co., Ltd. (Shandong, China), and
granules with a diameter of 3.5-5.0 mm were screened
on a vibrating screen (Xinsiman Mechanical Equipment
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Co., Ltd, Henan, China) for coating. The corn straw was
collected from the experimental farm of Yangzhou Uni-
versity, dried and crushed, and then passed through a
100-mesh screen for standby. Castor oil was purchased
from Guangzhou Chenshi Chemical Co., Ltd (Guang-
dong, China). Glycol, polyethylene glycol (PEG-400),
glycerol and N, N’-Methylene bisacrylamide were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Polyaryl polymethylene isocyanate
(PAPI)with 30 wt% NCO groups was purchased from
Yantai Wanhua Polyurethane Co., Ltd. (Shandong,
China). Concentrated sulfuric acid was bought from
Nanjing Chemical Reagent Co., Ltd (Jiangsu, China).
Urea granules for coating were purchased from Shan-
dong Hualu Hengsheng Chemical Industry Co., Ltd.
(Shandong, China), and granules with a diameter of
3.5-5.0 mm were screened on a vibrating screen (Xinsi-
man Mechanical Equipment Co., Ltd, Henan, China) for
coating.

Preparation of corn straw-based polyols

Weigh 200 g of corn straw powder, add it to a 2 L circu-
lating oil bath reactor containing 600 ml of ethylene gly-
col and 400 ml of PEG-400, add 27 ml of concentrated
sulfuric acid as catalyst, and react at 150 “C and 400 rpm
for three hours. After the reaction, collect corn straw-
based polyols from the discharge valve (Scheme 1).

Preparation of bio-based PU coated Urea and PU film

The PU coated urea was prepared with a heated rotary
drum. Step 1: Put 2 kg of urea granules into the drum,
and heated it to 60 +5 °C, subsequently, add 6 g of paraf-
fin for defect modification on the surface of urea gran-
ules. Step 2: Continue to heat urea to 70+ 5 °C, and then
cast a mixture of 20 g of the following substances onto
the surface of urea (Table 1). Step 2 is repeated a total
of 3 times to obtain PU coated urea with 3% wt coating
content. Collect the coated urea after the film material is
completely cured.

Weigh 100 g of PU coated urea, crush it and immerse
it in water. After the urea is completely dissolved, filter
to obtain PU membrane fragments. After drying and
weighing the membrane fragments, calculate the actual
coating content. Due to the error in actual operation and
the adhesion of the drum to the coating material, the
actual coating content was usually slightly lower than the
expected coating content (Table 2).

Meanwhile, prepare PU prepolymer according to the
formula in Table 1. Absorb 2 g of the prepolymer with a
rubber tipped dropper and put it into a customized Tef-
lon mold with a diameter of 2 cm and a depth of 0.5 cm.
Place the mold on a 70 ‘C heating plate and take out the
PU film after the mixture is completely cured. Five PU
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Scheme 1 Representation of the process for preparing polyols from corn straw

Table 1 Formulations of different treatment

Treatment LCS Castor oil PAPI Glycerin MBA
(9) (9) (9) (9) (9)

LCSPU 1340 - 6.60 - -
LCSPUG 13.25 - 6.55 0.10 0.10
COPU - 12.00 8.00 - -
CLPUA 3.20 7.20 940 - 0.20
CLPUB 3.20 7.20 940 0.20 -
CLPUC 3.20 7.20 9.40 0.10 0.10

Table 2 Expected coating content and actual coating content
of PU coated Urea

Code Treatment Expected coating Actual
content coating
(% wt) content
(% wt)
1 LCSPU 3 2.94
2 LCSPUG 3 2.88
3 COPU 3 2.86
4 CLPUA 3 2.90
5 CLPUB 3 291
6 CLPUC 3 293

films of each treatment were prepared for subsequent
testing.

Culture and extraction of fungi involved in the degradation
of bio-based PU

Take an appropriate amount of paddy soil and place it
ina 10 cm * 10 cm * 10 cm glass dish. Vertically insert
the prepared PU film into the soil, ensuring that more
than half of the film is buried in the soil. Maintain a 1 cm

water layer on the soil surface in a glass dish to simu-
late the conditions in a paddy field environment. After 6
months of cultivation at room temperature, the bacterial
colonies on the surface of PU film were inoculated into a
potato glucose agar (PDA) medium. Fungal ITS second-
generation detection was performed 1 day later [32, 33].

Extraction and identification of microplastics

On the basis of 2.4, soil samples of 1 cm around the PU
film were collected. Weigh 15 g of dried soil sample, add
60 ml of ZnCl, solution (1.8 kg/L), stir it fully (2 min),
ultrasonic for 30 min, and suspend it overnight (52 h).
Vacuum filter the suspended supernatant (using a 13PM
steel membrane), take out the membrane and put it into
a sample bottle and add 15 ml of 30% H,0,, to remove
the organic matter, the particles were dispersed by ultra-
sound and then stood for 32 h to make hydrogen perox-
ide fully react with the organic matter. Vacuum filter the
solution after hydrogen peroxide treatment, immerse the
obtained filter membrane in ethanol solution for ultra-
sonic treatment (use steel membrane with pore size of
13 pum), so that the particles on the filter membrane are
dispersed in ethanol solution. Take out the filter mem-
brane in the ethanol solution, wash the filter membrane
with ethanol for many times, and then put the ethanol
solution in an oven (Note: use a clean oven as much as
possible to prevent pollution, preferably an infrared dry-
ing oven) for concentration, concentrate it to 150 p L, and
then drop it on the high reflection glass. After the ethanol
is completely volatilized, carry out the Laser Direct Infra-
red System [34].
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Characterization

The functional groups of straw-based polyols and fertil-
izer film were determined by Fourier transform infra-
red spectroscopy ((FTIR, Nicolet 6700, America) in the
wavenumber range of 500—4000 cm™ !,

Scanning electron microscope (SEM, Model SU8020,
Hitachi, Japan) was used to observe the microscopic
morphology and structures.

Water contact angles were tested using a contact angle
meter (OCAS50, Dataphysics, Germany).

The film stability of fertilizer was measured by thermo-
gravimetric analyzer (STA 449 F5/F3 Jupiter, NETZSCH,
Germany) at 10 °C min~! under nitrogen atmosphere.

Laser Direct Infrared Imaging system (Agilent 8700,
Agilent, America) was used to determine the types and
classification of microplastics in soil samples.

The release rate of controlled-release urea was deter-
mined using the static water extraction method [35]. A
plastic mesh bag was filled with 10.00 g of controlled-
release urea and placed in a plastic bottle with 200 mL
of water. The plastic bottle was placed in an incubator at
25 °C. Water from each bottle (10 mL each) was sampled
at1, 3, 5,7, 10, 14, 21, 28, 42, 56, 70 days, and the nitro-
gen content of the water was measured using the Kjeldahl
method [36] until the accumulative release rate reached
80%.

The degradation rate of PU film in soil was determined
by the burying bag method. Weigh 2 g of the prepared
PU film, put it in a plastic mesh bag and bury it in the soil
15 ¢cm away from the ground. Take out the bag every 10
days, soak the PU in a 2% sodium dodecyl sulfate (SDS)
solution for 1 night, then immerse it in 75% alcohol for
4 h. Weigh the film after washing and drying, draw the
mass loss curve [37].

Immerse 2 g of PU membrane in 200 ml of DMF at 40
C for 60 h, dissolve and remove insoluble substances
through a 0.45 pm filter membrane. Perform gel per-
meation chromatography (GPC) testing on the filtrate
to determine the weight average molecular weight and
number average molecular weight of PU.

The release period of controlled release urea refers to
the days required for the nutrient cumulative release rate
to reach 80%, which is calculated according to the follow-
ing formula (T).

Up — Up—1
T=n-1
" + Awv
v, ——The first cumulative release rate exceeding 80%
(%),
V1 ——DPrevious cumulative release rate of v,,( %),
A v—— Average release rate from n-1 to n days (%/ d).
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Results and discussion

Morphologies of the PU film

SEM images show that the surface of LCSPU and LCS-
PUG prepared with liquefied corn straw is rough, and
there are many fibers that are not completely liquefied
(Fig. 1). These fibers may cause cracks in the film layer,
which may lead to a short release period of fertilizer.
When castor oil was used as the membrane material or
mixed with liquefied corn straw, the surface of COPU,
CLPUA, CLPUB, CLPUC was much smoother than that
of LCSPU and LCSPUG, and no obvious cracks were
observed. The hydrophilicity of the film layer significantly
affects the time of water intrusion into the fertilizer film
layer, and then affects the release period of the fertilizer.
The water contact angle (WCA) is the direct reflection
of the hydrophilicity of the film [38]. It can be seen that
the use of crosslinking agent can significantly improve
the WCA of fertilizer film when liquefied corn straw is
used as film material. In addition, this study found that
the WCA of CLPUA, CLPUB, CLPUC was 91.1 °,91.3 °
and 92.8 ° respectively, and the two different crosslink-
ing agents had no significant effect on the water contact
angle of the film. All the above results showed that, cas-
tor oil is more suitable than liquefied corn straw as the
membrane material of coated controlled-release fertil-
izer, as the polyols prepared from corn straw contain
more impurities. The crosslinking structure of PU can
improve the hydrophobicity of the fertilizer film, which is
of great significance for prolonging the release period of
controlled-release fertilizer [39].

Stability and degradability of PU

Thermal properties

Thermogravimetry (TG) and differential thermal grav-
ity (DTG) were used to analyze the thermal properties of
PU (Fig. 2). TG curve shows the change of sample mass
with temperature, while DTG curve is the derivation of
TG data and can reflect the decomposition rate of sample
[40]. With the increase of temperature, PU prepared from
different materials showed different pyrolysis trends.
When LCSPU and LCSPUG were heated to about 200 C,
the mass loss began to accelerate and reached the peak at
about 260 °C and 350 °C. While the mass loss of COPU
began to accelerate at about 300 °C, and reached the peak
at about 370 °C and 465 °C, respectively. The TG and
DTG curves of CLPUA, CLPUB and CLPUC are simi-
lar to those of COPU, but the first peak decreases from
369 °C to 337 °C. This indicates that castor oil-based PU
has better thermal stability than corn straw-based PU,
and the thermal stability of PU prepared by mixing the
two can be similar to castor oil-based PU [41]. Besides,
it seems that the use of crosslinking agent has no effect
on the thermal stability of PU, in other words, the effect
of crosslinking agent on the thermal stability is less than
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that of the source material. It is worth mentioning that
about 15% of the total weight of LCSPU and LCSPUG has
not been decomposed after reaching constant weight. As
a result, 5% of the total weight of CLPUA, CLPUB and
CLPUC was not decomposed after heating to 600 °C.
This is an important factor affecting the degradability and
controlled release characteristics of controlled release
fertilizer film.

Fig. 1 Surface micro morphologies of LCSPU (A1, A2), LCSPUG (B1, B2),
COPU (€1, C2), CLPUA (D1, D2), CLPUB (E1, E2) and CLPUC (F1, F2). Panels
on the left (A1, B1,C1, D1, E1, F1) and right (A2, B2, C2, D2, E2, F2) sides
are magnified by 1000x and 5000, respectively. Panels in the upper right
showed the WCA of the film layer
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Molecular weight and functional group distribution of PU
film

In order to verify the influence of crosslinking agent on
the molecular weight of PU prepared, the weight-average
molecular weight (Mw) and number-average molecu-
lar weight (Mn) of LCSPU and LCSPUG were measured
(Fig. 3). It is worth noting that COPU, CLPUA, CLPUB,
and CLPUC had limited solubility in DMF due to their
high molecular weight, so molecular weight determina-
tion was not performed. Compared with LCSPU, the Mw
and Mn of LCSPUG increased by 43.55% and 39.16%,
respectively, while the Mw/Mn also increased by 3.23%.
These results showed that the crosslinking agent indeed
promote the formation of crosslinking structure in PU.
But the increase of Mw/Mn means that the distribu-
tion of PU molecular weight is more irregular. Too wide
molecular weight distribution will lead to poor film-
forming property [42], but we think that the Mw/Mn
value in this experiment which had a 3.23% increasement
was in an acceptable range.

In addition, the FTIR spectra of different PU materi-
als also revealed the chemical shift and synthesis process
during the preparation of PU from liquefied corn straw
and castor oil (Fig. 4). The existence of -C =0, -CN bonds
corresponded to two characteristic absorption peaks
at 1705-1724 cm™!, 1215-1225 cm™}, respectively. The
peak at 3321-3340 cm™! may be the stretching vibration
peak of -OH or -NH, but the stretching vibration peak at
2275 cm™! indicates the presence of unreacted isocya-
nate groups in PU, which rules out the possibility of -OH
groups at wavelength 3321-3340 cm™!. The above find-
ings demonstrate the formation of urethane bond [43].

Furthermore, we compared the functional group
changes of PU materials before and after degrada-
tion (Fig. 5). After castor oil-based PU was cultured,
the absorption peak disappeared at the wavelength of
2275 cm™!, where was the absorption peak of isocya-
nate in isocyanate (-NCO); After cultivation, the absorp-
tion peaks of PU materials prepared from liquefied corn
straw disappear at the wavelengths of 2275 cm™! and
1655 cm™ !, which are the absorption peaks of isocyanate
(-NCO) and carbonyl (-C = O), respectively. Isocyanate is
likely to be provided by residual isocyanates in the reac-
tion system, which is an uncontrollable factor. Therefore,
the introduction of carbonyl groups can be considered to
accelerate the degradation of PU when designing PU seal-
ing [44]. The degradation of PU is generally believed to
be that bacteria or fungi cut off some chemical bonds in
PU under the action of enzymes to produce low molecu-
lar weight compounds, which are eventually metabolized
into water and carbon dioxide by microorganisms [45].
We identified some microorganisms, mainly fungi, in rice
soil cultured with PU membrane. We believe that they
play an important role in the degradation of PU.
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Fig. 2 TG (green) and DTG (red) curves of LCSPU (A), LCSPUG (B), COPU (C), CLPUA (D), CLPUB (E) and CLPUC (F)

Degradation rate

Compared with castor oil, PU prepared from liquefied
corn straw has better biodegradability (Table 3). After
210 days of culture, the degradation rate of PU prepared
with liquefied corn straw reached 7.91%, while that of PU
prepared with castor oil was only 5.86%. The degrada-
tion rate of PU prepared with the mixture of the two was
6.54%~6.58%. From the scanning electron microscope
image (Fig. 6), the PU prepared from liquefied corn straw
has expanded, resulting in large deformation and holes.
Other scholars’ research also proved that significant
microscopic morphology of PU exhibited many small
chips or stereovision holes caused by biodegradation or
hydrolytic degradation due to the presence of natural
polymer corn straw, which is also the main reason for its
poor controlled release performance [46, 47].

Types and contents of soil microplastic

In our experiment, more than ten different microplastics
were observed (Table 4), among which FR, PU and PET
were found in many treatments. In terms of PU, the soil of
LCSPU and LCSPUG had the least amount of microplas-
tics, only 6-7 microplastics were detected in 1.5 g soil,
and the soil COPU had the most amount of microplas-
tics, 16 microplastics were found in 1.5 g soil. The content
of microplastics in CLPUA, CLPUB and CLPUC treat-
ments was 10, 12, 11, respectively. The results showed
that corn straw-based PU was more easily degradable

than castor oil-based PU, and the degradability of PU
could be improved by replacing castor oil with corn
straw-based polyol. Nowadays, more and more evidences
show that microplastics are ubiquitous in soil. However,
our cognition of microplastics in soil is still fragmented
[48]. A large number of microplastic research is focused
on China, as China’s plastic production accounts for 30%
of the world’s total [49],. At present, microplastics have
been found in most cultivated land in China, especially in
areas where agricultural films are used heavily [50].

Nitrogen release characteristics of PU coated Urea

The controlled release period of LCSPU which with-
out cross-linking agent was 4.63 d, while that of LCSPU
with cross-linking agent is 8.31d, which is nearly doubled
(Fig. 7). The controlled release period of COPU prepared
by castor oil and isocyanate was 14.58 d. After adding
crosslinking agent, the CLPUA, CLPUB, CLPUC can
maintain a similar release period (14.11 d, 14.41 d, 13.61
d) when 30% castor oil was replaced by LCS with lower
cost. This showed that the crosslinking structure can
significantly improve the controlled-release characteris-
tics of PU coated urea [51, 52]. Waste corn straw has a
high potential for reducing the production cost of coated
controlled-release fertilizer. At the same time, this gives
higher added value to corn straw, which can inhibit farm-
ers’ burning behavior of straw to a certain extent and
increase the farmer’ income.
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Table 3 Mass loss rate of PU film in soil

Treatment 1d 30 d(%) 90 d(%) 150 d(%) 210d(%)
(%)

LCSPU 0 1.00 2.19 406 791
LCSPUG 0 086 2.16 3.58 7.54
COPU 0 0.36 123 271 5.86
CLPUA 0 0.62 162 3.16 6.65
CLPUB 0 035 141 323 6.54
CLPUC 0 0.70 1.70 3.29 6.58
Conclusions

The results of this study showed that the use of crop
straw in the preparation of PU coated controlled-release
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fertilizer has great application potential, which can par-
tially replace petroleum-based materials or vegetable oil
materials to obtain higher economic and environmen-
tal benefits. However, although the application of bio-
based materials in the PU industry has high application
potential, most of these materials are mixtures of com-
plex components, and the physicochemical properties of
the prepared PUs are still difficult to compare with those
prepared from petroleum-based materials. On the other
hand, compared to rice and wheat straw, corn straw has
higher biomass and moisture content, requiring more
time and energy to be consumed during the crushing
process. Building a cross-linked structure in a bio-based

Fig. 6 Surface micro morphologies of LCSPU (A), LCSPUG (B), COPU (C), CLPUA (D), CLPUB (E) and CLPUC (F). Panels are magnified by 3000x

Table 4 Types and contents of microplastics in soil

Type LCSPU LCSPUG COPU CLPUA CLPUB CLPUC
Fluororubber (FR) 12 8 24 18 20 16
Polyurethane (PU) 6 7 16 10 12 1
Polytetrafluoroethylene (PTFE) 6 2 - - 2 1
Polyethylene Terephthalate (PET) 5 2 6 5 5 4
Chlorinated polyethylene (CPE) 4 62 10 - - 4
Polysulfone 2 1 - - -
Polyvinylchloride (PVC) 2 6 5 1 - -
WP-Polyoxymethylene (POM) 2 - 1 - 5 -
Acrylates (ACR) 1 1 4 2 - 2
Ethylene Vinyl Acetate (EVA) 1 - 3 - - -
Butadiene rubber (BR) 1 4 2 - 3 -
Phenolic resin 1 - - - 3 -
Phenolic epoxy resin 1 - - 1 -
Polylactic acid (PLA) - 1 1 2 1
Polypropylene (PP) - 1 - - 2

Acrylonitrile Butadiene Styrene (ABS)
Polystyrene (PS) - _
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Fig. 7 N release curve of different PU coated urea at 25 °C in water

PU system can effectively improve the stability and
hydrophobicity of PU materials. The controlled release
period of the prepared PU coated urea was also signifi-
cantly prolonged. However, correspondingly, its degrad-
ability will also decrease to a certain extent. Therefore,
bio-based PU coated urea still has great development
space and also faces great challenges.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g9/10.1186/513065-025-01529-8.

[ Supplementary Material 1 ]

Acknowledgements
Not applicable.

Author contributions

Hao Lu: Conceptualization, Methodology, Writing-original draft, Funding
acquisition. Yuan Chen: Writing-original draft, Review and editing. Canping
Dun: Data analysis, Methodology. Xi Hu: Review and editing. Rui Wang:
Visualization, Data analysis. Peiyuan Cui: Visualization, Review and editing.
Haipeng Zhang: Visualization, Review and editing. Hongcheng Zhang:
Conceptualization, Review and editing, founding acquisition.

Funding

This work is sponsored by the Natural Science Foundation of Jiangsu Province
(BK20220563), the Jiangsu Agriculture Science and Technology Innovation
Fund (CX (24)1026), and Neutrality of Jiangsu Provincial Department of
Science and Technology (BE2022304).

Data availability

The raw data for the ITS sequencing of all samples were submitted to the NCBI
Sequence Read Archive database (https://www.ncbi.nlm.nih.gov/)wit) with
the accession number PRINA1263184.

Declarations

Ethics approval and consent to participate

The corn straw collected in this study do not require specific permissions, as
the sampled species are neither endangered nor protected, and the collection
activities are conducted on the experimental farm of Yangzhou University that
comply with local regulations.

Page 11 of 12

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Key Laboratory of Crop Genetics and Physiology of Jiangsu Province/Co-
Innovation Center for Modern Production Technology of Grain Crops of
Jiangsu Province, Yangzhou University, Yangzhou, Jiangsu 225009, China

Received: 15 October 2024 / Accepted: 21 May 2025
Published online: 29 May 2025

References

1. Khatoon H, Ahmad S. A review on conducting polymer reinforced polyure-
thane composites. J Ind Eng Chem. 2017;53:1-22.

2. LuH,Dun C, Jariwala H, Wang R, Cui P, Zhang H, Dai Q, Yang S, Zhang H.
Improvement of bio-based polyurethane and its optimal application in
controlled release fertilizer. J Controlled Release. 2022;350:748-60.

3. Paraskar PM, Prabhudesai MS, Hatkar VM, Kulkarni RD. Vegetable oil based
polyurethane coatings—A sustainable approach: A review. Prog Org Coat.
2021;156:106267.

4. TianH, LiZ LuPWang, Jia C, Wang H, Liu Z, Zhang M. Starch and castor oil
mutually modified, cross-linked polyurethane for improving the controlled
release of Urea. Carbohydr Polym. 2021;251:117060.

5. LuH,Tian H, Zhang M, Liu Z, Chen Q, Guan R, Wang H. Water Polishing
improved controlled-release characteristics and fertilizer efficiency of
castor oil-based polyurethane coated diammonium phosphate. Sci Rep.
2020;10(1):1-10.

6. Pangl, Gao Z Feng H, Wang S, Wang Q. Cellulose based materials for con-
trolled release formulations of agrochemicals: A review of modifications and
applications. J Controlled Release. 2019;316:105-15.

7. XieJ,YangY, Gao B,WanY, Li YC, Cheng D, Xiao T, Li K, Fu Y, Xu J. Magnetic-
sensitive nanoparticle self-assembled superhydrophobic biopolymer-coated
slow-release fertilizer: fabrication, enhanced performance, and mechanism.
ACS Nano. 2019;13(3):3320-33.

8. Panda SS, Panda BP, Nayak SK, Mohanty S. A review on waterborne thermo-
setting polyurethane coatings based on castor oil: synthesis, characterization,
and application. Polym-Plast Technol Eng. 2018;57(6):500-22.

9. LiH, DaiM,DaiS, Dong X. Current status and environment impact of
direct straw return in China’s cropland-A review. Ecotoxicol Environ Saf.
2018;159:293-300.

10. RenJ,Yu P, Xu X. Straw utilization in China—status and recommendations.
Sustainability. 2019;11(6):1762.

11.  Seglah PA,Wang Y, Wang H, Bi Y, Zhou K, Wang Y, Wang H, Feng X. Crop
straw utilization and field burning in Northern region of Ghana. J Clean Prod.
2020;261:121191.

12, LiuW, LiuY, Liu G, Xie R, Ming B, Yang Y, Guo X, Wang K, Xue J, Wang Y. Estima-
tion of maize straw production and appropriate straw return rate in China.
Agric Ecosyst Environ. 2022;328:107865.

13. LiuH, Ou X, Yuan J, Yan X. Experience of producing natural gas from corn
straw in China. Resour Conserv Recycl. 2018;135:216-24.

14. HuJ,Li D, Lee D-J, Zhang Q Wang W, Zhao S, Zhang Z, He C. Integrated gasifi-
cation and catalytic reforming Syngas production from corn straw with miti-
gated greenhouse gas emission potential. Bioresour Technol. 2019;280:371-7.

15. Goodman BA. Utilization of waste straw and husks from rice production: A
review. J Bioresources Bioprod. 2020;5(3):143-62.

16. Bhattacharyya P, Bisen J, Bhaduri D, Priyadarsini S, Munda S, Chakraborti M,
Adak T, Panneerselvam P, Mukherjee A, Swain SL. Turn the wheel from waste
to wealth: economic and environmental gain of sustainable rice straw man-
agement practices over field burning in reference to India. Sci Total Environ.
2021,775:145896.

17. ZhuY, Zhao Z, Zhang Y. Using straw as a bio-ethanol source to pro-
mote anaerobic digestion of waste activated sludge. Bioresour Technol.
2019;286:121388.

18.  Malani RS, Malshe VC, Thorat BN. Polyols and polyurethanes from renewable
sources: past, present and future—part 1: vegetable oils and lignocellulosic
biomass. J Coat Technol Res. 2022;19(1):201-22.


https://doi.org/10.1186/s13065-025-01529-8
https://doi.org/10.1186/s13065-025-01529-8
https://www.ncbi.nlm.nih.gov/)wit

Lu et al. BMC Chemistry

20.

21

22.

23.

24.

25.

26.

27.
28.

29.

30.

32.

33.

34.

35.

36.

37.

(2025) 19:154

Yu X, Sun X, Dong J, Wu L, Guo W, Wang Y, Jiang X, Liu Z, Zhang M. Instant
catapult steam explosion pretreatment of wheat straw liquefied polyols to
prolong the slow-release longevity of bio-based polyurethane-coated fertil-
izers. Chem Eng J. 2022;435:134985.

Zhang S, Yang Y, Gao B, Li YC, Liu Z. Superhydrophobic controlled-release
fertilizers coated with bio-based polymers with organosilicon and nano-silica
modifications. J Mater Chem A. 2017;5(37):19943-53.

GuoY, Zhuang F, Cui Q, Zhang S, Hao Z, ShiY, Lu H, Shi X. Preparation and
characterization of liquefied eggplant branch bio-based controlled-release
fertilizer. BMC Chem. 2024;18(1):71.

Zhang S, Yang Y, Gao B, Wan Y, Li YC, Zhao C. Bio-based interpenetrating
network polymer composites from locust sawdust as coating material for
environmentally friendly controlled-release Urea fertilizers. J Agric Food
Chem. 2016;64(28):5692-700.

Vejan P, Khadiran T, Abdullah R, Ahmad N. Controlled release fertilizer: A
review on developments, applications and potential in agriculture. J Con-
trolled Release. 2021,339:321-34.

Liu J, Yang Y, Gao B, Li YC, Xie J. Bio-based elastic polyurethane for controlled-
release Urea fertilizer: fabrication, properties, swelling and nitrogen release
characteristics. J Clean Prod. 2019;209:528-37.

Chiou BS, Schoen PE. Effects of crosslinking on thermal and mechanical prop-
erties of polyurethanes. J Appl Polym Sci. 2002;83(1):212-23.

Lyu J, Xu K, Zhang N, Lu C, Zhang Q, Yu L, Feng F, Li X. In situ incorporation of
Diamino silane group into waterborne polyurethane for enhancing surface
hydrophobicity of coating. Molecules. 2019;24(9):1667.

Liu X, Hong W, Chen X. Continuous production of water-borne polyure-
thanes: A review. Polymers. 2020;12(12):2875.

Kemona A, Piotrowska M. Polyurethane recycling and disposal: methods and
prospects. Polymers. 2020;12(8):1752.

Barratt S, Ennos A, Greenhalgh M, Robson G, Handley P. Fungi are the
predominant micro-organisms responsible for degradation of soil-buried
polyester polyurethane over a range of soil water holding capacities. J Appl
Microbiol. 2003;95(1):78-85.

Osman M, Satti SM, Lugman A, Hasan F, Shah Z, Shah AA. Degradation of
polyester polyurethane by Aspergillus Sp. strain S45 isolated from soil. J
Polym Environ. 2018;26:301-10.

El-Morsy E, Hassan H, Ahmed E. Biodegradative activities of fungal isolates
from plastic contaminated soils. Mycosphere. 2017;8(8):1071-87.

Tao C,Wang Z, Liu S, Lv N, Deng X, Xiong W, Shen Z, Zhang N, Geisen S, Li R.
Additive fungal interactions drive biocontrol of fusarium wilt disease. New
Phytol. 2023;238(3):1198-214.

Tao C, Li R, Xiong W, Shen Z, Liu S, Wang B, Ruan Y, Geisen S, Shen Q, Kow-
alchuk GA. Bio-organic fertilizers stimulate Indigenous soil Pseudomonas
populations to enhance plant disease suppression. Microbiome. 2020;8:1-14.
Tian X, Beén F, Bauerlein PS. Quantum cascade laser imaging (LDIR) and
machine learning for the identification of environmentally exposed micro-
plastics and polymers. Environ Res. 2022;212:113569.

LuH, Tian H, Liu Z, Zhang M, Zhao C, Guo Y, Guan R, Chen Q, Yu X, Wang H.
Polyolefin wax modification improved characteristics of nutrient release from
biopolymer-coated phosphorus fertilizers. ACS Omega. 2019;4(23):20402-9.
Goyal K, Singh N, Jindal S, Kaur R, Goyal A, Awasthi R. Kjeldahl method. Adv
Tech Anal Chem. 2022;1:105.

Tian H, DuY, Luo X, Dong J, Chen S, Hu X, Zhang M, Liu Z, Abolfathi S.
Understanding visible light and microbe-driven degradation mechanisms
of polyurethane plastics: pathways, property changes, and product analysis.
Water Res. 2024;259:121856.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

Page 12 of 12

LiY, Jia C, Zhang X, Jiang Y, Zhang M, Lu P, Chen H. Synthesis and perfor-
mance of bio-based epoxy coated Urea as controlled release fertilizer. Prog
Org Coat. 2018;119:50-6.

Wei Q, Zhang L, Chen J, Tong Z, Zhou X, Shao L, Wu Z, Zhan P, Wang F, Liu N.
Solvent-free coating of crosslinked and hydrophobic lignin-based biocom-
posite for slow-release fertilizer. Polym Test. 2021;102:107335.

Zhang S, Yang M, Meng S, Yang Y, Li YC, Tong Z. Biowaste-derived, nanohy-
brid-reinforced double-function slow-release fertilizer with metal-adsorptive
function. Chem Eng J. 2022;450:138084.

LiJ, LiuY, Liu J, Cui X, Hou T, Cheng D. A novel synthetic slow release fertilizer
with low energy production for efficient nutrient management. Sci Total
Environ. 2022,831:154844.

Hwang C, Sultane PR, Kang DH, Bielawski CW. Poly (polyhedral) S: synthesis
and study of a new class of polyurethanes composed of homocubanes.
Polym Int. 2018,67(12):1664-9.

Tian H, Liu Z, Zhang M, Guo Y, Zheng L, Li YC. Biobased polyurethane, epoxy
resin, and polyolefin wax composite coating for controlled-release fertilizer.
ACS Appl Mater Interfaces. 2019;11(5):5380-92.

Magnin A, Pollet E, Phalip V, Avérous L. Evaluation of biological degradation
of polyurethanes. Biotechnol Adv. 2020;39:107457.

Khan S, Nadir S, Shah ZU, Shah AA, Karunarathna SC, Xu J, Khan A, Munir S,
Hasan F. Biodegradation of polyester polyurethane by Aspergillus tubingen-
sis. Environ Pollut. 2017;225:469-80.

Lu P, Zhang Y, Jia C, LiY, Zhang M, Mao Z. Degradation of polyurethane coat-
ing materials from liquefied wheat straw for controlled release fertilizers. J
Appl Polym Sci. 2016;133(41).

Serrano L, Rincon E, Garcia A, Rodriguez J, Briones R. Bio-degradable poly-
urethane foams produced by liquefied polyol from wheat straw biomass.
Polymers. 2020;12(11):2646.

Huang Y, Liu Q, JiaW, Yan C, Wang J. Agricultural plastic mulching as a
source of microplastics in the terrestrial environment. Environ Pollut.
2020;260:114096.

PlasticsEurope E. Plastics—the facts 2019. An analysis of European plastics
production, demand and waste data. PlasticEurope. https://www.plasticseuro
peorg/en/resources/publications/1804-plastics-facts-2019

ChenY, Leng Y, Liu X, Wang J. Microplastic pollution in vegetable farmlands of
suburb Wuhan, central China. Environ Pollut. 2020;257:113449.

Wang Y, Sun M, Qiao D, Li J, Wang Y, Liu W, Bunt C, Liu H, Liu J, Yang X. Graft
copolymer of sodium carboxymethyl cellulose and polyether polyol (CMC-
g-TMN-450) improves the crosslinking degree of polyurethane for coated
fertilizers with enhanced controlled release characteristics. Carbohydr Polym.
2021;272:118483.

Tian H, Zhang L, Sun X, Cui J, Dong J, Wu L, Wang Y, Wang L, Zhang M, Liu

Z. Self-healing modified liquefied lignocellulosic cross-linked bio-based
polymer for controlled-release Urea. Ind Crop Prod. 2022;186:115241.

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


https://www.plasticseuropeorg/en/resources/publications/1804-plastics-facts-2019
https://www.plasticseuropeorg/en/resources/publications/1804-plastics-facts-2019

	﻿Preparation of a novel economically efficient and environment friendly controlled release urea from liquefied corn straw and castor oil
	﻿Abstract
	﻿Graphical Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Materials
	﻿Preparation of corn straw-based polyols
	﻿Preparation of bio-based PU coated Urea and PU film
	﻿Culture and extraction of fungi involved in the degradation of bio-based PU
	﻿Extraction and identification of microplastics
	﻿Characterization

	﻿Results and discussion
	﻿Morphologies of the PU film
	﻿Stability and degradability of PU
	﻿Thermal properties
	﻿Molecular weight and functional group distribution of PU film
	﻿Degradation rate
	﻿Types and contents of soil microplastic


	﻿Nitrogen release characteristics of PU coated Urea
	﻿Conclusions
	﻿References


