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Abstract

The development of controlled-release fertilizers (CRFs) has faced significant challenges
due to high hydrophilicity and short release lifespan of bio-based materials, as well as
non-renewable and high cost of polyester polyols (PPs). In this study, lignin-based polyols
(LPs) and PPs were modified to form a cross-linked polymer film on the surface of urea
through an in situ reaction. This approach effectively balanced the slow-release ability
and environmental protection of controlled-release fertilizer films. A two-factor, five-
level orthogonal test was designed for the mass ratio of lignin/polyester polyol and
polyol/polyaryl polymethylene isocyanate (PAPI), comprising a total of 25 treatments. The
results indicated that the appropriateness of lignin polyols increased the hydrogen bond
content of polyurethane membrane, improved the mechanical strength of the fertilizer
membrane shell, and effectively reduced friction losses during storage and transportation.
Moreover, optimizing the polyol-to-PAPI ratio minimized coating porosity, produced a
smoother and denser surface, and prolonged the nitrogen release period. When the lignin
polyol dosage was 25% and the polyol to PAPI ratio was 1:2, the nitrogen release time of the
prepared coated urea extended to 32 days, which was 3.5 times longer than that of lignin
polyurethane coated urea (7 days). The incorporation of lignin and the optimal ratio of
coating materials significantly improved the controlled-release efficiency of coated fertilizer,
providing theoretical support for the sustainable agricultural application of biomass.

Keywords: lignin polyols; polyester polyurethane; controlled release fertilizer; coating
materials; nutrient release characteristics

1. Introduction
Fertilizers are among the most critical inputs for enhancing agricultural production.

According to the Food and Agriculture Organization of the United Nations, fertilizers
contribute approximately 40% to 60% of the overall increase in crop production [1]. While
traditional fertilizers, particularly nitrogen-based fertilizers, have significantly improved
crop production, their use has also led to environmental challenges [2]. Issues such as low
nutrient utilization efficiency and rapid nutrient losses lead to significant resource wastage
and impose varying degrees of pollution on soil, air, and water, thereby threatening human
health [3]. The advent of controlled-release fertilizers (CRFs) has alleviated this situation
and emerged as an optimal management approach.
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Coated CRFs typically consist of two integral components: a nutrient-rich fertil-
izer particle as the core and an outer membrane material with slow-release capabilities.
The membrane regulates the nutrient release rate according to the plant’s growth stages
and nutritional needs [4]. Encapsulated slow-release fertilizers have the advantage of
synchronizing nutrient release with plant demands by adjusting the membrane’s phys-
ical properties and structure. To achieve long-term, stable, and controllable fertilizer
efficiency [5], this fertilizer significantly minimizes nutrient loss and waste, enhancing
fertilizer utilization rates and ultimately boosting crop yields and quality. Furthermore, its
continuous release characteristics reduce fertilization frequency, extend the fertilization
intervals, and simplify the fertilization process, thereby reducing farmers’ workload and
lowering operational complexity [6].

Currently, synthetic petrochemical polymers such as polyurethanes, polyvinyl chlo-
ride, urea-formaldehyde resins, and polyacrylates are widely used in CRF coatings. Zafar
et al. [7] encapsulated urea particles using acrylic acid, citric acid, and maleic acid as
crosslinking agents in a polyvinyl alcohol (PVA) and starch solution, developing an innova-
tive coating. Similarly, Qiao et al. [8] employed fluidized bed coating technology to prepare
polyurethane film material from polycaprolactone, synthesized by the reaction of polyether
polyol and methylene diphenyl diisocyanate, and used this material to coat fertilizers.
These materials demonstrated superior nutrient release characteristics, particularly for
ammonia. Polyurethane-based coating materials are commonly used as film materials due
to their simple preparation, ease of molding, and stable nutrient release properties [9].

However, the polyols used in polyurethane synthesis are primarily derived from
petroleum, and the molecular chains of petrochemical polyurethanes generally consist
of repetitive units such as aldehydes and imines. This polymer architecture confers the
material with exceptional durability and stability, enhancing the membrane’s flexibility,
strength, and water resistance [10]. However, after the nutrients are completely depleted, a
considerable amount of non-degradable membrane material persists in the soil, leading
to adverse effects on soil fertility and exacerbating microplastic pollution in agricultural
areas [11]. To address these challenges, there has been a notable increase in academic
interest in employing cost-effective and biodegradable biomass materials for the develop-
ment of coating materials [12–14]. Biomass-based membrane materials commonly utilize
biological fibers, biological extracts, agricultural residues, and other biomass resources as
raw materials, which are processed and modified to produce biodegradable and renewable
membrane materials. These materials offer promising alternatives to conventional plastic
films, reducing environmental pollution and aligning with the principles of ecological con-
servation. Presently, the most extensively used biomass-based materials include cellulose,
hemicellulose, lignin, and others [15].

Lignin is the most abundant aromatic biopolymer in nature, which is green, non-toxic,
and biodegradable [16]. Approximately 150 billion tons of lignin are produced annually by
plant growth, yet most of it remains a byproduct of the paper industry and is often burned
for heat, causing environmental issues and wasting valuable organic material [17]. Lignin
is mainly composed of three basic alkyl structural units: syringyl (S), guaiacyl (G), and
p-hydroxyphenyl (H), which are connected by C-C and C-O-C bonds. Based on the special
molecular structure characteristics of lignin, the connecting bonds between structural units
are selectively cut to achieve lignin depolymerization [18]. Lignin can be converted into
liquid fuels and chemicals such as phenols, aldehydes, and esters [19,20].

Lignin, featuring its hydroxyl groups as reactive sites, stands out as a promising
polyol for the synthesis of polyurethane products. Lignin is a safe substance that various
research groups have established through cytotoxicity evaluations on various cell lines [21].
In comparison to petroleum-derived polyols, lignin-based polyurethanes demonstrate
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superior biodegradability, cost-effectiveness, and environmental sustainability, thus pre-
senting significant potential for the development of economically viable and eco-friendly
materials [22]. Bouchtaoui et al. [16] demonstrated that lignin/methylcellulose biocom-
posite coatings enhanced leaf area, chlorophyll content, and wheat yields. However, the
inherent hydrophilicity of lignin, a polyol-based coating material, along with the presence
of numerous micropores and non-membrane substances in the film layer, poses challenges
that require the integration of nanomaterials or crosslinking agents. Unfortunately, these
approaches are often intricate and not suitable for large-scale production [23].

Therefore, without increasing the complexity of the coating process, the use of bio-
based materials to partially substitute petrochemical-based materials has become a key
focus in the development of green, eco-friendly, and cost-effective membrane materials [24].
The abundant hydroxyl groups in lignin’s structure allow it to partially replace petroleum-
based raw materials and react with isocyanate to produce lignin-based polyurethane, which
can be used in the preparation of controlled-release urea (CRU) coatings.

Unlike previous studies focusing solely on pure lignin or purely petrochemical coat-
ings, the lignin–petrochemical polyester hybrid system proposed in this study enables the
synergistic utilization of these two materials via a blending process. Compared with the
strong hydrophilicity of pure lignin coatings and the non-renewability of purely petro-
chemical coatings [25,26], this method capitalizes on the complementarity between the
rigid aromatic ring structure of lignin and the flexible segments of petrochemical deriva-
tives. This not only significantly enhances the mechanical properties of the coating, breaks
through the limitations of traditional single-material systems, but also avoids the complex
pretreatment required for conventional lignin modification. Meanwhile, by optimizing the
ratios of PAPI to polyols and LP to PP, the release period of controlled-release urea can
be tailored according to crop nutrient demands. The present study aims to systematically
investigate the effects of the LP/PP composite ratio on the structure and properties of
polyurethane coatings, reveal the relationship between lignin content and nutrient release
behavior, and determine the optimal proportion of lignin in the coating. It is expected to
provide a material design basis for developing novel coated controlled-release fertilizers
that integrate excellent controlled-release performance with environmental friendliness.

2. Materials and Methods
2.1. Materials

Lignin (CAS: 8068-03-9, 95%) was supplied by Jinan Yanghai Environmental Pro-
tection Materials Co., Ltd. (Jinan, China). Sulfuric acid (CAS: 7664-93-9, 98%, v/v) was
obtained from Kermel Chemical Reagent Co., Ltd. (Tianjin, China). Polyethylene glycol
(PEG-400, CAS: 25322-68-3, analytical grade) and glycerol (CAS: 56-81-5, analytical grade)
were purchased from Tianjin Kaitong Chemical Reagent Co., Ltd. (Tianjin, China). Polyaryl
polymethylene isocyanate (PAPI, CAS: 9016-87-9) containing 31.1 wt.% of -NCO groups
was procured from Yantai WanHua Polyurethane Co., Ltd. (Yantai, China). Paraffin
(CAS: 8002-74-2, analytical grade) with a melting point of 58 ◦C was obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Urea particles (3–5 mm in
size, CAS: 57-13-6) containing 46.4% N were supplied by Shandong Hua Lu Hengsheng
Chemical Industry Co., Ltd. (Dezhou, China). Polyester polyol (PP, CAS: 25191-96-6,
analytical grade) with a hydroxyl value of 220.19 mg KOH/g was provided by Shandong
Dinghao Fertilizer Co., Ltd. (Weifang, China).
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2.2. Methods
2.2.1. Preparation of Lignin-Based Polyol

Lignin liquification was performed in a 500 mL three-necked flask equipped with a
reflux condenser, thermometer, and electric stirrer under atmospheric pressure. Initially,
250 g of polyethylene glycol (PEG-400), 50 g of glycerol, and 2.5 g of concentrated sulfuric
acid were added to the flask. The mixture was heated under a nitrogen atmosphere to
140 ◦C, at which point the reflux condenser was activated. Subsequently, 50 g of lignin pow-
der were added to the flask via a funnel, and the stirring speed was set to 800 revolutions
per minute. After 90 min of continuous reaction, the lignin powder was completely lique-
fied into a black liquid. The three-necked flask was then cooled to ambient temperature,
signifying the completion of the liquefaction process.

2.2.2. Preparation of Different CRFs

Bio-based coated fertilizers were made under laboratory conditions using LP and
PP with 1 kg of model fertilizer urea pellets as the fertilizer core. First, the fertilizer was
placed in a drum and preheated at 75 ± 2 ◦C for 20 min. After the preheating stage,
5 g of polyolefin wax particles were distributed on the surface of the urea pellets, and
the reaction was continued for about 5–10 min [12]. First, the fertilizer was placed in a
drum and preheated at 75 ± 2 ◦C for 20 min. Subsequently, the PAPI, LP, and PP were
mixed according to the proportions specified in Table 1 and evenly spread on the surface
of the rotating urea pellets. Each coating material, constituting 1% of the total fertilizer
weight (within the typical commercial range of 0.8–1.2% [13]), was applied three times,
with a cumulative addition of 30 g. This coating ratio not only balances cost-effectiveness
and controlled-release performance but also mitigates issues such as poor uniformity and
particle agglomeration [12]. The coating materials were manually sprayed at a flow rate of
3 g s−1 on the surface of the fertilizer roll, and the spraying structure was streamlined. The
reaction in the drum completes the combined coating material’s heat-curing process, then
synthesizes the bio-based polyurethane film layer and adheres it to the fertilizer’s surface
(Figure 1).

Table 1. Experimental factors and levels.

Code L R

1 0 1:2.5
2 0.25 1:2
3 0.5 1:1.5
4 0.75 1:1
5 1 1.5:1

L refers to the proportion of LP (%), and R represents the mass ratio of polyols to PAPI.

Figure 1. Picture of coated urea particles and picture of membrane shells after nutrient release.
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2.3. Measurement Indicators
2.3.1. Determination of the Composition of Lignin Liquefaction Products

From November to December 2024, the chemical composition of the lignin liquefaction
products was determined and analyzed.

Specifically, the liquefied lignin products were extracted using acetone and analyzed
by gas chromatography-mass spectrometry (GC-MS) (TSQ8000, Thermo Fisher Scientific,
Waltham, MA, USA). The GC conditions were the gas chamber temperature was maintained
at 280 ◦C. The column temperature was initially held at 45 ◦C for 2 min, then increased to
180 ◦C at a rate of 12 ◦C/min, and finally raised to 280 ◦C at 6 ◦C/min. High-purity helium
served as the carrier gas, with a column flow rate of 1.0 mL/min. The injection method was
splitless, with an injection volume of 1 µL. For the MS conditions, the mass spectrometry
scanning range was set from 45 to 450 amu, and data collection began after 5 min. The ion
source temperature was maintained at 280 ◦C, with a scan time of at least 5 scans per spike,
each not exceeding 0.7 s. Additionally, Fourier transform infrared (FTIR) spectroscopy was
performed using a ThermoNicolet 380 FTIR (Thermo Fisher Scientific, Waltham, MA, USA)
spectrometer to analyze the coating raw materials.

2.3.2. Determination of Nitrogen Release Rate

In November 2024, 10 g of coated urea was added to 200 mL of deionized water and
incubated in a biochemical incubator at 25 ± 0.5 ◦C. Solution samples were collected at
1, 3, 5, 7, 14, 28, and 56 days, with sampling continued until the cumulative nitrogen release
exceeded 80%. After each sampling, 200 mL of fresh deionized water was replenished into
the bottle. The refractive index of the solution samples was determined periodically using
a refractometer (RX-5000α, ATAGO Co., Ltd., Tokyo, Japan) until the cumulative nitrogen
release surpassed 80% [27]. The cumulative nitrogen release rate was calculated according
to Equation (1):

vt = wt/w × 100 (1)

where vt is the cumulative N release rate during a specific period (days), wt is the mass of
N released during the period, and w is the initial mass of total N.

The Korsmeyer-Peppas model can be applied to scenarios where the release mecha-
nism is unknown or involves multiple mechanisms. Its expression is

Mi/M∞ = Kt n (2)

where Mi is the nutrient released over time (g), M∞ is the total amount of nutrient (g), K is
the release velocity constant, t is time (day), and n is the exponent of release.

The release mechanism can be determined by the value of n. A value of n = 0.5
indicates Fickian diffusion, where the release is driven by the concentration gradient.
When n = 1, the process follows a non-Fickian model, with release dominated by polymer
swelling or chain relaxation. For 0.5 < n < 1, it corresponds to a non-Fickian model
(anomalous case), in which release is jointly controlled by diffusion and swelling. A value of
n > 1 represents the super Case II model, where release is accompanied by the cleavage of
polymer chains [28].

2.3.3. Determination of Fertilizer Membrane Shell Performance

From January to February 2025, systematic characterization of the polyurethane coat-
ing shells encapsulating urea was performed to elucidate their physicochemical properties.

The fertilizer particles were bisected and immersed in water until the urea was com-
pletely dissolved. They were then rinsed and dried at 60 ◦C. The microscopic morphology
of the coated controlled-release fertilizer film was characterized using scanning electron
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microscopy (SEM, TM 4000plus, Hitachi, Japan) and atomic force microscopy (AFM, Bruker,
Germany). Water contact angles (WCAs) of the fertilizer membrane shells were measured
using a JC2000A contact angle meter (Jianduan Optoelectronics Technology Co., Ltd.,
Shanghai, China).

The Fourier transform infrared (FTIR) spectra of fertilizer membrane shells were
analyzed using a ThermoNicolet 380 FTIR spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). Peak-fit processing was performed on the FTIR spectra to calculate the peak
area of the hydrogen-bonded C=O groups and free C=O groups, respectively. The hydrogen
bonding index (HBI) of the coating material was defined using Equation (3), and the degree
of phase separation (DPS) of the polyurethane binders was calculated by Equation (4).

HBI = AH-bonded/Afree (3)

DPS = HBI/HBI + 1 (4)

where AH-bonded and Afree represent the peak area of the hydrogen-bonded C=O stretching
vibration and free C=O stretching vibration, respectively [29,30].

2.3.4. Determination of the Hardness of Fertilizer Granules

In December 2024, the particle strength of different fertilizer particles was analyzed
using a particle piezometer (FT-803) (Ningbo Ruike Micro Intelligent Technology Co., Ltd.,
Ningbo, China). Each fertilizer type was tested with 20 replicates to ensure accuracy.

2.4. Statistical Analysis

The data were analyzed using Microsoft Excel 2010, and Origin Pro 2022b was em-
ployed for data processing and graph generation. One-way analysis of variance was
performed using IBM SPSS Statistics 26 to assess the significance of each factor.

3. Results and Discussion
3.1. Compositional Properties of the Coating Material

The infrared spectrogram depicted the primary functional groups present in both
lignin and liquefied lignin (Figure 2A). The results indicated a significant presence of
aromatic structures and ethers, as evidenced by the characteristic infrared peaks of liq-
uefied lignin. Compared to the spectrum of the original lignin, the liquefied products
exhibited pronounced broad peaks corresponding to hydroxyl and aldehyde groups. The
emergence of hydroxyl groups indicates that the liquefaction process effectively disrupted
lignin’s complex three-dimensional structure, thereby enhancing its reactivity. The forma-
tion of aldehyde groups may be attributed to the oxidation of certain hydroxyl groups
during liquefaction, a phenomenon that can be modulated by adjusting the liquefaction
duration. Additionally, peaks associated with methyl groups and carbon–carbon double
bonds were notably more intense in the liquefied product than in the original lignin. Gas
chromatography–mass spectrometry analysis (Figure 2B) of the liquefied product revealed
a substantial presence of alcohols, which can react with the isocyanate groups in PAPI to
form a film. This finding confirms the results obtained from infrared spectroscopy, further
confirming the potential applicability of liquefied lignin for coating purposes.



Agronomy 2025, 15, 2030 7 of 19

Figure 2. FTIR spectra of lignin, liquefied lignin products (A); GC-MS profile of lignin liquefaction
products (B).

The FTIR spectra of LP, PP, and PAPI presented in Figure 3A illustrate the chemical
transformations involved in the synthesis of LMPCU. The soft segment LP exhibits a broad
peak in the 3400–3200 cm−1 region, attributed to the O-H stretching vibration band, which
indicates the presence of hydroxyl (-OH) groups essential for polyurethane synthesis. Peaks
around 2920 cm−1 and 2860 cm−1 are associated with C-H stretching vibrations, primarily
from polyol-derived CH2 groups. The peak at 1090 cm−1 corresponds to the stretching
vibrations of the ester bond (C-O), which is susceptible to degradation under the influence
of microorganisms, soil moisture, and temperature, thus accelerating the breakdown of
polyurethane coatings [31]. In the FTIR spectrum of PP, the characteristic -OH peak is
observed at 3430 cm−1, while a peak at 1720 cm−1 indicates C=O stretching vibrations.
Additionally, the peak at 1270 cm−1 is associated with C-O stretching vibrations [32]. For
the hard segment PAPI, a strong absorption peak near 2240 cm−1 corresponds to the
-N=C=O bond, which is crucial for polyurethane synthesis. Furthermore, the peak at
1510 cm−1 is linked to the C=C stretching vibration within the benzene ring.

Figure 3. FTIR spectra of LP, PP, PAPI (A), and different treated polyurethane coating materials (B).

As shown in Figure 3B, the FTIR spectra of the coating materials exhibit characteristic
peaks typical of a polyurethane structure. These include the -CH3 (C-H) asymmetric stretch-
ing vibration at 2915 cm−1, the -CH2 (C-H) symmetric stretching vibration at 2850 cm−1,
the C=O stretching vibration within the 1758–1596 cm−1 range, and the C-O stretching
vibration at 1220 cm−1 within the -NHCOO- linkage. These peaks confirm the formation
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of urethane bonds, a defining feature of the polyurethane structure. Additionally, the
absence of the isocyanate peak at 2240 cm−1 indicates that the -NCO groups of PAPI have
completely reacted with the -OH groups of LP and PP, resulting in the successful synthesis
of LMPCU coating.

FTIR has been effectively utilized to study the degree of microphase separation
and hydrogen bonding of polyurethanes [33]. In the polyurethane structure prepared
during the experiment, the interactions between the amine group and urea carbonyl
group, amide carbonyl group, or ether group result in hydrogen bond formation. Among
these, the strength of the hydrogen bond formed by the amine group with the urea car-
bonyl group and ammonia ester carbonyl group directly affects the ordered structure of
the system’s hard segment, thereby affecting the overall hydrogen bonding degree [34].
The energy band of the carbonyl group is widely used to characterize the hydrogen
bond state of polymers and relate it to the degree of phase separation (DPS) within
the system [35]. To quantitatively assess the degree of hydrogen bonding, peak fitting
was performed in the carbonyl region. Multiple carbonyl bands were observed in the
1600–1800 cm−1 range in the FTIR spectrum of the urethane membrane shell (Figure 4A).
Further peak fitting analysis (Figure 4B–F) revealed that the spectral bands included
hydrogen-bonded urea carbonyl group (1630–1670 cm−1), free urea carbonyl group
(1670–1690 cm−1), hydrogen-bonded amide carbonyl group (1690–1724 cm−1), and Free
amide carbonyl group (1724–1740 cm−1) [36].

Figure 4. Infrared spectra of carbonyl regions of different coating materials (A); Infrared curve fitting
diagram of carbonyl coating material: (B) L0R0.5; (C) L25R0.5; (D) L100R0.5; (E) L25R0.4; (F) L25R1.5.

The data obtained from Gaussian fitting are presented in Table 2. The HBI of the
L25R0.5 membrane shell was significantly higher than that of other treatments, indicating
a higher hydrogen bond content in the polyurethane membrane shell. Hydrogen bond
serves as physical crosslinking agents, enhancing the polyurethane’s strength and wear
resistance. An increased number of hydrogen bonds strengthens intermolecular forces,
thereby improving the material’s mechanical properties [37]. When the number of soft
segments remains constant, the degree of phase separation (DPS) initially increases with
a higher number of hard segments but subsequently decreases beyond a certain point.
This trend is consistent with previous findings. Garret and Runt [38] synthesized a series
of urethane urea polymers with hard segment content ranging from 14% to 47%, and
quantitatively analyzed their DPS. They observed that when the hard segment content was
below 22%, both the degree of microphase separation and the average hard segment length
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increased with the increase in hard segment content. However, when the hard segment
content exceeded 22%, the degree of microphase separation decreased, likely due to the
copolymer system’s non-equilibrium state at higher hard segment concentrations, where
the mobility of the hard segment is constrained by hydrogen bonding.

Table 2. Results of the FTIR spectral analysis of tested materials.

Treatment

Area (%)

HBI DPS
Free Carbonyl Group Hydrogen-Bonded

Carbonyl Group

L0R0.5 56.49 43.51 0.7721 0.4351
L25R0.5 26.44 73.56 2.7984 0.7356

L100R0.5 40.16 59.84 1.4939 0.5984
L25R0.4 33.66 64.68 1.9403 0.6583
L25R1.5 44.08 55.92 1.2714 0.5592

Note: HBI is the hydrogen bonding index; DPS is the degree of phase separation.

3.2. Nitrogen Release Behavior of CRUs Coated with Different Materials

The lignin content and the mass ratio of polyol to isocyanate significantly influenced
the nitrogen release characteristics of coated controlled-release urea. The cumulative nitro-
gen release rate indicated that lignin content plays a critical role in regulating the nutrient
release performance of controlled-release urea. At a polyol-to-PAPI mass ratio of 0.5, the
release rate of LMPCU decreased, and the nutrient release efficiency of controlled-release
urea enhanced with lignin was significantly superior to that of polyester polyurethane-
coated urea. Specifically, the optimal release duration for L25R0.5 was 32 days when
25% lignin was incorporated (Figure 5A). However, as lignin content increased beyond
this level, the nitrogen release duration of controlled-release urea exhibited a decreasing
trend. Chen et al. [39] developed a novel green double-coated urea using lignin-based
polyurethane as the inner layer and epoxy resin as the outer layer, with lignin addition
levels of 30%, 50%, and 70%. Their results revealed that when the lignin content was 50%,
the optimal cumulative nutrient release rate for the lignin double-coated urea (LDCU) was
achieved [39]. This behavior can be attributed to changes in the type and concentration
of hydroxyl groups resulting from variation in lignin content. Furthermore, the complex
structure of lignin, combined with the presence of impurities in liquefied polyols, leads to
the formation of an increased amount of non-film-forming substances, which adversely
affect the coating’s structural integrity and release performance.

The lifetime of LMPCU is closely associated with the mass ratio of polyol to isocyanate.
As the ratio of polyol to PAPI increases, the lifetime of LMPCU initially extends from
9 days (L25R0.4) to 32 days (L25R0.5) at a lignin content of 25% (Figure 5B). However, the
controlled-release duration of urea gradually decreases as the PAPI content continues to re-
duce. This suggests that at a polyol to PAPI mass ratio of 1:2, the reaction between OH and
-NCO groups more effectively forms a dense polyurethane membrane shell, thereby delay-
ing water penetration and prolonging the controlled-release period of urea. Polyurethane
is a block copolymer composed of alternating hard and soft segments. The soft segments,
primarily derived from polyether polyols or polyester polyols, exhibit a highly elastic
state within the molecular chain structure, providing superior toughness, elasticity, and
low-temperature flexibility. Conversely, the hard segments, formed by isocyanates and
small-molecule polyamines or polyols, typically in a crystalline or semi-crystalline state
within the molecular chain, impart high hardness, strength, and heat resistance [40]. A
detailed investigation into the formulation and properties of polyurethane elastomers is
therefore crucial for developing high-performance materials tailored to specific application
requirements. By modifying the composition and structure of the soft and hard segments,
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the flexibility or rigidity, hydrophilicity or hydrophobicity, and chemical crosslinking
characteristics of polyurethane can be precisely altered to meet the demands of various ap-
plications [41,42]. The release period of controlled-release urea varies across different field
soils, with low-temperature and high-organic-matter conditions prolonging its release du-
ration [43,44]. Additionally, the release cycle can be extended through formula adjustments,
thereby achieving precise alignment between nutrient supply and crop demand.

Figure 5. The nitrogen release behaviors of coated urea with different PP: LP ratios (A) and
different polyols: PAPI (B); Contour maps of initial nitrogen release rate (C) and release days
(D) of 25 treatments showed that 25 black dots corresponded to 25 treatments, and the corresponding
treatment schemes could be found by the locations of the black dots.

The Korsmeyer–Peppas model was employed to describe the nutrient release kinetics
of slow-release urea. Based on the model, the nutrient release profiles of different coated
controlled-release urea are fitted (Figure 6), and the kinetic parameters of each treatment
are summarized in Table 3. The derived release exponent n (0.5 < n < 1) indicates that
the fertilizer release behavior involves a synergistic interplay between Fickian diffusion
and polymer chain relaxation [27]. This combined mechanism is explicitly manifested in
treatments including L25R0.5, L100R0.5, L25R0.4, and L25R1.5: water molecules infiltrate
the coating through capillary action, and upon contact, induce dissociation of hydrophilic
groups from the polymer chains. The consequent accumulation of negative charges triggers
polymer swelling via electrostatic repulsion, thereby enhancing water uptake capacity [45].
Collectively, the release rate of these controlled-release fertilizers is governed by the in-
tegration of diffusion, expansion, and changes in the coating structure (such as lignin
degradation and polyester hydrolysis), which is well captured by the kinetic characteristics
of the model.
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Figure 6. The Korsmeyer–Peppas model fitting graph for the nutrient release of different coated
controlled-release urea.

Table 3. Kinetic parameters of the release data.

Equation Parameter L25R0.5 L100R0.5 L25R0.4 L25R1.5

Mi/M∞ = Kt n
R2 0.9885 0.9920 0.9958 0.9420
K 4.60 14.64 13.97 39.67
n 0.8924 0.8907 0.8994 0.5388

3.3. Microstructure of Different Coating Materials

The morphological characteristics of the surface and cross-section of the membrane,
both before and after the release of nutrients from different controlled urea fertilizers, were
analyzed using electron microscope scanning (Figure 7). The surface roughness of different
fertilizers is observable in the SEM images. Cross-sectional electron microscopy of the
fertilizer film provides a direct view of the internal structure of the film layer. A rougher
structure with more pores promotes water penetration into the fertilizer, improving osmotic
pressure differences across the film layer and accelerating nutrient release. As shown in
Figure 6, the surface of the polyurethane membrane shell (L0R0.5) without added lignin
appears rough with noticeable folds, likely due to the uneven dispersion and aggregation
of the coating material. Additionally, small holes observed in the cross-section compro-
mise the controlled release of nutrients in the coated fertilizer. In contrast, the surface of
L25R0.5 is smooth, with no significant sign of layering or stacking, and its cross-section
is uniform and free of voids. The spotted holes observed on the surface of L100R0.5 may
result from the presence of non-film-forming impurities in LP, which tend to accumulate
on the fertilizer surface during the reaction process, thus increasing inter-film friction. The
folds and holes in the L0R0.5 polyurethane membrane shell expedite water ingress into the
fertilizer, whereas the smooth structure of the L25R0.5 membrane shell effectively hinders
this process. These findings suggest that the cross-linking and interpenetration of lignin
polyol and petrochemical-derived polyester polyol enhance the membrane shell quality,
thereby improving the nutrient release performance of the -coated urea.
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Figure 7. SEM scanning of the surfaces (columns I and II) and cross-sections (columns III and IV)
of different controlled-release urea membranes. Magnification of 500 times (columns I and III),
magnification of 5000 times (columns II and IV). The numbers in the figure correspond to each other:
(A1–A4, a1–a4) L0R0.5; (B1–B4, b1–b4) L25R0.5; (C1–C4, c1–c4) L100R0.5; (D1–D4, d1−d4) L25R0.4;
(E1–E4, e1–e4) L25R1.5.

When lignin polyols were added at 25%, a lower PAPI ratio led to the formation of
more cavities and stacked structures in the polyurethane membrane shell cross-section
(Figure 7B2,D2,E2). This is due to insufficient PAPI, resulting in an inadequate amount of
-NCO groups to fully react with -OH groups. As a result, the coating remains incomplete,
allowing for easier nutrient release. Properly adjusting the -NCO addition ratio ensures
a complete reaction with -OH to form RNHCOOR linkages. This reaction produces a
denser and more uniform film layer that effectively fills pores and cracks, thereby reducing
nitrogen release and enhancing the coating performance.

SEM results (Figure 7a1–e1) revealed that after water immersion, the surface and
cross-section of the L0R0.5 film exhibited significant roughness and distinct voids. This
phenomenon can be attributed to the hydrolysis-prone ester groups in the polyester polyol
molecular chains, which generate carboxyl groups and trigger autocatalytic degradation,
consequently impairing the water resistance of the polyurethane film [46]. Similarly, the
L100R0.5 film developed more voids during nutrient release, likely due to the abundant
ether linkages in the lignin liquefaction products. Although ether bonds exhibit higher
hydrolysis resistance, their inherent polarity enables water molecules to penetrate the
polyurethane macromolecular network, weakening intermolecular interactions and thereby
reducing the film’s hydrolytic stability. In contrast, the L25R0.5 film maintained a relatively
smooth surface with only minor pore traces, indicating that the lignin polyol and polyester
polyol achieved a high degree of cross-linking, forming a compact and stable structure.
This optimized architecture effectively regulates nutrient release, ultimately enhancing the
overall performance of the coating material.

In polyurethane elastomers, polar groups within the soft and hard segments, as well
as between the hard segments, form physical cross-linking points between macromolecular
chains through hydrogen bonding. The higher polarity of the hard segments promotes
their aggregation, leading to thermodynamic incompatibility between the soft and hard
segments, a phenomenon known as microphase separation. Moderate microphase separa-
tion aids in the formation of physical cross-linking points, which significantly enhance the
mechanical properties of the elastomer. The morphology and degree of phase separation of
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polyurethane strongly influence its overall performance. Atomic force microscopy (AFM)
observations revealed that the L25R0.5 treatment reduced nanoscale surface roughness and
decreased two-phase microphase separation in bio-based polyurethane (Figure 8). These
findings suggest that polyols treated with L25R0.5 exhibit improved compatibility with
PAPI.

 
Figure 8. AFM images of controlled-release fertilizer film surface under different treatments. The
numbers in the figure correspond to each other: (A1,A2) L0R0.5; (B1,B2) L25R0.5; (C1,C2) L100R0.5;
(D1,D2) L25R0.4; (E1,E2) L25R1.5.

3.4. Physical Properties of CRUs Coated with Different Materials

According to the water contact angle test results (Figure 9A), the water contact angle of
PPCU (L0R0.5) is 102.6◦, while that of LPCU (L100R0.5) is 103.2◦. When these two materials
are crosslinked at a ratio of 3:1, the hydrophobic angle increases to 111.6◦ (L25R0.5), indicat-
ing that the crosslinking modification of LP and PP effectively enhances the hydrophobicity
of the coating, thereby delaying water penetration. Conversely, the water contact angle
of LMPCU decreases as the mass ratio of polyol to PAPI increases, inferring improved
wettability. This decrease is primarily attributed to the increased presence of hydrophilic
-OH groups, which expands the contact area between the coating and water molecules,
thus accelerating nutrient release.

Figure 9. Contact angle column diagram of coated urea water under different treatments (A), block
diagram of particle strength (B). Different colors represent different treatments. Red (L0R0.5); Yellow
(L25R0.5); Green (L100R0.5); Blue (L25R0.4); Purple (L25R1.5).

The compressive strength of five types of coated urea particles was evaluated
(Figure 9B), revealing that under identical PAPI content in the hard segment, coated urea
particles formed through the mixed crosslinking and interpenetrating polymer network of
lignin glycol and polypropylene exhibited the highest compressive resistance. Specifically,
the particle strength of L25R0.5 increased by 13.87 N compared to the control sample with-
out LP (L0R0.5). This improvement can be attributed to the formation of robust hydrogen
bonds between lignin and polyethylene glycol during the liquefaction process, which signif-
icantly strengthens the mechanical properties of the fertilizer coating. These improvements
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effectively reduce frictional losses during storage and transportation, thereby enhancing
the durability of the coated urea [47].

At a polyol addition level of 25%, the polyol to PAPI ratio significantly influences the
particle hardness of polyurethane. Specifically, the mean particle hardness of the isocyanate-
based polyurethane coating material (L25R0.4) with an excess of hard segments (soft/hard
segments = 1:2.5) was 41.02 N. In contrast the hydroxy-terminated polyurethane coating
material (L25R1.5) with an excess of soft segments (soft/hard segments = 1.5:1) exhibited
a hardness of 47.39 N. Notably, when the soft-to- hard segment ratio was optimized to
1:2 (L25R0.5), the average particle hardness peaked at 56.87 N, representing increase
of 38.64% and 20.00% compared to L25R0.4 and L25R1.5, respectively. The enhanced
compressive strength of crosslinked and interpenetrated CRFs is attributed to the formation
of hydrogen bonds between N-H and C=O groups in the hard segment and between
N-H in the hard segment and C-O in the soft segment (C=O-N-H and C-O-N-H, bonds,
respectively) [48].

3.5. Thermal Stability Analysis of Coating Materials

Excellent thermal stability ensures that controlled-release fertilizer coatings maintain
structural integrity even under elevated temperature conditions, thereby guaranteeing the
stability of fertilizer release rates. As shown in Figure 10, below 252.7 ◦C, the mass loss
is primarily attributed to the volatilization of volatile components from the polyurethane
materials, with mass loss rates ranging from 4.7% to 5.9% across all groups [49]. All
polyurethane coating shells exhibit a major mass loss peak in the range of 252.7–418.2 ◦C,
primarily attributed to the decomposition of polyurethane—specifically, the cleavage of
urethane bonds. In this process, polyurethane decomposes into isocyanates and alcohols,
while the isocyanates further decompose to form primary amines and alkenes, accompa-
nied by the release of carbon dioxide [50]. All treatments exhibit a peak in the range of
465.1–654.9 ◦C, and the decomposition of polyurethane at this stage is primarily associated
with its soft segments. Lignin-polyurethane coating shells show a secondary mass loss peak
within 402.1–469.6 ◦C. At this stage, the decomposition is mainly attributed to the cleavage
of ether bonds in the soft segments of polyurethane, which is related to the presence of
abundant ether compounds in lignin liquefaction products. The L25R0.5 polyurethane coat-
ing material exhibited a final residual ash content of 19.92%, which was 27.3% higher than
that of pure lignin-polyurethane. This indicates that the cross-linking between lignin and
polyester increased the number of undecomposed substances and enhanced the thermal
stability of lignin-polyurethane.

 
Figure 10. Thermogravimetric analysis (TGA) (A) and derivative thermogravimetric analysis (DTG)
(B) of different coatings.
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3.6. Comprehensive Analysis of Coating Materials

Spearman correlation analysis was performed to evaluate the relationships between
lignin content, polyol/PAPI ratio, initial fertilizer release rate, nitrogen release duration,
fertilizer particle strength, and hydrophobic angle of the membrane shell (Figure 11). The
results revealed a positive correlation between lignin content and nitrogen release duration,
alongside a negative correlation with the initial nitrogen release rate. This suggests that
the cross-linking and interpenetration of lignin and polyester form a denser polyurethane
membrane shell, effectively delaying nutrient loss. Additionally, lignin content showed
a positive correlation with fertilizer particle strength, indicating that incorporating lignin
into polyester enhances the compressive strength of the coating material. These properties
are attributed to the abundant hydroxyl groups in lignin, which function as both polyols’
components and chemical crosslinking agents [51]. Conversely, the polyol/PAPI ratio
exhibited a significant negative correlation with the nutrient release duration of coated
urea. Excessive polyol content increases hydrophilic groups, reduces the hydrophobicity of
the polyurethane membrane shell, accelerates nutrient loss, and consequently shortens the
lifespan of controlled-release fertilizers.

Figure 11. Correlation analysis of lignin content, polyol/PAPI and physicochemical properties of
coated urea particles (A). Red indicates positive correlation and blue indicates negative correlation.
The darker the color, the stronger the correlation, and vice versa. Ellipse roundness indicates the
degree of correlation, i.e., the greater the roundness, the stronger the correlation. The number in
box indicates the correlation coefficient. * p < 0.05; ** p < 0.01. Radar chart of the comprehensive
properties of coated urea under different treatments (B).

As illustrated in the correlation chart in Figure 11, the L25R0.5 treatment outperforms
other treatments in terms of particle pressure intensity, 5-day nutrient accumulation and
release rate, and nitrogen release duration. Based on the degree of adhesion between
fertilizer particles and the surface adhesion during the coating process, fertilizer quality was
classified into three categories: excellent (90 points), good (60 points), and poor (30 points),
with the poor category characterized by several wall adhesions. Comparative analysis of
reaction processes and times revealed that polyol content and a greater proportion of LP in
the polyol result in a smoother reaction process and a faster reaction rate. Although L25R0.5
had a moderate reaction time, it demonstrated the most outstanding overall performance.
Reduced adhesion led to a faster reaction rate and lower energy consumption during coated
urea production. Additionally, good fluidity ensures thorough reactions of the coating
material, forming a smoother and more uniform surface.

Moisture penetrates into the interior of the granules through the polymer coating. The
penetration rate is directly regulated by characteristics such as the porosity and hydrophilic-
hydrophobic properties of the membrane [52], thereby controlling the rate at which urea
dissolves to form amide-nitrogen. Amide-nitrogen diffuses through the membrane and is
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slowly released into the soil, preventing the rapid loss associated with conventional urea.
Once in the soil, amide-nitrogen is converted to ammonium-nitrogen under the action
of urease. A portion of the ammonium-nitrogen is adsorbed by soil colloids, reducing
leaching, while the remainder is gradually nitrified to nitrate-nitrogen [53]. This continuous
transformation significantly extends the nitrogen supply period, enabling the nutrient
supply to last beyond its own slow-release period. A comprehensive evaluation facilitates
the selection of an optimal coating strategy, enhancing production efficiency and the
controlled-release properties of the final product.

3.7. Feasibility of the Research and Its Limitations

In this study, the reproducibility of the lignin liquefaction process was ensured by
strictly controlling reaction parameters (such as temperature, rotation speed, and time).
Multiple parallel experiments showed that the fluctuation of the hydroxyl value of the
liquefied products was ≤5 mg KOH/g. In terms of industrial scalability, the raw materials
used (lignin, PEG-400, glycerol, etc.) have stable sources, and the reaction equipment (three-
necked flasks) can be directly scaled up to industrial reactors. Furthermore, the preparation
of polyols via liquefaction of biomass materials has well-established applications in the
field of polyurethane production, such as in the manufacturing of flexible polyurethane
foam sponges and bio-based polyurethane adhesives [54,55]. These studies have lowered
the threshold for technical implementation.

Lignin, a waste byproduct from the pulp and paper industry, is readily available on
a large scale at low cost. However, its supply is prone to seasonal shortages due to the
cyclical nature of the paper industry, which elevates the costs associated with its promo-
tion [56]. Furthermore, significant structural variations and high impurity contents among
lignin from different sources result in substantial performance fluctuations in polyurethane
products, while secondary purification processes also add to the overall costs [57].

The modification approach employed in this study can mitigate the product qual-
ity fluctuations caused by structural differences in lignin from various sources. Never-
theless, future research should focus on optimizing the pretreatment and purification
processes of lignin, as well as comprehensively controlling costs throughout the entire
workflow—encompassing raw material acquisition, product preparation, and practical ap-
plication. Such efforts will provide more robust support for the large-scale industrialization
and application of related technologies. In the future, our research will focus on address-
ing the significant structural differences in lignin and the challenges in purification and
liquefaction pre-treatment, in order to promote the large-scale application of lignin-based
polyurethane materials.

4. Conclusions
In this study, we found that the incorporation of lignin and the ratio of polyol to PAPI

significantly affect nutrient release characteristics. When the lignin polyol dosage was 25%
and the polyol-to-PAPI ratio was maintained at 1:2, the prepared polyurethane coating
exhibited a smooth and dense surface, with both improved compressive performance and
controlled-release properties. However, when the lignin polyol content exceeded 25%, the
amount of unreacted lignin impurities generated during the liquefaction process increased,
leading to a higher proportion of non-film-forming substances. SEM results indicated a
significant increase in the porosity of the polyurethane membrane shell. Meanwhile, the
excessive density of phenolic hydroxyl groups in incompletely liquefied lignin molecules
reduced the water contact angle from 111.6◦ to 103.2◦, enhancing the hydrophilicity of the
membrane layer and ultimately shortening the release period of the controlled-release urea.
Additionally, compared with excessive addition of polyol or PAPI, the optimized adjust-
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ment of the -NCO to -OH ratio facilitated a better balance between rigidity and toughness
in the polyurethane, resulting in a more uniform and dense film, thereby reducing the rate
of nutrient release.
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