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Abstract: Conventional potassium chloride granules have inefficient applications in agricultural pro-
duction due to particle irregularity and low fluidity. The application of controlled-release potassium
chloride could increase the potassium-use efficiency and alleviate the shortage of potassium ore
resources. In this study, a well-rounded potassium chloride fertilizer core was prepared, using the
graft modification of polyurea to enhance the coating rate and release performance. The adhesive and
tensile characteristics of the modified polyurea binder, as well as the granule properties of modified
polyurea binder potassium chloride, were studied to determine the ideal lignin-grafted ratio. The
effect of the modified polyurea binder with potassium chloride on the properties of coated fertilizer
was investigated. The findings, shown by radar maps of the binder’s properties, demonstrated that
the ideal mass ratio of the modified lignin polyurea binder to urea is 1:2. The Fourier-transform
infrared spectroscopy results demonstrated that the amino functional groups of lignin were enhanced,
improving the product’s interfacial compatibility with the polyurea matrix. Compared to humic acid
(HA; 12%) and bentonite (Ben; 30%) treatments, the granule intensity of the 9.9%—1:2 treatment con-
siderably increased by 139.10% and 38.86%, respectively, while the static angle of the granules reduced
by 16.67% and 3.81%. The 28-day cumulative release rate of the modified polyurea (9.9%—2:1) with a
5% coating thickness was the lowest (28%), 42% lower than that of the lowest conventional treatment.
In summary, the creation of a bio-lignin polyurea binder under the optimum conditions reduced
the need for petrochemical-based materials, allowed the preparation of fertilizer with granules of
increased fluidity, and enabled the successful coating of a high-salt potassium fertilizer, offering a
novel technique for the high-value application of potash fertilizer coating.

Keywords: lignin; modified polyurea; binder; potassium chloride; controlled-release fertilizer

1. Introduction

Potassium is one of the three main nutrients for crop growth [1,2] and is primarily
derived from potash fertilizers. About 90% of the potassium produced by human societies
is used in the production of chemical fertilizers. The world is extremely rich in potassium
resources, but their distribution is uneven. Potassium resources are controlled by several
major producer countries, including Canada, Russia, Belarus, and Germany, which together
hold 92% of the world reserves [3]. However, some countries, unable to produce sufficient
quantities of potash fertilizer to meet their demands for agricultural development, are
largely dependent on imports. As such, potash prices are highly vulnerable to fluctuations
in international market prices [4]. Affected by the supply of bulk materials, the cost of
fertilizer raw materials has sharply risen and remains high, putting economic pressure
on actors ranging from farmers to grow crops [5]. Therefore, the tasks of developing and
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popularizing potash fertilizer alternatives, improving the utilization rate of potash fertilizer,
and optimizing fertilization technologies and management are crucial for the sustainable
development of agriculture [6].

The use of controlled-release fertilizers (CRF) can improve fertilizer utilization, reduce
environmental pollution [7,8], save labor, and improve crop yield and quality [9]. There
have been several studies on controlled-release potash fertilizers to date, and the extant
research on traditional potash fertilizer is more extensive [10,11]. With 85-90% of the
market share for potash fertilizer products, potassium chloride (KCl) is the most popular
potash fertilizer product globally [12]. Additionally, the amount of membrane material
used and released is significantly influenced by a coated fertilizer core [13]. The creation of
a fertilizer core with exceptional properties is, thus, a pressing current priority.

Powdered granular crystal potassium chloride lacks viscosity and plasticity. Com-
pared with conventional controlled-release urea, the difficulty in core preparation is the
key challenge in the development and use of coated potassium chloride fertilizer [14].
Extrusion granulation and agglomeration granulation are the two primary granulation
techniques for potash fertilizer [15]. The extrusion granulation method has the disad-
vantage of poor roundness [16]. The agglomeration granulation method, also known
as the turntable granulation method, has the advantages of straightforward production
conditions, uniform granulation, a low amount of return material, and a high output
capacity [17,18]. The method of agglomeration granulation generally involves mixing,
diffusion of the binder, aggregation, combination, friction, crushing, and drying—a total of
seven steps [19]. Viscous material plays a leading role in this granulation process as the
determinant of fertilizer granule strength [20,21]. Fertilizer granules with a low mechanical
strength are fragile during transportation, storage, and fertilization. Therefore, the strength
of the fertilizer granules is also an important indicator for evaluating the suitability for
mechanical fertilization [14,22,23].

Inorganic binders, including lime, sodium silicate, and other materials, are broadly
used in multitudinous products owing to their outstanding physicochemical perfor-
mance [24,25]. In fertilizer granulation, inorganic binders can solve puzzles that involve
a low hardness, a low balling rate, a high moisture content, and a large budget of prod-
ucts [26]. While extensive applications of mineral binders result in the nutrient content
of the finished granular products being relatively low, this is worsened by the fact that
relatively large additions cause serious pollution during the process [27].

Pectin, rubber, starch, and other natural substances make up the primary organic
binder. With the development of industry, natural organic binders cannot satisfy the de-
mands of industrial operations [28]. Chemical synthetic alternatives proliferated after the
development of natural organic adhesives. Urea—formaldehyde binder compound fertiliz-
ers have the advantages of a long fertilizer effect, good storability, and environmentally
friendly behavior [29]. However, the cost of urea—formaldehyde binder compound fertiliz-
ers is too high, the research and development of the production process lacks innovation,
and the preparation process of formaldehyde (FA) can cause safety issues [30]. Historically,
starch was generally used in the binder due to its extensive material sources, low cost, and
environmental friendliness [31]. In contrast with most conventional synthetic polymers,
starch-based materials possess weak mechanical characteristics and low water sensitiv-
ity [32,33]. In the 1980s, the Texaco Company produced polyurea via the combination of
the epoxy curing agent terminal amino polyether and isocyanate resin [34]. Polyurea was
employed as the strong bonding material because of its strong polar functional group, fast
curing speed, and exceptional moisture resistance and the absence of requirements for its
catalyst and solvent [35-39]. Polyurea was derived from non-renewable petrochemical
resources and, as such, became more expensive than other traditional binders [40]. Taking
into account the growing shortage of petrochemical resources, it became imperative to
develop technology capable of relieving the stress of raw materials in polyurea production.
Lignin is the largest natural aromatic biopolymer with rich hydroxyl groups, a low pro-
duction cost, and eco-friendly behavior [41]. The global production of industrial lignin,
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a by-product of the paper and hydrolysis industries, is 15 billion tons per year, yet the
majority is burned or leached into the environment as wastewater, posing a serious threat
to the environment in the course of processing [42]. Hence, this study uses lignin to create
a kind of eco-friendly lignin-based polyurea binder to reduce the use of petrochemical
resources for polyurea and consume surplus lignin.

In this study, a novel type of controlled-release potassium chloride fertilizer core
is designed and prepared based on the above considerations. (1) Differential scanning
calorimetry (DSC), thermal gravimetric analysis (TGA), and Fourier-transform infrared
spectra (FTIR) are used to investigate the functional properties of the lignin-based polyurea
binder. (2) The fertilizer granule strength, the fluidity, and hygroscopicity trials are ob-
tained to analyze the optimal urea and lignin ratio for the lignin—polyurea binder. (3) The
interaction among the material, the coating, and the fertilizer nutrient release characteristic
is assessed via measuring the fertilizer release rate, scanning electron microscopy (SEM),
and high-precision laser scanning.

2. Materials and Methods
2.1. Materials and Reagents

Potassium chloride (in the form of white powder) was purchased from Beijing Zhong
hua Fertilizer Co., Ltd. (Beijing, China). Dealkalized lignin was provided by Shanghai
Source Leaf Biotechnology Co., Ltd. (Shanghai, China). Polyetheramine D2000 (D2000),
formaldehyde, and N, N-dimethylacetamide (DMAC) were obtained from Aladdin In-
dustrial Co., Ltd. (Shanghai, China). Isophorone diisocyanate (IPDI) and diethyl toluene
diamine were supplied by Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China).
Urea, sodium hydroxide, bentonite, and calcium superphosphate were purchased from
Tianjin Kaitong Chemical Reagent Co., Ltd. (Tianjin, China).

2.2. Preparation of Urea-Grafted Lignin and the Determination of Lignin-Grafted Ratio

Urea-grafted lignin was prepared using the Mannich reaction, as shown in Table S1.
First, 10 g of lignin was dissolved in 500 mL 2% NaOH solution; the mixture was added to
500 mL three-necked flask under mechanical agitation, heated to 50 °C, and then stirred for
1 h in order to ensure the lignin was fully dissolved. Next, 10 g of urea was added, and
the mixture was stirred for 1 h to completely mix with the lignin. A 37% formaldehyde
solution was dropwise added to the flask while stirring when the temperature was raised
to 80 °C. After 2.5 h, the solution was acidified using 20% H;SO,. The precipitated product
was washed with pure water, filtered, and vacuum-dried at 75 °C for 24 h. Ultraviolet (UV)
spectrophotometry was applied to detect the lignin concentration of the sample solution
(100 mg L) at the wavelength of 280 nm (the distinctive absorption band of the benzene
ring). Absorption intensities at 280 nm of lignin solutions with concentrations of 0, 20, 40,
60, 80, and 100 mg L~! were fitted to acquire the standard absorption curve of a lignin
solution. As shown in Table S2, the lignin-grafted rates in the samples of urea-grafted
lignin were calculated according to the standard absorption curve.

2.3. Preparation and Characterization of Lignin Modified Polyurea Binder

Prepolymerization and chain extension were the two main steps in creating the lignin-
containing polyurea binder. The flask containing D2000 was first filled with IPDI in order to
form the prepolymer under constant stirring for 1 h at room temperature. In the subsequent
phase, the urea-grafted lignin (or the chain extender bis (4-aminophenyl) and disulfide)
and the solvent DMAC were mixed and poured into the prepolymer, undergoing agitation
at room temperature for 0.5 h. After the homogeneous solution was obtained, it was put
into a glass for subsequent usage, as shown in Table S3.

The grafted lignin and the modified binder were identified using a Fourier-transform
infrared spectrometer (Tango-R FTIR, Tai’an Kaijie Instrument and Equipment Co., Ltd.,
Tai’an, China). FTIR examination was conducted with a resolution of 4 cm~! and 32 scans
over a wave-number range of 400-4000 cm ! using Cu Ko radiation. The adhesive values
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of binders were measured using a digital rotating viscometer (LVDV-II + Pro, Middleboro,
MA, USA) at 120 rpm at 120 °C and 25 °C. A microcomputer-controlled electronic universal
testing machine (UTM6202X, Shenzhen Sansi Crossbar Technology Co., Ltd., Shenzhen,
China) was utilized to determine the tensile strength and elastic modulus of the binder.
The universal material testing apparatus (Y (G) B028E-1000, Wenzhou Darong Textile
Instrument Co., Ltd., Wenzhou, China) was introduced to assess the dry bonding strength
of the binder. The thermogravimetric analysis of the binder was carried out using a
thermogravimetric analyzer (Netzsch Sta 449F3, Netzsch, Selb, Germany). Differential
scanning calorimetry (DSC, SERIES2000, Mettler Toledo, Columbus, OH, USA) was used
in the thermal evaluation of the modified binders.

2.4. Preparation of Fertilizer Cores

Humic acid, bentonite, superphosphate, and potassium chloride were weighed,
crushed, and sieved through a mesh size of 100. The materials were thoroughly mixed
and poured into a homemade disc granulator [43]. At that point, the binder accounted
for 3.3-9.9% of the fertilizer by weight. The binder solution was gently sprayed onto the
pelletizer disc material using a mini-type atomizer. Table 5S4 shows the different binders
and the proportions in which they were added. Subsequently, quantitative water was
added to the atomizer and slowly sprayed onto the material at a steady pace. When the
powder was fully formed into particles, the granules continued to roll in the disc for 5 min,
making it more uniform, rounded, and compact. The granules were screened to produce
2-5 mm fertilizer, and the <2 mm material continued to be granulated in the granulator.
The >5 mm granules were crushed and then granulated again, undergoing 4 cycles of the
process. Then, the suitable fertilizer granules were heated in the oven at 105 °C to 110 °C
until reaching a constant weight.

2.5. Evaluation of Fertilizer Coating Effect

Three different types of fertilizer cores involving lignin-based polyurea potassium
chloride (PGL1:1, PGL1:2, and PGL2:1), bentonite potassium chloride (Ben), and conven-
tional potassium chloride (HN; irregular solid shape) were analyzed in this work. Soybean
oil-based polyurethane (OBPU) was chosen as the coating, and its thickness reached 4%
and 5% of the mass of the fertilizer. After 2-5 mm potassium fertilizer granules (1 kg) were
added into a rotating drum and preheated at 80 °C for 20 min, 5 g of polyolefin wax was
uniformly spread onto the surface of potassium fertilizer granules, and the reactants were
mixed for approximately 5-10 min. OBPU was evenly sprayed onto the waxy potassium
fertilizer and heated at 80 °C for 5-30 min. The mixture accounted for about 1% of the
fertilizer mass each time [44]. The release rate of coated fertilizer was determined via the
addition of coated fertilizer (10 g) in a test bottle containing 200 mL of deionized water.
The conductivity of the solution samples was determined using a conductivity meter (PC
700, Thermo Fisher, Singapore) at regular intervals until the cumulative K release exceeded
80% [13]. The cumulative K release rates were determined with Equation (1):

v = wi/w x 100 1)

where v; is the cumulative K release rate during a specific period (days), w; (S/m) is the
mass of K released during the period, and w (S5/m) is the initial mass of total K.

Scanning electron microscopy (SEM, Zeiss Gemini 300, Oberkochen, Germany) was
used to examine the surface and cross-sectional morphology of the treated fertilizers.
We compared the three-dimensional profile and specific surface area of HN potassium
chloride and lignin-based polyurea potassium chloride using high-precision laser scanning
equipment (CMM Zeiss Spectrum II, Oberkochen, Germany).

2.6. Characterization of Fertilizer Core Granules

The roundness and granule diameter distribution of fertilizers were measured using a
3D granule size analyzer (AP0078, Heze Jinzhengda Ecological Engineering Co., Ltd., Heze,
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China). A granule strength tester (YHKC-2 a, Yinhe Instrument Factory, Taizhou, China)
was adopted to gauge the hardness of fertilizer. The angle of repose, an indicator of granule
fluidity and roundness, was the slope measured at the bottom of a pile of uncompressed
particulate solids at the time of runoff occurrence [45,46]. The larger the angle of repose
was, the lower the granule fluidity was; whereas the smaller the angle of repose was, the
higher the granule fluidity became [44]. A fertilizer sample of 100 mL was placed into the
funnel of a repose angle tester (FBS104, FURBS Instrument Co., Ltd., Shenzhen, China),
and the fertilizer accumulation height (mL) (%) was measured. The angle of repose (®) was
calculated by Equation (2):

(arctan (%) ) 180
s

g =

@

In this procedure, 10 g of fertilizer was precisely weighed and cultivated in an incuba-
tor at a constant temperature (the temperature was set at 25 °C, and the relative humidity
was set at 60%). Then, it was weighed every 0.5 h to calculate the fertilizer hygroscopicity.

B-G

W= C

* 100% 3)

where W (%) is the hygroscopicity, B (g) is the fertilizer weight after hygroscopicity, and G
(g) is the fertilizer weight before hygroscopicity.

2.7. Flowchart of the Modified Polyurea Binder Controlled-Release Potassium Chloride Process

Figure S1 displays the flowchart of the modified polyurea binder controlled-release
potassium chloride process. This process included lignin grafting, polyurea modification,
disc granulation, and coating—a total of 4 steps.

2.8. Statistical Analysis

All data were subjected to analysis of variance (ANOVA) using SPSS Statistics Ver-
sion 20 for Windows (IBM Corporation, Armonk, NY, USA). Graphs were plotted using
SigmaPlot 12.5. Differences were considered significant at p < 0.05.

3. Results and Discussion
3.1. Synthesis of Modified Lignin-Based Polyurea Binder

The lignin polyurea binder was synthesized by modifying lignin (L) with urea through
the Mannich reaction, which introduced highly active amino groups into the lignin [47].
Figures 1a and 2a demonstrate the formation of lignin-containing polyurea binders. In this
process, the amino groups increased the reactivity of lignin with the isocyanate group and
improved interfacial compatibility between lignin and the polyurea matrix.

The compositional structure of urea-grafted lignin (GL) was determined via FTIR, as
shown in Figure 1b. In contrast to the original lignin, the spectra of GL had one absorption
peak around 1080 cm~!. This was ascribed to the C-H bond, and the absorption peak of
the C-O-C bond appeared at 1025 cm~! in urea. The strength of the characteristic peaks
at 2930 cm~! and 2840 cm !, attributed to the dissymmetric and symmetric stretching
of -CHj3 and —CHj—, respectively, significantly increased in urea-grafted lignin. The FTIR
patterns of samples verified that the urea was successfully grafted onto the lignin molecules.
In addition, the C=O vibration in the amino acyl group in GL occurred at 1670 cm~!,
indicating that the -NCO group was successfully transformed into -NH-CO-NH-. Peaks
occurred at 2252 cm~! due to the vibration in the -NCO group in IPDI and disappeared in
GL. Figure 2b shows the FTIR patterns of polyurea binders with different lignin ratios, and
the spectra were similar. The peaks at 3444 cm~! and 3336 cm ™! represented the stretching
vibration of —OH in lignin and -N-H- in urea bonds, respectively [48]. The absorption
peaks at 3120 cm ! and 3000 cm ! belonged to the aromatic C-H bond vibration. Due
to the bending vibration of -N-H- and the aromatic skeleton vibration of lignin, the
C=0 bond could be observed at 1670 cm~! and 1604 cm~!. The absorption peaks at
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1448 cm ! and 1380 cm ! were caused by the vibration of the C-N bond in the urea group.
The absorption peaks appeared around 1165 cm ! and 1270 cm !, corresponding to the
asymmetric bending of C-O. These observations demonstrated that the lignin-containing
polyurea binder was successfully synthesized.
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3.2. Performance Characterization of Modified Lignin-Based Polyurea Binder

Property analysis for modified lignin-based polyurea binders is presented in Figure 3.
The viscosity of lignin-based polyurea improved with the increase in temperature from
25 °C (Figure 3a) to 120 °C (Figure 3b). The 120 °C viscosity (Figure 3b), dry bonding
strength (Figure 3c), tensile strength (Figure 3d), and elastic modulus (Figure 3f) of PGL
(1:2) treatment were higher than those of PGLS (1:2) treatment by 458.3%, 100%, 113.6%, and
110.9%, respectively. This was likely because disulfide bonds increased the spatial mobility
of the modified polyurea molecules, which reduced the viscosity, dry bonding strength,
tensile strength, and elastic modulus at 120 °C. Further PGLS treatments outperformed
PGL treatments in terms of elongation at break (Figure 3e), which might be due to the
high-stability di-sulfide bonds owning a solidly covalent bond nature.
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Figure 3. Characterization diagram of lignin-based polyurea binder: 25 Celsius viscosity (a), 120 Cel-
sius viscosity (b), dry bond strength (c), tensile strength (d), elongation at break (e), and elastic
modulus (f). PGL polyurea binder containing grafted lignin; PGLS represents polyurea binder
containing grafted lignin and disulfide; * represents for multiplication sign.

3.3. TGA and DSC Analysis of Lignin-Based Polyurea Binder

The thermal stability of the modified lignin polyurea binder was studied via thermo-
gravimetric analysis. Figure S2 displays the TGA curves. The typical temperatures of Tse,,
Ts500,, and Tmax are shown in Table S5. The Tse, in the modified lignin with a disulfide
bond (PGLS1:1, PGLS1:2, and PGLS2:1) was comparable to that in PL, suggesting that
the introduction of disulfide bond made no difference to the initial thermal degradation
temperature of the polyurea binder. In the PGL treatment, Tse, gradually increased with
the increase in lignin content, and the T5p9, and Tmax of polyurea binders containing lignin
were higher than those of PGLS, showing that the disulfide bond could weaken stability
while aromatic lignin could increase it. The research of Fang et al. also showed the same
results [47].

The DSC reheating curve of the polyurea coating is shown in Figure S3. The glass
transition temperature of the polyurea coating with the increase in lignin content indicates
that the fluidity of the polyurea chain decreased due to the hydrogen bond interaction
between lignin and the polyurea matrix.
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3.4. Granule Strength and Fluidity of Modified Polyurea Potassium Chloride Fertilizer Cores

The granule strength of fertilizer cores was a vital parameter in assessing their practical
application. Therefore, the granule strength of different binder fertilizers was detected,
as shown in Figure 4a. The fertilizer granule strength of modified polyurea binders with
an average strength of 35.8 N was the highest under the conditions of adding different
fertilizer binders. The granule strength of fertilizer post-treatment with pure water was
only 10.7 N, and the hardness of the modified treatment was 3.3 times that produced via
the water treatment. Compared with 12%—HA and 30%—Ben treatments, the intensity
of the 9.9%—1:2 treatment increased considerably by 139.10% and 38.86%, respectively,
because of the network structure formation of cross-linked polyurea binder within the
fertilizer granules during the granulation process. The results of Yang et al. showed that
the formation of polyphosphate and its cross-linking with montmorillonite significantly
enhanced the particle strength of the fertilizers [43]. As the fertilizers were heated and dried,
the viscosity increased, and the granules became more compact. Figure 4b showed the
effect of different modified polyurea binder proportions on the fertilizer granule strength.
After adding the modified polyurea binder, the highest granule strength of PGL treatments
belonged to PGL 9.9%—1:2, of which the average strength reached 35.8 N. This was higher
than that achieved with other treatments by a significant degree. Conversely, in PGLS
treatments, PGLS 9.9%—2:1 had the highest granule strength, and the average strength
reached 23.8 N. The reason for this was that the addition of disulfide bonds not only
increased fluidity but also reduced viscosity, resulting in a lower granule strength of the
fertilizer.

a
50 b 50
BN rGL
BN PGLS

40 1 = = 407
7 3
= =
S 30 | b i
& 20 30 1
o 7
& =
Z @n
ﬁ 20 - [ %:» 20 1
£ d 2
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0 S

] X g o G SPTR SO 2 SR O SRS A WA SRR Y
8-Sup Water 12-Ha 30-Ben 9.9-1:2 33,/0\%’5“/0\5 bo/@é .@/a\éﬁ/ﬁ\ékﬁlﬂé 90/“\‘; 9“/°\§ Sa/o’L.
Treatments Treaments

Figure 4. Comparison of granule strength of different binder fertilizers (a), comparison of fertilizer
granule strength with different proportions of modified polyurea binder (b). Note: same letters for
the bars indicate that means of fertilizer granule strength were not significantly different among
treatments at 5% level.

The slip angle and rest angle, as the two important indicators used to evaluate the
flowability of fertilizers, are revealed in Figure 5a,b. To eliminate the error caused by
moisture, the fertilizer was baked in an oven at 105 °C for 24 h before the test. It was then
placed into a drier for the determination to be carried out. The fluidity was inversely corre-
lated with the slip angle and rest angle of the materials. When the angle was smaller, the
friction of materials was smaller, and the fluidity increased. The PGL1:2—9.9% treatment
showed minimum angles of 15.3° and 15.5°, which were 44% and 38% lower than those of
conventional HN potassium chloride, respectively. The PGL1:2—9.9% treatment possessed
excellent fluidization performance, improving the transportation efficiency and prolonging
the preservation time of fertilizers.
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Figure 5. Sliding angle of granules of potassium chloride fertilizer (a), granule resting angle of
potassium chloride fertilizer (b) (Sm stands for commercially available potash). Note: same letters for
the boxes indicate that means of sliding angle and resting angle of granules were not significantly
different among treatments at 5% level.

3.5. Radar Image of Lignin-Based Polyurea Binder

According to the radar diagram shown in Figure 6, it can be seen that the PGL1:2
treatment was superior to other treatments in terms of viscosity and tensile strength. The
quantitative classification of radar images is provided in Table S6. In particular, the strength
of fertilizer granules was directly assessed by determining the degree of cross-linking
between the binder and fertilizer. This was consistent with the findings of Dhenge et al. [49].
The viscosity was the essential parameter influencing fertilizer granule strength, controlling
the degree of cross-linking between the binder and fertilizer. The PGL1:2 had the most
remarkable and comprehensive performance, despite its index of elongation at break being
at a moderate level. The PGL1:2 treatment was more circular than the others, which
indicated that the PGL1:2 treatment had better coordination of the evaluation indexes.

120°C Viscosity

Sliding angles C A Dry bond strength

9.9% Granule intensity Tensile Strength

Figure 6. Radar diagram of synthetic properties of lignin-based polyurea binders. Sliding angles C A
represent the supplementary angle of the sliding angle.

3.6. Analysis of Granule Size and Roundness of Coated Potassium Chloride Fertilizers and
Fertilizer Cores

Figure 7 displays the granule size distribution of uncoated and 4% OBPU-coated
potassium chloride. PGL2:1 treatment of uncoated granules, with the diameter ranging
from 3.0 to 5.0 mm, accounted for 96.89% of the total. This was the highest proportion
among all the experimental treatments. The granule diameters of the PGL1:1, PGL1:2, Ben,
and HN treatments were 93.57%, 95.80%, 87.69%, and 76.91%, respectively. More than
90.0% of the fertilizer with lignin-binder produced granules 3.0-5.0 mm in diameter. The
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diameter of granules with the highest proportion of PGL2:1 treatment ranged from 3.4
to 4.2 mm, accounting for 28.25%. The granules (diameter of 3.0-5.0 mm) in the PGL2:1
treatment after the coating test accounted for 96.79% of the total, which was also the highest
among all treatments. It was demonstrated that the addition of a certain degree (equivalent
t0 9.9% of the fertilizer mass) of the lignin-based polyurea binder could make the granule
diameter more uniform and more conducive to uniform coating with the liquid.

a3 b 35
Il rGL1:1 Il rGLi:
[ pGLI:2 [ rGLIz2
304 I rGL2:1 304 [ pGrL2:1
[ Ben [ Ben

[ 6N HN
= y (]

20

Proportion (%)
Proportion (%)

22 26 3 34 38 42 46 S 54 58 22 26 3 34 38 42 46 S5 54 58

Particle size (mm) Particle Size (mm)

Figure 7. Granule size distribution of uncoated potassium chloride fertilizer (a) and 4% OBPU-coated
potassium chloride fertilizer (b).

HN potassium chloride had the worst roundness of all the treatments, showing
irregular polyhedral shapes, and the results are shown in Figure 54. The granules were not
suitable for the fertilizer core granules used in the coating treatment because the uneven
coating membrane on the surface of fertilizer granules represented a poor release capacity.
PGL 2:1—9.9% processing possessed the best roundness and was beneficial for the coating
processing.

3.7. Hygroscopicity of Potassium Chloride Fertilizer Cores

Figure 8 reports the moisture absorption rates of potassium chloride fertilizers with
the different binders used in this study. Generally, the standard moisture absorption rate of
potassium chloride should be below 0.3%. The moisture absorption rates of PGL2:1, PGL1:1,
and PGL1:2 were 0.03%, 0.16%, and 0.10%, respectively, which were all up to standard.
This occurred because the partially modified polyurea binder was coated onto the fertilizer
granules surface, forming a hydrophobic membrane with moisture resistance, whereas the
moisture absorption rates of the remaining treatments were all above 0.3%. HN treatment
had the highest moisture absorption rate of 1.7%, a level far above the standard moisture
absorption rate. The reason for this was that there was no hydrophobic substance on the
surface after HN treatment, as some granules would desquamate, exposing the internal
structure. The desquamate section became irregular, increasing the water absorption
capacity and the moisture absorption rate of the fertilizers.

3.8. Nutrient Release Rate of Potassium Chloride Granules with Different Membrane Thickness

According to the international standard for controlled-release fertilizers (Release of the
first slow and controlled release fertilizer industry white paper, 2016; ISO 18644:2016), the
initial release rate of CRF should be under 15%, and the cumulative nutrient release within
28 days should not surpass 75%. For the 4% and 5% coating thickness treatments, the
initial release rates of PGL1:1, Ben, and HN were 25.75%, 50.98%, and 46.79% and 25.32%,
28.26%, and 42.18%, respectively. These rates did not conform to the aforementioned
international standards, as illustrated in Figure 9. A plausible reason for this anomaly is
the reaction of potassium ions with isocyanate, leading to the formation of urea formate.
This compound subsequently establishes a three-dimensional network structure among
the polyurethane molecules, restricting the fluidity and elasticity of the polyurethane
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chains [50]. Moreover, in the presence of potassium ions, several isocyanate molecules
might undergo condensation reactions, leading to the creation of a biuret group. This
process potentially culminates in gel formation. An excess of potassium ions, however, can
expedite the polyurethane gelation process, causing uncontrolled reactions that jeopardize
the product’s performance and quality [51]. The interaction between potassium ions and
functional groups in the coating, such as hydroxyl and amine groups, can result in the
formation of complexes or induce ion exchange due to intense charge attraction. Such
interactions might compromise the bond between coating molecules, thereby diminishing
the adhesion between the coating and its substrate [52]. In environments characterized by
high salinity, chloride ions might react with isocyanates or polyols in the coating, yielding
novel compounds. Such reactions can consume the polymer constituents of the coating,
disrupting the curing process and diminishing the coating’s hardness [53]. Collectively,
these factors could detrimentally affect the formation of the polyurethane membrane and
may even result in fertilizers failing to comply with standard usage requirements.

25

— - N
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n L n

Moisture absorption rate (%)

e
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9.9-1:1 9.9-1:2 9.9-2:1 8-Sup 12-Ha 30-Ben HN Sm
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Figure 8. Moisture absorption rate of potassium chloride fertilizer with different binders. Note: same
letters for the bars indicate that means of moisture absorption rate were not significantly different
among treatments at 5% level.
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Figure 9. Cumulative release rate of coated potassium chloride fertilizer with different thickness: 4%
coating fluid (a) and 5% coating fluid (b).

Experimental outcomes revealed that the most effective treatment, Ben-5%-OBPU,
exhibited an 80% release rate over just 5 days of spherical bentonite exposure. This behavior
might be attributable to the inherent composition of bentonite, a water-bearing clay ore
primarily composed of montmorillonite. Within this structure, high-valence silicon and
aluminum ions are amenable to replacement using other lower-valence cations [54]. Such
substitutions provide a negative charge to montmorillonite, empowering it with the propen-
sity to adsorb certain cations. Intriguingly, these interlayer cations also exhibit pronounced
hydration characteristics, allowing montmorillonite to adsorb a water volume ranging
from 8 to 20 times its original volume into its interlayers and even expand up to 30-fold.
As a consequence, the encapsulated fertilizer core undergoes an expansion in volume
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and a reduction in thickness and, in some instances, can even rupture the encapsulating
membrane. The post-coating release efficiency, therefore, is less than optimal.

The performance of various lignin-based binders exhibited a noticeable difference
when subjected to PGL2:1, PGL1:2, and PGL1:1 treatments. Notably, the PGL2:1 treatment,
which employed different proportions of binders, demonstrated the most favorable results,
with a coating thickness of 5%. Its initial release rate stood at 12%, while the cumulative
release rate over 28 days reached 28%, seamlessly aligning with international standards.
Conversely, the PGL1:2 treatment recorded an initial release rate of 10.82% and a 28-day
cumulative release rate of 58.80%. The PGL1:1 treatment yielded an initial release rate of
25.31%, which unfortunately did not conform to international guidelines. This variance in
results might be attributed to the interaction of lignin’s structure with polyurethane. Lignin
comprises benzene and toluene rings, alongside an assortment of functional groups [55].
The benzene ring, possessing numerous hydroxyl groups, can cross-link with other lignin
molecules and proteins. Significantly, isocyanates have the potential to react with hydroxyl
groups, not only culminating in a polyurethane coating on the fertilizer core [56] but also
enabling binder cross-linking. This results in a denser internal matrix, which further im-
pedes the fertilizer’s release rate. Furthermore, the inclusion of urea as a chain extender can
enhance the mechanical and thermal properties of polyurethane, augmenting its resistance
to abrasion, weathering, and chemical corrosion. In the context of the lignin-based polyurea
binder, it is modified by urea. The PGL1:2 treatment had the highest urea content due to the
maximal lignin content in the PGL2:1 treatment, where lignin predominantly constituted
the binder. Consequently, among the experimental treatments, PGL2:1 emerged as the most
effective, sequentially followed by PGL1:2 and PGL1:1.

3.9. Fourier-Transform Infrared Spectrum of Membrane Shell of Controlled-Release Potassium
Chloride Fertilizers

As shown in Figure 10, the structure and composition changes in the coatings were
confirmed via FTIR. Within 3200-3500 cm !, there was a strong and wide absorption peak
representing the O-H stretching vibration band. In contrast, the O-H peak intensity of the
bentonite binder was lower than that of polyurea binder treatments, indicating that the
bentonite binder made the hard microstructure of the coating begin to loosen. The bands in
the range of 2800-2932 cm ! appeared because the stretching vibration of C-H and the peak
intensity of polyurea binder treatments decreased compared with those of the bentonite
binder treatment due to the weakness of the C—H stretching vibration. The sharp absorption
peak at 1590 cm~! was formed via the C—C stretching vibration in terms of aromaticity.
It was much more intense in the membrane shell of modified polyurea binder fertilizers
than that of bentonite binder fertilizers as the benzene ring was more stable with polyurea
binders. The strong absorption peak of polyurethane near 1720 cm~! was attributed to
the tensile vibration of C-O, and its attenuation manifested the oxidative degradation of
membrane material. One peak shift near 1057 cm~! (the C-O tensile vibration induced by
N-CO-0) also showed a change in the polyurethane structure [57].
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3.10. Scanning Electron Microscopy of Controlled-Release Potassium Chloride Fertilizers and
Membrane Shells

In analyzing the fertilizer shells to which varying proportions of the PGL binder
were added (as depicted in Figure 11(al—c1), it was observed that the shells from all three
treatments exhibited differences in porosity. Specifically, the PGL2:1 treatment product
displayed the least porous structure, whereas the PGL1:1 treatment predominantly show-
cased a porous coating. This increased porosity in the latter might be the primary reason
for the elevated initial stage release rate of the fertilizer. We deduced that an overabun-
dance of potassium ions can expedite the formation of the polyurethane gel, rendering the
reaction uncontrollable. This observation was further corroborated by magnified images
(Figure 11(a2,a3,b2,b3,c2,c3)), revealing a degree of porosity in the shell. Furthermore,
SEM images of the cross-sections for the three treatments (Figure 11(a4,a5,b4,b5,c4,c5))
demonstrated that the coating from the PGL2:1 treatment was tightly adhered to the sur-
face of the fertilizer core post-reaction. Conversely, the other two treatments exhibited
cracks at the interface between the coating and fertilizer cores, which might account for
the notable disparity in cumulative release rates. A plausible explanation for this could be
the cross-linking of the polyurethane in the PGL2:1 treatment with the hydroxyl groups
present on the modified lignin during the reaction. Owing to the significant proportion
of modified lignin in the binder, there was enhanced adherence between the coating and
the fertilizer core surface. In the remaining treatments, observable gaps and localized
pores were present. This not only expedited the permeation of water molecules but also
compromised the interfacial strength upon granule compression, thus facilitating rapid

nutrient release.
c2

Figure 11. SEM images of the membrane shell and fertilizer of (a) PGL2:1-4%-OBPU, (b) PGL1:1-
4%-0OBPU, (c¢) PGL1:2-4%-OBPU, (d) Ben-4%-OBPU, and (e) HN-4%-OBPU. Panels 1 (al-el),
2 (a2-e2), 3 (a3-e3), the membrane surface after 50 times, 100 times, and 500 times image am-
plification, respectively, and panels 4 (a4-e4) and 5 (a5-e5) after 100 times and 5000 times image
amplification.

For the fertilizer membrane shell with added bentonite (as illustrated in Figure 11(d1)),
the surface appeared rough and displayed irregular protrusions. This texture was at-
tributed to the excessive inclusion of bentonite in the fertilizer core, which interfered
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with the polyurethane reaction, although it did not affect the fertilizer’s inherent prop-
erties. When an overabundance of bentonite was present, it infiltrated the polyurethane
precursor, leading to the manifestation of small pores and defects in the polymer. As a
consequence, the physical properties of the resultant polymer were compromised. Enlarged
images (Figure 11(d2,d3)) depicted an uneven and incomplete surface resultant from the
polyurethane reaction, which was potentially due to an extended reaction time. This im-
perfection enhanced the contact area between water molecules and the membrane shell,
facilitating the rapid permeation of water into the membrane and, thereby, expediting the
dissolution and release of potassium chloride [58]. Additionally, the cross-sectional images
of the bentonite-treated fertilizer (Figure 11(d4,d5)) revealed that, due to the excessive
presence of bentonite, the adhesion between the membrane shell and fertilizer was not
optimal. Further, observable gaps were present, contributing to the accelerated release of
nutrients.

For the HN potassium chloride fertilizer (as depicted in Figure 11(el)), significant
pores were observed on the membrane shell’s surface, compromising its controlled-release
capability. When faced with a lower coating rate, the membrane did not achieve full cover-
age, leading to the emergence of cracks in the coating. Consequently, the fertilizer core came
into direct contact with water, promoting rapid nutrient release. The magnified visuals
(Figure 11(e2,e3)) highlighted an inconsistent coating thickness, which was attributable
to the irregular surface topology. The membrane’s reduced thickness in the pronounced
fault sections of the fertilizer core allowed water to easily penetrate the protrusions, fa-
cilitating nutrient dissolution and expediting their transport. The cross-sectional images
(Figure 11(e4,e5)) further revealed a discernible gap between the membrane shell and the
fertilizer, which expedited the nutrient release process.

3.11. Laser Scanning of the Morphology of Potassium Chloride Fertilizer Cores

One of the most important factors affecting the rate of nutrient release from controlled-
release fertilizers was the shape of the fertilizer core, and the release rate of coated fertilizer
granules depended on the thinnest position of the whole coating, as shown in Figure S5 [13].
The irregular shape of the fertilizer core caused the coating overall thickness to be uneven.
The nutrient release rate and time of controlled-release fertilizers were impacted by the
ratio of the surface area to the fertilizer core volume [59]. In general, the nutrient release
rate and time increased as the surface area of fertilizer cores increased. In a certain range of
granule sizes (2-5 mm), the specific surface area of irregular granules was larger than that
of regular spherical granules. At the same weight (0.0752 g), the surface area of PGL2:1 KCl
granules was 68.3733 mm?, while that of HN KCI granules was 82.5051 mm?, an increase
of 20.67%. The application of fertilizer cores with a high roundness and smooth surfaces
reduced the amount of coating material needed and brought the membrane shell thickness
close to the ideal level [60].

4. Conclusions

This study focused on using a modified lignin polyurea binder on agglomeration
granulation to create spherical controlled-release potassium chloride fertilizer cores. Ac-
cording to FTIR analysis, we successfully produced high-performance polyurea via lignin
modification, which raised the amino group of the lignin and improved its compatibility
with polyurea. The lignin-containing polyurea binder was synthesized via a process of
grafting urea onto lignin and partial polyether amine replacement. The thermal stability of
polyurea binders was also enhanced via lignin addition. The 1:2 mass ratio of urea to lignin
was chosen as the ideal material ratio based on the excellent application performance of
the modified binder (e.g., viscosity, dry bonding strength, tensile strength, elongation at
break, granule intensity, and the supplementary angle of the sliding angle). Under these
conditions, fertilizer granules had good physical properties, including a hardness of 35.8 N;
a resting angle and sliding angle of 15.5° and 15.3°, respectively; and a moisture absorption
of 0.03%. The coating test showed that ions with a high concentration reduced the durability,
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adhesion, hardness, impact resistance, and corrosion resistance of polyurethane coatings.
However, due to the binder containing lignin in the fertilizer, the benzene ring and hydroxyl
group in the binder reduced the extent of damage to the polyurethane membrane, which
was beneficial for the normal release of coated fertilizer. The modified lignin polyurea
binder has great potential for manufacturing a controlled-release potassium fertilizer. In
the future, more renewable resources will be developed, such as crop straw, starch, and
cellulose, to replace all petrochemical resources. Self-healing technology was introduced
into fertilizer granulation to improve fertilizer properties, and fertilizer particles with a
higher particle strength and better roundness were prepared.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/agronomy13102641/s1. Figure S1: The flow chart of the modified
polyurea binder controlled-release potassium chloride process.; Figure S2: The thermogravimetric
experiment results for polyurea adhesives; Figure S3: DSC reheating curve of lignin-based polyurea
binder; Figure S4: Image of grain roundness of potassium chloride fertilizer; Figure S5: HN (a) and
PGL2:1 (b) potassium chloride laser scould custom view; Table S1: Synthesis formula of urea grafted
lignin; Table S2: Lignin grafted rate of different lignin and urea ratios; Table S3: Synthesis formula of
modified lignin polyurea; Table S4: Different binders and add ratios; Table S5: The results for the
thermogravimetric test of polyurea adhesives; Table S6: Quantitative classification of radar images.
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