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Abstract: To manufacture high bio-content degradable polyurethane-coated fertilizer, the co-liquefaction
of corn straw and starch was carried out to convert more biomass into bio-polyol so as to substitute
petroleum-based polyol. The effect of the corn straw to starch ratio on liquefaction behavior was
mainly investigated by monitoring acid value, hydroxyl value, and liquefaction rate. Both chemical
structures and properties of bio-polyols and their coatings were characterized by Fourier transform
infrared spectroscopy (FTIR), gel permeation chromatography (GPC), etc. The results indicated that
adding a certain amount of starch to corn straw for co-liquefaction could contribute to a higher
hydroxyl content of bio-polyol than that from sole biomass. Compared to molecular weight, the
hydroxyl value was a more significant index to ensure coating quality. The incorporation of starch
segments to bio-polyol led to good thermal stability, limited residual small molecules, and high
crosslinking density of the coating. The controlled-release ability of coated urea prepared by co-
liquefied bio-polyol was better than that of corn-straw-based bio-polyol, and the optimal ratio of
corn straw to starch was 3:1. Overall, this study provides a new route to fabricate corn straw as a
cost-effective and degradable coating with good controlled-release properties, which benefits solid
biomass recycling.

Keywords: bio-polyol; biodegradation; cellulosic biomass; controlled-release fertilizer; liquefaction

1. Introduction

China is a big agricultural country, and a great variety of agricultural wastes are
produced every year. In Beijing alone, the annual amount of crop residues is up to 2 million
tons, but only about 30% of them are utilized so far [1,2]. How to make good use of crop
residues is related not only to modern agriculture, but also to environmental security. The
main components of the crop residues are cellulose, hemicellulose, and lignin, with a large
number of active functional groups making them suitable for chemical modification [3].
Because of its mild condition and high efficiency, the direct catalytic liquefaction, which
converts solid biomass into liquid bio-polyols, is considered one of the simplest and most
effective techniques for recycling agricultural wastes [4–7].

Fertilizer is one of the decisive factors for the high yield and excellent quality of
crops [8]. However, the fertilizer utilization rate is lower than 50% in general, which easily
causes environmental pollution [9,10]. Polymer-coated fertilizer is special in that a thin
polymer film is formed on the granule surface and can precisely control the nutrient release
amount at a certain time [11,12]. The fertilizer utilization rate has greatly improved due
to the accordance of the nutrient supply with the requirement in each growth period of
crops. Therefore, polymer-coated fertilizer, especially of the polyurethane type [13,14], has
become one of the hot and key research directions.
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The addition reaction of isocyanate and polyol is basic for polyurethane synthesis. Af-
ter the direct catalytic liquefaction of crop residues, the obtained bio-polyols can substitute
petroleum-based polyols to react with isocyanates for polyurethane-coated fertilizer [15,16].
The incorporation of bio-based units into the polyurethane structure is an important
strategy for promoting polyurethane biodegradability [17,18]. In particular, bio-polyol
is obtained using ethylene glycol (EG), glycerol (GL), and polyethylene glycol (PEG) or
mixed solvent as the liquefaction agent to degrade solid biomass into small molecular
compounds using alcoholysis under normal pressure [19,20]. However, the ratio of solid
biomass to liquefaction agent and biomass conversion are about 1:6 and 75%, respectively,
which leads to the low bio-content and limited biodegradability of the liquefied prod-
uct [21,22]. Some methods have been employed to improve the liquefaction efficiency,
such as microwave–ultrasonic assisted technology [23] or the optimization of liquefaction
conditions [24]. Starch is more easily liquefied than cellulosic biomass, and its conversion
is nearly 100% [25]. Co-liquefaction of different feedstock is a convenient and economical
method to produce bio-oil and other chemicals [26], and a synergistic effect may exist
between the feedstock. Its employment in the production of bio-polyols and polyurethanes
needs further exploration.

This aim of the research was to increase the ratio of solid biomass to liquefaction agent
from 1:6 to 1:3.5 using the co-liquefaction of corn straw and starch for the first time, and
subsequently, the high bio-content degradable polyurethane coating for fertilizer granules
was prepared by substituting the traditional petroleum-based polyol. The effect of the
corn straw to starch ratio on the liquefaction behavior and property of the products was
examined to provide a new route for the high bio-content degradable polyurethane coating
of fertilizer granules from agricultural waste.

2. Materials and Methods
2.1. Materials

Corn straw was taken from an experimental field in Beijing, and smashed into par-
ticles finer than 160 µm. Corn starch was derived from Shandong Dongdu Foods, Linyi,
China. Before being used, it was dried at 105 ◦C. PEG400 (a kind of PEG with the average
molecular weight of 400 g mol−1), GL, and ethylenediamine were obtained from Westlong
Chemical, Shantou, China. Yangzhou Huafu Chemical, Yangzhou, China, supplied 98%
sulfuric acid H2SO4. Ethylenediamine polyether (hydroxyl value of 470 mg KOH g−1, pH
value of 11, TAE470) was provided from Tianjin Petrolchemical, Tianjin, China. Polyaryl
polymethylene isocyanate (PAPI, Desmodur 44V20L, 2.4 of functionality) was supplied by
Bayer, Leverkusen, Germany. Paraffin was supplied by Cangzhou Forest Wax, Cangzhou,
China. Tungsten trioxide WO3 was supplied by Sinopharm Chemical Reagent, Shanghai,
China. The regular urea granules (obtained from Hualu-hengsheng, Dezhou, China) were
46.6% N with 2~4 mm diameter. Dioxane was provided by Shanghai Macklin Reagent Co.,
Ltd., Shanghai, China.

2.2. Preparation of Bio-Polyols

A total of 130 g of PEG400 and 20 g of GL as the liquefaction agent, and 3.5 g of H2SO4
and 1 g of WO3 as the catalyst, were put into a 500 mL flask with a reflux condenser and a
motor-driven stirrer. Considering that supported WO3 with a nontoxic nature and strong
acidity is a vital class of solid acid catalysts for the chemical industry [27], the use of WO3
is an attempt at partly replacing H2SO4. The mixture was stirred continuously in an oil
bath with the preset temperature of 160 ◦C. A total of 40 g of corn straw and starch were
added into the flask and liquefied for 1 h, wherein the mass ratio of corn straw to starch
was set to be 1:0, 3:1, 1:1, 1:3, and 0:1. The co-liquefaction reaction is shown in Scheme 1.
After the reaction finished, the flask was cooled quickly in ice water to room temperature,
and the liquid phase (namely bio-polyol) was obtained by the centrifugation and rotary
evaporation processes of the co-liquefied product to remove residue and water, respectively.
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Meanwhile, almost 1 g of WO3 was found not in the bio-polyol, but in the solid residue or
at the bottom of flask, implying its feasibility as a solid catalyst.
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Scheme 1. Schematic diagram for the co-liquefaction reaction of corn straw and starch.

2.3. Preparation of Polymer Coated Urea

The schematic diagram for the fabrication process and chemistry origin of polymer-
coated urea is shown in Scheme 2. In detail, 40.6 g of bio-polyol was mixed with 10.4 g
of TAE470 to form a blend polyol, and pH was adjusted to ~7 by ethylenediamine with a
small dosage of ~0.3 g. TAE470 can not only act as part of a soft segment of polyurethane,
but also neutralize the acid of bio-polyol, and ethylenediamine can also play the role of
chain extender. Then, the blend polyol was mixed with 0.26 g of paraffin and 70 g of PAPI
to prepare the coating liquid, where PAPI was used as a curing agent, and paraffin was
used as both a lubricant and sealant. A total of 2 kg of urea granules were preheated to
65 ◦C in a coating machine provided by Beijing Health and Medical Equipment Co., Ltd.,
Beijing, China. Next, 20 g per time of the coating liquid was atomized and sprayed onto
the preheated urea surface for the in situ reaction of polyurethane. After spraying, the
resulting coated urea was kept for 3~5 min and then cooled. The spraying process was
repeated 4 times. The theoretical coating percentage of the obtained coated urea was 4%,
and the actual value was measured based on the method in the Supporting Information,
which was not lower than 3.8%.

2.4. Characterization
2.4.1. Liquefaction Rate, Acid Value, Hydroxyl Value and Viscosity

In order to obtain the liquefaction rate, the resulting co-liquefied product was diluted
with dioxane aqueous solution (the volume ratio of dioxane to water was 4:1) and stirred
with a magnetic stirrer for more than 4 h. Thereafter, the dilute solution was vacuum
filtrated using filter paper, and the filter cake was rinsed with dioxane aqueous solution
until the filtrate became colorless. The insoluble residue was oven-dried at 105 ◦C to a
constant weight. The liquefaction rate was calculated using the following equation:

Liquefaction rate =

(
1 − W2

W1

)
× 100% (1)

where W2 is the weight of residue and W1 is the weight of solid biomass.
Hydroxyl value and acid value of the bio-polyol were determined according to ASTM

D4274-05 and ASTM D4662-08 [2,19], respectively. In particular, the bio-polyol-esterification
reagent mixture was titrated with an automatic potentiometric titrator (LEICI ZDJ-4A,
China) to avoid the distraction of sample color.

The viscosity of the bio-polyol was measured at room temperature using a Brookfield
LVDV-1 viscometer at the recommended rotation speed.
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2.4.2. Chemical Characterization

The chemical structure and composition of the bio-polyol were analyzed using Fourier
transform infrared spectroscopy (FTIR), 1H nuclear magnetic resonance (NMR), gas
chromatography-mass spectrometer (GC-MS), and gel permeation chromatography (GPC).
FTIR spectra were recorded on a BRUKER TENSOR 27 spectrometer in a scan range from
4000 to 500 cm−1 with a resolution of 4 cm−1. 1H NMR spectra were recorded with an
Agilent DD2 spectrometer at room temperature at a frequency of 600 MHz. The sample was
acquired in dimethyl sulfoxide-d6 (DMSO-d6) at a concentration of 20 mg mL−1. GC-MS
analysis was performed on a SHIMADZU GC/MS-QP2010 Ultra at a flow rate of 1.0 mL
min−1 using helium as the carrier gas. The temperature program started at 45 ◦C, then
raised to 300 ◦C at 15 ◦C min−1, and held for 10 min. Methanol was used to solve the
sample. GPC was determined by the DAWN HELEOS II System (Wyatt, Santa Barbara,
CA, USA) to analyze molecular weight. N, N-dimethylformamide (DMF) was employed
as eluent.

The coated urea was cut up and immersed into water so that urea was dissolved to
obtain the coating. The coating was cleaned in water and then dried at 35 ◦C for 10 h
in an oven, and then determined using X-ray photoelectron spectroscopy (XPS, Kratos
Axis Ultra DLD, Manchester, UK) with 1486.6 eV Al Ka radiation. The binding energies
were referenced to the C1s line at 284.8 eV from adventitious carbon. Thermogravimetric
analysis (TGA) was performed on a NETZSCH STA449C simultaneous thermal analyzer
from 30 to 700 ◦C at a heating rate of 10 ◦C min−1 and under flowing nitrogen. The coating
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was observed using a Zeiss Supra 55 field emission scanning electron microscope (SEM,
Carl Zeiss, Jena, Germany) at an accelerating voltage of 20 kV.

2.5. Water Absorption Rate

The water absorption rate of the coating material was conducted according to the
references [28,29]. The initial mass was recorded as M1. The coating was fully soaked in
water at 25 ◦C, and then the surface was dried with filter paper after soaking for 24 h. The
coating was weighed as M2. The water absorption rate (S) was determined based on the
average of three parallel experiments, and calculated using the following equation:

S =
M2 − M1

M1
× 100% (2)

2.6. Nitrogen Release Behavior

The nitrogen release behavior of the coated urea was conducted according to ISO 18644.
In detail, 10 g of the sample was packed into a mesh bag, immersed in a plastic bottle with
250 mL of deionized water and incubated at 25 ◦C. The solution in the plastic bottle was
removed after a certain interval (1 d, 3 d, 7 d, 14 d, 21 d, 28 d, etc.), and replaced by another
250 mL of deionized water, until the cumulative N release reached over 80%. The nitrogen
concentration was determined using UV spectroscopy by measuring the absorbance at the
wavelength of λ = 430 nm, and the experiment was performed in triplicate.

3. Results and Discussion
3.1. Effect of Co-Liquefaction Method on Biomass Liquefaction

Liquefaction rate is an important index to evaluate the liquefaction degree of solid
biomass. The effect of the co-liquefaction method on liquefaction rate of solid biomass
is shown in Figure 1. Under the same liquefaction conditions, there was a significant
difference for the liquefaction rate of different kinds of biomasses. The sole starch was fully
liquefied, while the liquefaction rate of sole corn straw was only 75.1%. The solid residue
was formed in two ways. One was from the substances in the biomass hardly liquefied,
and the other was from the re-polymerized or self-polymerized substances [30]. It was
further found that the co-liquefaction rate of corn straw and starch was related to their
mass ratio. With the increase in starch to the system, the liquefaction rate rose gradually.
The liquefaction rate was as high as 82.0% when the mass ratio of corn straw to starch was
3:1. The results showed that starch was much more easily liquefied than corn straw, which
should be due to their different composition and physicochemical properties. The main
component of corn straw is cellulose with a large number of hydrogen bonds and a highly
crystalline aggregation structure, which made corn straw difficult to be degraded into small
molecules [21,31]. In previous studies, the liquefaction rate of lignocellulose using PEG400
and GL as the liquefaction agent was reported at around 69.7%~92.8% with the ratio of
solid biomass to the liquefaction agent from 1:4 to 1:6 [19,24]. As observed, the liquefaction
rate of the samples reported in this study at the highest biomass load (the 1:3.5 ratio of
solid biomass to liquefaction agent) was in the same range as reported in the literature, but
evidently the bio-content in polyols could be increased.

Hydroxyl value is an important and key index to ensuring the quality of polyurethane
materials. Acid value reflects the acidity or alkalinity degree of bio-polyol obtained from
the liquefaction process. If acid value is too high, there will be a negative effect on the
quality of polyurethane, and a certain amount of alkaline substance can be used to adjust
the reaction system [32]. Figure 2 shows the effect of corn straw to starch ratio on the
acid and hydroxyl values of bio-polyols. When all reaction materials were starch, the acid
value reached the highest value of 38 mg KOH g−1. The acid value decreased sharply with
the increase in corn straw, and reached the minimum value of 12 mg KOH g−1 when the
reaction materials were all corn straw, implying that the introduction of starch raised the
acid value. The effect of the ratio on the hydroxyl value exhibited a different trend. The
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hydroxyl values of the bio-polyols were found to range between 270 and 388 mg KOH g−1.
When all reaction materials were starch, the hydroxyl value was at the minimum. With
the increase in corn straw, the hydroxyl value first increased. When the ratio of corn straw
and starch was 3:1, the hydroxyl value reached the maximum value, and was higher than
291 mg KOH g−1 of the bio-polyol from sole corn straw. Thus, the calculated isocyanate
index ranged from 1.4 to 1.8 based on the different bio-polyols used (the calculation of the
isocyanate index is provided in Supporting Information), and was controlled in the ideal
range of 1.2∼1.8 for polyurethane-coated urea [33].
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Basically, when biomass is liquefied, complex reactions including alcoholysis, hydrox-
yalkylation and side reactions such as re-condensation and oxidation exist. Starch was
rapidly degraded, and the dominant side reactions led to the reduced hydroxyl value after
the biomass conversion remained constant [19,34]. That is to say, the alcoholysis of corn
straw continued, while that of starch had finished. Thus, the variation in hydroxyl and acid
values should be ascribed to the different liquefaction rates of starch and corn straw. The
more starch was co-liquefied, the more polyhydroxyl components were consumed after a
certain liquefaction time (about 30 min), and the lower hydroxyl value was obtained, which
is equivalent to the increased liquefaction time [19]. Furthermore, the decrease in hydroxyl
value was related to the increase in acidic substances, but the main acidic substances came
from the degradation of solid biomass [24,35]. Thus, the increase in starch caused the higher
acid value of the bio-polyol.

Given these results, the obtained co-liquefied products were obviously different, and
the addition of starch had a positive effect on the liquefaction of corn straw. After adding a
certain amount of starch, the hydroxyl group content increased. Based on the combined
factors of liquefaction rate, and acid and hydroxyl values, the optimal ratio of corn straw to
starch was 3:1 to obtain the suitable bio-polyol for coated urea.

3.2. Effect of Co-Liquefaction Method on Molecular Weight and Viscosity of Bio-Polyols

GPC was applied to determine the molecular weight of bio-polyols. DMF was selected
as eluent considering the solubility of bio-polyols was better than in tetrahydrofuran. The
effect of the co-liquefaction method on molecular weight and viscosity of bio-polyols is
shown in Table 1. Solid biomass was firstly degraded into small molecular fragments
by acid catalysis under a high temperature, and then condensed by themselves or with
the used liquefaction agent to form some polyhydroxyl compounds with high molecular
weights. It is worth noting that the re-polymerization reaction of the liquefied products
occurring during the liquefaction process had an evident effect on molecular weight [36].
As can be seen, with the increase in starch, the average molecular weights of the bio-polyols
gradually decreased. When corn straw was not the main solid biomass, namely the mass
ratios of corn straw to starch were 1:1 and 1:3, the multi-dispersion coefficients of only
around 1.6 were lower than those of other mass ratios. The results showed that the addition
of starch led to a low molecular weight and relatively narrow distribution, which was
basically consistent with the viscosity result.

Table 1. The effect of corn straw to starch ratio on molecular weight and viscosity.

Corn Straw to
Starch Ratio

Mn
(g mol−1)

Mw
(g mol−1) PDI Viscosity

(mPa s)

1:0 21,520 45,420 2.11 7318
3:1 21,860 47,580 2.18 5658
1:1 20,680 33,810 1.64 3239
1:3 17,940 29,730 1.66 2811
0:1 762 1052 1.38 806

3.3. Effect of Co-Liquefaction Method on Composition of Bio-Polyols

The volatile compound of bio-polyols was determined using GC-MS below 300 ◦C
to indicate the structure of some chemical derivatives generated during the liquefaction
process, and the chromatogram of the bio-polyols with co-liquefaction method is shown
in Figure 3 and Table S1 (Supporting Information). Many polyhydroxyl components with
C3~C22 from PEG, starch and corn straw were included, and their contents were quite
different. The polyhydroxyl components with the high molecular weight of the bio-polyol
obtained by starch liquefaction tended to be more than those by corn straw liquefaction.
Combined with the GPC result, many polyhydroxyl components with boiling points higher
than 300 ◦C existed in the bio-polyols obtained by the co-liquefaction of starch and corn
straw. These various polyols suggested that corn straw and starch both underwent a
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decomposition process by alcoholysis under acid catalysis. Some esters were detected,
but here there was no mark due to less than 1% of the total area. The existence of other
substances such as organic acids (e.g., pentanoic acid and levulinic acid), ketones (e.g.,
levoglucosenone), and aldehydes was also proved.
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Figure 3. GC-MS chromatogram of bio-polyols with different mass ratio of corn straw to starch.

3.4. Effect of Co-Liquefaction Method on Chemical Structure of Bio-Polyols

The FTIR spectra of bio-polyols with the co-liquefaction method are shown in Figure 4.
Combined with the GC-MS results, the strong and wide absorption peaks at around 3383
and 1060 cm−1 are attributed to the O–H and the C–O–C stretching vibrations, respectively,
which resulted from polyhydroxyl compounds. The absorption peaks at around 2872 cm−1

are from a C–H stretching vibration affiliated with –CH3 and –CH2, which proves the
breakdown of macromolecules [24]. The peaks at both 1649 and 1718 cm−1 corresponded
to the stretching vibration of C=O from ester, which was due to the esterification reaction
of hydroxyl compounds formed by starch and corn straw [25]. The peaks at 1445 and
1277 cm−1 were attributed to the bending vibration from –CH3 or –CH2 and the stretching
vibration of C–C, respectively. Notably, when the corn straw to starch ratio were 1:0 and 3:1,
the prominent peak at 1512 cm−1 was ascribed to the stretching vibration of benzene rings
in lignin, which was not included in the sample without corn straw. In addition, compared
with sole starch, the peak of the C–O stretching vibration from the phenol hydroxyl of corn
straw did not appear at 1243 cm−1, but at 1208 cm−1. These findings indicated that the
polyhydroxyl compounds were evidently varied by the co-liquefaction method.

To further analyze the chemical structure of bio-polyols, 1H NMR was employed
to detect the change in the chemical environment of hydrogen atoms, and the result is
shown in Figure 5. It is clear that the addition of starch into corn straw liquefaction did
have a prominent effect on the characteristic peaks of co-liquefied products. The peaks
between 2.0 and 3.0 ppm were attributed to the resonances of aliphatic protons. The
multiplet peaks at 3.0–4.0 ppm were caused by the methyl or methylene protons next to the
hydroxyl and ester groups. However, it is difficult to detect the microstructure because of
the peak overlap. The peaks at 4.0–4.5 ppm were assigned to the resonances of carbohydrate
functionalities produced from the liquefaction of corn straw and starch. It is observed from
the peak position that the structural difference evidently existed after the addition of starch.
Moreover, it is well known that the peak intensity and width indicate a variation in content.
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When the pure starch was liquefied, the peak intensity was up to the largest compared with
the other two, which again indicated that starch was easily liquefied, and the result was
consistent with that of GC-MS and FTIR.

Changes  
We checked the PDF files, there are 6 changes listed as following:   
1. 2.2. Preparation of Bio-Polyols (in Page 2): “was” should be “were”  
2. 2.3. Preparation of Polymer Coated Urea (in Page 3): “on to” should be “onto” 
3. Figure 4. in Page 9:  

 

4. 3.9 Effect of Co-Liquefaction Method on Nutrient Release Property of Polymer 
Coated Urea (in Page 14): “literature” should be “literatures” 

5. 4. Conclusions (in Page 15): “Therefoure” should be “Therefore” 
6. Supplementary Materials (in Page 15): “rate” should be “percentage” 
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Figure 4. ATR-FTIR spectra of bio-polyols with different mass ratio of corn straw to starch.
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3.5. Effect of Co-Liquefaction Method on Chemical Structure of Coatings

XPS C1s, O1s, and N1s high resolution spectra were recorded to evaluate the composi-
tion and chemical bonding state on the coating surface. The XPS survey of polyurethane
coatings prepared using the bio-polyols via co-liquefaction method is shown in Figure 6.
All coatings showed identical peaks at 282, 530, and 397 eV distributed to carbon (1s),
oxygen (1s), and nitrogen (1s), respectively. Differently for the bio-polyol obtained by the
co-liquefaction of corn straw and starch, the peak of N1s was the strongest and the relative
area ratio of nitrogen was the highest as shown in Table 2, which can be explained by the
preparation process of coated urea and the high hydroxyl value of the bio-polyol. The
result indicated that the bio-polyol obtained by the co-liquefaction of corn straw and starch
can react with more isocyanate, which helped to form the perfect bio-based polyurethane.
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Figure 6. XPS survey of coatings with different mass ratios of corn straw to starch.

Table 2. Surface atomic percentages of coatings.

Corn Straw to Starch Ratio C1s (%) O1s (%) N1s (%)

1:0 96.33 2.83 0.84
3:1 85.30 11.64 3.07
0:1 96.33 2.68 0.99

The XPS C1s and O1s fitting curves of coatings are shown in Figure 7. The surface bind-
ing states were C–C/C-H, C=O, C–O, and –COO, which were the characteristic chemical
bonds of polyurethane. In the C1s fitting curves of the coating prepared by the co-liquefied
product (Figure 7e), there was –COO being fitted in the coating surface, and the peak area
of the C–O bond was bigger than the liquefied product from sole starch or corn straw.
These results further confirmed that more isocyanate was involved in the reaction with the
bio-polyol obtained by the co-liquefaction method.
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and 3:1 (e,f), respectively.

3.6. Effect of Co-Liquefaction Method on Thermal Property of Coatings

The thermal stability of a polymer is closely related to its structure, such as crystallinity,
hydrogen bonding, and crosslinking density. TG/DTG was performed to study the effect of
the co-liquefaction method on the thermal property of coatings, and the curves are shown
in Figure 8. It can be noticed that the thermal degradation processes of three coatings were
divided into three stages, that is, the volatilization of small molecules at below 150 ◦C, the
degradation of hard segments (e.g., urethane bond), and the degradation of soft segments
(e.g., polyol backbone), demonstrating that the ratio of corn straw to starch did not alter
the degradation mechanism of polyurethane, which was similar to the result by Jiao [37].
Their main difference was that the corn-straw-based polyurethane had an obvious weight
loss between 100 and 150 ◦C, implying the existence of more residual small molecules (e.g.,
dioxane). These small molecules did not react with isocyanate, and had an effect on the
structure and properties of the coating. The first degradation step for the main chain of
coatings declined after the increase in starch; for example, occurring in the range from 200
to 346 ◦C for the sample with the corn straw to starch ratio of 3:1, and in the range from
190 to 330 ◦C for the sample with sole starch, which demonstrated that corn-straw-based
polyurethane coatings had better thermal stability than starch-based polyurethane coatings.
The good thermal stability should be from the increased crosslinking density. Similarly,
the small and gradual weight loss of the three coatings continued up to about 550 ◦C.
Thus, compared with the other two coatings, the bio-based polyurethane coating prepared
by the co-liquefied product had better thermal stability, and, meanwhile, fewer residual
small molecules.
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3.7. Effect of Co-Liquefaction Method on SEM of Coatings

Coating morphology plays an important role in the nutrient release behavior of coated
fertilizer. SEM was performed to study the effect of the corn straw to starch ratio on coating
morphology, and the images are shown in Figure 9. As seen, the surface morphology
of coated urea (Figure 9A1,B1,C1) changed with the corn straw to starch ratio, and the
surface became rougher and showed more wrinkles with the increase in corn straw. The
cross-section images of coated urea showed a two-part structure, namely coating with
around 30 um and urea granule layers (Figure 9A2,B2,C2; the coating layers were marked
in blue), and the coating prepared by the co-liquefied product was compact and in close
contact with urea granules, but a distinct gap was observed on the cross section of the corn
straw-based and starch-based polyurethane-coated urea. In addition, many pin holes were
observed on the cross section of the corn-straw-based coating at 10,000× magnification
(Figure 9C3). Therefore, the coating formed by the co-liquefied product served as a better
physical barrier for nutrient transfer, and prolonged the N release duration of coated urea.

3.8. Effect of Co-Liquefaction Method on Water Absorption Rate of Coatings

The water absorption rate of coating material was determined to reflect crucial struc-
tural features, such as crosslinking density and porosity. Figure 10 shows the effect of
co-liquefaction method on the water absorption rate of coatings. The water absorption
rates of coatings increased sharply with the increase in starch. When the ratio of corn straw
to starch was 3:1, the water absorption rate was 24.5% at a minimum, but it was 39.7% for
the coating prepared by the bio-polyol from sole starch. The results indicated that the water
absorption rate of coatings increased after the introduction of starch, and co-liquefaction
with the lower level of starch in the feedstock tended to keep better water resistance owing
to the existing high crosslinking density of the bio-based polyurethane coating.
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Figure 10. Water absorption rate of coatings with different mass ratio of corn straw to starch.

3.9. Effect of Co-Liquefaction Method on Nutrient Release Property of Polymer Coated Urea

Figure 11 shows the nitrogen release curve of the coated urea prepared by the co-
liquefied products. The ratio of corn straw to starch had a significant effect on the nitrogen
release property of coated urea. The initial release rates (24 h) of all samples were lower
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than 1%, indicating that the coatings were complete. Urea without coating dissolved
rapidly in water, so it was difficult to show the controlled release property. The order of the
nitrogen release rate was a > d > c > b, and their nitrogen release durations corresponded
to 35 d, 38 d, 40 d, and 52 d, respectively. The controlled release property of the pure
corn-straw-based polyurethane coated urea was the worst, but the nitrogen release rates of
the coated urea prepared using the co-liquefied products decreased to a different degree.
When the ratio of corn straw to starch was 3:1, the controlled release property was the best.
The results implied that the controlled release property of corn-straw-based polyurethane-
coated urea was improved by adding a certain amount of starch to the co-liquefaction,
and the high hydroxyl value of the bio-polyol had an important effect on the structure
and property of the synthesized polyurethane coating, as shown by Shen [38]. In the
literatures [39–41], the nitrogen release duration of coated urea was reported to range from
23 to 52 d when prepared using liquefaction products with a 3%~5% coating percentage,
and these bio-polyols were obtained by lignocellulose liquefaction at a 1:4~1:8.5 ratio of
solid biomass to liquefaction agent. In comparison, the nitrogen release duration of the
samples reported in this study at the lowest coating percentage, 3%, was better than that
reported. Lu et al. [39] mentioned that the solid to liquid ratio for the liquefaction of
bio-mass had a significant effect on the nutrient release behavior of coated fertilizer since
the lower amount of liquefaction agent caused the increased residues and high viscosity
of bio-polyols. Thus, the challenge remains to improve the solid to liquid ratio during
biomass liquefaction. It was found here that the obtained liquefied products in this study
could be suitable for the preparation of high bio-content polyurethane, and the thin coating
obtained via the co-liquefaction method of corn straw and starch was a good candidate for
controlling the release of fertilizers.
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Figure 11. Cumulative nitrogen release rate curves of coated urea with different mass ratio of corn
straw to starch.

4. Conclusions

The co-liquefaction process of corn straw and starch was firstly studied using the
different ratios of corn straw to starch by monitoring the liquefaction behavior, and the
subsequent high bio-content polyurethane-coated urea was prepared. Lignocellulose and
starch were successfully co-liquefied at a 1:3.5 ratio of solid biomass to liquefaction agent
to increase the bio-content in polyols and polyurethane coatings. The main reactions
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of alcoholysis and re-polymerization in the co-liquefaction process, and the successful
incorporation of starch segments were proved by FTIR, 1H NMR, GC-MS, and GPC. When
the ratio of corn straw to starch was 3:1, the polyhydroxyl compound with high hydroxyl
value was obtained, and its molecular weight and PDI were near to those of the bio-
polyol from sole corn straw. Meanwhile, the bio-based polyurethane coatings prepared
using the co-liquefied bio-polyols had good thermal stability and water resistance, while
the residual small molecules were in small amounts. XPS confirmed that a complete
reaction existed between the co-liquefied bio-polyol and isocyanate. The controlled release
ability of the resulting polyurethane-coated urea was the best, and the nitrogen release
duration was 52 d. Therefore, the study provided an effective way for agricultural waste
utilization to obtain high bio-content polyurethane-coated fertilizer with an excellent
controlled release performance.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/coatings13010148/s1: the method of measuring actual coating
percentage, the calculation of isocyanate index, and GC-MS analysis results of liquefied products.
Table S1: The GC-MS analysis of the synthesized bio-polyols.
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