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ARTICLE INFO ABSTRACT
Keywords: A gradient hydrophobic film was prepared to improve the controlled release performance of film-coated ferti-
Fertilizer lizers. A polyurethane (PU) was copolymerized with hydroxypropyl-terminated polydimethylsiloxane (HP-
H}’dro}’hObic PDMS) at different ratios to produce a film with different levels of hydrophobicity. A film with a gradient
Diffusion hydrophobicity was prepared by successively coating a copolymer of PDMS/PU at different ratios. The urea
Eﬁzgifd release diffusion rate via an inner hydrophilic and outer hydrophobic (InHL-OutHB) gradient hydrophobic film was
reduced significantly, compared with that via a uniform hydrophilic or hydrophobic film. For the InHL-OutHB
gradient hydrophobic film, the release period of the coated urea with a coating amount of 4 % was over 60 days,
which was significantly longer than that of the uniform film.
1. Introduction coating materials as much as possible, on the premise that this can ef-
fectively control the release rate of fertilizers or prolong the release
1.1. Bottleneck of polymer film-coated fertilizers period of coated fertilizers at the minimized coating amount because
the production cost of film-coated fertilizers mainly comes from the
Film-coated fertilizers have a low release rate of nutrients. coating materials. It has been a desired goal to produce film-coated
Fertilizing film-coated fertilizers can reduce the nutrient loss and in- fertilizers with high performance and low cost.
crease the fertilizer utilization efficiency [1-4]. In the production of To reduce the diffusion rate via the film, many researchers focus on
film-coated fertilizers, the key is how to reduce the consumption of increasing the hydrophobicity of the film. Hydrophobic molecules are
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usually used to modify polymers in studies reported in the literature.
Ma et al. [5] coated urea granules by using siloxane- and polyether-
modified polyurethane (PU). The hydrophobicity of the coated film was
increased, and the release period of the urea was prolonged. Jia et al.
[6] produced polyamide through the reaction of polydextrose diacid
with hexamethylenediamine and then used the polyamide to react with
the epoxy resin to decrease the hydrophilic groups of the film. The
hydrophobicity and the water resistance of the coated film were in-
creased, as was the nitrogen release longevity. Xie et al. [7] modified
the surface of PU-coated urea granules using perfluorodecyltri-
chlorosilane to form a superhydrophobic outer layer, achieving a re-
lease period of over 40 days with a coating material amount of 5 %. In
these studies, the film hydrophobicity was increased and the controlled
release performance was improved; however, these processes usually
involve high costs.

Another way to improve the controlled release performance is to
design a new film structure. Yang et al. [8] prepared a double-layered
film with a water-retention outer layer, which was a superabsorbent
composite formulated from chicken feather protein, acrylic acid, and
N,N’-methylenebisacrylamide. The nitrogen utilization of the coated
urea was increased. An et al. [9] coated KNOs fertilizer with a com-
posite latex film with two-dimensional graphene oxide (GO) embedded.
The hydrated K* interacted with the sp® clusters in the pristine regions
of the GO sheets through cation-r interactions, increasing the diffusion
resistance of the potassium ions and prolonging the release period of
the coated potassium fertilizer effectively. Whether it is by increasing
the film hydrophobicity or by designing a new film structure, the aim of
these studies was to increase the nutrient diffusion resistance via the
film and reduce the consumption of the coating amount.

Polyurethane is commonly used as a coating material in the pro-
duction of film-coated fertilizers [1,10,11]. Polyol and isocyanate are
coated and reacted on the fertilizer particle surface, forming a PU film.
The production process is green without the use of organic solvent.
Polyurethane usually has a high strength owing to the strong polar force
and hydrogen bond between the urethane bonds [12]. However, the
preparation of monomers, especially isocyanate monomers, for PUs is
costly, which limits PU’s use in film-coated fertilizers. Therefore,
achieving a long release period with a low coating amount is the most
desired target for PU-coated fertilizer applications.

Hydrophilic PUs can be changed to hydrophobic ones [13,14] to
increase the controlled release performance. Organosilicon and organo-
fluorine have low surface energy and high hydrophobicity, and are
usually used to modify PU for high hydrophobicity [15,16]. Organosi-
licon readily introduces a hydroxyl group at the end or side chain of its
main chain and is cheaper than organo-fluorine. Therefore, it is more
suitable for the modification of PU, and, thus, polydimethylsiloxane
(PDMS) was used in this work. Hydrophobic PU materials can be pre-
pared by block copolymerization of PDMS with PU [13].

1.2. Gradient hydrophobic film

Hydrophobic films provide high resistance to water and reduce the
diffusion of water as well as of nutrients via the film. The diffusion of
water-soluble nutrients in the film occurs through water diffusion. The
interaction between polymer molecules and water in the film affects the
nutrient diffusion. It is thus desirable to control the diffusion of water-
soluble nutrients by adjusting the interaction between polymer mole-
cules and water or nutrients.

The liquid contact angle on a solid surface results from the balance
of the interaction between the gas, liquid, and solid phases [17], i.e., the
interfacial tension among the three phases. A larger contact angle
corresponds to smaller interfacial interaction. Shi and Dhir [18] re-
ported that the contact angle gradually increased with the decrease of
the interaction force between water and platinum. Werder et al. [19]
reported a similar result in which the contact angle increased with the
increase in the binding energy between water and graphite. The contact
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angle is the response of the interaction between polymer molecules and
water or nutrient molecules.

An imbalance of the intermolecular forces forms a driving force. In
the gas-liquid phase, a gradient surface tension drives the droplets to
flow from a low surface tension region to a high surface one, which is
called the Marangoni effect [20]. A similar phenomenon also happens
at the liquid-solid interface. Chaudhury and Whitesides [21] prepared a
silicon wafer with a surface tension gradient and observed the droplet
movement from a low surface tension to a high surface one on an up-
ward slope. Lv et al. [22] reported the droplet movement on a wedge-
shaped surface with a gradient tension. A similar phenomenon of the
liquid movement inside a membrane has also been reported. Wang et al.
[23] prepared a porous fiber membrane with liquid unidirectional
permeability. One side of the fiber was etched with ultraviolet light to
form a gradient structure that changes from superhydrophobicity to
hydrophilicity in the fiber thickness direction. The water droplets were
spontaneously transferred from the hydrophobic side to the hydrophilic
side through the fiber membrane; however, the reverse transfer did not
occur. For the directed transport of liquids in a porous film, Tian et al.
[24] explained the unidirectional penetration through a hydrophobic
gradient film. When liquid penetrates from the lyophilic side to the
lyophobic side, a large critical penetration pressure forms, preventing
the liquid from penetrating.

For film-coated fertilizers, it is deduced that a gradient hydrophobic
film produces diffusion resistance to water and nutrients. In the nutrient
diffusion process of polymer film-coated fertilizers, the nutrient mole-
cules are carried by water molecules and diffuse through the film. The
interfacial tension gradient produces a driving force on the molecule.
The nutrient and water molecules are driven by the intermolecular
force imbalance in the polymer film layer with the interfacial tension
gradient. Therefore, a polymer film layer with an interfacial tension
gradient can improve the controlled release performance of coated
fertilizers. In this study, a gradient hydrophobic film structure was
prepared to improve the control of nutrient release.

2. Material and methods
2.1. Materials

The urea granules (Fudao large granular urea, CNOOC Chemical
Co., Ltd., China) used for coating were industrial grade products, with a
screening granule size of 2.5-4.0 mm. The urea reagent (Beijing
Modern Oriental Fine Chemical Co., Ltd., China) used was of analytical
grade. The polyol (PPG400, analytical grade, Jiangsu Hai'an
Petrochemical Plant, China) used for PU polymerization was poly-
propylene glycol 400. The isocyanate (MDI, isocyanate content
30.5-32.0 %, Shandong Wanhua Chemical Group Co., Ltd., China) used
for PU polymerization was the industrial product of diphenylmethane
diisocyanate. Glycerol (analytical grade, Beijing Modern Oriental Fine
Chemical Co., Ltd., China) was used as a cross-linking agent. The sili-
cone (analytical grade, hydroxyl content 1.7 %, Jiande Polymer New
Material Co., Ltd., China) used was a double-ended hydroxypropyl-
terminated polydimethylsiloxane (HP-PDMS).

2.2. Preparation of the planar film

A set amount of PPG, PDMS, and glycerol were mixed and stirred
uniformly in advance, and a set amount of MDI was added to the pre-
mixed solution under stirring. Then, the mixture solution was poly-
merized, and when it became sticky, the solution droplets were dropped
on a polypropylene plate. A film applicator was used to produce a
planar film. After the film completely solidified, it was removed. The
dosage of the reagent used is shown in Table 1, and the total weight of
the used reagent was 10 g. A schematic of the main polymerization
reaction is shown in Fig. 1. The HP-PDMS was urethanized with the
NCO group of MDI owing to the active hydroxyl groups at both ends of



C. Ddi, et al. Colloids and Surfaces A 588 (2020) 124361
Table 1
Reagent dosage used for the copolymerization of HP-PDMS and PU.
Sample PDMS/PPG MDI, g PPG400, g PPG400, mmol PDMS, g PDMS, mmol Glycerol, g
PU 0:100 5.00 5.00 12.5 0 0 0.19
1 %Si-PU 1:99 4.90 4.86 12.2 0.25 0.1 0.19
2 %Si-PU 2:98 4.81 4.71 11.8 0.48 0.2 0.19
3 %Si-PU 3:97 4.72 4.58 11.5 0.71 0.4 0.19
%: Proportion of PDMS substituted for PPG at equivalent hydroxyl groups.
the molecule, and then the hydrophobic siloxane segment was poly- 1 ’9
merized to the PU macromolecular chain. The adjacent groups of the
hydroxyl group of HP-PDMS and the hydroxyl groups of PPG were both
n-propyl groups, and the two reagents had similar reaction activity, and
a copolymerization reaction occurred.
2.3. Coating of urea granules
The coating of urea granules was conducted in a fluidized bed. The
coating apparatus is schematically shown in Fig. 2. The coating process 3

was conducted as follows: (1) Compressed air was heated to 80 °C and
provided to the fluidized bed, and then 1 kg of urea granules was added
to the fluidized bed. (2) The mixed monomer was pre-reacted for 3 min
according to the dosage in Table 1. The pre-reacted mixture was fed to
the nozzle under the bottom of the fluidized bed at a rate of 2 mL/min
through a peristaltic pump and atomized. (3) The mixture was atomized
and sprayed to the granules in the fluidized bed, undergoing spreading,
reaction, and film formation processes on the granule surface to form a
uniform film. (4) After the spray coating of 40 g of the mixture was
completed, the temperature of the fluidized bed was kept at 80 °C for 30
min. The coating mass was 4 % of the granule mass. After the coating
was completed, the coated urea granules were sampled for character-
ization.

2.4. Preparation of the gradient hydrophobic planar film and gradient film-
coated urea

To quantitatively measure the diffusion coefficient of the gradient
hydrophobic film, we prepared a gradient hydrophobic planar film. The
film was coated layer by layer successively according to the reagent
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Fig. 2. Schematic of the apparatus used for urea granule coating in a fluidized

bed: 1. atomizing gas; 2. compressed air; 3. heater; 4. nozzle; 5. peristaltic
pump; 6. pre-reacted mixture; 7. magnetic stirrer; 8. fluidized bed; 9. vent gas.

dosage in Table 1. The coating process was performed according to the
procedures described in Section 2.2. The entire coating process was
performed four times. The film thickness at each time was approxi-
mately 12.5 pm, and the final film thickness was about 50 pum.

The urea granules were coated according to the procedures
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Fig. 1. Schematic of the copolymerization of PDMS and PU.
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Fig. 3. Schematic diagram of the structures of the gradient hydrophobic film and the uniform film.

described in Section 2.3, with a coating mixture composition of PU, 1 %
Si-PU, 2 %Si-PU, and 3 %Si-PU, successively and respectively. The total
coating amount was 4 % of the granule mass. The inner hydrophilic and
outer hydrophobic coated film was marked as InHL-OutHB. Moreover,
the film in the reverse spray coating sequence, i.e., inner hydrophobic
and outer hydrophilic, was marked as InHB-OutHL. The structures of
the InHL-OutHB, InHB-OutHL, and uniform films are schematically
shown in Fig. 3.

2.5. Measurement of the diffusion coefficient via the planar film

The measurement of the diffusion coefficient of the planar film was
conducted with a connected glass cell, as shown in Fig. 4. The film was
fixed in the middle of two glass cells, which were clamped with iron
clips. A water-proof glue was used to seal the joint to prevent the so-
lution from seeping out. The urea-saturated solution was added to the
glass cell of the supply side, and deionized water was added to the glass
cell of the receiving side; the liquid level in both glass cells was kept at
the same height. The glass cells on both sides were sealed to prevent
evaporation. The entire apparatus was put in an incubator at a constant
temperature of 25 °C. The urea diffused from the supply side to the
receiving side through the planar film. At fixed intervals, the urea
concentration in the receiving side was measured. For the gradient
hydrophobic planar film, the film with the hydrophilic side in contact
with the supply side was taken to be an InHL-OutHB film, while the film
with the hydrophobic side in contact with the supply side was taken to
be an InHB-OutHL film.

2.6. Measurement of the release performance of the coated urea

According to the standard measurement methods for slow-release

4

C—1 [ ]

N\ /

2

Fig. 4. Measurement of the urea diffusion coefficient via the film: 1. supply
side: urea saturated solution; 2. planar film; 3. receiving side: deionized water;
4. iron clip.

fertilizer (National Standards of the People’s Republic of China, GB/T
23348-2009), the release performance of film-coated urea granules was
measured by using a hydrostatic dissolution method. 10.0 g of coated
urea granules was weighed and put in a bag made of nylon mesh. The
bag was put in a sealed bottle containing 200 mL of deionized water.
The bottle was put in an incubator at a constant temperature of 25 °C.
After the release for a set time, 200 mL of the solution was completely
removed for measurement of the urea concentration, and then 200 mL
of fresh deionized water was added to the bottle again for the next
measurement. From the measured concentration, the urea release rate
was calculated. The sampling was performed at the same time on the 1
st, 3rd, 5th, 7th, 10th, 14th, 28th, and 56th days. When the urea cu-
mulative release amount reached 80 %, the release period was re-
corded.

2.7. Characterization

The surface morphology and cross section of the film were observed
by high-resolution scanning electron microscopy (SEM, JSM7401,
JEOL, Japan). The concentration of the urea solution was measured by
using an ultraviolet-visible spectrophotometer (TU-1900, Beijing
Persee, China). The characteristic groups of the reactant and film were
examined by using a Fourier transform infrared spectrometer (FTIR,
Nicolet 6700, Nicolet, USA). The film sample was taken by grinding the
coated urea in a mortar and then washing the urea with water and
drying, obtaining an insoluble film powder. The film powder was mixed
with KBr powder for infrared spectroscopy inspection. The contact
angle of the planar film with deionized water and urea solution was
measured by using a contact angle measuring instrument (HARKE-
SPCA, Beijing Hako Test Instrument Factory, China).

3. Results and discussion
3.1. PDMS copolymerized PU

PDMS is commonly used as a modifier to increase the hydro-
phobicity of polymers. To control the hydrophobicity of the PU film, we
used HP-PDMS as a comonomer of PU. The hydroxyl groups at both
ends of HP-PDMS can react with MDI to form urethane groups [25],
and, therefore, the PU chain contains a dimethyl siloxane chain seg-
ment. Compared with PU without HP-PDMS, the HP-PDMS copoly-
merized PU can be regarded as the PPG segment on the PU chain being
substituted by the PDMS segment, as shown in Fig. 5. Therefore, the
substitution ratio was assumed to be a variable to investigate the
change in the hydrophobicity.

Fig. 6 shows the water contact angle (WCA) of the PU film copo-
lymerized at different PDMS/PU ratios. The WCA of the PU film without
PDMS copolymerization was only 64.5°, which was hydrophilic, while
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Fig. 5. Substitution with PDMS in the copolymerized PU.

n% of PPGs substituted with PDMSs

n%Si-PU: ...... -PPG-MDI-PPG-MDI-PDMS-MDI-PPG-......

that with PDMS copolymerization was over 90°. The change of the film
from hydrophilic to hydrophobic was due to the fact that the PPG
segment with a rich hydrophilic propyl ether bond was partially sub-
stituted by the PDMS segment with a hydrophobic dimethyl siloxane
structure. As the PDMS ratio increased, the contact angle increased
gradually. This confirms that the hydrophilicity of the film can be ad-
justed by controlling the PDMS copolymerization ratio in the PU film.
On this basis, the gradient hydrophobic film can be prepared.

3.2. Chemical structure and film morphology of PDMS copolymerized PU

Compared with PU, the PDMS copolymerized PU became hydro-
phobic and its chemical structure changed. The infrared spectra of the
sample PU, PDMS, 1 %8Si-PU, 2 %Si-PU, and 3 %Si-PU were examined
using an FTIR, as shown in Fig. 7. The hydroxyl groups of PDMS reacted
with the NCO groups of MDI and connected to the polymer backbone.
The absorption peaks at 3410 cm ™' and 1693 cm ™' in the infrared
spectrum of PU were assigned to the -NH- and C=O stretching vibra-
tion peaks of the urethane bond, respectively. The sample of PDMS
copolymerized PU showed the same absorption peak at the same po-
sition, confirming the formation of the PDMS copolymerized PU
structure. It was also confirmed that the HP-PDMS had a similar re-
activity to that of PPG, which showed the same urethane bond peaks
after the reaction. The absorption peak at 2975 cm ™! was assigned to
the -CH,- vibration absorption peak of PPG. The double peak of the

a CA=064.5° ' e

i

c CA=94.7° '

=D

infrared spectrum of PDMS at 1097 and 1020 cm ™! was assigned to the
Si-O stretching vibration peak, while the absorption peaks at 799 and
866 cm ! were assigned to the stretching vibration peak of Si—(CHj),.
The asymmetric and symmetric stretching absorption vibration peaks of
-CH3 were at 2963 and 2905 cm ™!, respectively. In the infrared spec-
trum of 1 %Si-PU-3 %Si-PU, the same absorption peaks of PDMS were
observed at 1097 and 1020 cm ™7, confirming the presence of PDMS in
the copolymerized film.

Fig. 8 shows the cross-section morphology of the PU and PDMS
copolymerized PU films coated on the urea granule surface. The films
were dense and had no obvious defects, and they had a similar mor-
phology. The SEM observations also showed that the film morphology
at different PDMS copolymerization ratios had no difference.

3.3. Release of coated urea granules with PDMS copolymerized PU film

The release performance of coated urea granules with PDMS copo-
lymerized PU film was measured, as shown in Fig. 9. The release curve
shows that the initial release rate of coated urea granules with PDMS
copolymerized PU film was significantly reduced. This was because the
increased hydrophobicity of the film surface had a certain hindrance
effect on the water molecules entering the film layer at the initial stage.
The difference in the initial release rate resulted from the hydrophilic
film of the PU and from the hydrophobic film of the PDMS copoly-
merized PU, even at a PDMS ratio of 1 %. The average release rate of

b CA=92.1° ' S

o

d  CA=96.0° '

S S

Fig. 6. Water contact angle of the PU film at different PDMS copolymerization ratios: a. PU; b. 1 %8Si-PU; c. 2 %Si-PU; d. 3 %Si-PU.
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Fig. 7. Infrared spectra of different films: a. PU; b. PDMS; c. 1 %Si-PU; d. 2 %Si-PU; e. 3 %Si-PU.
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Fig. 8. Cross-section morphology of the coated film on urea granules: a. PU; b. 1 %Si-PU; c. 2 %Si-PU; d. 3 %Si-PU.

urea via the film in 3 days had a negatively linear relationship with the The difference in the release rate for PDMS copolymerized PU films at
contact angle with a correlation coefficient of -0.857. The film with different ratios of PDMS was small as the all films were hydrophobic. In
higher contact angle had lower release rate during the initial period. the stable release period, the release rate for the coated urea granules
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Fig. 9. Release performance of coated urea with copolymerized film at different
PDMS/PU ratios.

with 1 % PDMS-3 % PDMS copolymerized PU film had no obvious
difference. However, the contact angle had no significant effect on the
average release rate of urea via the uniform film on a whole.

3.4. Gradient hydrophobic film

The above experimental results confirmed that the hydrophobicity
of the film can be controlled by adjusting the ratio of PDMS in the
copolymerization. The hydrophobic gradient can be determined by
examining the PDMS distribution in the cross section of the film. As
only the comonomer of PDMS had an Si element, the Si distribution
indicated the PDMS distribution in the film. The Si distribution in the
cross section of the film was scanned by using an energy-dispersive X-
ray spectrometer (EDS), and the scanning region is labeled in Fig. 10(a).
The Si element distribution in the cross section of the film is given in
Table 2. The table shows that the Si distribution was a gradient dis-
tribution in the thickness direction of the cross section of the film, in-
dicating that the prepared film was gradient hydrophobic. The gradient
hydrophobicity produced an interfacial tension gradient in the thick-
ness direction. The gradient hydrophobic film coated on urea granule
was also dense and there were no obvious pore structures found, as
shown in Fig. 10(b).

The WCAs of the gradient hydrophobic film were measured and are
given in Table 3. The table shows that the hydrophilicities of the two
sides of the gradient hydrophobic film were quite different. The hy-
drophilic surface (HL-GF) of the gradient hydrophobic film had a con-
tact angle of 78.3°, which was higher than the contact angle of PU
(64.5°) in the uniform film. The hydrophobic surface (HB-GF) had a

X500  10um WD 86mm

Colloids and Surfaces A 588 (2020) 124361

Table 2
Si element distribution on the cross section of the gradient hydrophobic film
from the EDS scan.

Region No. 1 2 3 4 5
Si element, wt.% 2.69 2.58 2.34 0.87 0.49
Table 3

Water contact angles of the gradient hydrophobic film and the uniform film.

Film HL-GF PU 1 %Si-PU 2 %Si-PU 3 %Si-PU  HB-GF

Contact angle (°) 78.4 64.5 92.0 94.7 96.4 101.9

contact angle of 101.9°, which was also higher than the contact angle of
3 %Si-PU (96.4°) in the uniform film. This is because the hydrophobic
segments with lower surface energy tended to concentrate on the
polymer surface. Because the PDMS segment was polymerized on the
PU backbone, the molecular motion was limited, and, therefore, the
gradient hydrophobic film still maintained one side as hydrophilic and
other side as hydrophobic.

3.5. Contact angle of the PU film with urea solution

The contact angles discussed above pertained to the film and water.
However, the coated film was exposed to urea solutions at various
concentrations in water or in aqueous soil, and the urea concentration
affected the value of the contact angle [26]. The effect of urea con-
centrations on the contact angle of the film was examined. In the dif-
fusion process of the coated urea via the film, the concentration in the
coated urea maintained the saturation for a long period. A more sui-
table characterization is to use the percentage of the saturated con-
centration of the urea solution as the concentration variable. The WCA
under different urea concentrations was measured and is shown in
Fig. 11. The figure shows that the contact angle of the film with the urea
solution slightly increased with the increase in concentration (ap-
proximately in the range of 0°-5°) whether for the hydrophobic or the
hydrophilic surface.

This indicated that the interfacial tension was a little lower at high
urea concentration. Therefore, the driving force due to the interfacial
tension of the urea concentration was in the same direction as the
driving force owing to the concentration difference. For the PDMS co-
polymerized PU film at higher PDMS ratio, the contact angle with urea
solution at the same concentration was larger. Therefore, the direction
of the force produced by the interfacial tension of the hydrophobicity
change was in the reverse direction of the hydrophobicity gradient. The
relationship between the PDMS copolymerization ratio and the contact

50kv  X1,000 10pm WD 7.5mm

(b)

Fig. 10. Cross-section of the gradient hydrophobic film. (a). EDS scan region for Si elements in the cross section of the planar film; (b). InHL-OutHB film coated on a

urea granule.



C. Ddi, et al.

7/
105 -
-—
100 /__”_‘__’_,_,_’—’—"’/.
95 | ﬁ %“'—
-—

9 |-
< L
Ef 85 -
2 s P
< [ .
v 15F
g 70
8 _’__'_’/‘.-/”_-/_-;J

o) —e—1%Si-PU

60_= —-1 %Si-PU;:

—v—3 %Si-PU
HL-GF
—mu—HB-GF
[] 1 Iy , ) :
-10 0 60 p L D

Urea concentration(% saturated urea solution concentration)

Fig. 11. Contact angle of the PU film with urea solution.

angle with pure water was the same.

3.6. Urea diffusion via the gradient hydrophobic film

Our previous research confirmed that the film had no pore struc-
tures under the optimized conditions [27,28]. The urea diffusion in
dense polymer film obeyed the dissolution-diffusion mechanism. The
urea molecule dissolves in the polymer at first, and then diffuses across
the polymer film driven by the concentration gradient. The urea release
performance of the coated urea granules via the gradient hydrophobic
and uniform films at the same coating amount of 4 % were measured
and are shown in Fig. 12. The urea release rate via the InHL-OutHB film
was lower than that via the uniform film whether the PU film or the
copolymerized PU film at different PDMS ratios was used, and the re-
lease period was significantly prolonged. In contrast, the urea release
rate via the InHB-OutHL film increased significantly and was obviously
faster than that via the uniform film. This indicated that the gradient
hydrophobic film was directional in the controlled release of urea and
that the InHL-OutHB film significantly reduced the urea diffusion rate.

In the diffusion process of coated urea granules via a film, the main
driving force was the negative concentration gradient along the diffu-
sion direction. The contact angle change due to the urea concentration,
as shown in Fig. 11, also affected the driving force of the urea diffusion.
The contact angle gradient from the gradient hydrophobic film pro-
vided another extra driving force to the liquid along the diffusion di-
rection. The three factors affecting the driving force are shown in
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Fig. 12. Urea release performance via the gradient hydrophobic films.
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Fig. 13.

For the uniform film, the negative gradient of the urea concentra-
tion at the diffusion direction resulted in a negative gradient of the
contact angle, causing the total driving force to increase slightly. For
the InHL-OutHB film, the positive gradient of the contact angle at the
diffusion direction decreased the driving force significantly owing to
the greater difference in contact angle between the inner and the outer
film surface. The negative gradient of the urea concentration at the
diffusion direction slightly decreased the gradient of the contact angle
through the film and slightly increased the driving force. The total
driving force still decreased significantly. For the InHB-OutHL film, the
negative gradient of the contact angle at the diffusion direction in-
creased the driving force significantly and that of the urea concentra-
tion also made a greater gradient of the contact angle, resulting in a
greater difference in the contact angle and in a significant increase in
the total driving force. The superposition effect of the driving force of
the coated urea via the film is summarized in Table 4.

To discuss the relationships between the diffusion coefficients and
hydrophobic gradient, the hydrophobic gradient was estimated from
the following equation [29],

Yor = %(\/1 + sin’® — cosB) &b
where yg; and vy, are solid-liquid surface energy and liquid surface en-
ergy respectively. 6 is the contact angle between liquid surface and
solid surface.

For a gradient hydrophobic film, the hydrophobic gradient of the
film is defined as the yg; difference between outer and inner film sur-
face divided by the thickness. The hydrophobic gradient of uniform film
is 0. The urea average release rates in different release periods were
correlated with the hydrophobic gradient, as shown in Table 5. All the
correlation coefficients are very close to -1, indicating that the urea
average release rate has a negatively linear realationship with hydro-
phobic gradient. The higher hydrophobic gradient have lower release
rate of urea.

The diffusion coefficients via the InHL-OutHB and InHB-OutHL
planar films were measured to be 3.3 x 10~ m?/s and 5.0 x 10~ !¢
m?/s, respectively. This also confirmed the urea directionality release
via the gradient hydrophobic film. It indicates that the urea diffusion
rate can be controlled by designing a gradient hydrophobic film for
increasing the urea diffusion resistance. For the coating amount of 4 %,
the release period of the coated urea reached 60 days in this study.
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Table 4
The three driving forces of coated urea release via the film.
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Driving force factor Uniform film

InHL-OutHB film InHB-OutHL film

Concentration + + + + + + + + +

Contact angle due to hydrophobic gradient 0 - + +

Contact angle due to urea concentration + + +

Total driving force Reference Decreased Increased
Table 5 Acknowledgements

The average release rates of urea via the film with different hydrophobic gra-
dients.

Hydrophobic gradient Urea average release rate (%/d)

U/m?)
7 d 14 d 28 d
InHL-OutHB film 880 1.45 1.81 1.98
Uniform film (PU) 0 5.09 3.78 2.41
InHB-OutHL film —880 9.35 5.69 3.10
Correlation coefficient —0.999 —1.000 —0.991

4. Conclusions

A hydrophobic PU film was prepared by copolymerization of HP-
PDMS with PU, and the hydrophobicity of the film was controlled by
changing the PDMS ratio. A gradient hydrophobic PU film was prepared
by coating the copolymers of PDMS/PU at different ratios successively.
The WCAs of the hydrophilic and hydrophobic sides of the gradient
hydrophobic PU film were 78° and 102°, respectively.

The urea granule was coated with a gradient hydrophobic film by
spray coating. The urea release rate of the coated granules with the
InHL-OutHB film was reduced significantly, while the release rate with
the InHB-OutHL film increased significantly, indicating the unidirec-
tional diffusion via the gradient hydrophobic film. For the coating
amount of 4 %, the release period of the coated urea granules with the
InHL-OutHB film was more than 60 days. It is inferred that the release
period of the coated urea granules can be effectively prolonged by
designing a gradient hydrophobic film.
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