
Chemical Engineering Journal 311 (2017) 318–325
Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier .com/locate /ce j
Fabrication of graphene oxide/polymer latex composite film coated
on KNO3 fertilizer to extend its release duration
http://dx.doi.org/10.1016/j.cej.2016.11.109
1385-8947/� 2016 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: wangtj@tsinghua.edu.cn (T.-J. Wang).
Di An, Boyang Liu, Ling Yang, Ting-Jie Wang ⇑, Chengyou Kan
Department of Chemical Engineering, Tsinghua University, Beijing 100084, China
h i g h l i g h t s
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fluidized bed.

� GO membrane formed from GO
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The application of a polymer film coated fertilizer can increase nutrient utilization efficiency and reduce
environmental pollution, and polymer latex is an environmental friendly coating material with a promis-
ing future. However, because of the hydrophilicity of the film formed from polymer latex, it is difficult to
achieve film coated fertilizer with a long release duration and a low consumption of the coating materials.
Through spray coating in a fluidized bed, the sandwich structure of a composite film, i.e., polymer film/
graphene oxide membrane/polymer film, was coated on KNO3 granules. Because of the longer diffusion
path for the hydrated K+ and NO3

� diffusing within the graphene oxide membrane and the slower diffu-
sion rate caused by cation-p interactions between the hydrated K+ and graphene oxide, the release dura-
tion of the film coated KNO3 fertilizer was extended. For the pure polymer film coated KNO3 granules, the
release duration was 24 days, while the release durations of the composite film coated KNO3 granules
were extended to 26, 29, 34 and 38 days when the amounts of graphene oxide in the coating were
0.18%, 0.72%, 1.43% and 2.86% of the film, respectively. It is shown that graphene oxide has great potential
in applications in the field of controlled release fertilizers.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The application of polymer film coated fertilizer can increase
the nutrient utilization efficiency and reduce environmental pollu-
tion [1–4]. The polymer film coated on the fertilizer granules acts
as a physical barrier to slow down the release rate of the nutrients
to reduce the loss of the fertilizer nutrient in the environment. The
release duration, i.e., the time the coated fertilizer takes to release a
specified percentage of nutrient (e.g., 80%), is an important index
for evaluating the slow release property [5,6]. Generally, for a film
coated fertilizer with a certain amount of coating material, a longer
release duration indicates a better slow release property of the
coated fertilizer.

Currently, there are mainly three types of polymer materials
for producing film coated fertilizer: (1) Organic solvent-based
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polymers used as a coating material. The film coated fertilizer
using this type of coating material usually has a long release dura-
tion. Shaviv et al. [7] measured the release behavior of polyolefin
coated urea in water at 30 �C. The time for the coated fertilizer with
a 35 lm film thickness to release 80% of the nutrients was approx-
imately 30 days. However, the coating process with an organic
solvent-based polymer involves hazardous organic solvents that
not only cause the additional cost of solvent recovery but also
bring risks to the environment and human health [8]. (2) Materials
consisting of two or more components to react to form a ther-
mosetting polymer film, such as a polyurethane film and an alkyd
resin film. The release duration of the film coated fertilizer using
this type of coating material is also long. Li et al. [9] prepared
polyurethane-coated urea and measured the release property by
immersing them in water. The time for the coated urea with a
10–15 lm film thickness to release 60% of the nutrients was
approximately 28 days. (3) A polymer latex in which the continu-
ous phase is water. As the coating process is free from toxic organic
solvents and is easy to control, it is an environmentally friendly
and promising material for producing film coated fertilizer
[10,11]. However, because the film formed from the polymer latex
has hydrophilic characteristics, the as-prepared coated fertilizer
usually has a relatively short release duration. Tzika et al. [12] pre-
pared a film coated compound fertilizer using aqueous latex of a
vinyl-idene-chloride-based copolymer as the coating material.
The time for the coated fertilizer with a 55–60 lm film thickness
to release 80% of the nutrients was only approximately 13 days
in a water environment. Thermal post-treatments for a polymer
latex coated fertilizer at a high temperature can enhance the
cross-linking of the polymer film. The polymer film becomes den-
ser, so the release duration can be extended significantly [13,14].
Yang et al. [13] coated urea using a styrene-butyl acrylate copoly-
mer latex and thermally treated them at 120 �C for 30 min. The
time for the coated urea with an approximately 40 lm thick film
to release 80% of the nutrients was approximately 30 days in a
water environment at 25 �C. However, the release duration of the
polymer latex coated fertilizer after the thermal post-treatment
is still not long enough. To extend the release duration, a thicker
polymer latex film coating is needed, leading to an increase in pro-
duction costs and a decrease of the nutrient contents in the coated
fertilizer.

Graphene oxide (GO) is a type of two-dimensional nanomaterial
with a single-atom thickness. There are large amounts of oxygen-
containing functional groups, including carboxyl, hydroxyl, epoxy
and carbonyl, on GO sheets [15,16]. By stacking GO sheets layer
by layer, a freestanding GO membrane (GOM) was obtained [17],
and it showed an excellent barrier property for different molecules
and ions [18]. Guo et al. [19] deposited a 10 nm thick GOM on a
polyethylene film by the drop cast method. The mercury vapor per-
meability through the composite film was reduced by 60% as the
diffusion path of the mercury molecules was extended. Joshi
et al. [20] studied the penetration properties of ions of different
sizes through a GOM. Because of the size exclusion from the inter-
layer space of the GOM, ions with a hydrated radius of >4.5 Å were
sieved out by the GOM, while the species with a hydrated radius of
<4.5 Å could permeate through. Sun et al. [21] studied the penetra-
tion properties of Cu2+ and rhodamine B molecules in a solution
through a GOM. Neither Cu2+ nor rhodamine B permeation through
the GOM was detected. In recent years, with the development of
the production method of GO, the large-scale preparation of GO
with a high efficiency and a relatively low cost has been achieved
[22]. By composing a GOM in a polymer latex film, the release
duration of a coated fertilizer is expected to be extended by utiliz-
ing the barrier property of the GOM.

In this work, a styrene-butyl acrylate-methyl methacrylate
copolymer latex was used as the coating material, and by compos-
ing a GOM in the polymer latex film, composite film coated KNO3

granular fertilizers were prepared. The release property of compos-
ite film coated KNO3 granules with different GOM coating amounts
were measured, and the diffusion mechanism of KNO3 through the
composite film was analyzed.
2. Experimental

2.1. Materials

The spherical-like potassium nitrate granular fertilizer used
(Weifang Changsheng Nitrate Co., Ltd., China) had a size of 1–
2 mm and a purity of 99.9%. The styrene-butyl acrylate-methyl
methacrylate copolymer latex had 40% solid content, and the latex
microspheres had an average diameter of 80 nm, which were used
as the coating material. The latex was synthesized via a semi-
continuous emulsion copolymerization in the Department of
Chemical Engineering, Tsinghua University. Natural flake graphite
(325 mesh, Qingdao Jinrilai Graphite Co., Ltd., China), which had
a purity of 99.99%, was used to produce graphene in this work.
The chemical regents used include KMnO4 and concentrated HCl
(36–38%) (Beijing Chemical Works, China), concentrated H2SO4

(95–98%) and an H2O2 solution (30%) (Modern Oriental (Beijing)
Technology Development Co., Ltd., China), which were all analyti-
cal reagent (A.R.) grade. The water used in the experiment was
deionized water.

2.2. Synthesis of GO

GO was prepared by a modified Hummers method [23]. Con-
centrated H2SO4 (70 mL) was added to an 800-mL beaker under
mechanical stirring in an ice-water bath, and then, 9 g of KMnO4

was added slowly into the beaker to keep the suspension at a
low temperature. After fully mixing, 3 g of natural flake graphite
was slowly added to the mixture, and the stirring was continued
for 1 h at the low temperature. Successively, the reaction system
was transferred to a 40 �C water bath and stirred for 1 h. Then,
140 mL of deionized water was added slowly, and the solution
was stirred for another 15 min at 98 �C. An additional 450 mL of
deionized water was added, followed by the dropwise addition of
20 mL H2O2. The mixture was filtered and washed with 500 mL
of a 1:10 HCl aqueous solution to remove the metal ions, and it
was then washed with 500 mL of deionized water to remove the
acid. The obtained filter cake was redispersed in 600 mL of deion-
ized water. Then, the solution was further purified to remove the
remaining ions using a dialysis tube with a molecular weight cutoff
of 8000–14,000 g/mol (Sinopharm Chemical Reagent Co., Ltd.,
China) for 10 days. Finally, the solution was stirred for approxi-
mately 10 h and sonicated for 30 min to obtain a stable GO aque-
ous solution.

2.3. Preparation of film coated KNO3 granules

A fluidized bed apparatus used for the coating of KNO3 granules
is shown in Fig. 1.

For preparing the pure polymer film coated KNO3 granules, the
operation procedure is as follows: the fluidization gas was heated
to 50 �C and then supplied to the fluidized bed from the bottom,
and 1 kg of KNO3 granules was put into the fluidized bed and fully
fluidized by the gas. The polymer latex diluted to a solid content of
30% was pumped into a nozzle by a peristaltic pump at a flow rate
of 10 mL/min. The latex was atomized into droplets by the
atomization gas through the nozzle. The droplets were sprayed
and coated the surface of the KNO3 granules in the fluidized bed.
Then, the droplets spread out on the surface and were dehydrated



Fig. 1. Fluidized bed apparatus for the film coating of KNO3 granules. 1- fluidization gas; 2- atomization gas; 3- heater; 4- nozzle; 5- polymer latex or GO solution;
6- peristaltic pump; 7- fluidized bed; 8- vent gas.

Table 2
Operation parameters for different GOM coating amounts.

GOM coating
amount*, %

Mass of
GOM, mg

GO solution
volume, mL

GO solution
concentration, mg/mL

0.22 87.5 50 1.75
0.88 350 100 3.50
1.75 700 100 7.00
3.50 1400 200 7.00

* Mass fraction of the GOM spayed to the composite film.
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by the heated fluidization gas, forming a dense polymer film after
repeatedly coating. After 133.3 mL of polymer latex was sprayed,
pure polymer film coated KNO3 granules were obtained. The mass
of the polymer film coated on 1 kg of granules was 40 g, namely,
the coating amount of the polymer film in the coated KNO3 gran-
ules was 4%. After coating, the coated KNO3 granules were ther-
mally post-treated in the fluidized bed at a temperature of
120 �C for 30 min to enhance the cross-linking of the polymer.
Then, the coated KNO3 granules were removed from the fluidized
bed for the subsequent measurement of the release property. The
specific experimental conditions in the coating process are listed
in Table 1.

For preparing the polymer/GOM composite film coated KNO3

granules, the operation procedure is as follows: first, 66.7 mL of
polymer latex diluted to a solid content of 30% was coated on
1 kg of KNO3 granules in the fluidized bed. Successively, a GO aque-
ous solution was pumped by the peristaltic pump at a flow rate of
10 mL/min and sprayed on the surface of the granules. For different
coating amounts of GOM, the concentration and volume of the GO
aqueous solution were adjusted to ensure a uniform coating on the
KNO3 granules. The parameters for the GO coating are listed in
Table 2. After the GO solution was sprayed, a small amount of gran-
ules was sampled from the fluidized bed for observing the mor-
Table 1
Experimental conditions in the film coating process of
KNO3 granules.

Polymer film coating amount*, % 4
Flow rate of the fluidization gas, m3/h 135
Temperature of the fluidization gas, �C 50
Flow rate of the atomization gas, m3/h 3.5
Pressure of the atomization gas, MPa 0.3
Spray rate of the coating material, mL/min 10
Thermal post-treatment temperature, �C 120
Thermal post-treatment time, min 30

* Mass fraction of the polymer film to the KNO3

granules.
phology of the granule surface. Finally, the other 66.7 mL of
polymer latex diluted to a solid content of 30% was coated on the
granules. The total mass of the polymer film was 40 g for each
experiment. After the thermal post-treatment, the composite film
coated KNO3 granules were taken out to measure their release
property. The experimental conditions were the same as those
for preparing the pure polymer film coated KNO3 granules, as listed
in Table 1.

The actual amount of polymer film coated on granuleswas deter-
mined as follows: the pure film coated KNO3 granules sample of
4.0060 g were weighed precisely. Then, the granule was cut into
two parts and put into the deionized water to dissolve the KNO3.
After the KNO3 was dissolved completely, the polymer films were
collected and washed by water to remove KNO3 completely. Then
the whole films collected were dried in an oven at 80 �C for 2 h to
remove thewater completely andweighed themass asM. Theactual
mass fraction of the polymer film to the coated KNO3 granules was
calculated by u = M/4.006 � 100%. As the amount of GO coated on
granules was too little to be weighed, the actual coating amount
was estimated from the thickness of GOM in the composite film.

2.4. Measurement of the release property of the film coated KNO3

granules

The measurement of the release property was carried out
according to the National Standard of China (GB/T 23348-2009)
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as follows: 10.0 g of coated KNO3 granules were weighed accu-
rately and put into a mesh bag of nylon. Then, they were put in a
sealed flask containing 200 mL of deionized water, and the flask
was then placed in an incubator at 25 �C. The concentration of
NO3

� was measured to calculate the cumulative release percentage
of KNO3. The whole solution was taken out to measure the concen-
tration, and then, 200 mL of fresh deionized water was added to
the flask. The sampling times were set for the 1st, 3rd, 5th, 7th,
10th, 14th, 20th, 28th, 36th, 48th, 62nd and 76th days. The cumu-
lative release percentage of the coated KNO3 granules was calcu-
lated by the release amount divided by the amount of KNO3 core.
The release duration was determined as the time for the film
coated KNO3 granules to release 80% of the KNO3.
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2.5. Characterization

The X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted using an ESCALAB 250 photoelectron spectrometer
(Thermo-Fisher Scientific, UK) with Al Ka as the X-ray source at
150 W. The Raman spectroscopy analysis was conducted using a
LabRAM HR800 spectrometer (Horiba Jobin Yvon, France) with an
excitation laser beam wavelength of 532 nm. The X-ray diffraction
(XRD) analysis was conducted using a D8 Advance X-ray diffrac-
tometer (Bruker, Germany) with Cu Ka radiation. The morphology
of the granules whose outermost surface was coated by a GOM and
the cross-section morphology of the film coated KNO3 granules
were examined using a high-resolution scanning electron micro-
scope (SEM, JSM7401, JEOL, Japan). The concentration of NO3

�

released in the solution was determined using a TU-1900 UV–vis
spectrophotometer (Beijing Purkinje General Instrument Co., Ltd.,
China) by measuring the absorbance of the released solution at a
wavelength of 210 nm [24].
292 290 288 286 284 282 280

Binding Energy (eV)

Fig. 2. XPS spectra of GO: (a) before the thermal post-treatment; (b) after the
thermal post-treatment.
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Fig. 3. Raman spectra of GO before and after the thermal treatment.
3. Results and discussion

3.1. The effect of the thermal post-treatment on GO

The thermal post-treatment of the film coated KNO3 granules
can enhance the cross-linking of the polymer film and extend the
release duration significantly [13,14]. For the composite film
coated KNO3 granules, a thermal post-treatment at a temperature
of 120 �C for 30 min also affected the properties of GO in the com-
posite film. Fig. 2 illustrates the C 1s XPS spectra of GO before and
after the thermal post-treatment. The peaks at binding energies of
284.8, 286.9, 288.4 and 289.0 eV correspond to the carbon atoms of
C@C/CAC in aromatic rings, CAO (epoxy and alkoxy), C@O
(carbonyl) and COOH (carboxyl), respectively [25,26]. As shown
in Fig. 2, the intensity of the CAO peak decreased slightly
after the thermal post-treatment, and the ratio of carbon to oxygen
(C/O) from the XPS measurements accordingly increased from 2.97
to 3.23.

Fig. 3 presents the Raman spectra of GO before and after the
thermal post-treatment. The intensity ratio of the D band at
1333.4 cm�1 to the G band at 1597.7 cm�1, i.e., ID/IG, increased
slightly from 1.22 to 1.32 after the thermal post-treatment, indi-
cating that more sp2 regions were formed [27]. Fig. 4 shows the
XRD patterns of GO before and after the thermal post-treatment.
The peak position for GO before the thermal post-treatment was
2h = 12.5�, corresponding to an interlayer spacing of 7.09 Å, while
the peak for GO after the thermal post-treatment showed a shift
to a higher 2h angle of 13.4�, corresponding to an interlayer spacing
of 6.60 Å. The decrease in the interlayer spacing of GO after the
thermal post-treatment was attributed to the partial removal of
oxygen-containing functional groups from the GO sheets. The
above results indicated that GO was reduced to some extent after
the thermal post-treatment, in agreement with the results
reported by Mei et al. [28]. However, because the temperature of
the thermal post-treatment in this work was lower and the treat-
ment time was substantially shorter than those in the literature
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Fig. 4. XRD patterns of GO before and after the thermal post-treatment.
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report [28], the degree of reduction of GO in this work was signif-
icantly lower.
3.2. The structure of film coated KNO3 granules

The cross-sectional morphologies of the pure polymer film
coated KNO3 granules and the polymer/GOM/polymer composite
film coated KNO3 granules are shown in Fig. 5. The two types of
films were continuous and dense and had nearly the same thick-
ness of 20–25 lm, in which the coating amount of the polymer film
was both 4%. For the preparation process of the composite film
coated KNO3 granules, a layer of polymer film was first coated on
the KNO3 granules. This layer of polymer film not only reduced
the release rate of KNO3 but also played an important role as a
water barrier for the GO coating process, in case the KNO3 granules
were dissolved in the high humidity environment of the fluidized
Fig. 5. Cross-sectional morphology of the film coated KNO3 gr
bed caused by the spraying of the dilute GO solution in the subse-
quent process. Then, in the process of coating the GOM, the GO
solution was atomized into droplets containing GO sheets, and
the droplets were sprayed and coated on the surface of the gran-
ules. The water in the droplets on the surface of the KNO3 granules
evaporated rapidly in the heated fluidization gas, leaving the GO
sheets stacked layer by layer and forming the GOM. By observing
the morphology of the GOM on the surface of the granules, it
was found that the GOM was flat and continuously coated the
entire granule completely, as shown in Fig. 6. Finally, the other
layer of polymer film was coated on the granules. This outermost
layer of polymer film not only reduced the release rate of the nutri-
ents but also protected the GOM from being worn away because of
the impaction and friction between granules. Finally, the compos-
ite film with the sandwich structure, i.e., polymer/GOM/polymer
film, was coated on the granules. The cross-sectional morphology
of the composite film peeled from the granule showed that the
GO sheets forming the GOMwere well packed, and for the compos-
ite film in which the GOM coating amount was 1.75% of the film,
the thickness of the GOM was approximately 350 nm, as shown
in Fig. 7.

The actual amount of polymer film in 4.006 g of the pure film
coated KNO3 granules was measured to be M = 0.1507 g, which
indicated the actual coating amount of the polymer film to the
coated KNO3 granules was u = M/4.006 � 100% = 3.76%. Therefore,
for the experiment with 1000 g KNO3 granules and the mass of
polymer film spaying of 40 g, the coating efficiency of polymer film
was calculated to be 97.8%. The loss was resulted from the friction
between granules and the entrainment of the fluidization gas. The
coating amount of GO was estimated from the thickness of GOM in
the composite film, as shown in Fig. 7. From Fig. 7, the thickness of
GOM and polymer film were 350 nm and 29.5 lm, respectively.
The density of GOM and polymer film measured were 1.206 g/
cm3 and 1.049 g/cm3, respectively. Then the fraction of GOM to
polymer film was calculated to be 1.43%. For 1000 g KNO3 granules,
the actual coating amount of GO was calculated to be 0.5587 g.
From 0.7 g of the amount of GOM sprayed, the coating efficiency
anules: (a) the pure polymer film; (b) the composite film.



Fig. 6. Surface morphology of the GOM coated on the KNO3 granules (the incision was cut using a knife intentionally).

Fig. 7. Cross-sectional morphology of the composite film peeled from the coated KNO3 granules (the spraying amount of GOM is 1.75%).
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of GO was calculated to be 79.8%. So the actual GOM coating
amounts were 0.18%, 0.72%, 1.43% and 2.86% when sprayed
0.22%, 0.88%, 1.75% and 3.50%, respectively.

3.3. The release property of film coated KNO3 granules

For pure film coated KNO3 granules, the mass of KNO3 core in
the granule sample was 10.0 � (1�u) = 9.624 g. For composite film
coated fertilizer, the mass of GOM was ignored as the amount was
very little, so the mass of KNO3 core was also taken to be 9.624 g.
The cumulative release percentages of the coated KNO3 granules
with different amounts of GOM in the coating are shown in
Fig. 8. It was found that the addition of trace amounts of GOM in
the polymer film extended the release duration of the coated
KNO3 granules significantly. The larger the amount of the GOM
in the composite film was, the longer the release duration of the
film coated KNO3 granules was. Specifically, the release duration
of the pure polymer film coated KNO3 granules was 24 days, while
the release durations of the composite film coated KNO3 granules
were 26, 29, 34 and 38 days when the amounts of GOM in the coat-
ing were 0.18%, 0.72%, 1.43% and 2.86%, respectively.

To clearly understand the slow release mechanism, the release
rate, i.e., the release percentage per day (%/d), changing with time
was calculated through the differential treatment of the cumula-
tive release curve, as shown in Fig. 9. It was found that the release
rate of the film coated KNO3 granules in the first several days was
very fast, and the addition of the GOM slowed down the release
rate, as shown in the inset of Fig. 9. It is known that the GO sheets
contain pristine regions, oxidized regions and a small fraction of
holes. In the pristine region, the C atoms are bonded in an sp2

hybridization. In the oxidized region, there are a large amount of
oxygen-containing functional groups, including carboxyl, hydroxyl,
epoxy and carbonyl, and the atoms are bonded in an sp3 hybridiza-
tion [15,16,29]. The holes were formed during the preparation pro-
cess because of the aggressive oxidation and exfoliation [29,30].
When the GO sheets stack together to form the GOM, the oxidized
regions keep the adjacent GO sheets apart, while the pristine
regions are connected to form networks of nanocapillaries within
the GOM [31,32]. The interlayer spacing within the GOM in the
fully wetted state is 9–10 Å [20,31], and the diameters of the
hydrated K+ and NO3

� are 6.62 Å and 6.7 Å, respectively [33], which
are smaller than the interlayer space. Therefore, the hydrated K+

and NO3
� could diffuse within the tortuous networks of the

nanocapillaries in the GOM and permeate through the GOM, and
the diffusion path in the composite film was longer than that in
the pure polymer film. The hydrated K+ could interact with the
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sp2 clusters in the pristine regions of GO sheets through cation-p
interactions, which are noncovalent interactions between cations
and the aromatic p-electron cloud [34–36]. The thermal post-
treatment partially reduced the GO, leading the hydrated K+ to
interact with more sp2 clusters. The cation-p interactions resulted
in the slow diffusion rate of the hydrated K+, as well as the
hydrated NO3

�, because of the charge neutrality in the solution.
The longer diffusion path and slower diffusion rate resulted in
the reduced release rate of the composite film coated KNO3 gran-
ules compared with the pure film coated KNO3 granules. With
the increase in the amount of GOM in the composite film, the
length of the diffusion path increased, so the release rate decreased
accordingly, as shown in Fig. 9. The decreased release rate of com-
posite film coated fertilizer in the first several days can further
reduce the loss of excess nutrient released, increase the nutrient
utilization efficiency, and decrease the fertilizing cost and environ-
ment pollution effectively.

When the film coated KNO3 granules were soaked in water, the
hydrophilic polymer film swelled over time [37]. It is reported that
the swelling of a polymer film results in the narrowing of the dif-
fusion channels of the polymer film, leading to a decrease in the
permeability coefficients of molecules and ions through the poly-
mer film [13]. Therefore, in the first several days, the polymer film
started to swell, and the release rate decreased dramatically for the
film coated KNO3 granules. Several days later, the swelling of the
polymer film reached equilibrium and the permeability coefficient
of molecules and ions remained constant [13], so the release rate
then changed little afterward, as shown in Fig. 9. Compared with
the pure film coated fertilizer, the composite film coated fertilizer
with longer release duration supplies more nutrient to plants in
the last days of release period, and it can meet the nutrient demand
of plants with longer growth period, with a consequent of decreas-
ing fertilizing frequency and the saving in spreading costs.
4. Conclusions

Composite film coated KNO3 granules with the sandwich struc-
ture, i.e., polymer/GOM/polymer film, were prepared through
spray coating in a fluidized bed. The GOM formed from the stacked
GO sheets coated the entire granule completely, and GO was par-
tially reduced in the thermal post-treatment process of the film
coated KNO3 granules. The composition of the trace amounts of
GOM in the polymer film extended the release duration of the film
coated KNO3 granules significantly. The longer diffusion path for
the hydrated K+ and NO3
� within the GOM and the slower diffusion

rate caused by the cation-p interactions between the hydrated K+

and the pristine regions of the GOM contribute to the longer
release duration of the composite film coated KNO3 granules com-
pared with that of the pure film coated KNO3 granules. With the
increase of the amount of GOM in the coating, the length of the dif-
fusion path increased, and the release duration was extended.

The decreased release rate especially in the first several days of
composite film coated KNO3 granules could reduce the loss of
excess nutrient and environment pollution effectively. The GO in
the composite film was in the form of the GO membrane, which
would hardly cause potential risks to soil environment [38,39].
The reduction degree of GO in this work was very low, since the
reduced GOM with high reduction degree can delay ionic diffusion
more effectively because of the decreasing of interlayer spacing of
GOM [31,40], it is expected that increasing the reduction degree of
GOM in the composite film can extend the release duration of the
coated fertilizer. It is inferred that GO has a promising application
in the field of controlled release fertilizers, particularly when the
GO is produced in large scale at a relatively low cost.
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