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Abstract Graphene oxide (GO) was modified by 3-
methacryloxypropyltrimethoxysilane (MPS) to obtain
modified graphene oxide (MGO). MGO was dispersed
in urushiol-formaldehyde polymer by mechanical mix-
ing and ultrasonic dispersion, and MGO/urushiol-
formaldehyde polymer (UFP) coatings with different
MGO contents were fabricated. The microstructure,
physico-mechanical properties, and electrochemical
properties of the MGO/UFP composite coatings were
investigated. The results indicated that the hardness,
adhesion, and corrosion resistance of the MGO/UFP
composite coatings were obviously enhanced com-
pared with the pure UFP coatings. The hardness and
the adhesion grade of the MGO/UFP composite
coatings with 3.5 wt% MGO (GO, 1.5 wt%, and
MPS, 2.0 wt%) reached 6H and 2, respectively. Addi-
tionally, GO connected with MPS by chemical bond
and the well-dispersed MGO in UFP could signifi-
cantly enhance the anticorrosion performance of the
UFP coatings, which could result from bending the
diffusion pathway of penetrant species in the UFP
coating matrix.
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Introduction

Raw lacquer, a renewable raw resource derived from
lacquer trees grown in the Asia region,' has been
considered a promising natural coating material due to
superior barrier properties against oxygen and water,
good durability, chemical resistance, and mechanical
properties. However, the shortcomings of slowly dry-
ing speed and poor workability of oriental lacquer
form a major obstacle for its application. In view of
this, it is necessary to modify raw lacquer or develop
new lacquer-based materials. The urushiol-formalde-
hyde polymer (UFP) coating, a type of modified
urushiol paint having excellent physical and chemical
properties, was mainly developed for application in
the coatings field with high properties, e.g., heavy
anticorrosive properties.””

Nevertheless, the development of UFP suffers from
several limitations due to the presence of low tough-
ness and low alkaline resistance, which make it
exhibit a poor membrane feature. In recent years,
the superior properties of graphene oxide (GO) as a
potential nanofiller for the polymer composite coating
have attracted great attention by researchers in both
academic and industrial fields. The astounding prop-
erties of GO for its application in the field of
anticorrosion coating include remarkable liquid and
gas barrier,” excellent chemical and thermal stabil-
ity,” compelling mechanical stiffness and strength,
and anticorrosion, antimicrobial, and antifouling fea-
tures.® Therefore, GO has been successfully used as
anticorrosive additives to improve the formulation of
the Bolleer coatings and conventional organic coat-
ings.”'" The development of GO-polymer-functional-
ized composite coatings is a potential method to
effectively enhance anticorrosion properties and phy-
sico-mechanical properties of the coatings used for
industrial equipment anticorrosion protection.'> At
present, the dispersibility of GO is a bottleneck for
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the preparation of GO-polymer composite coatings,
which strongly restricts its application in various
fields. Physical dispersing methods such as ultrasonic
dispersion can improve the dispersion of graphene in
polymer to some extent.'” Comparatively, chemical
modification cannot only suppress the stacking and
aggregation of GO, but also overcome the shortcom-
ing of poor compatibility with polymers. To date, the
modification of GO by grafting of chemical groups
using silane such as vinyltris(2-methoxyethoxy)silane
(TMEVS), 3-aminopropyltrimethoxysilane (APS), (3-

aminopropyl)triethoxysilane (APTES), 7-(2,3-
epoxypropoxy)propyltrim-ethoxysilane (GPTMS),
and  3-methacryloxypropyltrimethoxysilane (MPS)

has been applied in the preparatlon of nanocompos-
ite.'>!*"1® The challenge is the option of the silane
coupling agents to synthesize well-distributed silane-
functionalized monolayer GO for the composite
coatings.

In this work, modified graphene oxide/urushiol-
formaldehyde polymer (MGO/UFP) coatings from
raw lacquer were prepared in order to improve the
physico-mechanical properties and enhance the corro-
sion resistance of the UFP coating. The effects of the
type of silane coupling agents on the dispersion
stability of graphene oxide in UFP were investigated.
The effects of MGO content on the morphology,
structural composition, and physico-mechanical prop-
erties of as-fabricated MGO/UFP composite coatings
were discussed. Also, the corrosion resistance of the
novel MGO/UFP composite coated onto tinplate was
evaluated through electrochemical measurements and
acid, alkali, and salt immersion tests. The potential
application of the MGO/UFP composite coatings
based on natural high polymer from raw lacquer was
evaluated in the study.

Materials and methods
Materials

Raw lacquer sap was purchased from a local company
located in AnKang, Shaanxi Province, China. The pure
urushiol was obtained through xylene extraction, as
described in the literature.'” Potassium permanganate,
sulfuric acid, hydrogen peroxide, hydrochloric acid,
methanol, ethanol, acetone, xylene, aqueous ammonia
solution, formaldehyde, vinyltris(2-methoxyethoxy)si-
lane (TMEVS), (3-amino-propyl)-trimethoxysilane
(APS), (3-aminopropyl)triethoxysilane (APTES), 3-
methacryloxypropyltrimethoxysilane (MPS), and other
chemical reagents were of analytical reagent grade.
Graphite powder (particle size < 20 pm) was provided
by Chinese Academy of Sciences Chengdu Organic
Chemical Co., Ltd.
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Synthesis and dispersion stability of MGO
suspension

Graphene oxide (GO) was synthesized according to
modified Hummers method from natural graphite.'®
Four silane coupling agents (TMEVS, APS, APTES,
and MPS) were used for the synthesis of MGO
suspension. Typically, 0.05 g of the as-prepared GO
was first dispersed in 5 mL of xylene as a solvent to
form a suspension with concentration of 0.5 mg/mL by
ultrasonication for 2 h. After that, MPS was added into
the above as-obtained MGO suspension with xylene/
MPS ratio of 50 and sonicated for 30 min. Then, the
MGO suspension was prepared under vigorous stirring
at room temperature for 30 min until a stable solu-
tion was achieved. Finally, the MGO suspension with
the content of 1.0 wt% GO was typically prepared.
The synthesis of MGO suspension using other
silane coupling agents followed a similar procedure to
the synthesis of MGO using MPS.

The effect of the type of silane coupling agents on
the dispersion stability of the MGO suspension was
investigated. The dispersion stability of the MGO
suspension was determined using a WFZUYV 2100 UV-
Vis spectrophotometer (Formulaction, France). The
spectrophotometer detected the backscattering and
transmission of monochromatic light (4 =295 nm)
through the samples. The experiment programs were
as follows: GO/silane coupling agent suspension (20%
w/w) was added into a centrifuge tube. Then, the GO/
silane coupling agent suspension was conducted using
5415D centrifuge at 1000 rpm/min for 10 min. After
that, the upper liquid of the GO/silane coupling agent
suspension was diluted to 2000 times. The ratio of
absorbance (R;o) was calculated in accordance with the
following equation'®?°

R10 = A10/A0 X 100%

in which Ry is the ratio of absorbance (%), Ay is the
absorbance of the precentrifugal sample, and Ay is the
absorbance after centrifugation 10 min. At the given
equation, the higher the Ryy value is, the better the
stability.

Synthesis of the GO/UFP and MGO/UFP
composite coatings

GO/UFP and MGO/UFP composite coatings with
different compositions were prepared by solution blend-
ing method (see Table 2). Urushiol-formaldehyde poly-
mer (UFP) was synthesmed according to described
previously method.” In a typical procedure for the
synthesis of MGO/UFP, 3.0 wt% of GO/MPS (1:2, w/w)
was dispersed in 10 mL of xylene as a solvent through
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ultrasonication for 120 min to achieve a uniform dis-
persion. Next, 10.0 g of UFP (UFP:MGO, 100:3) was
added into the MGO suspension with xylene/MGO ratio
of 100/3 (mL/w). Then, the solution was mixed at room
temperature by a mechanical stirrer at 1000 rpm/min
until getting a uniform dope solution. The synthesis of
GO/UFP followed a similar procedure to that of MGO/
UFP. The as-prepared GO/UFP and MGO/UFP sam-
ples were labeled as GU and MGU, respectively.

Preparation of the MGO/UFP composite films

The liquid composite coatings were poured and painted
on clean dried tinplate and glass sheets by roll coating
method at ambient temperature, and the coated samples
were kept at room temperature for 24 h before mea-
surement. The films formed on tinplates with a size of
120 mm x 50 mm x 2 mm were used for mechanical
tests including thickness, adhesion, and hardness. The
films formed on tinplates with a size of 30 mm x 50
mm x 2 mm were used for the electrochemical im-
pedance spectroscopy (EIS) test. Drying time and
chemical corrosion-resistant properties of the samples
were obtained using the glass sheets (60 mm x 20
mm x 2 mm). The films were peeled from the glass
sheets (30 mm x 50 mm x 2 mm) by immersing into
deionized water under 100°C for 5 min; then, the films
were dried in a thermostatic drying oven at 120°C for
2.5h to determine the cross-sectional and surface
morphologies (SEM) and chemical state (XPS). In
addition, the UFP film without GO and the GO/UFP
film without silane coupling agent were also prepared
on the tinplates and glass sheets as a reference sample.

Characterization of the MGO/UFP composite
coatings

The physico-mechanical property tests including thick-
ness (coating thickness gauge), drying time (drying
time tester), adhesion (QFD-type electric paint film
adhesion tester), and hardness (QHQ-type pen-
cil hardness test apparatus) of the MGO/UFP com-
posite coatings were performed.

The surface chemistry of the UFP, MGO/UFP, and
GO/UFP coatings was analyzed by PerkinElmer FTIR
spectroscopy and X-ray photoelectron spectroscopy
(XPS). The FTIR test was carrled out in the wave-
length range of 4004000 cm™ . The x-ray photoelec-
tron spectroscopy (XPS) was obtained by a
ThermoFisher Scientific ESCALAB K-Alpha spec-
trometer. The experiment program was as follows: Al
Ka was used as the radiation source at a pressure of
1077 mbar under the voltage of 5 kV, and the shift of
binding energies (BE) was calibrated Wlth respect. The
surface morphologies of the prepared coatings were
examined by S-4800 field emission scanning electron
microscopy (SEM, Hitachi Ltd., Japan) analysis. The
phase crystallinity and composition of the prepared

coatings were measured by XRD (D8 Advance A25,
Bruker). Cu Ka was used as the radiation source at the
voltage of 40 kV and the emission current of 30 mA.

The thermostability of the prepared coatings was
analyzed by a thermogravimetric analyzer (TGA/
SDTAS851°, Mettler-Toledo). In the TGA-DTG analy-
sis, the temperature program was as follows: tempera-
ture region of 25-600°C, 10°C/min up to 600°C. Nitrogen
was used as a carrier at a flow rate of 40 mL/min.

Chemical corrosion-resistant property

In order to characterize the anticorrosive performance
of the MGO/UFP composite coatings, the corrosive
experiment in chemical solution was carried out. The
coated glass plates as samples were immersed in 30%
H,S0,4, 10% NaOH, and 3% NaCl solution for 14 days
at room temperature, and visual observations were
carried out for the loss of light, color, or the formation
of foam on the coatings surface. The samples were
checked every 24 h, and images were recorded to
validate the electrochemical impedance spectroscopy
(EIS) results. The test was repeated twice as a
electrochemical reference sample.

Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization curve measurements
were taken on a PGSTAT 30 electrochemical work-
station using 3.5 wt% NaCl as the test solution and a
three electrode as cell configuration for both Tafel
plots and EIS tests: a platinum electrode as the counter
electrode, a saturated calomel electrode (SCE) as the
reference electrode, and the coated MGO/UFP tin-
plate sample as the workmg electrode with an exposed
area of 1 cm”. The polarization curve tests were as
follows: the applied potential between — 0.25 and
+ 0.25 V relative to open-circuit potential (OCP) at
scan rate of 1 mV/s on 1 cm? anode. The EIS test was
as follows: the frequency range of 0.01 Hz to 100 kHz
using a sinusoidal voltage of 10 mV as the amplitude in
order to minimize the external interference on the
system.

Results and discussion
The dispersion stability of the GO suspension

The dispersion stability of the GO suspension by adding
different silane coupling agents was investigated
(Fig. 1). As can be seen from Fig. 1, the Ry, values of
all suspensions after 60-min ultrasonic-assisted treat-
ment were ranked as follows: GO/TMEVS < GO/
APTES < GO/APS < U < GO/MPS. Under the same
GO content for all the samples, the greater the Ry, value
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Fig. 1: The absorbance ratios (Rio) of A,o/A, for the GO
suspension using the UV/VIS spectrophotometer of
different GO samples with different silane coupling agent.
The A, value corresponds to the centrifugal absorbance
after 10 min related to GO suspension and A, corresponds
to the absorbance of the pre-centrifugal sample

of GO/silane coupling agent suspension after ultrasonic
treatment with xylene, the better the dispersion stability.
The GO/MPS suspension with ultrasonic assistance
showed the highest Ry value (6.25%) among the five
GO suspensions. Meanwhile, the other R value of GO/
TMEVS suspension with xylene was reduced to 0.11%,
which corresponded to the lowest dispersion stability. It
has been reported that silane coupling agent could be
used for the functionalization of covalent bond of GO
through the reaction between the hydroxyl group from
the hydrolysis of siloxane and the hydroxyl group on the
surface of GO, thus improving the stability of GO
suspensions and the compatibility between GO and
the organic polymer matrix.”> GO/TMEVS exhibited
the weakest dispersion stability, most likely due to its
long carbon chain of silicon-alkoxy, leading to the
slowest rate of hydrolysis reaction. The dispersion
stability of GO/APTES was poorer than GO/APS and
GO/MPS because the hydrolysis rate of ethoxy groups in
APTES was slower than that of methoxy groups in APS
and MPS.?! Furthermore, it is noted that GO/APS
showed poorer dispersion stability compared with GO/
MPS. The possible reason was that the amino group in
APS preferentially reacted with the carboxyl groups
located on the edge of surface of GO, which inhibited the
reaction between hydroxyl from the hydrolysis of APS
and hydroxyl located on the surface of GO.”** Further
investigation would be needed to explore the mecha-
nism in detail. In this work, comparing the results with
other studies reported in the literature," it was found
that MPS grafting onto the GO surface was able to
decrease the settling velocity of the GO suspension and
GO spatial distributions might have a great significance
for the suspension stability. As a result, MPS was chosen
as a chemical modified additive since it played an
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important role in subsequent interfacial interaction on
the surface of UFP and graphene oxide.

Characterization of the MGO/UFP composite
coatings

FTIR analysis

As shown in Fig. 2a, after reacting with HCHO,
several peaks intensity decreased in the spectrum of
UFP compared with those of fresh urushiol. Peaks at
3500, 1180, and 1250 cm ™! could be ascribed to the O—
H stretching vibration and C-O and fo_y stretching
vibration, respectively, probably owing to the decrease
in the number of the hydroxyl group on the phenyl ring
and the formation of polymers corresponding to the
hydroxyl group on the phenyl ring of urushiol.**
FTIR analysis was further carried out to verify the
chemical grafting between GO and UFP. As shown in
Fig. 2b, after chemical grafting of the GO with UFP,
the intensities of the FTIR peaks of GO/UFP corre-
sponding to the oxygen functionalities, such as the
C=0 stretching vibration peak at 1726 cm™', the
vibration and deformation peaks of O-H groups at
3395 and 1410 cm ™', respectively, the C-O (epoxy)
stretching vibration peak at 1226 cm™ !, and the C-O
(alkoxy) stretching peak at 1052 cm ™' decreased dra-
matically, and some of them disappeared entirely. The
groups between most oxygen functionalities in the GO
and hydroxy groups in UFP were removed, which
confirmed that GO was successfully grafted onto the
UFP polymer matrix through the chemical reaction.
Upon treatment with MPS, the C=O stretching
vibration at 1733 cm~ ! in GO became obscured by the
appearance of a stronger absorption at 1623 cm ' that
could be attributed to C=0 from MPS, as shown in
Fig. 2b. The new bending and asymmetric vibrations at
1646, 958, and 571 cm ™' could be assigned to Si-O-C,
Si—OH, and Si-O-C bonds, respectively. The new band
at 1096, 804, and 472 cm™~! could originate from the
silanes moieties tendency to self-reaction in the bulk of
solution instead of GO surface and corresponded to
the coupling of the Si—O-Si stretching vibration with
the silanes deformation vibration (Fig. 2b), while those
at 2800, 2770, and 2690 cm ! could be assigned to the
stretching vibration of CH,. Compared with typical
CH, bands (1350, 1465 and 2853, 2926 cm ™), all the
intensities of these bands were decreased, suggesting
that it was characteristic of UFP with methylene
groups. In addition, the characteristic peaks of UFP
also appeared at 3370-3520 cm ™' in the spectrum of
MGO/UFP, all bands shifted to a low wave number
and became broader, which demonstrated the success-
ful crosslink between UFP and MGO for the forma-
tion of interpenetrating polymer networks at
interfaces. Compared to the peaks of UFP, it was
obvious from FTIR spectra that silane molecules bond
grafted on GO surface through the chemical reaction
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Fig. 2: FTIR spectra of neat UFP and urushiol (a), GO, UFP, GO/UFP and MGO/UFP (b) films
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Fig. 3: XRD of the UFP, GO/UFP and MGO/UFP coating

with functional groups and higher amount of MGO
crosslinked onto the UFP as polymer matrix.

Phase composition of the MGO/UFP composite
coatings

XRD patterns of the UFP, GO/UFP, and MGO/UFP
samples are given in Fig. 3. As can be seen, wide-angle
X-ray diffraction showed a very broad peak at 19.9°
owing to the presence of amorphous structure domains
in the UFP films which was characteristic of UFP.*
The XRD pattern of the GO/UFP sample was similar
to that of the UFP, and no obvious characteristic
diffraction peaks of GO were observed because of its
low loading content and weak crystallization. Com-
pared with the GO/UFP sample, the diffraction peaks
at 19.9° of the MGO/UFP samples were sharp and
intense, indicating their more highly crystalline nature
than the GO/UFP sample.'”” This might be because
graphene acting as nucleating agents promoted the
heterogeneous nucleation of UFP polymer on the
surface of MGO and further induced them to crystallize.

Similar findings have been reported in previous stud-
ies,”® which showed that the addition of graphene
nanosheets could efficiently accelerate the crystalliza-
tion rate of polypropylene in graphene/polypropylene
nanocomposites. Thus, incorporation of MGO into the
UFP matrix tended to modify its crystallinity, which
could eventually improve the tensile strength of the pure
UFP films.”’

Additionally, there were new decreased and dimin-
ished humps at 260 = 10.9°, indicating the presence of
GO.">?® No impurity peaks were observed, confirming
the high purity of the MGO/UFP films.

Microstructure and chemical composition of the MGO/
UFP composite coatings

In this experiment, SEM micrographs in Fig. 4 show
the bulk structural information on the MGO/UFP,
GO/UFP, and pure UFP films. There was no visible
agglomeration and protuberance or swelling behavior
in the surface morphologies of the MGO/UFP (Fig. 4
a) composite films by comparing with the GO/UFP
composite films (Fig. 3c), indicating that the GO was
well dispersed in the UFP since forming covalent
bonding between MPS molecules and GO surface
(hydroxyl on surface, carboxylic at edges and epoxide
in the basal plane), which was similar to the one
observed from the FTIR results.”® After silane
molecule-grafted reaction with graphene oxide, the
images on some agglomerations in Fig. 4b of MGO/
UFP composite samples were related to strong inter-
facial interaction of MGO with UFP polymer matrix
and GO molecules were aggregated on UFP (Fig. 4c)
compared to the smooth surface of the MGO/UFP
composite film (Fig. 4a), which could demonstrate that
the microstructure compactness of the MGO/UFP
composite coatings can be improved to act as a barrier
against corrosive agents and effectively protect base
metal from corrosion.'*?**" Meanwhile, the incorpo-
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(C)

Fig. 4: SEM images from cross sections of (a) the MGO/UFP composite coatings on silicon chip substrate, (b) high
magnification image of MGO/UFP coating, (c) the GO/UFP coating and (d) the pure UFP coating

ration of MGO suspension in the UFP was supposed to
improve the surface adhesion of the UFP coatings by
establishing a interfacial interaction between MGO
and UFP.?

XPS analysis

The XPS analysis was carried out to determine the
surface structure of the MGO/UFP composite coatings.
The main structural information of the MGO/UFP
composite films surface including O 1s, C 1s, and Si 2p
are shown in XPS survey spectrum (Fig. 5a). The C 1s
spectrum exhibited six contributions located at, respec-
tively, 283.7, 284.8, 287.7, 285.6, 286.6, and 289 eV
(Fig. 5b), which could be assigned to C-Si, C-C/C=C,
C-0, C-0/C-0-8i, C-O-C, and O-C=0. The O 1s
signals at, respectively, 530.2, 531.3, 532.2, 532.8, and
532.8 eV were related to five Gaussian-Lorentzian
peaks including O-C=0, C=0, C-0/C-0-Si, Si-O-Si,
and C-O-C/OH (Fig. 5¢).>’ The Si 2p spectrum clearly
evidenced the presence of two chemical environments
for silicon atoms (Fig. 5d). The spectrum has been
fitted by considering two resolved doublets (with a
spin—orbit splitting between 2p3/2 and 2p1/2). The first
predominant doublet, present at 101.2 eV, is charac-
teristic of Si—C. The second one, with a higher
intensity, was located at higher binding energies,
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102.3 eV, and corresponded with the FTTIR results,
which confirmed that the MPS molecules were grafted
on the GO surface in two forms of chemical bonding
with hydroxyl and carboxylic functional groups. Mean-
while, it could be clearly found that these UFP polymer
molecules completely crosslinked to MGO via inter-
penetrating polymer interface and forming a hydrogen
bond. As can be seen from Table 1, the Si 2s signal,
respectively, included 59.38% Si—O-Si and 40.62% Si—
C peaks, which indicated that most of the silanes
moieties successfully grafted onto the GO surface for
the formation of the MGO/UFP composite coatings
and these results were completely consistent with the
FTIR analysis described above.?®>?

Physico-mechanical properties of the MGO/UFP
composite coatings

The study of the physico-mechanical properties involv-
ing thickness, drying time, adhesion, and hardness in
the resultinzg composite coatings is essential for its
application.”** The physico-mechanical properties of
the GO/UFP and MGO/UFP composite coatings with
different GO content (GO, 0.5-2.0 wt%) were studied
and are listed in Table 2. As can be seen, the addition
of GO to the natural UFP significantly improved the
adhesion and hardness at room temperature. The GO/
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Fig. 5: (a) XPS survey spectrum and high resolution spectra of the MGO/UFP composite coatings (b) C 1s, (c) O 1s and (d)

Si 2s

Table 1: The XPS results for the MGO/UFP composite sample

Signals Bonds Energy of bonds/eV Components/%
C1s C-C/C=C 284.70 39.03
c-O 287.60 1.20
0-C=0 288.60 6.07
Cc-0-C 286.50 10.18
C-0/C-0O-Si 285.30 26.22
C-Si 284.20 17.31
O 1s 0-C=0 531.65 5.49
C=0 531.65 19.37
C-0/C-O-Si 532.20 27.88
Si—O-Si 532.90 24.43
C-O-C/OH 533.70 22.83
Si 2s Si—O-Si 102.00 59.38
Si-C 102.60 40.62

UFP composite coatings consisting of 1.0 wt% GO
could be more resistant to scratching up to grades of
hardness and adhesion 5H and 1 than the neat UFP.
On the basis of this finding, it could be concluded that

the incorporation of GO as reinforcement nanofillers
had positively improved the hardness and adhesion.*
The significant reinforcement was associated with
interfacial interactions between the GO and UFP
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Table 2: Physico-mechanical properties of the GO/UFP
and MGO/UFP composite coatings

Sample Composition Hardness Adhesion
UFP: GO: MPS
GU1 100 0.5 0 3H 3
GU2 100 1.0 0 5H 1
GU3 100 1.5 0 4H 1
GU4 100 2.0 0 4H 1
MGU1 100 0.5 2.0 4H 1
MGU2 100 1.0 2.0 5H 2
MGU3 100 1.5 2.0 5H 2
MGU4 100 2.0 2.0 6H 2
UFP 100 0.0 0.0 3H 3

UFP

MGO/UFP

Weight loss/%

T T T T T
100 200 300 400 500 600

Temperature/°C

Fig. 6: TGA curves of the MGO/UFP composite films: UFP
(GO, 0.0 wt.%) and MGO/UFP (GO, 1.0 wt.% and MPS, 2.0
wt.%)

matrix, such as covalent bonds van der Waals forces,
and hydrogen bonding.”*® Nevertheless, the hardness
of samples GU3 and GU4 was slightly reduced there-
after as the GO content further increased from 1.5 to
2.0 wt%. The decrease of physico-mechanical proper-
ties in GO/UFP should correspond to the nonuniform
dispersion level (not optlmal) and nanometer effect
between GO and UFP matrix;’’ that is, a nonuniform
distribution of GO partlcles W111 cause uneven stress in
the composite films.> The MGO at higher concentra-
tion (GO, 2.0 wt%) slightly increased a grade of the
hardness to 6H and slightly decreased a grade of the
adhesion to 2 for sample MGU4, indicating that the
large silane molecules MPS led to a better dispersion of
GO in UFP for preventing the GO sheets from
agglomeration. Moreover, the silane molecules re-
duced the hydrophilicity of the GO surface making it
more compatible with the polymer matrix and the
excess MGO could induce the interfacial interaction to
form on the surface of the orgamc and the inorganic
phases for UFP and GO.*®
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Thermal properties of the MGO/UFP composite
coating

Figure 6 shows the TGA curves of the UFP and MGO/
UFP films. When the temperature was up to 600°C, the
residual mass of UFP was only 45.66%. However, the
residual mass of the MGO/UFP film was 64.53%,
indicating the MGO/UFP coatings had superior ther-
mal stability. It was also observed that the beginning
thermal-decomposition temperature for the MGO/
UFP composite coatings was slightly higher than the
GO/UFP composite coatings due to the removal of
oxygen functionalized groups from GO.* The main
reason was the absence of oxygen functional groups
after the GO modification process, which demon-
strated that addition of MPS to the GO nanosheets
could improve the thermal stability of the MGO/UFP
composite coating during the whole decomposition
process.

Electrochemical measurements
Potentiodynamic Analysis

The effect of MGO content on the enhancement of the
corrosion protection on metallic substrate coated with
the pure UFP, GO/UFP, and MGO/UFP coatings was
evaluated based on a corrosive medium (3.5 wt% NaCl
aqueous solution) under potentiodynamic polarization
conditions, as presented in Fig. 7, and the correspond-
ing average values and the standard deviations of
electrochemical parameters were extracted and are
listed in Table 3. According to the results, when GO
(1.0 wt%) was used as a chemically modified additive
to UFP, the coated samples of GO/UFP displayed
higher positive corrosion potentials (E., — 460.51 mV)
and lower corrosion  current  densities (i,
9.64 x 1077 A/ecm?), indicating that the addition of
GO significantly 1mproved the anticorrosion resistance
of the UFP coatings.** Moreover, the MGO/UFP (GO,
1.5 wt%) sample displayed the lowest i. value
(2.4 x 107° Alem?), suggesting that it could be pro-
vided with the highest corrosion resistance compared
with other samples (GO content from 0.5 to 2.0 wt%).
However, the corrosion rate of the MGO/UFP com-
posite coatings (from 2.93 x 107> to 8.59 x 107> mm/
a) was significantly changed in the reduction of io.
accompanied W1th more positive E¢o via including
MGO suspension.” The results were in good agree-
ment with the observed barrier performance of the
UFP coating via embedding MGO nanohybrids com-
pared with GO nanosheets. In this work, increasing
GO content to 2% had a significant effect on acceler-
ating the corrosion rate of the MGO/UFP composite
coatings because of poor film-forming ability, hard
dispersion property of GO and weak adhesion to the
metallic substrate.
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Fig. 7: Potentiodynamic polarization curves for the GO/UFP (a) and MGO/UFP (b) composite coatings containing 0.5, 1.0,
1.5, and 2.0 wt.% GO after immersion in 3.5 wt.% NaCl solution for 14 d

Table 3: Polarization parameters for the GO/UFP and MGO/UFP composite coatings immersed in 3.5 wt.% NaCl

solution

Sample EJ/mV io/Alem? Rp/KQ/em? CR/mm/a
GU1 — 470.64 1.88 x 1078 1.39 x 103 222 x 1074
GU2 — 460.51 9.64 x 10°° 2.71 x 10° 1.13 x 107*
GU3 — 475.01 416 x 107 6.28 x 10° 4.89 x 1072
GU4 — 411.79 1.51 x 10~/ 1.72 x 102 1.78 x 1073
MGU1 — 458.08 3.51 x 1077 74.32 413 x 1073
MGU2 — 713.90 522 x 107° 5.00 x 10° 6.13 x 107°
MGU3 — 414.91 2.49 x 107° 1.05 x 10* 2.93 x 10°°
MGU4 — 556.08 7.30 x 1077 35.72 8.59 x 1073

Electrochemical Impedance Analysis

In order to evaluate the effect of GO content and
MGO on electrochemical properties and corrosion
protection performance of the MGO/UFP composite
coatings, there were the Bode and Nyquist plots
(Fig. 8) of the GO/UFP and MGO/UFP composite
samples with, respectively, log IZI vs. log frequenc¥ and
imaginary impedance vs. real impedance as axes.'” The
GO/UFP and MGO/UFP composite samples were
tested after immersion in 3.5 wt% NaCl solution for
different times.*

In Nyquist plots (Figs. 8a and 8b), the GO/UFP and
MGO/UFP composite samples were characterized by a
capacitive loop in the high frequency range and an
inductive loop in the low frequency range, which is
supported by the previously published results.'>4"#!
Signals at the larger radius of the arc are related to the
greater anticorrosion resistance and more difficult
electrons transfer.'*~"

In this experiment, it could be observed from the
Nyquist plots (Figs. 8a and 8b) that the diameters of
the capacitive loops for the GO/UFP composite
samples (GO, 1.0 wt%) and the MGO/UFP composite
samples (GO, 1.5 wt%) were remarkably larger in

comparison with that of the other three samples with
GO in their UFP coatings, which suggested the
improvement of the corrosion resistance of the samples
with the presence of GO and MPS. As expected, when
the doping amount of GO and MGO 1.0 wt.% and 1.5
wt.%, respectively, the impedance reached the maxi-
mum at the low frequency of 0.01 Hz (1Z10.01 Hz) in
the EIS bode plots (Fig. 8c and Fig. 8d) and phase
diagrams (Fig. 8¢ and Fig. 8f) for the GO/UFP and
MGO/UFP coatings. These results demonstrated that
the high anti-corrosive property can be obtained after
adding GO of 1.0 wt.% and MGO of 1.5 wt.% in the
GO/UFP and MGO/UFP coatings, respectively.
Apparently, the results showed that the highest corro-
sion resistance upon GO addition treatment (Fig. 7)
was in good agreement with the previous results of the
lowest corrosion current densities (i.) in the GO/UFP
and MGO/UFP composite coating with GO (1.0,
1.5 wt%) as addition agent (Fig. 7).

To analyze the EIS date for further understanding
the corrosion behavior of the GO/UFP and MGO/UFP
composite coatings, the proposed equivalent circuit
was the following structures:**** (1) the resistance of
the solution (Rg); (2) the resistance of the outer layer
of the GO/UFP and MGO/UFP composite coatings
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Fig. 8: Nyquist plots of the GO/UFP (a) and MGO/UFP (b) composite coating containing different wt.% of GO (0.5, 1.0, 1.5,
and 2.0 wt.% GO) after immersion in 3.5 wt.% NaCl solution for 7 days; marker points and solid lines show the experimental
and fitted data, respectively. Bode diagrams of the GO/UFP (c) and MGO/UFP (d) composite coating containing different
wt.% of GO (0.5, 1.0, 1.5, and 2.0 wt.% GO) after immersion in 3.5 wt.% NaCl solution for 7 days; marker points and solid lines
show the experimental and fitted data, respectively. Phase diagrams of the GO/UFP (e) and MGO/UFP (f) composite coating
containing different wt.% of GO (0.5, 1.0, 1.5, and 2.0 wt.% GO) after immersion in 3.5 wt.% NaCl solution for 7 days; marker
points and solid lines show the experimental and fitted data, respectively

(R1); (3) the constant phase elements representing the
outer layer (CPE;).

As shown in Table 4, the values of equivalent circuit
parameters were derived from the fitting of the EIS
data, which demonstrated that the incorporation of

1352

GO into the UFP coating resulted in increasing the R;.
However, it should be noted that the corrosion
resistance of the UFP coatings was mainly determined
by the properties of the outer layer (R;). In other
words, a higher R; value corresponded to higher
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corrosion resistance.** In this study, it could be
observed that both the GU2 and MGU3 coating had
higher R; than others with GO in their UFP coatings,

Table 4: The electrochemical parameters extracted
from EIS data for the GO/UFP and MGO/UFP
composite coatings after immersion in 3.5 wt.% NaCl
solution for different times

Sample R+/KQ/cm? CPE;
Y/pQ 'm=28" N

GU1 9.16E+05 1.29E-03 0.94523
GuU2 1.73E+06 1.10E-03 0.94996
GU3 4.98E+04 2.61E-03 0.89071
GU4 1.92E+04 1.87E-03 0.93418
MGUA1 7.34E+05 1.36E—-03 0.94883
MGU2 1.47E+05 1.09E-03 0.96154
MGU3 2.09E+06 1.12E-03 0.95055
MGU4 5.54E+05 1.21E-03 0.95263

Table 5: Resistance against chemical medium of the
GO/UFP and MGO/UFP composite coatings immersed in
30% H>S0,4, 10% NaOH and 3% NaCl solution at room
temperature

Chemical medium

10% NaOH

Sample

30% H2SO,4 3% NaCl

UFP
GU1
GU2
GU3
GU4
MGU1
MGU2
MGUS3
MGU4 + -

+ 4+ 4+ + + + +
|
+ 4+ 4+ + + + + o+

“+” film without blister, cracking spot, or spoil
“—” film with blister, cracking spot, or spoil

which indicated that both the coatings could provide an
effective barrier against corrosion ion ingress, partic-
ularly the R; of the MGO/UFP (GO, 1.5 wt%)
composite coating larger than that of the other three
samples with GO in their UFP coatings. It indicated
that the MGO/UFP composite coating achieved higher
corrosion resistance.*

In the study, the addition of MGO in the UFP paint
liquid by grafting and crosslinking reactions could obtain
a high anticorrosive performance MGO/UFP composite
coatings, whose main advantages were that the mechan-
ical properties and corrosion resistance for urushiol-
formaldehyde were promoted as a novel technique. The
results were in good agreement with the observed acid
base immersion test. Thus, it is necessary to choose
efficient addition agents and apply the novel technology
to urushiol coatings with other polymers.

Anticorrosive performance of the MGO/UFP
composite coatings

In order to characterize the chemical corrosion resis-
tance performance of the MGO/UFP composite coat-
ings, the corrosive experiment in dilute sulfuric acid,
sodium hydroxide solution, and sodium chloride solu-
tion was carried out. The coated glass plates were
immersed in 30% H,SO,, 10% NaOH, and 3% NaCl
solution for 14 days at room temperature, and visual
observations were carried out for the loss of light,
color, the formation of foam on the coatings surface.
The results were recorded to verify the electrochemical
impedance spectroscopy (EIS) data (Tables 3 and 4).
Compared with UFP surface state, there was no visible
superficial phenomenon formed on the MGO/UFP
composite films immersed in 30% H,SO4 and 3% NaCl
solution, but distinct foam could be observed on the
MGO/UFP composite coatings surface immersed in
10% NaOH (Table 5). Therefore, the results indicated
that the chemical corrosion resistance of the MGO/
UFP composite coatings was enhanced by covering
GO as a barrier to the diffusion of acid and saline
water.

Corrosive Electrolyte

Diffusion Path

Diffusion Path €

UFP Coating e

—

GO

MGO/UFP

Tinplate Substrate

‘L Composite

Coating

Fig. 9: Schematic representation of corrosion protection mechanism by the MGO/PUF composite coatings on tinplate

substrates
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Anticorrosion Mechanism

The mechanism of the effect of MGO on the corrosion
resistance of UFP between the coating and metallic
substrates surface is observed in Fig. 9. There are many
reviews in the literature dealing with the basic corro-
sion protection concepts of water absorption on coat-
ing, diffusion of corrosive agents through coating, and
reaching corrosive ions at coating/metal inter-
face.”

The electrochemical impedance spectroscopy is
applied to find out the protective nature of the
composite coating by measuring the resistance (R.)
and capacitance (C.) of the composite coating. From
the other point of view, the effect of MGO on
permeation of corrosive agents through UFP coating
is considered. Based on coating capacitance equa-
tion (1)* and Brasher—Kingsbury’s equation (2), it was
assumed that the transport of water via polymer
coating follows the Fick’s law™*":

C. = eA/d (1)
log C.Cy

— 5~ 2

(pW IOgSW ( )

In equation (1), ¢ denotes the relative dielectric
constant of Il)aint film, ¢y the permittivity of the vacuum
(8.85 x 107" F/cm), A the active area, and d the
coating thickness. In equation (2), C. is the coating
capacitance at immersion time ¢, Cp is the initial
capacitance of dry coating, and ¢, is the dielectric
constant of water (&, = 80). Obviously, the volume
fraction of water uptake (¢y,) in organic coatings could
be calculated from the capacitance of coatings (C.). It
was not difficult to find that the effect of increase in
dielectric constant with the permeation of water may
increase C. value. As a result, variation in capacitance
values indicated the water uptake by the polymer film.
In the case of MGO/UFP sample, the amount of water
uptake increased due to diffusion of corrosive elec-
trolyte through coating. Then, the hydrolysis and
condensation reactions of silanols within polymer
matrix (UFP) increased the crosslink density of the
composite coating which contributed to decreasing of
the amount of water uptake with prolonging the
immersion time. According to the above-mentioned
results, it could be confirmed that MGO acted as
barrier and blocked the diffusion path of corrosive
agents, leading to corrosion protection.

In the study, it is not difficult to find that the
corrosion protection efficiency of the MGO/UFP
composite coatings increases remarkably by adding
only 1.5 wt% GO and 2.0 wt% MPS. Thus, the result
indicated that the MGO/UFP composite coating
exhibited the anticorrosive property of metallic sub-
strates via bending the diffusion pathway of penetrant
species in the UFP coating matrix and improving the
coating adhesion on metallic substrate.*!
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Conclusion

MGO/UFP composite coatings were successfully pre-
pared through solution blending utilizing a mixture of
MGO and UFP. It was found that the chemical grafting
of silanes molecules MPS onto the GO surface
enhanced the dispersion and compatibility of GO with
UFP. The addition of GO in the appropriate amount
was implied as an effective method to simultaneously
improve the thermal stability, physico-mechanical
property. At 1.5 wt% and above, the MGO/UFP
composite coating derived from the reaction between
MGO and UFP performed as a major anticorrosion
coating, which could provide a more effective barrier
against corrosive ions ingress. Above 2.0 wt%, increas-
ing GO content had a significant effect on accelerating
the corrosion rate, which could inhibit the dispersion of
GO and the film-forming ability.
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