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Abstract Modified montmorillonite/graphene oxide
composites (AM@GO) were prepared by a hydrother-
mal method with silane coupling agent-modified mont-
morillonite (APTES@MMT) and combined with GO.
The structures of the composites were characterized by
FTIR, XRD, Raman spectroscopy, BET analysis, and
SEM. The results showed that the composites had
increased interlayer spacing and formed a loosely
laminated stacked structure. The specific surface area
(31.6863 m?/g) and pore volume (0.0104 cm?/g) of the
composites increased. The hydrophobic and anticorro-
sive properties of the composite coatings were inves-
tigated and compared to the epoxy coating. The
composite coatings (AM@GO/EP) had larger contact
angles and smoother surfaces than the epoxy coating
(EP). After 30 days of immersion, the value of
|Zloo1 1, Was approximately 10" Q cm? which had
changed slightly since initial immersion. Mechanistic
analysis shows that the improved corrosion resistance
of the composite coatings was due to the high specific
surface area of the 2D material, the oxygen-containing
groups of GO, the amino groups of APTES@MMT
and the synergy between the MMT and the GO
nanosheets.
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Introduction

Epoxy resin coatings, as thermosetting polymers, are
commonly used to protect metals from corrosion in
corrosive environments due to their low cost, ease of
processing, good barrier properties, chemical stability,
and high adhesion to metal surfaces. However, when a
pure epoxy resin coating is applied directly to metal
corrosion protection, its tight three-dimensional net-
work structure is prone to micropores and cracks,
leading to brittle fracture of the coating and thus
reducing the mechanical properties of the coating.'*
The electrolyte makes contact with the metal surface
through the cracks in the coating, and the water
molecules spread across the metal surface, which
destro%/s the adhesion between the coating and the
metal.” These two factors can significantly reduce the
lifetime of the coating. One strategy for overcoming
this problem is to modify the coating by adding
nanoclay materials to the epoxy resin coating.
Nanoclay has the advantages of a high aspect ratio,
large specific surface area, high strength, and high
rigidity.®® The addition of nanoclay fillers to the epoxy
coating increases the diffusion distance of the elec-
trolyte, and reduces the porosity and the diffusion of
ions to the coating/metal interface, thereby reducing
the loss of adhesion and improving the mechanical
properties of the coating.”'° Montmorillonite can be
embedded or exfoliated due to its specific layered
structure.'"'? It also has a high cation exchange
capacity and a large surface area, which can effectively
increase the diffusion distance of the electrolyte in the
coating. Due to these factors, nanoclay materials can
be used as reinforcing fillers for epoxy resin coating.*'?
However, the clay flakes are closely attracted to each
other due to electrostatic forces and form aggregates in
the coating. The aggregates increase the pores and
cracks within the film, reducing the mechanical and
barrier properties of the coating. Therefore, appropri-
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ate surface modification methods must be used to
improve the compatibility of montmorillonite with the
polymer matrix. Montmorillonite is composed of
nanoscale aluminum/silicate sheets in which an alu-
mina sheet is sandwiched between two silicate sheets,
resulting in a negative charge.'® This charge is coun-
teracted by the exchangeable metal ions on the surface
of the layer The exchange capacuy of common cations
is Na* < K* < Mg** < Ca** < NH,*, with amino ca-
tions having the greatest exchange capacity. Therefore,
alkyl organics can be added to promote the insertion or
exfoliation of montmorillonite in organic matrices.

In recent years, graphene oxide (GO) has attracted
much attention for its easy surface modification, high
specific surface area, good acid and base resistance,
and high fracture strength.'>'” It has multlple func-
tional groups and its layered structure is r1ch 1n
carbonyl, hydroxyl, carboxyl, and epoxy groups.'®
The affinity of these functional groups for polar
solvents makes it easy to disperse thoroughly 1nto
water and other polar solvents by ultrasonication.””

These oxygen functional groups can also provide
many active sites that facilitate the further modification
of GO to tune its properties.”'** Hence, the strategy of
grafting nanoparticles onto GO has attracted wide-
spread attention. The distribution of GO in the
polymer matrix is improved by graftm% nanoparticles
and the effective aspect ratio increases.”” It has been
reported that vertical van der Waals heterostructure
materials with excellent resistance, ideal dielectric
properties and atomic plane can be prepared by
grafting two-dimensional materials onto GO.**

To overcome these shortcomings, (3-amino-propyl)-
tri-ethoxy-silane (APTES) can be used as a coupling
agent to couple GO with nano-montmorillonite. The
ANH?2 (amine) functional group of APTES can form
intercalated structures (AM) with montmorillonite and
covalent bonds with GO. In addition, the polar effect
of APTES groups helped to improve the dispersion of
nanomaterials in epoxy resin coatings.

In this work, we investigated the anticorrosion effect
of nano-montmorillonite and GO composites in epoxy
resin coatings.

The intercalation behavior of the silane coupling
agent in montmorillonite and its recombination with
GO were analyzed by FTIR, XRD, and Raman
spectroscopy. Later, MMT, APTES@MMT, and
AM@GO were added to epoxy resin, and their effects
on the hydrophobicity and surface roughness of the
epoxy coating were investigated by hydrophobic angle
and AFM experiments. Finally, their effects on the
anticorrosion properties of epoxy coatings were stud-
ied by EIS. Figure 1 shows the reaction diagram of the
silane coupling agent intercalation modification of
montmorillonite and its compounding with GO.
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Experimental
Materials

MMT was purchased from Zhejiang Fenghong New
Material Co., Ltd, China. APTES (AR) was purchased
from Aladdin Reagent (Shanghai) Co., Ltd, China.
Graphite powder was purchased from Shanghai Huayi
Group Huayuan Chemical Co., Ltd, China. E-44 epoxy
resin (EP) and polyamide type curing agent were
purchased from Shenzhen Mingde Chemical Co., Ltd,
China.

Synthesis of APTES@MMT(AM)

First, 250 mg of MMT was added to the mixed solution
of 85 mL of ethanol and 15 mL of distilled water and
ultrasonically dispersed for 1 h. Then, APTES was
added, and the solution was reacted at 60°C for 7 h.
After the reaction, APTES@MMT was obtained by
suction filtration, washing, and drying.

Synthesis of GO

One gram of graphite powder (G), and 130 mL of
H,SO, and 13 mL of H;PO, were placed in a beaker
and stirred for 30 min. Then, 6 g KMnO, was added to
the above mixture very slowly and reacted at room
temperature for 2-3 days, turning the solution from
black to greenish-brown. H,O, was applied dropwise
and the reaction solution turned golden yellow. The
reaction sediment was centrifugally washed with 1
moL/L hydrochloric acid and distilled water. The
centrifuged product was diluted with water and soni-
cated for 6 h. The supernatant was dried at 60°C for
6 h to give 0.8 g of brownish red GO.

Synthesis of AM@GO

First, we took two 50 mL beakers, added 30 mL of N,
N-dimethylformamide solution(DMF), respectively,
then added 116.7 mg of APTES@MMT and 50 mg
GO, respectively, into the above solutions, and per-
formed ultrasonic dispersion for 1 h. Finally, we trans-
ferred the solutions in the two beakers to a 100 mL
three necked flask, stirred for 30 min, and heated to
130°C to react for 6 h, filtered, cleaned and dried to
obtain AM@GO.

Epoxy composite coating preparation
The Q235 carbon steel plates were polished with 100

mesh, 400 mesh, 800 mesh, and 1200 mesh silicon
carbide sandpaper, respectively, then put into acetone
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Fig. 1: The reaction mechanism diagram of the combination of GO and APTES@MMT

for ultrasonic cleaning to remove grease and dried for
later use.

Firstly, 30 mg of AM@GO powder was added to the
xylene/n-butanol mixture (Vyyiene: Vn-butanol = 7:3) and
stirred for 30 min. Then, 7.5 g of E-44 epoxy resin (EP)
and 7.5 g of polyamide type curing agent were added,
heated, and stirred at 40 °C for 1 h. The filler was
mixed well and ultrasonicated for 1 h to remove air
bubbles and obtain the AM@GO/EP composite coat-
ing. The epoxy composite coating was applied to the
surface of the treated steel plate by automatic coating
machine (AFA-V, Sichuan Si Chuang Bei Ke technol-
ogy co., Itd) and adjustable coating machine (BK806,
Sichuan Si Chuang Bei Ke Technology Co., Ltd), and
cured at room temperature for one week. The average
paint film thickness was 100 pm + 2 pym. The epoxy
coating (EP), APTES@MMT/EP, and GO/EP were
prepared using the same procedure as described above.

Electrochemical measurements

The electrochemical impedance test used a three-
electrode measurement system. The working electrode
was a coated steel sheet, the counter electrode was a
platinum electrode with a surface area of 2 x 2 cm?,
and the reference electrode was a calomel electrode.
The test electrolyte was a 3.5 wt.% NaCl solution, and
the test area was 1 cm® The test frequency range was
from 10° to 107 Hz, the test temperature was room
temperature, and the measurement signal was a sine
wave with an amplitude of 10 mV. The test was carried
out on PARSTAT MC multichannel multifunctional
electrochemical workstation.

Structural characterization

Fourier-transform infrared spectroscopy (FTIR) was
performed with a Bruker Tensor-37 spectrometer, and
the test wavelength was between 400 and 4000 cm ™.
The morphology of the material was observed by high-
resolution field emission scanning electron microscopy
(SEM, JMS-75000 F). XRD analysis was carried out on
a Bruker D8 Advance X-ray diffractometer (Ger-
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Fig. 2: The FTIR diagram of MMT, APTES@MMT, GO, and
AM@GO

many) using CuKo radiation (40 kV, 40 mA and 1 =
0.154 nm). Samples were scanned at 2°/min in the
range of 260 = 2-50°. A Horiba Lab RAM HR Evolu-
tion Raman spectrometer with a wavelength of 532 nm
was used, and the scanning range was from 500 to
3000 cm~'. The BET specific surface area and pore
size distribution were calculated on a Micromeritics
ASAP-2460 instrument for desorption. The surface
roughness of the coating was characterized by a Bruker
Dimension Icon atomic mechanics microscope. The
hydrophobicity of the coating was analyzed using the
Data Physics OCA 20 contact angle tester.

Results and discussion

According to the FTIR spectra of MMT (Fig. 2),
strong and broad characteristic absorption peaks were
observed at 3625 cm™!, 3400 cm™!, and 3240 cm™!,
corresponding to the —OH stretching vibrations of
MMT structural water, adsorbed water, and crystal
water. The absorption peak at 1436 cm ' can be
ascribable to the absorption peak of silicate CO3*".
The absorption peaks at 1047 cm™' were assigned to
the vibration of Si—O-Si skeleton in MMT. The peaks
in the range of 800-400 cm ™' were attributed to the
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Fig. 3: The XRD analysis of MMT, APTES@MMT, and
AM@GO

internal vibration of silicon-oxygen tetrahedron and
aluminum-oxygen tetrahedron. The appearance of new
peaks at 3370 cm™ !, 3285 cm™!, and 1483 cm™! was
assigned to the stretching and bending vibrations of
-NH,,?**" indicating that APTES successfully modified
the MMT. The IR spectrum of AM@GO differed
slightly from that of APTESS@MMT. A new peak
caused by the weak NH bending vibration of the
secondary amide bond was observed at 1560 cm .
Absorption peaks at 1711 cm ™' and 1647 cm ™ attrib-
uted to GO were also observed. The C = O stretching
vibration and the C = C conjugate stretching vibration
of olefins were partially replaced due to the amide
bond, the C = O vibrational peak at 1040 cm ' disap-
peared and the surface silylated montmorillonite frag-
ments were grafted onto GO.*!

The XRD pattern in Fig. 3 shows that the (001)
peak of MMT shifted significantly, and the peak
intensity was constantly variable. The new reflection
at approximately 8.5° (20) was attributed to the (002)
reflection of the silylated product, which was similar to
the reflection of the cationic surfactant-modified
MMT.** After modification by APTES and GO, the
d(001) values of MMT, APTES@MMT, and AM@GO
were 1.271 nm, 2.014 nm, and 2.079 nm, respectively,
indicating that APTES and GO molecules were
embedded in the interlayer space of MMT.*> GO was
embedded layer by layer, and the peak intensity was
weakened, meaning that the ordered structure of the
composite was disrupted and loosely packed to-
gether.>** This phenomenon was due to the ring-
opening reaction between silane and GO that dis-
rupted the periodic structure of GO and prevented the
aggregation of graphene layers.*

In the Raman spectra of GO and AM@GO in Fig. 4,
the characteristic D-band of the disordered structure
(sp’) at approximately 1350 cm ! and the characteris-
tic G-band of the ordered structure (sp?) at approxi-
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Fig. 4: The Raman analysis of APTES@MMT, GO, and
AM@GO

mately 1600 cm ™! were observed. The Ip/lg ratio can
be used to estimate the sp? domain size and the extent
of defects in graphene-based materials. An increase in
the ratio indicated that there were more structural
defects, more amorphous carbon and a smaller grain
size.”” The strength ratio (Ip/lg) of GO was 1.021,
while the Ip/Ig value of AM@GO increased, indicating
that GO and APTES@MMT successfully combined to
form a layered stacking structure with increased
defects.

Figure 5 shows the N, adsorption—desorption iso-
therms and pore size distribution curves of AP-
TES@MMT, GO, and AM@GO. The hysteresis loop
of APTES@MMT exhibited steep adsorption and
desorption branches. GO and AM@GO can be cate-
gorized as H3 hysteresis loop type II. The specific
surface areas of GO and AM@GO were 13.7356 m*/g
and 31.6863 m%/g, respectively. It can be seen from
Fig. 5b that the pore size distributions of MMT,
APTES@MMT, GO, and AM@GO were concen-
trated, with the pore size distributions of 3.6 nm,
3.63 nm, 3.84 nm, and 3.88 nm, respectively, mainly
mesoporous. The surface area and gas adsorption
capacity of the AM@GO composites were much higher
than those of GO, indicating the presence of a large
defect site in the composite and successful material
preparation.

Figure 6 shows SEM images of MMT, AP-
TES@MMT, GO, and AM@GO. As shown in Fig. 6b,
the ordered structure of the MMT flakes was disrupted,
and the flakes were stripped and randomly dispersed in
the polymer matrix. This result indicated that APTES
and MMT compounded successfully. In Fig. 6c, the
layered structure of GO was successfully prepared, and
GO was partially agglomerated, which may be attrib-
uted to strong covalent bonds. In Fig. 6d, the AM/GO
composites were uniformly dispersed with reduced
agglomeration. Compared to the ordered layered
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Fig. 5: (a) N, adsorption—desorption isotherms. (b) Corresponding pore size distribution maps of MMT, APTES@MMT, GO,

and AM@GO

Fig. 6: SEM images of (a) MMT, (b) APTES@MMT, (c) GO, and (d) AM@GO

structure of GO, the composites showed increased
layer spacing and looser stacking.

Water contact angle tests on EP, MMT/EP, AP-
TES@MMT/EP, GO/EP, and AM@GO/EP coatings
are shown in Fig. 7. With the addition of fillers, the
hydrophobicity of the composite coatings was signifi-
cantly improved. Compared to EP, the composite
coatings had increased hydrophobicity due to the
hydrophobic functional groups, such as epoxy groups,
on the surface of the APTES@MMT, GO, and

AM@GO. Of these, the AM@GO/EP coatings exhibit
superior hydrophobicity, the hydrophobic angle
reached 96°, which was attributed to the increased
density of the coating and hydrophobic functional
groups of the composites and AM@GO/EP coatings.
The surface roughness of the coatings was tested as
shown in Fig. 8. It showed that the surface roughness
of EP coating was approximately 45 nm. After adding
APTES@MMT, GO, and AM@GO were added, the
maximum surface roughness of composite coatings was
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7.8 nm and the minimum was 1.6 nm, both smaller
than those of the EP coatings. The addition of the
composite materials to the EP coating resulted in the
smoother coating surface with fewer surface defects.
Corresponding to the results of the contact angle test,
the lower the surface roughness, the larger the water
contact angle.

Figure 9 shows Nyquist and Bode plots of the
composite coatings immersed in 3.5 wt.% NaCl aque-
ous solution for different times. Each Nyquist and
Bode plot shows only one time constant, indicating that
the coating was effective in protecting the metal in the
short term. As can be seen from Table 1, after 30 days
of immersion, the impedance modulus of the
AM@GO/EP coatings was 10'°%* Q cm?, which is
higher than that of other coatings, demonstrating
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Fig. 7: Test chart of water contact angle of EP, MMT/EP,
APTES@MMT/EP, GO/EP, and AM@GO/EP coatings
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superior corrosion resistance. This result was attribu-
ted to the large number of amino and epoxy groups in
the composite, which can be crosslinked with the
functional groups in the epoxy resin, creating a two-
dimensional material with greatly improved barrier
properties. Therefore, the composite materials can be
better dispersed in the EP coating, improving the
corrosion resistance of the coating.

Conclusions

AM@GO and AM@GOV/EP coatings were synthesized
by hydrothermal synthesis, and the corrosion resis-
tance of the composite coatings was investigated. XRD
proved that APTES intercalation MMT was successful.
FTIR, Raman, and SEM proved that AM@GO com-
posite was successfully prepared. The contact angle test
proves that AM@GO/EP composite coating has excel-
lent hydrophobicity, and the hydrophobic angle is 96°.
AFM proves that AM@GO/EP composite coating has
the smallest roughness and the smoothest surface,
which corresponds to the contact angle test results.
Among the composite coatings, AM@GO/EP had the
hi%hest impedance, with a 1Zly g, g, of approximately
10" Q cm? after 30 days of immersion, which was
nearly unchanged from the impedance upon initial
immersion. The mechanistic analysis suggested that the
two-dimensional materials MMT and GO had excel-
lent barrier properties and could effectively enhance
the hydrophobic properties of the coating. With the
addition of the composite materials to the epoxy
coating, the reactive groups on the surface of the
materials reacted with the functional groups in the
coating, not only increasing the length of the molecular
chains but also preventing microscopic cracks from
developing. Additionally, the two-dimensional com-

7.8 nm

1.6 nm

—1.4 nm

Fig. 8: AFM diagram of (a) EP, (b) MMT/EP, (c) APTES@MMT/EP, (d) GO/EP, and (¢) AM@GO/EP coatings
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Table 1: Impedance values of different types of coatings under different immersion days

Coating type EP MMT/EP AM/EP GO/EP AM@GO/EP
LoglZl (chms cm?)

Immersion time (days)

2 10.29 10.50 10.55 10.69 10.78

7 10.41 10.38 10.31 10.59 10.82

14 10.38 10.80 10.67 11.04 10.91

21 10.23 10.50 10.26 10.83 10.87

30 10.22 10.53 10.52 10.42 10.82

posites formed a large-scale stacked structure, which
greatly enhanced the corrosion resistance of the
composite coatings. In this study, a new two-dimen-
sional composite was constructed by combining mod-
ified MMT with GO to develop a high performance
epoxy anticorrosion filler.
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