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This study reports a new strategy for providing epoxy coatings with enhanced barrier protection
mechanisms. For this purpose, covalent modification of graphene oxide with 3-
aminopropyltrimethoxysilane (APTMS-GO) made it easy to achieve a homogenous dispersion in an
epoxy matrix. The stable dispersion of APTMS-GO was examined by TEM, SEM and XRD.
Embedding a small percentage of well-dispersed APTMS-GO nanosheets (2.0 wt.%) in the epoxy
coating remarkably improved anticorrosion performance. The electrochemical impedance spectroscopy
(EIS), water contact angles and SEM revealed that the barrier performance of the epoxy coating was
improved after addition of 2.0 wt.% APTMS-GO nanosheets to the epoxy coating sample, which was
attributed to the well-dispersed APTMS-GO nanosheets in the epoxy matrix.
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1. INTRODUCTION

Oil and gas pipeline corrosion has a major impact on the cost of steel, the leaking of oil and
gas, the environment and human safety[1]. To protect steel from corrosion, organic coatings was the
most popular and cost-effective to control and mitigate the corrosion processes that take place on the
interface of the metal and the coating[2, 3]. Additionally, the organic coatings protect the steel from
corrosion through barrier mechanisms[4]. Epoxy coating has been widely used owing to its excellent
adhesion properties, low shrinkage and price, outstanding chemical stability and corrosion
resistance[5-7]. However, epoxy coating produces a multitude of cracks in the curing process that are
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permeable to the corrosive electrolyte, which lead to the formation of corrosion products beneath the
coating. Therefore, the epoxy coating can’t provide long-term corrosion protection[8, 9]. In order to
enhance epoxy coating performance, adding nanomaterials on the epoxy coating has been an excellent
strategy[10, 11].

Among all the nanomaterials, the application of GO for prevention of metallic substrates from
corrosion was reported [12-15] owing to its two-dimensional (2D) sheet structure that could enhance
the barrier mechanisms of epoxy coating. However, GO has a pronounced tendency to aggregate
owing to the high surface area and strong van der Waals force. This tendency leads GO to disperse in
epoxy resin[16]. To improve the anticorrosion properties of the epoxy coating with added GO, the
distribution of GO was required to increase. Additionally, an effective approach to improve the
dispersity was functionalization of GO due to the many functional groups including hydroxyl,
carbonyl, carboxyl and epoxide groups on the edge and the basal plane of GO nanosheets[17-19]. For
instance, Zheng and coworkers [19] developed a new type of modified GO coating that retained the
high dispersion of modified GO sheets in the polymer matrix. Additionally, the result revealed that the
modified GO sheets significantly reinforced the corrosion protection property of epoxy coatings on
carbon steel substrate. Ahmadi and coworkers [17] prepared silylated graphene oxide through a sol-gel
route. The material could excellently disperse in the silane coating. The coating containing silanized
graphene oxide showed superior corrosion protective performance compared to the unfilled silane coating.

Recently, 3-aminopropyltrimethoxysilane (APTMS), a silane coupling agents, has been widely
used in polymers and resin coating systems as a dispersion promoters [20-22]. APTMS modification is
a promising approach to improve the dispersity of GO in the epoxy coating.

In the present work, APTMS-GO nanosheets were fabricated through APTMS assisted linking
to graphene oxide. After characterization of APTMS-GO by FT-IR, XRD, TGA and SEM analyses, 2
wt% APTMS-GO material [23-26] was incorporated into epoxy coating to prepare APTMS-GO/EP.
The corrosion protection performance of the APTMS-GO/EP samples was examined by EIS and
scratch tests. Finally, the APTMS-GO material could excellently disperse in the epoxy coating. The
APTMS-GO/EP coatings provided more remarkable corrosion protection for metal than neat EP and
GO/EP coatings.

2. EXPERIMENTAL

2.1. Materials

Natural graphite, H,SO, (98%), H,0,, HCI, KMnO4, NaNO3;, APTMS and acetone were
purchased from Chengdu Kelong Chemical Reagent Factory (China). The EP emulsion (WSP-6101)
and its curing agent used in this research were supplied by Bluestar Technology Wuxi Resin Factory.
Deionized water (DI water) was produced by a water purification machine (UPC-111-40L, Ulupure).

2.2. Preparation of GO and APTMS-GO

GO was fabricated via a modified Hummers’ method[27, 28], then, functionalized by
APTMS[29, 30]. Briefly, a homogenous solution was formed by dispersing 0.1 g GO and 2.0 g APTMS in 50 g
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anhydrous ethanol by ultrasonication, and then the mixture was heated to 70 °C in a water bath and refluxed
for 4 h. Next, 10 g of distilled water was added drop wise into the mixture. Finally, the resulting solid
was collected by centrifugation and washed with DI water and anhydrous ethanol several times. After
drying in a vacuum oven at 60°C overnight, APTMS-GO was obtained.

2.3. Preparation of composite EP coatings

EP coatings containing APTMS-GO (2wt%) were prepared by the following procedures. A
certain amount of APTMS-GO was first added into an EP suspension followed by sonication for 5 min
in an ice and water bath to form a homogeneous system before further use. Afterwards, the metal
substrate (P110) was processed into a steel sheet. One part of the mixture was sprayed on the surface
of the steel after mechanical stirring and ultrasonic oscillation. Then, the other part of mixture and the
steel with mixture were cured in an oven for 1 h at 120°C, and for 2 h at 220°C. For comparison, other
composite coatings containing GO and neat EP suspension were also prepared with similar procedure.
Meanwhile, the cured EP coatings were denoted as APTMS-GO, GO/EP and EP, respectively. The EP
mixture coated panels with a thickness of approximately 70pm.

2.4. Measurements

The morphologies of APTMS-GO and GO were studied by transmission electron microscopy
(TEM, Tecnai G2 F20, FEI Company, USA). The morphologies of EP composite coatings were
examined using scanning electron microscopy (SEM, JSM-7500F, JEOL, Tokyo, Japan). Fourier
transform infrared (FT-IR) spectra were recorded with WQF-520 infrared spectrometer (Beijing
Rayleigh Analytical Instrument Company, China) in the range of 4000-400 cm™. The crystal structure
of samples was determined with a X’Pert Pro Diffractometer (PANalytical, The Netherlands) with a
Cu Ko radiation source. The water contact angle (WCA) of electrodes was obtained with static contact
angle meter (XED-SPJ, Peking Hako Experimental Instrument Plant, China).

Electrochemical impedance spectroscopy (EIS) measurements were performed using the
frequency range of 107-10° Hz with an amplitude sinusoidal voltage of 10 mV using an
electrochemical workstation (Shanghai Brilliance Instruments Limited Company, China). The EP-
coated steel coupon served as the working electrode, while a platinum grid and a saturated calomel
electrode (SCE) were used as the counter and the reference electrode, respectively. Measurements
were carried out in 3.5% NaCl solution. ZSimpWin software was used for fitting the EIS data.

3. RESULTS AND DISCUSSION

3.1. Structure and morphology of APTMS-GO

TEM was employed to compare and explore the structure and morphology of GO and APTMS-
GO, as shown in Fig. 1. GO exhibited a randomly folded structure (Fig. 1a), which was consistent with
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a previous study[29]. After modification, the APTMS-GO still retained a wrinkled morphology (Fig.
1b). Notably, the multilayered sheets of GO with stacked structure, shown in Fig. 1a, was unfavorable
to disperse within the polymer matrix. For APTMS-GO, one could see that GO sheets exhibited thin-
layered sheets with a loosened state and maintained their two dimensional sheet morphology (Fig. 1b).
According to a previous report [31], the thin-layered structure of the nanofiller had a tendency to
achieve a uniform distribution within the polymer compared with the multilayered structure. The
structures of GO and APTMS-GO were further investigated by XRD.

Figure 1. TEM images of (a) GO, (b) APTMS-GO.
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Figure 2. XRD pattern of GO and APTMS-GO

Fig. 2 depicts the XRD pattern of GO and APTMS-GO. For the GO sample, the peak at
20=11.3°, corresponding to a d-spacing of 0.78 nm, related to the (002) diffraction peak of GO
sheets[29]. After modification with APTMS, a broad and weak peak at 26=7.5°, corresponding to a d-
spacing of 1.18 nm, appeared in the curve of APTMS-GO. Comparing the pattern of APTMS-GO with
GO, the increase of d-spacing indicated the stacked sheets have been loosened due to the intercalation
of the silane molecules, which was in accordance with the result obtained by TEM analysis.
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Figure 3. FT-IR spectra of GO and APTMS-GO

The FTIR spectra of GO and APTMS-GO are shown in Fig. 3. The characteristic absorption
peaks of GO at 3411 cm™* (-OH), 1730 cm™* (C=0), 1212 cm* (C-0), and 1110 cm* (C-O-C),
reveal the oxygenousfunctional groups consisting of hydroxyl, carboxylic and epoxy group on GO
sheets[32, 33]. The peaks at 1620 and 1400 cm™were associated with the C=C and=C—H band[34].
After modification, some new absorption bands were observed in the spectrum of the APTMS-GO.
The peaks approximately 2921 and 2852 cm™ represented C—H bonding. More importantly, the
absorption peak at 1040 cm ! assigned to Si—O—C stretch vibration, and the appearance of the band at
1574 cm™ provided evidence for APTMS grafted on the GO[31]. Combined with SEM, TEM and
XRD analysis, these results confirmed the coverage of APTMS on the GO surface.

3.2. Dispersion of APTMS-GO in EP

Figure 4. SEM images of fracture surfaces of (a) EP, (b) GO/EP, (¢) APTMS-GO/EP

Fig. 4 shows the SEM images of the fractured surfaces of neat EP, GO/EP and APTMS-
GO/EP. Fig. 4a shows a clean fracture surface of the EP, implying the brittle nature of EP. In contrast
to the GO/EP and APTMS-GO/EP, the EP showed rougher fractured morphology, representing higher
roughness. In addition, GO sheets were unevenly dispersed in the EP matrix with multilayer structure
(Fig. 4b), while functionalized GO was uniformly distributed in EP matrix with thin-layered
morphology (Fig. 4c). In contrast to the large-scale aggregates of GO within EP, APTMS-GO
exhibited no aggregates dispersed in the EP, which was attributed to the fact that covalent links
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between the amino groups of APTMS-GO and EP had formed, and there was no exact boundary
between each other. Herein, APTMS-GO exhibited excellent distribution and compatibility within the
EP matrix.

3.3. Corrosion resistance of EP coatings
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Figure 5. (a) Nyquist plots of all coatings after 24h, 48h, 89h and 96h of immersion in 3.5% NaCl
electrolyte. (b) Bode plots of neat EP, GO/EP (2wt. %), and APTMS-GO/EP (2wt. %) after
96h.
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Figure 6. The equivalent circuit of sample

The anticorrosion performance of all coatings including pure EP, GO/EP (2wt. %) and
APTMS-GO/EP (2wt. %) coatings were compared and investigated by electrochemical impedance
spectroscopy (EIS) measurements. Before the electrochemical test, the open circuit potential (OCP) of
samples was steady in 3.5% NaCl solution in that its value changed only 0.1 mV. Their Nyquist plot
was respectively shown in Fig. 5 a;-a4 after 24 h, 48 h, 89 h and 96 h of immersion in 3.5% NaCl
aqueous solution, Fig. 5b is the Bode plot of these coating after soaking for 96 h. According to these
pictures (Fig. 5a) that denoted the impedance spectra of the pure EP, GO/EP (2wt. %) and APTMS-
GO/EP (2wt. %) coatings at different immersion times, the radius of impedance arc of the APTMS-
GO/EP coating was greater than pure EP and GO/EP after the same immersion time in 3.5% NacCl
electrolyte. Therefore, the APTMS-GO/EP coating had the greatest the impedance modulus. The Bode
plot of the three coatings (Fig. 5b) shows that the neat EP coating had a two-time constant and other
coating had only one when they remained for 96 h in the 3.5% NaCl solution.

ZSimpwin software was used to fit the EIS data to realize the corrosion process and obtain the
equivalent electric circuit in good agreement with the electrochemical test (Fig. 6). The constant phase
element of the fitted results was as follow: Rs, CPEs, R¢, Ret, CPEg, and W respectively corresponding
to the electrolyte resistance, the coating capacitance, the coating resistance, the charge transfer
resistance, the double layer capacitance and the Warburg resistance.

Many reports demonstrated the corrosive process consisted of two stages. First, the aggressive
medium passed the micropores into the coating, and did not contact with the interface of metal/coating,
which corresponded to the equivalent electric circuit of Fig. 6a. Second, the corrosive reaction with the
steel would take place at the interface, and produce the corrosion products. This stage is the key period
to judge if the coating had a corrosion prevention effect and was well-matched with the equivalent
electric circuit in Fig. 6b. In general, as time increased, the anticorrosion property of coating
weakened.

Through numerous studies[35, 36, 18, 37] that demonstrated the impedance of the sample
corresponded to the corrosion, and the above description, the APTMS-GO/EP coating was able to
substantially boost the anticorrosion performance of the EP and GO/EP coating. The causes were as
follows: the APTMS-GO/EP coating had the greatest impedance modulus after the same immersion
time in 3.5% NaCl electrolyte, and the neat EP did little, if anything to protect the metal at 96 h,
resulting in the appearance of two-time constant on the Bode plot (Fig. 5b) and was relevant to the
Warburg resistance on the equivalent electric circuit (Fig. 6b). Moreover, the mechanism was due to
the barrier effect of the GO and increasing the dispersion of GO by the APTMS (Fig. 4c).
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Consequently, the EP coating with added APTMS-GO was able to substantially boost the anticorrosion
performance over that of the EP and GO/EP coatings.
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Figure 7. The water contact angles and typical images of water droplets on the EP coatings
corresponded to EP, GO/EP and APTMS-GO/EP before and after 15 days of immersion in
3.5% NacCl electrolyte.

Water permeability resistance of coatings was closely associated with coating protective
performance on steel[38]. The water contact angles (WCAs) and typical images of water droplets on
EP, GO/EP and APTMS-GO/EP coatings are shown in Fig. 7. Before immersion, the contact angle of
neat EP was 84.3°, which presented hydrophilic properties. When GO and APTMS-GO/EP were
incorporated into the EP matrix, the WCAs of corresponding coatings’ surface generally showed
increases (~88.9° and ~96.7°). Interestingly, APTMS-GO/EP wholly exhibited hydrophobicity. It was
noted that the hydrophobic surface could extend the initial soaking stage ascribed to hydrophobic
properties and increase the wettability time of coatings’ surface to protect the steel[39, 40]. After 15
days of immersion, the WCAs of EP, GO/EP and APTMS-GO/EP coatings decreased obviously
(corresponding to ~63.6°, ~65.3° and ~84.4°, respectively), revealing that the anticorrosion
performance of EP coatings was degraded gradually with the extension of immersion time.
Remarkable, the WCA of the APTMS-GO/EP still remained at a maximum, reflecting the surface of
APTMS-GO/EP reduced the corrosive medium (electrolyte solution) contacting with the organic
coating to protect steel from corrosion for a relative long time compared other EP coatings. Namely,
APTMS-GO/EP had a better anticorrosion performance among the three coatings, which can be
validated in the monitoring of coatings’ morphologies measurement.
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Figure 8. SEM images of electrodes about pure EP (a, a'), GO/EP (b, b") and APTMS-GO/EP (c, c')
immersed in 3.5% NacCl electrolyte; a-c and a'-c' corresponded to before and after soaking for
15 days.

Fig.8 a-c and a'-c' present SEM images of electrodes with pure EP, GO/EP and APTMS-GO/EP
before and after soaking for 15 days of immersion in 3.5% NaCl electrolyte, respectively. A neat and
clean morphology was initially observed on the surface of the coated pure EP electrode (Fig. 8a),
which was then seriously corroded, and a large area of moldering phenomenon appeared in the surface
of the electrode (Fig. 8a'), indicating the poor corrosion resistance after 15 days. Protuberances
appeared in coated GO/EP and APTMS-GO/EP surface of steel (Fig. 8b), owing to the incorporation
of nanofillers to EP. The fissure and pitting were observed in the electrode surface of GO/EP (Fig. 8b")
after soaking. Interestingly, a negligible change was presented in-coated APTMS-GO/EP steel with
roughening and bulging at the surface of electrode (Fig. 8c’) after soaking. Apparently, the
morphological change of the electrode was related to the corrosion resistant performance. The
inconspicuous morphological change of APTMS-GO/EP electrode exhibited an outstanding corrosion
protective performance on steel compared with the GO/EP and EP electrode. This conclusion was
consistent with electrochemical measurement and WCAs data.

4. CONCLUSIONS

The structure and morphology of the APTMS-GO materials were characterized by TEM, XRD
and FTIR to certify the high specific surface and superior barrier effect. Then, the APTMS-GO/EP
coating was prepared and applied for protection of metals from the corrosion medium. The APTMS-
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GO/EP coating had favorable anticorrosive propertiesy, which was testified by the electrochemical
impedance spectroscopy (EIS), water permeability resistance of coatings and the SEM images of
electrodes in 3.5% NaCl electrolyte. APTMS-GO was well-dispersed in EP. In sum, the new EP
coating containing the APTMS-GO material had excellent corrosion resistance.
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