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1. Introduction

Corrosion inhibitors play important role in organic coat-
ings for corrosion protection of metals. Due to protection 
of environment a great research focused on synthesis and 
application of green inhibitors in organic coatings. 
Recently, acid organic inhibitors have been intensively 
studied for corrosion protection of metals [1-3]. Among 
them, benzoic acid and sodium benzoates have been stud-
ied as corrosion inhibitors for iron and steel in neutral 
media and also in alkaline media [4-6]. The inhibition 
mechanism of benzoate is based on the blocking of anodic 
sites by inhibitor molecules. Until now, the application 
of acid benzoic or benzoates in organic coatings is still 
limited due to their solubility in water. As one method 
to resolve this problem is intercalation of benzoate into 

inorganic container. Hydrotalcites with anion-exchange 
capability have been widely investigated as containers of 
corrosion inhibitors in organic coatings. Hydrotalcites in-
tercalated with corrosion inhibitors can absorb the Cl- 
anions and release inhibiting anions [7,8]. Corrosion in-
hibition efficiency of Zn-Al hydrotalcite containing ben-
zoate is higher than 90% at concentration of 50 g/L for 
carbon steel in 3.5% NaCl solution [9]. Mg-Al hydro-
talcite intercalated with benzoate has inhibition efficiency 
of 96% at concentration of 15 g/L for carbon steel in simu-
lated concrete pore solution (mixture of saturated Ca(OH)2 
+ 0.3 mol/L NaCl) [10].

Graphene oxide (GO) has been intensively investigated 
for corrosion protection of metals due to its excellent me-
chanical and barrier properties. GO coating formed by 
electrophoresis deposition on steel showed superior corro-
sion protection for steel [11]. Graphene oxide modified 
by P-phenylenediamine improved corrosion protection of †Corresponding author: ttxhang60@gmail.com
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epoxy coatings [12]. Surface treatment by aminosilane and 
1,4-butanediol diglycidyl improved their GO dispersion 
in epoxy matrix and effects on corrosion resistance of ep-
oxy coatings [13]. GO modified by 3-(triethoxysilyl) 
propylisocyanate and 3-aminopropyltriethoxysilane sig-
nificantly improved the corrosion resistance and adhesion 
properties of silane/epoxy coatings on steel surface [14]. 
GO was grafted with polyethylenimin and applied in wa-
terborne epoxy coating for corrosion protection of carbon 
steel [15]. 

The combination of hydrotalcite and graphene oxide has 
been studied for different applications such as energy stor-
age, catalysts, adsorbents, fire retardants. Only few re-
searches reported the application of hydrotalcite/graphene 
oxide materials for corrosion protection of metals. 
Reduced GO/hydrotalcite with the ratio of 2/1 at concen-
tration of 0.5% improved protective properties of water-
borne epoxy coating [16]. 

In our previous works, hydrotalcite intercalated with 
benzoate (HT-BZ) and hydrotalcite/graphene oxide hybrid 
(HT/GO) were synthesized and applied for corrosion pro-
tection of carbon steel [17,18]. The results showed that 
both HT-BZ and HT/GO had inhibition effect on carbon 
steel and improved corrosion protection and adhesion of 
organic coating. The presence of graphene oxide enhanced 
the inhibition effect of hydrotalcite. In this work, the effect 
of GO on corrosion inhibition of Zn-Al hydrotalcite inter-
calated with benzoate (HT-BZ) was studied. For this pur-
pose, hydrotalcite/graphene oxide hybrid loaded benzoate 
(HT/GO-BZ) as corrosion inhibitor for carbon steel was 
prepared and characterized. The corrosion inhibition effect 
of HT/GO-BZ for carbon steel was investigated using 
electrochemical method and salt fog test.

2. Experimental Methods

2.1. Materials

Graphite was supplied by Sigma-Aldrich. H2SO4 (95- 
98%), KMnO4, Zn(NO3)2.6H2O, Al(NO3)3.9H2O, and 
NaOH were obtained from Merck. Sodium benzoate 
(C7H5O2Na) (99%) was obtained from VWR.

For preparation of the coatings, the epoxy Epikote 828 
with epoxy equivalent weight of about 187 g/eq and the 
hardener EPIKURE 8537-WY-60 with equivalent weight 
of 174 g/eq were used. The epoxy resin was obtained from 
Hexion, Thailand and the hardener was obtained from 
Momentive, Thailand.

2.2. Preparation of graphene oxide

Graphene oxide (GO) was prepared by using modified 
Hummer method described in our previous work [18]. 

Graphite was expanded in supercritical CO2 environment 
at 50 °C, 15 MPa. 2 g graphite and 7 g KMnO4 were 
slowly added into 50 mL concentrated H2SO4 with tem-
perature of 2 °C. Then the reaction temperature was main-
tained at 35 °C for 2 hours. After that 300 mL distilled 
water was poured into the mixture with stirring over 1 
h, then 10 mL H2O2 was added into the mixture with 
stirring over 1 h. The precipitate was filtered, washed with 
distilled water and dried in a vacuum oven at 50 °C for 
24 h.

2.3. Preparation of HT-BZ and HT/GO-BZ

Hydrotalcite intercalated with benzoate (HT-BZ) was 
fabricated by the co-precipitation reaction. Solution A is 
a salt mixture of Zn(NO3)2 and Al(NO3)3 (molar ratio of 
Zn2+/Al3+ = 2/1). Solution B is a mixture of two solutions: 
benzoate solution and sodium hydroxide solution. Solution 
B was kept under nitrogen atmosphere at room temper-
ature and pH = 8 – 9. Solution A was added to solution 
B with vigorous stirring. Then slurry was kept at 50 °C 
for 24 h under nitrogen atmosphere. The white precip-
itation formed was washed with large amounts of degassed 
distilled water before drying at a temperature of 70 °C 
for 24 h. 

The HT/GO-BZ was synthesized using the same proce-
dure described for the preparation of HT-BZ, except that 
solution B contained GO with GO/HT weight ratio of 
1/20.

2.4. Coating preparation 

Waterborne epoxy coating without inhibitor and with 
HT-BZ and HT/GO-BZ at concentration of 0.5 wt% were 
applied on carbon steel plates (150 mm × 100 mm × 2 
mm). The steel plates were polished with SiC papers (400 
grades) and cleaned with ethanol. For preparation of epoxy 
coatings, the epoxy/amine ratio was the stoichiometric 
ratio. HT-BZ and HT/GO-BZ were dispersed in hardener 
solution by magnetic stirring and sonication, and then the 
epoxy resin was added to the hardener solution containing 
HT-BZ and HT/GO-BZ. The coatings were formed on 
carbon steel by the spin coating method. The coatings 
were cured at ambient temperature for 7 days. The meas-
ured thickness of dry film was 30 ± 3 μm.

2.5. Analytical characterization 

Powder X-ray diffraction (XRD) patterns of HT-BZ and 
HT/GO-BZ were obtained on Siemens diffractometer 
D5000 using CuKα radiation (λ = 0.15406 nm) at room 
temperature from 1° to 70° with scanning speed of 
2.6°/min under air conditions.

Fourier transform infrared spectra (FT-IR) of samples 
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were measured on Nexus 670 Nicolet spectrometer with 
resolution at 32 cm-1 using the KBr method with trans-
mission mode. The spectra were obtained in the region 
of 400 - 4000 cm-1. 

Field emission scanning electron microscope (FESEM) 
of hydrotalcite powders were operated on FESEM Hitachi 
S-4800 at a voltage of 5.0 kV.

UV-Vis spectroscopy was used to determine the content 
of benzoate in HT-BZ and HT/GO-BZ with GBC Cintra 
40 spectrometer. The amount of benzoate in HT-BZ or 
HT/GO-BZ was determined by the following protocol: 
0.01 g of HT-BZ or HT/GO-BZ was dissolved in 1.2 mL 
of 1 M HCl solution in 50-mL volumetric flask. Then 
distilled water was filled into the balance of volumetric 
flask. The absorbance of benzoate was monitored by UV–
Vis spectrophotometer at λmax = 225 nm. Based on the 
benzoate standard curve, the content of benzoate into the 
HT-BZ or HT/GO-BZ was calculated. The standard curve 
was obtained from a series of benzoate standard solutions.

2.6. Electrochemical measurements

Corrosion inhibition effect of hydrotalcites loaded ben-
zoate was investigated using polarization curves and elec-
trochemical impedance spectroscopy measurements. A 
three-electrode cell with a platinum auxiliary electrode, 
a saturated calomel reference electrode (SCE) and a work-
ing electrode with an exposed area of 1 cm2 was used. 
The electrochemical measurements were performed using 
a VSP 300 Biologic. Testing solution was a 0.1 M NaCl 
solution. The concentration of hydrotalcites was 3 g/L. 
The impedance diagrams were recorded after 2 h im-
mersion at the open circuit potential with a frequency 
range from 100 kHz to 10 mHz with sinusoidal voltage 
of 5 mV. The polarization curves performed with a sweep 
speed of 1 mV/s beginning from the corrosion potential 
after 2 h of immersion. Each experiment was done at least 
three times. 

2.7. Salt spray test

Corrosion resistance of coatings was evaluated by salt 
spray test according to ASTM B117 using Q-FOGCCT-600 
chamber. The coating samples were scribed before test. 
The sample surfaces after 48 h testing were evaluated. 
Three samples of each system were tested.

3. Results

3.1. Characterization of HT/GO-BZ

Structure and morphology of HT/GO-BZ were inves-
tigated by FT-IR, XRD and SEM. The FT-IR spectra of 
GO, HT-BZ and HT/GO-BZ are presented in Fig.1. The 

FT-IR spectrum of GO shows bands at 1406 cm-1 and 
1717 cm-1 corresponding to C-O and C=O vibration. The 
band at 1621 cm-1 is attributed to C=C vibration [19]. 
For HT-BZ it is observed bands characteristic of Zn-O 
and NO3- group of hydrotalcite at 426 cm-1 and 1385 cm-1 
[20]. The bands at 1552 cm-1 and 1408 cm-1 are attributed 
to vibration of COO- group [21]. The band at 1596 cm-1 

is characteristic of monosubstituted aromatic ring. This 
result indicates the intercalation of benzoate in HT-BZ. 
FT-IR spectrum of HT/GO-BZ presents also characteristic 
bands of Zn-O and COO- vibration at 426 cm-1 and 1535 cm-1 

and 1395 cm-1 like HT-BZ. By comparison with HT-BZ, 
the bands characteristic of COO- of HT/GO-BZ are 
moved to lower wavenumber and their intensity are 
decreased. This modification can be caused by the pres-
ence of GO in HT/GO-BZ and the BZ content in 
HT/GO-BZ was lower than the one of HT-BZ. These 
results indicate the presence of benzoate in the structure 
of HT/GO-BZ.

The X-ray diffraction patterns of GO, HT-BZ and 
HT/GO-BZ are shown in Fig. 2. The XRD pattern of GO 
exhibits strong characteristic peak corresponding to inter-
layer distance of 0.79 nm. This indicates the complete 
oxidation of graphite to the GO [19]. The XRD patterns 
of HT-BZ and HT/GO-BZ are similar and present typical 
peaks of hydrotalcites. In the XRD patterns of HT-BZ 
and HT/GO-BZ present the (003) reflections correspond-
ing to interlayer distance of 1.59 nm and 1.96 nm re-
spectively, which are higher than the value of hydrotalcite 
of 0.79 nm [22]. The higher d-spacing value of the HT-BZ 
and HT/GO-BZ in comparison to the value of hydrotalcite 

Fig. 1 FT-IR spectra of GO, HT-BZ and HT/GO-BZ.
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indicates the intercalation of benzoate molecules in the 
interlayer domain of hydrotalcite. For HT/GO-BZ, the 
basal spacing is higher than this value of HT-BZ. The 
higher interlayer distance of HT/GO-BZ compared with 
the one of HT-BZ can be explained the intercalation of 
GO in interlayer domain of hydrotalcite. These results 
confirm the intercalation of benzoate and GO in the struc-
ture of HT/GO-BZ.

The SEM images of GO, HT-BZ and HT/GO-BZ are 
shown in Fig. 3. It can be seen that GO has layer structure 
with wrinkled large surface. HT-BZ presents a typical 
plate-like morphology of hydrotalcites and has particle 
size in the range of 200-500 nm. HT/GO-BZ displays also 
layer structure of hydrotalcites. HT/GO-BZ particles are 
more separated and the layer thickness is lower compared 

to HT-BZ. The morphology change of HT/GO-BZ com-
pared with HT-BZ can be explained by the intercalation 
of GO in the interlayer domain of hydrotalcite and for-
mation of hydrotalcites on GO surface [18,23]. The SEM 
result is in good agreement with XRD analysis.

The benzoate content in HT/GO-BZ was determined and 
compared with HT-BZ by UV-Vis spectroscopy. Fig. 4 
shows the UV-Vis spectra of benzoate (BZ) solution at 
concentration of 1.85 10-4 mol/L, solution of HT-BZ and 
HT/GO-BZ reacted with HCl after 2 times dilution. All 
spectra have the max absorbance at wave length of 225 
nm. The calibration curve determined from a series of 
benzoate standard solutions (shown in Fig. 5). The rela-
tionship between the absorbance at 225 nm and the ben-
zoate concentration is: A = 8236 C - 0.012103 with R2 

Fig. 2 XRD patterns of GO, HT-BZ and HT/GO-BZ.

Fig. 4 UV-Vis spectra of BZ solution, solutions of HT-BZ and
HT/GO-BZ after reaction with HCl.

Fig. 3 SEM photographs of GO, HT-BZ and HT/GO-BZ.
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= 0.99898 (C is benzoate concentration in mol/L and 
A is the absorbance at the wavelength of 225 nm). From 
the calibration curve and the absorbance at 225 nm, 
the benzoate concentration of the solution containing 
HT/GO-BZ or HT-BZ reacted with HCl was determined 
and then the benzoate content in HT/GO-BZ and HT-BZ 
was calculated. The benzoate loading in HT/GO-BZ and 
HT-BZ were 16% and 28% respectively. The benzoate 
content in HT-BZ was close to the value reported [9]. 
The lower benzoate content in HT/GO-BZ can be ex-
plained by the presence of GO in the interlayer of 
HT/GO-BZ.

3.2. Corrosion inhibition of HT/GO-BZ

Corrosion inhibition of HT/GO-BZ for carbon steel was 
investigated in 0.1 M NaCl solution at concentration of 
3 g/L. For a comparison, the corrosion test was also real-
ized for 0.1 M NaCl without inhibitor and with HT-BZ 
at 3 g/L. The anodic polarization curves and electro-
chemical impedance diagrams of electrodes were per-
formed after 2 h exposure.

Fig. 6 presents the anodic polarization curves measured 
for steel electrode after 2 h immersion in 0.1 M NaCl 
solution in the absence of inhibitor and in the presence 
of HT-BZ and HT/GO-BZ. Corrosion potential (Ecorr), cor-
rosion current density (icorr) determined from polarization 
curves are presented in Table 1. With the presence of 
HT-BZ and HT/GO-BZ, the corrosion potential is sig-
nificantly shifted to more positive values, and the anodic 
current densities are lower compared to the case without 
inhibitor. The corrosion potential obtained for HT/GO-BZ 
is close to that of HT-BZ. But the anodic current den-
sities obtained for the solution containing HT/GO-BZ 
are lower than the values of the solution containing 
HT-BZ. Benzoate released from HT-BZ and HT/GO-BZ 

can be adsorbed on steel surface and inhibiting the anodic 
corrosion reaction [6]. Although the benzoate content in 
HT/GO-BZ was lower than the one of HT-BZ, the anodic 
current densities determined for HT/GO-BZ were lower 
compared to HT-BZ. This behavior can be explained by 
the effect of GO intercalated in HT/GO-BZ. In addition, 
the interaction between carboxyl groups of GO interca-
lated in HT/GO-BZ with iron ions can improve the adsorp-
tion of HT/GO-BZ on steel surface. Besides, GO with 
large lateral structure and high impermeability improves 
the barrier properties of the film formed by HT/GO-BZ 
[18]. The results from polarization curves indicate that 
HT/GO-BZ is an anodic inhibitor of carbon steel and 
the presence of GO improved the inhibition effect of 
HT/GO-BZ.

The electrochemical impedance diagrams of steel elec-
trodes after 2 h immersion in 0.1 M NaCl solution without 
inhibitor and with HT-BZ and HT/GO-BZ are shown in 
Fig. 7. It is observed that for all solutions, after 2 h ex-
posure the impedance diagrams have only one time 
constant. The impedance modulus at low frequencies ob-

Fig. 5 Calibration curve of standard benzoate solutions. Fig. 6 Anodic polarization curves obtained for electrode after 
2 h immersion in 0.1 M NaCl solution without inhibitor (○), 
with 3 g/L HT-BZ (♦) and with 3 g/L HT/GO-BZ (●).

Sample
Ecorr

(mV)
icorr 

(µA.cm-2)

0.1 M NaCl - 662 111

0.1 M NaCl + 3 g/L HT-BZ - 611 28

0.1 M NaCl + 3 g/L HT/GO-BZ - 604 14

Table 1 Corrosion potential and corrosion current density 
determined for steel electrode after 2 h exposure to 0.1 M NaCl
solution without inhibitor and with presence of HT-BZ and 
HT/GO-BZ
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tained for solutions containing HT-BZ and HT/GO-BZ are 
significantly higher than the one of blank solution. The 
impedance modulus for the case of HT/GO-BZ are higher 
than the ones for the sample with HT-BZ. From the im-
pedance diagrams, the polarization resistances were de-
termined and used for evaluation of inhibition efficiencies 
[25].

E% = (Rp− Rp0)/Rp. In this equation Rp0 is the polar-
ization resistance obtained for solution without inhibitor 
and Rp is the polarization resistance obtained for solution 
containing inhibitor.

The obtained Rp values and calculated inhibition effi-
ciencies are presented in Table 2. For electrode exposed 
to sodium chloride solution in the absence of inhibitor, 
the Rp0 is 195 Ω.cm2. The Rp value obtained in the pres-
ence of HT-BZ is 2045 Ω.cm2 and the inhibition effi-
ciency is 90.5%. For solution containing HT/GO-BZ, the 
Rp value is 4070 Ω.cm2 and the inhibition efficiency is 
95.2%. The results obtained from electrochemical meas-
urements show that the presence of GO in HT/GO-BZ 
increased the inhibition efficiency of hydrotalcite. Higher 
corrosion inhibition efficiency of HT/GO-BZ compared 
to HT-BZ can be caused by the barrier effect of GO in 

HT/GO-BZ.

3.3. Corrosion resistance of water based epoxy coatings 
containing HT/GO-BZ

Corrosion resistance of coating system was investigated 
by the salt spray test. Fig. 8 presents the images of samples 
after 48 h test. All three samples exhibited visible corro-
sion and rust on the scribes. However the rust amounts 
at scratches of the coatings are different. It can be seen 
that pure epoxy coating exhibited the highest rust creep 
from scratch and epoxy coating loading HT/GO-BZ pre-
sented the lowest rust creep from scratch. These results 
show that the presence of HT-BZ and HT/GO-BZ in ep-
oxy coating delays corrosion travels along the coat-
ing/metal interface to either sides of the scratch. Cl- anions 
can be entrapped by HT-BZ and HT/GO-BZ and benzoate 
released can provide inhibition effect at the interface coat-
ing/metal [8,17]. The corrosion degree at scratch of sam-
ple with HT/GO-BZ was lower than that of sample with 
HT-BZ. This result can be explained the barrier effect 
of GO in HT/GO-BZ. 

Sample
Rp

(Ω.cm2)
Inhibition 

efficiency (%)

0.1 M NaCl 195 -

0.1 M NaCl + 3 g/L HT-BZ 2045 90.5

0.1 M NaCl + 3 g/L HT/GO-BZ 4070 95.2

Table 2 Polarization resistance and inhibition efficiencies 
determined for steel electrode after 2 h exposure to 0.1 M NaCl
solution without inhibitor and with presence of HT-BZ and 
HT/GO-BZ

Fig. 7 Electrochemical impedance diagrams obtained for steel electrode after 2 h exposure to 0.1 M NaCl solution without inhibitor
and with presence of HT-BZ and HT/GO-BZ.

Fig. 8 Images of samples after 48 h test in salt spray chamber.



THUY DUONG NGUYEN, BOI AN TRAN, KE OANH VU, ANH SON NGUYEN, ANH TRUC TRINH, GIA VU PHAM, THI XUAN HANG TO, AND THANH THAO PHAN

88 CORROSION SCIENCE AND TECHNOLOGY Vol.19, No.2, 2020

4. Conclusions

Hydrotalcite/graphene oxide containing benzoate was 
successfully prepared by the co-precipitation method. The 
benzoate content in HT/GO-BZ was about 16%. The re-
sults obtained by electrochemical measurement demon-
strate that HT/GO-BZ is an anodic corrosion inhibitor with 
inhibition efficiency about 95.2% at 3 g/L concentration. 
High corrosion inhibition efficiency of HT/GO-BZ is due 
to the inhibition effect of benzoate and barrier effect of 
GO intercalated in HT/GO-BZ. Corrosion resistance of 
epoxy coating was increased significantly by incorporation 
of 0.5 wt% HT/GO-BZ.
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