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This work studied the inhibitory effect of the combination of benzoate-intercalated hydrotalcite (HT-BZ)

and Ce3+-loaded clay (Clay-Ce) on carbon steel (CS). HT-BZ was prepared by the co-precipitation method

and Clay-Ce was fabricated by a cation exchange reaction. HT-BZ and Clay-Ce were assessed by scanning

electron microscopy (SEM) and X-ray diffraction (XRD) coupled with zeta potential measurement. Elec-

trochemical measurements coupled with scanning electron microscopy/energy-dispersive X-ray spectros-

copy (SEM/EDX) were used for studying the inhibitory action of the mixture of HT-BZ and Clay-Ce on

steel electrodes immersed in 0.1 M NaCl. For comparison, the inhibitory effect of HT-BZ or Clay-Ce alone

was also evaluated. The results showed that HT-BZ combined with Clay-Ce provided synergistic inhibi-

tion of the CS substrate. The mixture of 0.5 g/L HT-BZ + 0.5 g/L Clay-Ce provided 93.5% inhibition effi-

ciency. The protective mechanism of the HT-BZ + Clay-Ce mixture consisted of the reaction of released

BZ and Ce3+ and the deposition of HT-BZ and Clay-Ce structures on the CS substrate.
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1. Introduction

Organic coatings resistant to aggressive environments

were widely used to provide anti-corrosion of steel

surfaces [1]. However, organic coatings are prone to water

uptake, causing the corrosion of the materials [2]. The

inhibitors added in the coatings can limit the water

absorption of these coatings and increase the active anti-

corrosion for the substrates [3,4]. Among these,

hydrotalcite (HTs) and clays have been of great interest

due to their ability to act as an inhibitory container for

anti-corrosion and their low cost [3,5,6].

Organic/inorganic inhibitor-loaded HT can release

inhibitors when exposed to aggressive environments [7,8].

Moreover, invasive ions such as Cl- were also held by the

HT interlayer [7,9]. Yan et al. prepared ZnAlCe HT

bearing molybdate (ZnAlCe-MoO4 HT) and studied their

influence on CS corrosion in NaCl solution [10]. The

obtained electrochemical measurements indicated that

ZnAlCe-MoO4 HT provided higher protection properties

than ZnAl-NO3 and ZnAl-MoO4 HT. Additionally, Cl-

can be exchanged with MoO4
2- from ZnAlCe-MoO4 HT,

which decreases of Cl- concentration in electrolyte

solution. The HTs containing organic inhibitors like

benzothiazolylthio-succinic acid (BTSA), benzoate (BZ),

benzotriazole (BTA), and sebacate (SB) were studied to

restrict the corrosion of CS substrates in sodium chloride

medium [3,4,6]. The results showed that these organic

inhibitors, which were released from the hydrotalcite

interlayer, can block the anodic sites on the metal surface.

In addition, our previous studies showed that ZnAl-HTs

intercalated with BZ at high concentrations had an

inhibition efficiency was higher than 90% for CS substrate

[3,4]. 

Due to the rich interstitial chemistry of clay compounds,

the efficient replacement of inorganic ions by surfactants

or cationic organic molecules can be realized through cation

exchange reactions [11,12]. Among layered silicates, clay

montmorillonite (MMT) has been most extensively

investigated [13]. Organic coatings containing MMT

bearing inhibitors showed promise for protection against
†Corresponding author: ntd0801@gmail.com, ttxhang60@gmail.com
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metal corrosion [11,12,14,15]. The MMT modified with

amino-trimethylphosphonic acid or 8-hydroxyquinoline

or indole 3-butyric acid improved protection performance

of these epoxy coatings applied on steel substrates [14-

16]. Modified MMT enhanced the barrier properties of

coatings and played the role of inhibitor container. The

Ce3+ modified MMT (Ce-MMT) was used in sol-gel films

applied on AA2024 surface substrate [11]. The results

showed that Ce-MMT significantly enhanced the

protection performance of the sol-gel film. 

A lot of research has focused on the individual effect

of HT or clay but not their combined ability. This

motivated us to study inhibition action of HT-BZ

combined with clay loading Ce3+ on steel substrate. The

inhibition action of the mixture of HT-BZ and Clay-Ce

was measured using electrochemical measurements

coupled with SEM/EDX. For comparison, the inhibition

action of individual HT-BZ or Clay-Ce was also studied.

The protection action mechanisms of the mixture of HT-

BZ and Clay-Ce for steel surface were discussed.

2. Experimental Methods

2.1 Materials

Zn(NO3)2·6H2O, Al(NO3)3·9H2O, Ce(NO3)3·6H2O, and

NaOH were obtained from Merck. Sodium benzoate

(C7H5O2Na) (99%) was obtained from Sigma.

The montmorillonite clay was from Binh Thuan province

in Vietnam. This clay had a 2/1 ratio of silica to alumina,

and the cation exchange capacity was 100–115 meq/100 g. 

2.2 Preparation of HT-BZ

Hydrotalcite bearing benzoate (HT-BZ) was prepared

using the co-precipitation reaction [4]. Solution 1 was a

salt mixture of Zn(NO3)2 and Al(NO3)3 (Zn2+/Al3+ molar

ratio = 2/1). Solution 2 was an BZ solution with pH

adjusted by NaOH solution. Solution 2 was kept under a

nitrogen atmosphere at a temperature of 25 oC and pH =

8 - 9. Solution 1 was added to solution 2 with magnetic

stirring. Then the mixture was kept at 50 oC for 24 h under

a nitrogen atmosphere. The precipitation was washed with

degassed distilled water and dried at 70 oC for 48 h.

2.3 Preparation of Clay-Ce

First, 3 g pristine clay was dispersed in 300 mL distilled

water containing 3 g Ce(NO3)3·6H2O. Then, the mixture

was stirred at a temperature of 25 oC for 24 h. The

precipitate was washed with distilled water several times.

After that, Clay-Ce was dried at 60 oC in a vacuum oven

for 48 h.

2.4 Analytical characterization 

Powder X-ray diffraction (XRD) spectra of HT-BZ and

Clay-Ce were obtained on Siemens diffractometer D5000

using CuKα radiation (λ = 0.15406 nm) from 1o to 70o in

air conditions. The scanning speed was 2.6o/min.

The zeta potential values of the HT-BZ and Clay-Ce

were measured on a MALVERN Zetasizer Nano ZS. 

Scanning electron microscope (SEM) was used to

observe the morphologies of HT-BZ and Clay-Ce. SEM

photographs were obtained on Hitachi S-4800.

Steel surfaces after 2 h exposure to NaCl medium

without inhibitor and with HT-BZ and Clay-Ce were

assessed by SEM/EDX on a JSM-6510LV microscope.

2.5 Electrochemical measurements

Electrochemical tests were done with the three-electrode

cell: a platinum auxiliary electrode, a saturated calomel

reference electrode (SCE), and a working electrode with

an exposed area of 1 cm2. The electrochemical tests were

carried out with a VSP 300 Biologic. The testing solution

was a 0.1 M sodium chloride solution. Three concentrations

of HT-BZ and Clay-Ce with a total 1 g/L inhibitor

concentration were investigated: 1 g/L HT-BZ; 1 g/L Clay-

Ce and 0.5 g/L HT-BZ + 0.5 g/L Clay-Ce. The impedance

diagrams of all samples were recorded after immersion of

2 h with the frequency range between 100 kHz to 10 mHz,

using a sinusoidal voltage of 5 mV. The polarization curves

of all samples were performed from -30 mV vs OCP to

300 mV vs OCP (V/SCE) with a sweep speed of 1 mV/s

after 2 h immersion. Each measurement was repeated at

least three times. Corrosion potential and corrosion current

density were determined from polarization curves. The Zfit

software supplied by Biologic based on Wagner-Traud

equation was used.

3. Results

3.1 Characterization of Clay-Ce and HT-BZ

The presence of Ce3+ in clay was identified by XRD
2 CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.1, 2023
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analysis. Fig. 1 showed the XRD pattern of pristine clay and

Clay-Ce samples. The characteristic peak corresponding to

the d(001) plane of the pristine clay appeared at 2θ = 7o

for the Clay-Ce sample and 2θ = 6o for original clay

sample. Using the Bragg’s law, the d-spacing of pristine

clay and Clay-Ce was 12.8 Å and 14.6 Å, respectively.

The significant increase of d-spacing in the Clay-Ce

compared to pristine clay indicated the replacement of

Na+ cations by Ce3+ [11].

The surface charge values of the pristine clay and Clay-

Ce were determined by zeta potential measurement in

water (Fig. 2). The clay concentration was 0.03%. The

zeta potentials determined were -76.0 mV and -52.5 mV

for pristine clay and Clay-Ce respectively. The negative

surface charge of clay was caused by the replacement of

some valence of Si(IV) cations in SiO4 by Al(III). When

clay was modified with Ce3+, it was possible that some

of the Na+ in the clay interlayer was replaced by Ce3+,

changing the charge of clay-Ce to a more positive value

than that of the original clay.

SEM images of pristine clay and Clay-Ce samples (Fig.

3) showed that both pristine clay and Clay-Ce had lamellar

structure. The Clay-Ce had the similar particle size as that

of the pristine clay but its particles were more separated. 

The recorded XRD spectrum and SEM photograph of

HT-BZ are shown in Fig. 4. The dominant peaks of HT

crystal structure were located at 2θ angles of 5.40o, 11.33o,

22.86o, 34.90o and 60.67o, corresponding to (003), (006),

(009), (012) and (110) planes, respectively (Fig. 4a) [4].

The XRD spectrum of HT-BZ presented the (003)

Fig. 1. XRD spectra of clay and Clay-Ce

Fig. 2. Zeta potential value of Clay-Ce and pristine clay
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reflections corresponding to d-spacing of 1.59 nm and

1.96 nm respectively, which were higher than d-spacing

of nitrate hydrotalcite of 0.79 nm [4]. The higher d-spacing

of the HT-BZ indicated the accommodation of BZ in the

interlayer domain of HT host.

The SEM photographs (Fig. 4b) showed the typical

plate-like morphology of HT-BZ with particle sizes about

200 - 500 nm.

3.2 Corrosion inhibition of HT-BZ and Clay-Ce

Inhibition effect of HT-BZ, Clay-Ce and HT-BZ + Clay-

Ce mixture for CS was studied with a 1 g/L inhibitor

concentration. For a comparison, the corrosion test was

also realized for a NaCl solution without any inhibitor. The

electrochemical impedance diagrams and polarization

curves were measured after 2 h exposure.

Fig. 5 presents the anodic polarization curves measured

for steel electrodes immersed in NaCl without inhibitors

and with HT-BZ or Clay-Ce or HT-BZ + Clay-Ce mixture.

Corrosion potential (Ecorr), corrosion current density (icorr)

and inhibition efficiency are shown in Table 1. 

The icorr determined for the case without inhibitor was

120 µA.cm-2. The icorr value in the case of HT-BZ or

Fig. 3. SEM photographs of Clay-Ce and pristine clay

Fig. 4. XRD spectrum (a) and SEM photograph (b) of HT-BZ

Fig. 5. Anodic polarization curves of steel electrode without
inhibitor (x), with 1g/L HT-BZ (o), with 1 g/L Clay-Ce (◊)
and with 0.5 g/L HT-BZ+ 0.5 g/L Clay-Ce (●)
4 CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.1, 2023
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Clay-Ce was lower compared to the blank sample, at

63.7 µA.cm-2 and 87 µA.cm-2 respectively. The anodic

current density determined for the mixture of HT-BZ

and Clay-Ce (23.6 µA.cm-2) was worse than that of HT-

BZ or Clay-Ce sample. The lower icorr value of HT-BZ

+ Clay-Ce mixture in comparison with individual Clay-

Ce and HT-BZ can be caused by the simultaneous effects

of benzoate released from HT-BZ and Ce3+ released from

Clay-Ce. Benzoate released from HT-BZ can be

adsorbed on CS substrate and impede the anodic

corrosion reaction [6]. Moreover, layer structures of

hydrotalcite and clay can be deposited on CS substrate.

The polarization curves results demonstrated that HT-

BZ + Clay-Ce mixture showed anodic inhibitor of CS

and combination with Clay-Ce improved the inhibition

ability of HT-BZ.

The EIS Nyquist and Bode diagrams of steel electrodes

after 2 h immersion in 0.1 M NaCl solution without

inhibitor and with HT-BZ and Clay-Ce and HT-BZ +

Clay-Ce mixture are presented in Fig. 6. The electric

equivalent circuits used for fitting the EIS diagrams are

presented in Fig. 7. 

For blank sample and sample with Clay-Ce, the

impedance diagrams had only one time constant, which

corresponds to electric equivalent circuits of Fig. 7a. For

the case with HT-BZ and HT-BZ + Clay-Ce mixture, the

EIS diagrams had two time constants, which corresponded

to the electric equivalent circuits of Fig. 7b. Inhibition

Table 1. Corrosion potential and corrosion current density
determined from polarization curves

Sample Ecorr (mV) icorr (µA.cm-2)

Without inhibitor -659.0 120.0

1 g/L HT-BZ -570.0 63.7

1 g/L Clay-Ce -527.0 87.0

0.5 g/L HT-BZ + 0.5 g/L Clay-Ce -520.5 23.6

Fig. 6. Impedance diagrams obtained for steel electrode
after 2 h exposure in 0.1 M NaCl: without inhibitor (□), with
1 g/L HT-BZ (o), with 1 g/L Clay-Ce (∆) and with 0.5 g/L
HT-BZ+ 0.5 g/L Clay-Ce (⌂)

Fig. 7. The electric equivalent circuits used for fitting the EIS diagrams
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efficiencies are determined from polarization resistances

using equation (1).

E% = (Rp− Rp0)/Rp (1)

Where, Rp0 is the polarization resistance of sample

without inhibitor and Rp is the polarization resistance of

sample containing inhibitor. The fitted EIS parameters

were shown in Table 2.

The solution resistance of the blank sample was

21 Ω·cm2. The solution resistance of samples with HT-

BZ, Clay-CE and HT-BZ + Clay-Ce mixture were also

21 Ω·cm2 or 22 Ω·cm2. This indicated that HT-BZ and

Clay-CE at 1 g/L concentrations did not change the

resistance of the NaCl medium.

The Rf of sample with HT-BZ was 27 Ω·cm2, while the

Rf of sample with HT-BZ + Clay-Ce mixture was

144 Ω·cm2. The low Rf for the sample HT-BZ showed a

thin and porous film formed on the CS substrate. Higher

Rf value obtained for the mixture of HT-BZ and Clay-Ce

can be explained by the participation of Clay-Ce in

protective film on CS substrate.

The polarization resistance is associated with the

corrosion development on the metal surface. Higher

Rp value indicates higher corrosion resistance. The Rp

of the blank sample was 256 Ω·cm2. The Rp of sample

with HT-BZ, Clay-Ce and HT-BZ + Clay-Ce mixture

were higher than that of blank sample and were 1197,

845 and 3919 Ω·cm2 respectively. The inhibition

efficiencies of HT-BZ, Clay-Ce and HT-BZ + Clay-Ce

mixture were 78.6%, 69.7% and 93.5% respectively.

The EIS results agreed with the polarization curves

results. The electrochemical measurement results

showed that the mixture of HT-BZ and Clay-Ce

presented significantly higher inhibition effect than

individual HT-BZ or Clay-Ce.

3.3 Surface analysis 

The sample surfaces after 2 h exposure in NaCl

solutions without and with inhibitors were also analyzed

Table 2. Fitting EIS parameters of samples

Sample
Rs 

(Ω.cm2)

CPEf

 (Ω
-1.sn.cm-2)

nf

Rf 

(Ω.cm2)

CPEdl

 (Ω
-1.sn.cm-2)

n
Rp 

(Ω.cm2)

E 

(%)

Without inhibitor 21 1.12E-02 0.51 256 -

1 g/L HT-BZ 21 7.15E-04 0.58 27 8.39E-03 0.59 1197 78.6

1 g/L Clay-Ce 22 2.80E-03 0.53 845 69.7

0.5 g/L HT-BZ + 0.5 g/L Clay-Ce 22 1.96E-04 0.66 144 2.62E-04 0.72 3919 93.5

Fig. 8. SEM photographs of samples after 2 h exposure in 0.1 M NaCl
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by SEM/EDX. Fig. 8 presents the SEM photographs of

sample surfaces after 2 h exposure. For the blank sample

there were structures of iron oxides. For the sample with

HT-BZ, the sample surface was almost covered by

hydrotalcite structures. For the sample with Clay-Ce, there

were clay structures, but the sample surface was not

covered totally by clay structures. For the sample with

the mixture of HT-BZ and Clay-Ce, hydrotalcite and clay

layers covered almost the sample surface. These surface

analysis results explained the high inhibition effect

obtained with the HT-BZ + Clay-Ce mixture.

The surface elemental compositions after 2 h exposure

of the blank sample and samples with HT-BZ and Clay-

Ce and HT-BZ + Clay-Ce mixture were determined by

EDX. The elemental analysis results of the surface are

shown in Table 3.

After 2 h exposure, for the blank sample, iron and

oxygen are detected. The Fe content and O contents were

83.32% and 8.66% respectively. For the sample with HT-

BZ, the Al and Zn were detected, and the Al and Zn

content were 0.98% and 17.03% respectively. This

indicated ZnAl hydrotalcite deposited on the sample

surface. For samples with Clay-Ce, the Al, Si and Ce

were observed with contents of 0.36%, 1.01% and 11.4%

respectively. These results demonstrated the clay structure

and Ce on the sample surface. For the mixture of HT-BZ

and Clay-Ce we observed all elements present for the

mixtures with HT-BZ and Clay-Ce individually. These

results confirmed the deposition of hydrotalcite and clay

structures on the CS surface.

3.4 Discussion

The action mechanism of HT-BZ + Clay-Ce mixture

on CS substrate during exposure to 0.1 M NaCl was

presented in Fig. 9. During exposure to 0.1 M NaCl, Fe2+

and Fe3+ cations were formed on surface substrate due to

anodic reactions (Eq. 2 and 3), while hydroxyl anions

were formed due to oxygen reduction (Eq. 4) (Fig. 9a)

Table 3. Elemental compositions of the steel surfaces after 2 h exposure in 0.1 M NaCl

Sample
Fe

(wt%)

O

(wt%)

Zn

(wt%)

Al

(wt%)

Si

(wt%)

Ce

(wt%)

C

(wt%)

Without inhibitor 83.32 8.66 - - - 8.02

1 g/L Clay-Ce 75.51 7.35 - 0.36 1.01 11.4 4.36

1 g/L HT-BZ 61.97 11.95 17.03 0.98 - 8.07

0.5 g/L HT-BZ+ 0.5 g/L Clay-Ce 73.40 9.62 6.11 0.60 0.90 4.32 5.05

Fig. 9. Protection action mechanism of HT-BZ + Clay-Ce mixture on steel substrate
CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.1, 2023 7
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[5]. The released Ce3+ cations from Clay-Ce could react

with the OH- anions to form Ce(OH)3 and CeO2 at the

cathodic areas (Eq. 5-7) (Fig. 9b) [17]. These species

helped to seal at the cathodic areas, thus the pitting

growth can stop and the corrosion process at these areas

can be slowed [17]. At the anodic areas, the Fe2+ and

Fe3+ cations reacted with the released BZ anions from

the HT-BZ forming the mixture of [Fe(Bz)2] and

[Fe(Bz)3] complexes (Eq. 8 and 9), which prevented the

metal dissolution (Fig. 9b) [3]. Moreover, the deposition

of HT-BZ and Clay-Ce on the CS surface formed a

protective barrier layer, which can delay the corrosion

development (Fig. 9c) [3].

Fe → Fe2+ + 2e (2)

Fe2+ → Fe3+ + e (3)

O2 + 4e + 2H2O → 4OH- (4)

Ce3+ + 3OH- → Ce(OH)3 (5)

4Ce3+ + O2 + 4OH- + 2H2O → 4Ce(OH)2
2+ (6)

Ce(OH)2
2+ + 2OH- → CeO2 + 2H2O (7)

Fe2+ + 2Bz- → [Fe(Bz)2] (8)

Fe3+ + 3Bz- → [Fe(Bz)3] (9)

4. Conclusions

The combination of hydrotalcite bearing benzoate (HT-

BZ) and clay loading Ce3+ (Clay-Ce) was investigated for

corrosion inhibition of carbon steel in 0.1 M NaCl

solution. The results indicated that a mixture of HT-BZ

and Clay-Ce provided a synergistic inhibition effect for

carbon steel. The corrosion inhibition efficiency of the

0.5 g/L HT-BZ + 0.5 g/L Clay-Ce mixture was 93.5%.

The corrosion inhibition efficiency of HT-BZ and Clay-

Ce individually with 1 g/L concentrations were only

78.6% and 69.7% respectively. Corrosion protection

mechanism of the HT-BZ + Clay-Ce mixture consisted

of the reaction of released BZ and Ce3+ and the deposition

of HT-BZ and Clay-Ce on the steel substrate.
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