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Abstract. In the present study, a complex between 8-hydroxyquinoline and cerium (I1I) (Ce-
HQ) was synthesized in the presence of triethylamine. Afterwards, the complex was
characterized by Field Emission Scanning Electron Microscopy (FESEM), Fourier-transform
infrared spectroscopy (FTIR) and Thermo-Gravimetric Analysis (TGA). The inhibition
efficiency of the Ce-HQ complex for the corrosion of carbon steel, evaluated by both
Electrochemical Impedance Spectroscopy (EIS) and Potentiodynamic Polarization (PP) plots,
reached 90 % after 2 h of immersion in a 0.01 M NaCl solution. Then, EIS measurements were
carried out to evaluate the effect of the Ce-HQ complex, as inhibitive pigment, after
incorporation in a waterborne epoxy coating applied over carbon steel plate. The total resistance
(Rew) Of the coated sample containing the Ce-HQ complex was higher (3.6 x 10’ Q cm?), after
35 days of exposure in a 0.5 M NacCl solution than the values obtained for the coating without
Ce-HQ. The results showed that the EP/Ce-HQ coating provided not only corrosion protection
by the Ce (I11) ions and 8HQ release at the metal/coating interface, but also improved the barrier
properties. This work proposed a new type of inhibitive pigments which can be used to develop
effective coatings for corrosion protection.

Keywords: 8-Hydroxyquinoline Complex, corrosion inhibitor, electrochemical impedance spectroscopy,
cerium (1) ions.

Classification numbers: 2.10.2, 2.5.3, 2.3.1.
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Carbon steel has been widely used in various industries; however, corrosion generates
severe degradation of materials, which has serious and significant repercussions. Thus, corrosion
protection of metals and alloys remains challenging [1, 2]. Recently, many efforts have been
made to prevent corrosion and deterioration of metallic structures in transportation systems,
buildings, and other related areas, to curb economic losses [3, 4]. Among the most efficient
methods to prevent carbon steel corrosion, organic coatings have held great significance owing
to their effective ability to act as barriers to impede aggressive species to reach the metallic
substrate. Moreover, the corrosion protection performance of organic coatings can be enhanced
by incorporating inorganic, organic, or inorganic/organic hybrid inhibitive pigments [5 - 8].

Conventional corrosion inhibitors used for carbon steel include inorganic salts and organic
compounds. Organic compounds typically act as effective corrosion inhibitors by adsorbing on
the metals surface due to the creation of coordination bonds between sulfur (S), oxygen (O),
nitrogen (N) atoms and the metal surface, facilitated by the availability of lone electron pairs or
n bonds [9-11]. Among organic inhibitors, 8-hydroxyquinoline (8-HQ) is recognized for its
chelating abilities on carbon steel surface, thanks to its functional groups: aromatic ring,
hydroxyl (OH) and -N=C- bond [6, 12, 13]. During the inhibition process, complexes are formed
between dissolved cations (Fe** or Fe®") present on the surface and 8-HQ. These complexes
establish a protective barrier that effectively hinders further dissolution [12, 13].

On the other hand, rare earth salts, and in particular cerium salts are known to be “green”
inorganic inhibitors, which have the capacity to protect carbon steel [14-17]. During exposure to
corrosive environments, the presence of Ce (I1) cations gradually leads to the formation of Ce
(111/1Vv) oxide/hydroxides protective layer on cathodic regions [15]. However, some inorganic
cerium salts readily dissolve in water, potentially resulting in negative influence when they are
incorporated into organic coatings.

The synthesis of “green” inhibitors, exhibiting strong corrosion inhibition properties on
carbon steel as well as having limited water solubility and appropriate release rate from coatings,
has received great attention in the last decades. Addressing these challenges, cerium cations can
interact with organic groups, resulting in the formation of inorganic-organic salts or complexes
that exhibit reduced solubility [18 - 20]. In addition, the inorganic-organic salts or complexes
can act as mixed corrosion inhibitor for carbon steel, creating protective oxide/hydroxides layer
on the cathodic sites and chemical adsorption of organic molecules on the anodic sites [14, 21,
22]. Moreover, the binding of organic ligands with Ce cations through chelation can lead to the
formation of high molecular weight complexes, which results in the physical adsorption onto the
substrate [22].

In the present work, cerium (I11) complex of 8-hydroxyquinoline (Ce-HQ complex) was
synthesized and characterized using Field Emission Scanning Electron Microscopy (FESEM),
Fourier-Transform Infrared Spectroscopy (FTIR) and Thermo-Gravimetric Analysis (TGA). The
inhibition efficiency of the Ce-HQ complex was evaluated by using electrochemical methods
such as, Electrochemical Impedance Spectroscopy (EIS) and polarization curves, first in a
neutral agueous solution on bare carbon steel and then, after incorporation in a waterborne epoxy
coating deposited onto carbon steel plate. In both cases, the protection afforded by the Ce-HQ
was compared to that obtained with the Ce salts (Ce(NOs)3) or the 8HQ.

2. MATERIALS AND METHODS

2.1. Materials
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A two-component water-based coating was used: a polyaminoamide (Epikure 8537-WY -
60, Momentive) as hardener and a bisphenol epoxy polymer (Epikote 828, Hexion) as base.
Cerium (I11) nitrate hexahydrate (Ce(NQs)s.6H,0), 8-hydroxyqguinoline (8HQ) and triethylamine
(EtsN) used to synthesize the 8-Hydroxyquinoline Complex with Cerium (111) (Ce-HQ) were
purchased from Merck. The organic coating was deposited on carbon steel plates (150 mm x 100
mm x 1 mm). Before coating application, the steel was polished with SiC paper (grade 400) then
cleaned with distilled water and ethanol. The electrolyte was a 0.5 M solution of NaCl (reagent
grade) in contact with air.

For the electrochemical in solution, the working electrode was a rotating disk consisting of
a carbon steel rod of 1 cm® cross-sectional area. A thermo-retractable sheath prevented the
cylindrical area from making contact with the solution; the electrode surface was only the cross-
section. The sample selected for the study was an XC35 carbon steel and had the following
composition in wt. %: C = 0.35, Mn = 0.65, Si = 0.25, P = 0.035, S = 0.035 and Fe to 100. For
all the experiments, the samples were polished with SiC paper (from grade 240 to grade 1200),
cleaned in water and then dried in warm air. The electrolyte was a 0.01 M solution of NaCl
(reagent grade) in contact with air.

2.2. Synthesis of Ce-HQ complex

The synthesis of Ce-HQ process is schematically described in Figure 1. Cerium (lI) salt
(2.2 g) was first dissolved in 100 ml distilled water, while 8HQ (2.2 g) and triethylamine (2.1
ml) were mixed in 100 ml ethanol/water (v/v, 50/50). Afterwards, the 8HQ/Et;N mixture was
put into a reflux condenser and the temperature was increased up to 60 °C. Then, the Ce(NOs);
solution was added drop-wise. The reaction took place at 60 °C within 4 h under vigorously
stirring. The obtained precipitate was filtered and washed several times with distilled water to
remove the soluble compounds. The collected product was then dried at 70 °C within 24 h.

— i

Dry for 24 h at 70 °C

Stirring for 4 h at 60 °C Filtered, then washed
with distilled water 5 times

Figure 1. Schematic illustration of the synthesis of the Ce-HQ complex.
2.3. Preparation of the waterborne epoxy coatings

Four different coating systems were prepared to compare the effect of Ce(NQs)s, 8HQ or
Ce-8HQ. First, the compounds were dissolved and dispersed in ethanol/water (70/30) by
magnetic stirring, combined with ultrasonic probe technique, for 30 min. Then, the solutions
were incorporated into the waterborne epoxy system with a concentration of 1 wt.%.

The mixtures were vigorously stirred for 1 h before the application onto the carbon steel
plates. The prepared coatings were applied by spin-coating (400 rpm for 10 s) and dried at room
temperature for one week. The film thickness was determined at about 28 + 2 pm via a Minitest
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600 Erichen digital meter. The epoxy coating with Ce(NQOgz);, 8HQ, Ce-HQ and without
inhibitors are denoted EP/Ce, EP/HQ, EP/Ce-HQ and EP, respectively.

2.4. Methods

The morphology of the Ce-HQ complex particles and the compatibility of the pigments
with the epoxy matrix were characterized by FESEM (Hitachi S-4800) on the cross-section of
the samples. FTIR spectra of 8HQ and Ce-HQ were obtained on a Nexus 670 Nicolet
spectrometer with a resolution of 8 cm™ using transmittance mode with KBr. The spectra were
obtained in the region of 400 - 4000 cm™. TGA was carried out with a Netzsch TG 209F1 Libra
under N, conditions. The temperature range was from room temperature to 800 °C with
10 °C/min.

Electrochemical measurements (EIS and polarization curves) were carried out with a
Biologic VSP300 apparatus. A classical three-electrode cell was used, in which the carbon steel
rod was the working electrode, a saturated calomel electrode (SCE) and a platinum grid were
used as reference and counter electrodes, respectively. The impedance diagrams were obtained
at the open circuit potential, under potentiostatic condition, with 10 mV peak-to-peak sinusoidal
voltage, over a frequency range of 100 kHz to 1 Hz with 8 points per decade (first up to 90 min)
and to 10 mHz (after 2 h of immersion). Then, the anodic and cathodic polarization curves were
recorded at a scan rate of 1 mV/s. The impedance diagrams for the coated samples were acquired
with the same parameters as those used for the carbon steel rod in the solution, except the
amplitude which was 30 mV peak-to-peak. For the electrochemical experiments, measurements
were performed three times to ensure reproducibility.

3. RESULTS AND DISCUSSION
3.1. Characterization of Ce-HQ complex
The morphology of Ce-HQ complex was characterized by FESEM images. Figure 2a
shows that the Ce-HQ particle displays a typical rectangular-like structure with a size around 5 -

10 um. It seems that this complex was developed by the combination of muti-nanosheets with a
thickness of 100 - 200 nm (Figure 2Db).

i

Figure 2. SEM micrographs of the Ce-HQ particles: (a) Magnification x 3 500 et (b) Magnification x 10 000.
(c) Structure of the Ce-HQ complex based on reference [23].

That phenomenon can be explained by the chemical structure of the complex, as shown in
Figure 2c by analogy with the work of EI-Wahab [23]. According to this work, one cerium atom
can react with three 8HQ through the formation of C - O and C < N bonds, where oxygen and
nitrogen of 8HQ are donor atoms. The synthesized Ce-HQ complex was analyzed by FTIR
spectroscopy (Figure 3a). The Ce-HQ complex spectrum reveals the characteristic bands of
8HQ. The adsorption band at 1568 cm™ corresponds to the stretching of the C=C bond of the
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quinoline ring [20]. Besides, due to the reaction between Ce (lIl) ions and 8HQ, the
characteristic bands of the C=N, C-N and C-O bond were slightly shifted to 1495 cm™, 1274 cm’
L and 1105 cm™, respectively. The bands observed for the 8HQ appear at 1502 cm™, 1288 cm™
and 1094 cm™ [6, 24]. The absorption band at 484 cm™ is assigned to the stretching vibration of
O coordinated to cerium (l11) ions [20]. The FTIR analysis results illustrated the complex
formation of 8HQ with cerium (l11) ions.
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Figure 3. FTIR spectra of the 8HQ and the Ce-HQ complex (2); and Thermograms of the 8HQ and the
Ce-HQ complex (b).

The formation of Ce-HQ complex can also be confirmed from the thermal properties by
using TGA technique. Figure 3b shows that the degradation of 8HQ occurs around 170 °C, while
that of Ce-HQ is shifted to higher temperatures with two temperature ranges: 235 °C — 390 °C
and 480 °C - 700 °C. Due to the rectangular-like structure of the synthesized complex and to the
thickness of the particles, the particle surface was first decomposed corresponding to the first
mass loss in the TGA curve. Then, the thermal degradation continues with all the organic part in
the inorganic-organic complex structure. The overall mass loss at the end of the TGA test is
about 77.4 % in agreement with the value calculated from the chemical structure (Figure 2c)
which is 75.5 %. This behaviour might be explained by the presence of 8HQ adsorbed on the
surface of the complex particles.

3.2. Inhibitor efficiency of Ce-HQ complex in NaCl solution

Impedance measurements and polarization curves were carried out to assess the efficiency
of the Ce-HQ complex for the corrosion protection of the carbon steel. The electrochemical
results were obtained in the presence of Ce(NO3)3, 8HQ and Ce-HQ at a concentration of 1 g/L,
for comparison.

First, the variation of the corrosion potential, E,, versus the exposure time in a 0.01 M
NaCl solution with and without inhibitors was studied. Figure 4 shows that, at the beginning of
immersion, the E,, Values obtained in the solution containing 8HQ and Ce-HQ are around -0.47
V and -0.49 V, respectively, whereas the E., values are about -0.37 V and -0.38 V in the
solution containing Ce(NO3); and without inhibitors. This potential difference might be
attributed to the cathodic inhibition effect of 8HQ on the carbon steel. When the immersion time
increases, the E.. value obtained in the solution with Ce-HQ shifts to the E.., value obtained
with cerium salt, indicating that the Ce (lI11) ions were released from the hybrid complex. Then,
the E.orr Values of the carbon steel immersed in the solution containing Ce(NO3); and Ce-HQ
complex are almost similar.
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Figure 4. Corrosion potential (E,) for the carbon steel electrode as a function of exposure time in a 0.01
M NacCl solution with and without inhibitors (indicated in the figure).
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Figure 5. EIS diagrams obtained at E.,, during the first exposure time (up to 90 min) for the carbon steel
electrode in a 0.01 M NaCl without inhibitor (a, a’) and with Ce(NO3); (b, b’), 8HQ (c, ¢’) and Ce-HQ (d, d*).
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The impedance diagrams of the carbon steel obtained for the first 90 min of immersion in
the 0.01 M NacCl solution with and without inhibitors are shown in Figure 5. Without inhibitor,
the impedance modulus at low frequency decreases when the immersion times increases. In the
presence of the inhibitors, the impedance modulus at low frequency increases for increasing
immersion time. This could be explained by the progressive formation of a protective layer onto
the carbon steel surface or by the decrease of the active surface area due to the inhibitors
adsorption. However, the shape of the impedance diagrams is different which would be
indicative of different inhibition mechanisms. For the solution containing cerium salt, the Ce
(111 ions would rapidly react on the cathodic sites on the carbon steel surface [15]. The fast
interaction of the Ce salt with the surface is shown by the rapid stabilization of the impedance
diagrams after 10 min of immersion. In the case of 8HQ, it may be assumed the progressive
formation of insoluble chelates between the Fe*" ions (anodic reaction) and the 8HQ on the
carbon steel surface [6, 12]. This hypothesis is consistent with both the increase of the
impedance modulus, from 1700 Q cm?® to 3000 Q cm’ between 3 min and 90 min of immersion
and the presence of a time constant between 10° Hz -10° Hz. For the Ce-8HQ containing
solution, it can be observed a time constant which progressively appears in the frequency
domain 10? Hz -10° Hz. This observation suggests the formation of the chelate between the Fe**
ions and the 8HQ, as already discussed but the inhibition effect of Ce (Ill) for the short
immersion time seems negligible. These results could be explained by the fact that the Ce-HQ
complex is going to release more 8HQ than Ce (l11) ions in the aqueous electrolyte. Thus, in the
first 90 min the chelates formation would be significant, but despite this, the metal substrate is
still protected with rather high impedance value. The impedance modulus at low frequency
reaches 1350 Q cm? after 90 min of immersion.
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Figure 6. EIS diagrams for the carbon steel electrode obtained at E,, after 2 h of immersion time in a
0.01 M NaCl with and without inhibitors (indicated in the figure).

Figure 6 shows the impedance diagrams obtained after 2 h of exposure to the NaCl solution
with and without inhibitors. The comparison of the impedance diagrams emphasises the
combined effect of the 8HQ and the Ce salts when the Ce-HQ complex is introduced in the
solution. For the electrode immersed in the solution containing the Ce-HQ complex, two-time
constants are observed, one at 1 Hz and one at 1 kHz, which would correspond to the
oxide/hydroxide Ce (I1l/1V) formation and to the chelate/8HQ layer, respectively. Due to the
combination of two inhibitive effects on the surface, the impedance modulus at 10 mHz for
Ce(NO;); and Ce-8HQ complex had a similar value of, about 3500 Q cm? even though the
phase angle at 1 Hz for Ce(NOs); is greater than that for Ce-HQ complex, -50 degrees compared
to -18 degrees, respectively. In the presence of 8HQ, the impedance decreases at low frequency.
The impedance modulus is lower than those obtained with the other inhibitors, |Z|1o mn, = 1200 Q
cm?. This result could be linked to the solubility of the Fe/8HQ chelate. A high solubility of the

305



Anh Son Nguyen, et al.

chelate would lead to the corrosion acceleration. From the EIS data, the inhibitors efficiency
(IE) is calculated with the following formula:
i _ po

RL—R
IE (%) = (#) x 100%
Rp

where, R; and Rg are the polarisation resistance values obtained for the carbon steel immersed in
the NaCl solution with and without inhibitors, respectively. These values were extracted
graphically from the impedance diagrams by using the impedance modulus at low frequency.

The values are reported in Table 1. The IE for the Ce(NO3); and the Ce-HQ are higher (89 -
90 %) than for the 8HQ (65 %).

Table 1. Inhibitor efficiency (IE) calculated from the EIS data and from the polarization curves for the
carbon steel electrode after 2 h of exposure in the 0.01 M NaCl with and without inhibitors.

Rp leorr Ecorr IE (%) from IE (%) from
Samples (Q cm?) (LA cm?) (V) EIS data polarization curves
Without
inhibitor 336 252 0-50 ) )
Ce(NOs); 3096 23 -0.42 89 91
8HQ 973 112 -0.54 65 56
Ce-HQ 3433 24 -0.44 90 90

Inhibition mechanisms can be also investigated by the polarization curves. Figure 7
compares the cathodic and anodic curves obtained for carbon steel after 2 h of immersion in a
0.01 M NacCl containing the different inhibitors. It shows that the corrosion potential (E.r) value
for 8HQ shifted toward the negative direction (Ecor = -0.54 V), however the E,, for cerium salt
and Ce-HQ compounds was displaced in reversed direction (Ec = -0.42 V and -0.44 V,
respectively), compares to E., obtained in the solution without inhibitor (E.. = -0.50 V).
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Figure 7. Polarization curves obtained for the carbon steel after 2 h of exposure in a 0.01 M NaCl with and
without inhibitors (indicated in the figure): (a) cathodic part and (b) anodic part.

The polarization curves clearly illustrate the inhibition effect through the corrosion current
density, which allows the inhibition efficiency to be calculated by the following equation:
i — it
IE (%) = (M) X 100%
corr
where, i’ and %, are the corrosion current densities values obtained for the carbon steel
immersed in the NaCl solution with and without inhibitors, respectively. These values are
reported in Table 1 and compared to those obtained from the impedance data. The corrosion

current density obtained for the carbon steel without inhibitor is about 250 pA/cm?. The values
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obtained for Ce(NO3); and Ce-HQ are almost identical, 23 - 24 pA/cm?. Therefore, the inhibitive
efficiencies of the cerium salt and of the inorganic-organic complex are rather similar (90 - 91 %)
and higher than that of 8HQ (56 %). The inhibitive efficiencies calculated from the polarisation
curves and from the EIS data are in good agreement. It can be seen that the anodic current
densities are higher in the presence of 8HQ compared to those measured without inhibitor
(Figure 7 b). This result might be attributed to an acceleration of the iron dissolution due to the
formation of soluble chelates with the 8HQ, has already discussed.

3.3. Evaluation of the anticorrosion properties of epoxy coatings

The morphology of the inhibitors in the epoxy coating was observed by FESEM. Figure 8
reveals a good compatibility between the inhibitors and the epoxy. For the coating with
Ce(NOg)s, it was clearly observed that the cerium salt crystals tend to agglomerate in the organic
matrix. Moreover, due to a poor compatibility between inorganic and organic compounds, some
voids are detected at the salt/epoxy matrix interface. This behaviour might introduce pathway for
fast penetration of the electrolyte into the coating. In contrast, the 8HQ particles are not detected
in the FESEM cross-section micrograph that can improve the barrier properties of the coating. In
the FESEM image of the epoxy containing Ce-HQ complex, the rectangular shape of the
particles can be visualised in the epoxy matrix. However, there is no obvious space gaps around them.

Figure 8. FESEM cross-sectional images of the waterborne epoxy containing: (a) with Ce(NO3)s, (b) with
8HQ and (c) with Ce-HQ complex.

The impedance of the coated samples with and without inhibitors was measured after
various immersion times, up to 35 days, in a 0.5 M NaCl solution (Figure 9). After one day of
exposure, all samples presented a single time-constant attributed to the coatings resistance
(Figure 9a). The solubility and the compatibility of the additives can directly affect the barrier
properties of the epoxy coating. The epoxy coating containing Ce(NOs); (soluble in the NaCl
solution) has the lower impedance value (|Z|; 1, = 8.0 X 10° Q cmz), meanwhile, the coating with
the Ce-HQ complex (little soluble) and with the 8HQ (compatible with the epoxy matrix) are
characterized by slightly lower impedance values compared to the coating without inhibitor, |Z|,
1z decreased from 1.7 x 10° Q cm® to 1.4 x 10° Q cm®. After 7 days of exposure (Figure 9b), the
impedance diagram for the EP/Ce-HQ reveals two-time constant attributed the protective film
formed by the organic-inorganic complex and the epoxy coating. With the multi protective
layers, the impedance of EP/Ce-HQ has the highest value, 6.4 x 10’ Q cm?, compared to 3.1 x
10’ Q cm?, 3.0 x 10" Q em? and 1.4 x 10’ Q cm?, corresponding to EP/HQ, EP and EP/Ce. At the
end of the test, 35 days of immersion, the impedance value obtained for the EP/Ce-HQ coating is
always the highest, while the EP/HQ coating exhibits a higher restriction of the diffusion of the
corrosive species to the metallic substrate than the pristine epoxy coating (Figure 9c). It shows
that the presence of 8HQ provides not only compatible with epoxy matrix, but also improving
the barrier properties of the epoxy system. This result was demonstrated by Balaskas et al. [25].

The total resistance of the coated samples (combination of the coating resistance and charge
transfer resistance), Ry, Was graphically determined by extrapolation the EIS data at low
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frequency. The variation of Ry, as a function of the immersion time for the different coatings is
shown Figure 10.
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It is noticed that, during the first immersion days, the value of Ry, for all the samples
increased even through the coatings were exposed into the corrosive solution. This unexpected
behaviour has been already observed in the case of waterborne systems and attributed to a
complementary process resulting of the coalescence of the polymer particles activated by the
water uptake [26 - 28]. This contributes to increase the barrier properties of the coatings and the
impedance values increased. The EP/Ce-HQ coatings, with the mix of the formation of
protective layer by Ce-HQ complex released and the reticular epoxy matrix by the water
penetration, shows a raise more significantly of R, value than the other coatings, 6.6 x 10’ Q
cm?. After 7 days of exposure in 0.5 M NaCl solution, the Ry of all samples rapidly
diminished, but the Ry of EP/Ce-HQ had still reached the highest value at the end of test, 3.62
x 10" Q cm?. With the presence of 8HQ, the EP/HQ coating also shows a better performance
than that of pristine epoxy, 2.2 x 10’ Q@ cm” and 1.38 x 10’ Q cm?, respectively. For the EP/Ce
coating, although the Ry, Obtained was the lowest value, but it seems that value of EP/Ce
coatings is the most stable over the time, from 7.9 x 10" Q cm?to 1.1 x 10’ Q cm® The low R
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can be explained by the release of the Ce(NOjz); from the coating, that introduces voids in the
coating facilitating the penetration of the aggressive species throughout the coating. On the other
hand, the Ce (IlIl) ions could rapidly establish a protective oxide/hydroxide layer (as
demonstrated above) at the metal/coating interface, preventing the corrosion process.

4. CONCLUSIONS

In the present work, the Ce-HQ inorganic-organic complex was synthesized and its
efficiency was determined from EIS and polarization curves in the 0.01 M NaCl solution. The
results showed that the complex played a role which combines the inhibitive action of Ce salts
and 8HQ. The protection afforded by the Ce-HQ complex was progressively enhanced as a
function of the exposure time. A good inhibition efficiency, about 90 % (similar to Ce (I11) and
better than 8HQ), was measured after 2 h of immersion time. Good agreement between EIS data
and the polarization curves was observed.

When incorporated into the waterborne epoxy system, the Ce-HQ complex displayed a
good compatibility with the organic matrix. From EIS data, it was concluded that the highest
protection was obtained in the presence of Ce-HQ introduced in the coating due to the presence
of both Ce (IlIl) and 8HQ inhibitors. The first one prevented corrosion phenomena at the
metal/coating interface, while the second helped to improve the barrier properties of epoxy
system. With these positive results, Ce-HQ complex is a potential candidate for non/less-toxic
inhibitive pigments. As a next step, both the coating formulation and inhibitors content should
be modified to optimize the coating performance. It is noteworthy that Viet Nam has good
sources of Ce which is a great advantage for further research using cerium compounds as
inhibitive species in protective coatings.
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