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Abstract. The present work investigated the corrosion ptatecperformance of Ce(lll)
activated-cerium(lV) oxide nanoparticles for carlsbeel in a NaCl solution. Ceria nanoparticles
were synthesized by homogeneous precipitation hanetl/water mixed solvent. The obtained
Ce(Q nanopatrticles were characterized by X-ray difiact(XRD) and transmission electron
microscope (TEM). The corrosion inhibition actiohntloe activated nanoparticles by cerium(lll)
ions on carbon steel in NaCl solution was evaluabgd electrochemical measurements
(electrochemical impedance spectroscopy (EIS) astdntiodynamic polarization). Then, the
effect of cerium salt activated-Ce®©n the protection properties of poly-vinyl-butyr@VB)
coating deposited onto carbon steel plate was esfuldy salt spray test. The obtained results
showed that the salt activated-nanoparticles aogliancorrosion inhibitors. The presence of
Ce(lll) activated Ce®in the coating improved the barrier properties andosion protection
performance of the PVB coating. No swellings of towp were observed after 48 hours of
exposure in salt spray chamber.
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1. INTRODUCTION

Chromium hexavalent (Cr(VI)) compounds were welbdm to have excellent corrosion
protection that make them become standard corrosibibitors in industry painting [1-3].
However, the Cr(VI) species presented a very higicity and a bad environmental impact. For
this reason, since the beginning of the 1990sgckiemates have imposed restrictions on their
use in industrial applications and particularhoiganic coatings [4].

During the last decades, several works were deviedeveloping “green” alternative
systems containing environmentally friendly inhido#t [5-7]. Among the novel tested
compounds (C¥, Y*, La*"...), the lanthanides ions became a potential datelifor substitution
of the chromates due to their low toxicity [8] atieir good anti-corrosion properties [9, 10].
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Moreover, these compounds were economically commgeetproducts, in particular cerium
compounds can easily be found in nature. Many rebd#d been undertaken to study the anti-
corrosion efficiency of cerium salts for a numbé&netals and alloys, such as: aluminum, zinc,
tin, steel, hot dip galvanized steel and theirya)oetc. [11-15]. The corrosion behavior of
cerium salt was reported by Hayes et al. [16] ancklal. [17]. It was reported that the insoluble
cerium compounds (Ce(OHand Ce®) were formed at the cathodic sites due to the ymrtoin

of OH ions. These elements were precipitated on theamairbf metal that inhibited the
corrosion phenomenon. However, when the ceriurs sate incorporated into organic coatings
as corrosion inhibitor, the barrier properties bé tcoating would usually decrease due to
leaching process during exposure time. On the otlagrd, the usage of cerium(lV) oxide
nanoparticles directly as inhibitor source was {t8-20]. These works demonstrated that the
presence of nano-Cg@n sol-gel coatings increased the barrier perforeea and reduced the
corrosion rate (about 1000 times compared to uedoatloy). For enhancing the corrosion
protection properties of the coatings, Montermorlet[21] and Zand et al. [22] inserted the
cerium salt activated nano-Cgfto silane coatings. The authors reported thataittivation of
the nanoparticles with Ce(lll) ions enhanced balribr and corrosion inhibition properties of
silane film deposited onto galvanized steel.

Although there were a few works in literature tpabved the corrosion performance of
cerium ion activated ceria nanoparticles, the &oro inhibition process of this compound on
carbon steel in an aerated environment was stillean. Thus, the aim of this work is to evaluate
the corrosion inhibition effect of Ce(lll) activateCeQ (Ce*@CeQ) nanoparticle by
comparison to cerium salt and cerium(lV) oxide fmarbon steel substrate. The corrosion
inhibition efficiency of Ce(lll) activated nano-CeQwvas investigated by electrochemical
impedance spectroscopy (EIS) and potentiodynamitarigation curves. The corrosion
protection performance of PVB coating containingl@eactivated nhano-CePwas evaluated
by salt spray test.

2. MATERIALSAND METHODS
2.1. Materials and samples preparation

Ce(NG)3.6H,0O and ammonia were purchased from Merck (Germamfy-vinyl-butyral
(PVB) was purchased from Sekisui (Japan).

Cerium(lV) oxide nanoparticles were prepared wismogeneous precipitation reported
elsewhere [23]. Briefly, in this method, cerium)lhitrate was dissolved in an ethanol/water
(50:50) solvent. Then, 10 mL of 25 % ammonia waseddslowly drop-wise into this solution.
The reaction was taken place at’60during 2 hours under stirring. The precipitatioas finally
collected by centrifugation, washed with distillaciter until neutral pH, and dried at 7G
overnight.

The obtained CeOnanoparticles were activated with cerium(lll) ionsder ultrasonic
condition. Due to present a fluorite structure stheanoparticles easily form oxygen vacancies,
that yield reactive sites. Thus, they could readiilgorporate C& ions by forming charge-
compensating defects on the oxygen sublatticed2},

The metallic substrate was used in this work coedisf carbon steel XC35 rod (1 tm
cross-section) and plates (150 x 100 x 2 mm).H&svécal composition was C = 0.35 wt%, Mn
= 0.65 wt%, Si = 0.25 wt%, P = 0.035 wt%, S = 0.08% and Fe = balance. To evaluate the
inhibitive efficiency in an aerated solution, theed carbon steel rod was covered by a heat-
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shrinkable sheath (left only the tip of the cylinde contact with the solution). The specimens
were ground with SiC papers down to grade of 12@dshed with ethanol, and dried in warm
air.

For the coatings samples, the metallic plates weyend with abrasive papers (400 grades)
and cleaned with ethanol. Then, the poly-vinyl-bat{PVB) coatings containing Ce(NJ@ or
CeQ or C€'@CeQ were deposited onto these plates by spin-coatiethad. In another
experiment, coatings without inhibitors were alsepared. The amount of Ce(lll) used in
Ce(NQy); incorporated into coatings was at the same corat@an as Ce(lV) used in CeQor
ensuring comparative results between these iningbiidhe thickness of coating obtained after 24
hours at room temperature was about 10 giril (measured by MiniTest 600 Erichsen digital
meter).

2.2. Analytical methods

The crystalline structure of as-prepared ge@s characterized by X-ray diffraction (XRD,
D8 Advance Bruker) with monochromated Cu Kadiation § = 1.54 A). The powder was
analyzed at the@range from 20 to 80 Transmission Electron Microscope (TEM) observatio
was done using a JEM-T8 at 80 kV.

Electrochemical measurements (EIS and potentiodynpolarization) were carried out to
study the corrosion performance of Ce(lll) ionsOgeanoparticles and €@CeQ in a 0.1 M
NaCl solution using Autolab PGSTAT30. A classidake-electrode system was used, in which
a XC35 rod was rotating disk electrode (500 rpmwasking electrode, a saturated calomel
(SCE) and platinum grid were used as reference @nuhter electrodes, respectively. The
impedance diagrams were taken at the open cira#ngal (OCP), under potentiostatic
condition, over a frequency range from 100 kHz @omiHz with an amplitude of 10 mV. After
20 hours of exposure in 0.1 M NaCl solution coritajnthe tested inhibitors, the anodic and
cathodic polarization curves were recorded at a sate of 1 mV $. For each experiment,
measurements were performed three times.

Salt spray test was realized by Q-FOGCCT-600 chambmording to ASTM B117. A 5%
NaCl solution was sprayed on the samples duringtéke at 35°C. Before exposure in the
chamber, the scratches were manually created osutfece of each specimen by a cutting knife
according to ISO 17872. The scratch was approximnate0 um width. The tested plates were
supported 20 degrees from the vertical and prefieradrallel to the principal direction and
without any contact each other in chamber. The &snpere observed at the end of the test (48
hours).

3. RESULTSAND DISCUSSION
3.1. Characterization of synthesized CeO, nanoparticles

The XRD pattern of obtained Ce®@anoparticles is shown in Fig. 1. The characierist
peaks locate att2= 28.6, 33.1, 47.4, 56.3, 59.2, 59.5, 76.6 an® d6grees corresponding to
(111), (200), (220), (311), (222), (400), (331) aA@0) lattice planes of CePrespectively
[23,26]. By using the standard data JCPDS 34-08@&n be concluded that the obtained peaks
in XRD pattern presented planes of a cubic fluosiieicture (space group: Fm3m) of GeO
From XRD pattern, the crystalline size of Getan be estimated by using Scherrer equation at
characteristic peak (111):
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092 )
~ FWHMcos6 1)

where)X, FWHM and6 are the wavelength of X-rays, the full width atflmaximum in radians
and the diffraction angle for the (111) plan, respely. The crystalline size of synthesized
nano-Ce@was calculated about 9.6 nm.
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Figure 1. X-ray diffraction spectra of synthesized nano-GeO

The TEM image of obtained nanoparticles in ethasopresented in Fig. 2. It can be
observed that the shape of as-prepared,@e@®exagonal and the average patrticle size istabou
11 nm. The result confirms the size value calcdldtem the XRD pattern and the particle is a

single crystal.

O 20 nm ||

Figure 2. TEM photograph of synthesized Cefianoparticles.
3.2. Corrosion inhibition test

The obtained Ce@anoparticles, Ce(N§} and C&@CeQ were dispersed separately in a
0.1 M NaCl solution under ultrasonic condition fomin. The obtained polarization curves after
20 h of immersion in these solutions are preseiméddg. 3. In the presence of Ce{d the 0.1
M NacCl solution, it had a very slightly differenbrmpared to the curve obtained in the blank
solution. The polarization curves measured in tbkit®n containing Ce(N¢); showed a
decrease of both anodic and cathodic current desmsinhd the corrosion potential toward more
positive value (-0.59 V compared to - 0.63 V faarik solution). It indicated that the cerium salt
is a mixed inhibitor acting both on the anodic aathodic processes. The corrosion potential
that measured in the solution containing @CeQ nanoparticles is the most positive.4E= -
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0.56 V). However, the obtained polarization curpessented higher anodic and cathodic current
densities compared to that in the case of CgiN@esence, it means that*a@CeQ is a less
inhibitor compared to Ce(Ng{ salt for carbon steel.
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Figure 3. Polarization curves for the carbon steel after 20 éxposure in a 0.1 M NaCl solution
containing different inhibitors (indicated on thgufre).

Figure 4 shows impedance diagrams (Bode coordinatemined for the carbon steel
rotating electrode in these solutions after 20 &afrimmersion. For the solution containing
CeQ nanoparticles, the impedance modulus and phaske gmgsented a little difference
compared to the curves obtained for the 0.1 M N&Qlition without inhibitors. It means that, at
low concentration, inhibitive effect of CegOnanoparticles is negligible. When these
nanoparticles were activated by cerium(lll) ioge impedance module value increased about 6
x 10° Q cnt and the phase angle at 1 Hz is abolt #5can be explained that after being
activated, CE@CeQ nanoparticles are better dispersed in the solutioe to increase of
average surface charge (shifted to a more positieeresults of zeta potential were not reported
here) and with the presence of’Cen the surface of nanoparticles, they formed &eptive film
on the working electrode. However, the impedandeevaf this film is lower than that of which
obtained in the solution containing Ce(N$salt.
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Figure 4. Impedance response in Bode for the carbon steadlstained after 20 hours of immersion
in a 0.1 M NaCl solution containing different inkidrs (indicated on the figure).

Additionally, the inhibitor efficiency (IE) can bevaluated by using the value of the
polarization resistance obtained from impedancgrdia according equation:
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where and are the polarization resistances vadbésined in the solution containing
inhibitors and in the blank solution (determinedesyrapolation at the low frequency of 10 mHz
from the impedance diagrams), respectively. Thesorea values are reported in Table 1. It
shows that the inhibitor efficiency of Ce(lll) sadt higher than that of G&@CeQ. This is in
line with the conclusion of polarization study abov

Table 1. Parameters extracted from the impedance diagrathe &equency of 10 mHz.

Inhibitor
Compound @ cnd) effiz:oi/cj)ncy
Blank 275 -
CeG 300 8
Ce(NO); 2700 90
ce*@cCeQ 700 61

The salt spray test was carried out to accelerastdfor the corrosion protection of the
coatings containing the inhibitors as Ge@ Ce(NQ); or C€*@CeQ (Fig. 5). Around the
scratches, the delamination zone observed for Pdirmgs without doped inhibitors is much
larger than that for the rest of samples. The PdBting containing C&@CeQ shows less
corrosion products in the scratch than the otl&wse corrosion points can be seen on the PVB
and PVB-Ce®coatings. It reports that there was not any snglletected around the scratch of
PVB-Ce*@CeQ coating while it can be clearly observed on s@facPVB-Ce(NQ); coating.

PVB-Ce"'@CeO,

PVB-CeO,

Figure 5. Salt spray photographs of PVB coatings doped tffierdnt inhibitors on carbon steel plate
after 48 hours of exposure.

This phenomenon was due to the leaching of ceritrata (high solubility) during the test,
and the salt solution was replaced into the spa€e(NG;); in the coating system. The results
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demonstrate that the £@CeQ nanoparticles have better corrosion protectioeati€ompared
with cerium(lll) salt for the organic coatings. Theesence of this compound improves both
barrier and corrosion protection properties of tnganic coatings, in particular poly-vinyl-
butyral model coating.

4. CONCLUSIONS

This work focused to investigate the corrosion @ctibn performance of cerium salt
activated-cerium(lV) oxide nanoparticles in NaClludon and in organic coating by
comparative study with CeOnanoparticles and Ce(Nfa The size of Ce©nanoparticles
obtained about 11 nm by homogeneous precipitadohnique. In a 0.1 M NaCl solution, the
cerium salt and cerium(lll) ion activated-nanopaes presented the protective films on the
working electrode. The inhibition efficiency of G#Ds); was higher than that of E@CeQ.
However, the presence of T@CeQ nanoparticles in poly-vinyl-butyral coating showad
better barrier and anticorrosion properties in carngon to the incorporation of Ce(N@in the
same type coating. Due to a high solubility of wer(lll) nitrate, the coating containing
Ce(NQ); presented a lot of swelling points around thetsbravhich could not be seen in the
case of Ce(lll) ion activated Ce@anoparticles doped PVB coating after spray test.
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