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Abstract:

Recently, the vanadate species have been considered as
promising inhibitor agents used for metal protection.
Various metallic materials were treated in a vanadate
solution in order to form a passivation coating.
However, the use of solid vanadate compounds as
inhibitor pigments in the formulation of anticorrosive
primers is still limited. Therefore, in this work, solid
zinc metavanadate pigments for application in paint
primers were prepared by a simple route at various pH
values and concentrations of monovanadate. According
to the results, all samples showed a characteristic
hexagonal structure with high anticorrosive abilities.
Both the pH and monovanadate concentration strongly
affected the morphology, the particle size, and the anti-
corrosion power. Among the prepared samples, the best
anticorrosive pigment was the sample prepared at pH 8
with a vanadate concentration of 0.2 M.
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Introduction

Dueto the planet’s oxidizing atmosphere, metal corrosion
is considered one of the most severe problems across various
industries and causes not only material destruction but also
tremendous economic damages. Over the past few decades
many anti-corrosion methods have been proposed, which
can be divided into two groups: active corrosion protection
and passive corrosion protection. The former mechanism is
based on the fabrication of corrosion-resistant alloys and the
application of inhibitors on the metallic surface, whereas
the latter mechanism relies on the development of coating
films that isolate the underlying metal from its corrosive
environment [1, 2]. In fact, corrosion can be effectively
and economically prevented by using suitable anti-
corrosion coatings. Among the available coating materials,
chromate coatings have been widely used to passivate steel,
aluminum, and other metals. Chromate was also used as an
inhibitive pigment in the formulation of protective paint [3,
4]. However, due to the presence of hexavalent chrome, this
type of coating and pigment is highly toxic and carcinogenic
[3-7]. Thus, it is exceedingly necessary to develop novel
materials that are both adequately anti-corrosive and
environmentally benign [8, 9].

Recently, various works have proved that vanadate
ions can play as an alternative coating for the protection
of steel, aluminum alloy or Mg-Zn alloys [10-13]. In these
studies, the metallic surface was treated in NaVO, solution
with different concentration of vanadate ion and different
pH values. For example, when zinc foil was dipped in an
aqueous solution of NaVO, (4 mM), a polymerized vanadate
film was successfully formed on the metallic surface [12],
which can cause the two-order magnitude decrease in
corrosion current density. Likewise, Feng, et al. (2018) [13]
successfully created a dense vanadate film on the surface of
AZ31 Mg alloy by immersing this alloy in the 4 mM solution
of NaVO, at pH 7.7-9.2. Owing to this vanadate film, the
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corrosion current density was dramatically decreased
while the breakdown potential was effectively increased.
In the presence of the vanadate film, the corrosion current
density was dramatically decreased. It was also observed
that the variation of vanadate concentration and solution pH
may result in various types of vanadate ions, affecting the
corrosion inhibition of coating films. In his work, Frankel
noticed that the anti-corrosion power of metavanadate
coating 1is better than decavanadate coating for the
protection of Al alloy [14]. Moreover, when the vanadate
concentration increased from 0.1 to 4.15 mM, the corrosion
current density was found to be declined, proving that the
concentration of vanadate plays an important role for the
development of protective layers. Especially, Morks, et al.
(2012) [10] proposed to embed Na,VO, in a modified zinc
phosphate coating with Mn-Mg additives. At the vanadate
concentration of 10° M and the pH of 4, the inhibition
efficiency for pipeline steel of this as-prepared coating can
reach 99%.

These previous works have shown that vanadate is a
promising inhibition agent for metal protection. However,
up to now, the use of solid vanadate compounds as inhibitor
pigments in the formulation of anticorrosive primers
is still limited. There are only several papers reporting
the application of ion-exchangeable pigments based on
hydrotalcite/vanadate [15, 16] to passivate low carbon cold
rolled steel plates. On the other hand, the solid vanadate
compounds prepared by solid-state reactions or hydrothermal
methods have been usually applied as catalysts [17, 18]
for oxidation reactions or antibacterial additives [19].
Therefore, in this work, we proposed to synthesize solid
zinc metavanadate pigment by using a simple precipitation
method at various pH values and concentrations of vanadate
in order to form anticorrosive paint primers for steel plates.

Experimental
Preparation of zinc vanadate

The starting materials, ZnSO,.7H,0,NH,VO, and NaOH
(>97%, reagent grade), were purchased from Guanghua
Sci-tech (Guangdong, China). These chemicals were used
as received without further purification. Firstly, NH,VO,
was dissolved into distilled water to form the metavanadate
solutions with various monovanadate concentrations (0.1,
0.2 and 0.5 M) and the pH of these solutions was adjusted
to 6, 8, or 10 by NaOH solution. Then a ZnSO, solution
was slowly added to the above NH, VO, solutions under
continuous magnetic stirring. The mixed solutions were
magnetically stirred for 1 h. After that, the pigment products
were filtered, washed with distilled water, and finally dried
at 80°C for 2 h. In this manuscript, the samples are labelled
as in Table 1.

£ Vietnam Journal of Science,

#Technology and Engineering

Table 1. Synthesis conditions of pigment samples.

ZnSO NH,VO pH of NH VO
Samples gl S L4
solution concentration solution
ZV-5.8 1M 0.5M 8
ZV-2.6 1M 02 M 6
ZV-2.8 1M 02 M 8
ZV-2.10 1M 02 M 10
ZV-1.8 1M 0.1 M 8
Characterization

The structure and phase composition of our pigments
were characterized by powder X-ray diffraction (XRD) on
a D8-ADVANCE (BRUKER) using Cu K radiation with
an accelerating voltage of 40 kV and an applied current of
40 mA. The XRD patterns were recorded from 10 to 70°.
The morphology and particle size were investigated by
field emission scanning electron microscopy (FESEM) on
a S4800 (HITACHI, Japan) with an accelerating voltage of
10 kV.

Electrochemical impedance measurements

Pigments with a total mass of 0.25 g were dispersed into
250 ml of NaCl 3.5% w/w solution and magnetically stirred
for 24 h. Then, the solid pigments were removed from the
solution to obtain the leaching solutions. Meanwhile, steel
plates (2.5x5 cm) were surface-treated and afterwards
covered by insulating tape leaving only a surface with
the area of 1 cm? These steel plates were immersed in
the leaching solutions and the electrochemical impedance
was measured versus time by using a Versastat 3 with 3
electrodes: the treated steel plates as working electrode,
the silver electrode as reference electrode, and the platinum
electrode as the counter electrode. For comparison, steel
plates were immersed in a 3.5% w/w NaCl solution without
monovanadate and their electrochemical impedance was
also measured on a Versastat 3 (AMETEK Scientific
Instruments).

Corrosion resistance of zinc vanadate pigments on
steel

Firstly, 0.50 g of zinc monovanadate pigment was
dispersed in a mixture containing 30.0 ml of commercial
epoxy paint and solidifier. The painting mixture was
subsequently applied on the surface of the steel plates
(2.5%8 cm) that were previously surface-treated. After
that, the steel plates were exposed to ambient atmosphere
for 40 h in order to dry the paint coating. Finally, the steel
plates were dipped into the NaCl 3.5% solution for 480 h
to investigate their corrosion resistance. The blank sample
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(without zinc monovanadate pigment) was also immersed
in the NaCl solution for comparison. The steel plates coated
with the paint mixture containing zinc monovanadate were
also exposed to air at 30°C for 480 h to test their corrosion
resistance in atmosphere.

Results and discussion
Crystal structure and morphology

Figure 1 presents the XRD patterns of the zinc
monovanadate  samples  prepared  with  different
monovanadate concentrations and different pH values.
According to these patterns, all samples revealed the
presence of the 0-Zn,(VO,), hexagonal phase (space group
of P-6) identified by the characteristic diffraction peaks
at 12.2, 16.6, 20.6, 29.5, 31.4, 33.5, 35.6, 41.6, 50.3, and
60.9°, which is the same as the results of D.A.H. Ayala,
et al. (2001, 2002) [20, 21]. When both the concentration
of monovanadate and the solution pH increase, the XRD
baselines become less stable and the diffraction peaks
become asymmetrical, which indicates the decrease in
crystallinity in these samples.
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Fig. 1. XRD patterns of ZV samples.

Figure 2 presents the FESEM images of the pigment
samples. It was observed that all samples were composed
of multi-dispersed particles. For the samples prepared with
low monovanadate concentrations (0.1 M and 0.2 M), the
particles were tabular in shape with the particle size varying
from 10 to 40 nm. When the monovanadate concentration
was up to 0.5 M, the particle size greatly increased (100-
2000 nm) with the appearance of very large polyhedral
particles. The pH values of the NH, VO, solutions also
affect the morphology of zinc monovanadate pigments.
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At a monovanadate concentration of 0.2 M and pH of 6,
the particle size can reach 1000 nm whereas at pH 8, the
particle size decreases to 320 nm. Furthermore, the pigment
particles of the ZV-2.8 sample were found to be more
homogeneous in size than in other samples.
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Fig. 2. SEM images of the ZV samples.
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Table 2. The pH and electric conductivity values of pigment leaching solutions after 24 h in NaCl 3.5% solution.

NaCl 3.5% w/w solution ZV-5.8 ZV-2.8 7V-1.8 7V-2.6 ZV-2.10
pH 6.035 7.012 6.964 6.991 6.984 7.033
Electric conductivity (puS/cm) 53523.0 54217.9 54108.3 54303.4 53687.6 53985.4

It should be noted that the evolution of particle size and
particle shape in our samples did not modify the pH or the
electric conductivity of leaching solutions. Due to hydrolysis
of the monovanadate ions, all the leaching solutions showed
a higher pH and conductivity than that of the NaCl 3.5%
w/w solution (Table 2).

Electrochemical impedance results

For all the steel plates, the electrochemical impedance
values, Z, decreased with soaking time in the leaching
solution, indicating that the corrosion of steel takes place
over time (Fig. 3). Nevertheless, at the same time interval,
the steel plates immersed in the leaching solution of zinc
monovanadate pigments always showed higher impedance
values than the blank sample. In addition, the decreased rate
of impedance with time of the steel plates in ZV leaching
solutions was lower than that of blank sample. Hence, we can
confirm that the ZV pigments can help protect the surface of
the steel plates. Moreover, in the leaching solution prepared
from a low concentration of NH,NO,, the steel plates did
not only show a high impedance but also presented a slow
decrease in impedance values. Likewise, when the pH of
the monovanadate solution rose from 6 to 8 and 10, the
impedance value tended to increase and the evolution of the
impedance versus time slowed down. These results suggest
that the tabular shape and the particle size of 300-400 nm
seem to be the most important factors to enhance the anti-

corrosion power of zinc monovanadate particles.

— 6%
]
= -
c) mNaCL 3.5%
N mZV-SS
300 V28
I I WZV L8
0 B s 2 as
T mNaCl 359
= L FAN
e
N LEARE
I mEV-LID
B 5 6 ] &8
Time (h)

Fig. 3. The electrochemical impedance at 0.01 Hz as a function
of immersion time in ZV extracts.

# Vietnam Journal of Science,

#Technology and Engineering

Corrosion resistance of zinc vanadate pigments coated
on steel

According to Fig. 4A, after 480 h in NaCl 3.5% w/w
solution, all the samples, including the blank sample and the
steel plates coated with ZV-containing paints, suffered from
corrosion that clearly occurred at their margins. Especially,
corrosion strongly occurred at some spots on the surface of
the blank sample. It was observed that the steel plates using
ZV-2.6 and ZV-2.10 pigments in the primer also suffered
from corrosion in a similar way to the blank sample. Among
the samples, the steel plates using ZV-2.8 and ZV-1.8
pigments showed the best corrosion resistance in the NaCl
solution.

In ambient atmosphere, all the steel plates coated with
ZV-containing paints were less corrosive than the blank
sample (Fig. 4B). The steel plates using ZV-2.8 and ZV-
1.8 pigments were still the best anti-corrosive samples.
However, the remaining samples showed several spitting
areas on the surface, proving that the paint-containing ZV
particles prepared under other conditions did not adhere
well to the metallic surface. Thus, it can be stated that a
monovanadate concentration of 0.2 M and pH of 8 were the
optimal conditions to prepare zinc monovanadate pigments
with high anti-corrosive power in this work.

Blank 2zVv-5.8 2zV-28 ZV-1.8 ZV-2.6 ZV-2.10

(A)

Blank 2ZV-5.8 2zV-2.8 ZV-1.8 2ZV-2.6 ZV-2.10

(B)

Fig. 4. Steel plate surfaces with primer paint after 480 h in (A)
NaCl 3.5% solution and (B) ambient atmosphere.
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Conclusions

Inthis work, we successfully prepared zinc monovanadate
particles as inhibitor pigments used in the formulation of
anticorrosive primers. When mixed with primer painting
components, these pigments provided beneficial corrosive
resistance for steel plates. The experimental results also
demonstrated the influences of pH and starting concentration
of NH,VO, on the crystal structure, morphology, and anti-
corrosive power of the pigments. Among all the samples, the
pigments prepared with a monovanadate concentration of
0.2 M and pH of 8 show the best anti-corrosive performance
for steel plates in both ambient atmosphere and NaCl
solution.
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