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The corrosion inhibition of nanoparticulates zinc ferrite (NZF) pigment was studied. The steel
samples were immersed in the NZF pigment extract in 3.5 wt. % NaCl. Electrochemical tests such
as electrochemical impedance spectroscopy (EIS) and polarization as well as surface analysis were
employed to evaluate the effect of NZF on the steel corrosion. The concentration of Zn and Fe in
the pigment extracts before and after immersion of mild steel samples was evaluated by inductively
coupled plasma-optical emission spectrometry (ICP-OES). EIS results in total agreement with results
of polarization test demonstrated superiority of NZF as an anticorrosion pigment. In the case of
samples exposed to NZF extract, the higher resistance and lower double layer capacitance extracted
from impedance spectra as well as lower current density from polarization results might be attributed
to precipitation of an inhibitive layer on the surface. This was also supported by SEM/EDS and ICP-

OES results.

Keywords: Corrosion inhibitor, Zinc ferrite pigment, Pigment extract, EIS, ICP-OES.

1. Introduction

Decades of academic research and industrial practice in
organic coatings have led to the selection of a few pigments
with excellent anticorrosive properties in a wide range of
situations. Chromium-containing anticorrosion pigments
have been extensively used for a long time. For instance,
zinc chromate was one of the anticorrosive pigments most
frequently used in the formulation of primers. Undoubtedly,
they belong to the group of inhibitors, which exhibit
excellent corrosion inhibitive performance. Unfortunately,
chromium (VI) is carcinogenic and toxic; hence, the use of
the chromium products is restricted and prohibited strictly'-".
It is important to bear in mind of the high anticorrosive
action of entire coating system and environmental-friendly
behavior at the same time**!°. Furthermore, the corrosion
inhibition properties of numerous compounds have been
examined through the years in the hope of providing an
effective replacement'!"'8. By 2006, among the new nontoxic
anticorrosive pigments, which were introduced as substitutes
for traditional pigments, zinc phosphate has probably been
the most widely accepted and it was incorporated in many
paint formulations®’. The toxicity level of this compound is
50 time less than chromates'*!*%, Although zinc phosphate

*e-mail: gharagozlou@icrc.ac.ir

gives good results, in certain cases, it is proved to have lower
corrosion inhibition than zinc chromate!”?!. Many attempts
have been made to modify zinc phosphate to obtain a better
alternative for zinc chromate®?.

Ferrites are acquiring increasing importance as alternative
products. These inhibitive substances have not been studied
as deeply as phosphates; but, in many accelerated tests they
exhibit better performance than zinc phosphate*. Ferrites
have a spinel structure with the general formula of X.Fe,O,
(X =MgO, ZnO or Ca0). Ferrites can act as an inhibitive
pigment and/or have barrier properties®. El-Ghaffar et. al
are reported that the formation of a passive layer on the steel
surface in the presence of zinc ferrite may be the result of
pH control of the medium due to the hydrolysis of ferrite.
They showed that the role of these pigments in protection
is referred to the creation of an alkaline environment at the
coating/metal interface via cation solubility. This phenomenon
causes to form metal soaps as the passive layer.

As a prominent member of ferrite pigments zinc ferrite
(ZnFe,0,) has attracted significant research interest because
of its nontoxic nature and unique physical, mechanical and
corrosion inhibition properties*’*’. Meanwhile, several
limitations and defects have been reported for conventional
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micron sized pigments®'. To subdue disadvantages and
to further improving the performance, using nanosized
pigments is a recent practice. Due to their small particle
size, nanomaterials exhibit special properties in different
forms such as thin coatings.

The objective of this investigation was to study the
inhibitive properties of NZF pigments in solution phase.
The NZF pigment was synthesized under definite conditions
and its anticorrosive properties was investigated by means
of electrochemical techniques such as EIS and polarization
of steel samples immersed in the pigment extracts in 3.5 wt.
% NaCl aqueous solution. Moreover, the solubility of NZF
pigments was evaluated by ICP-OES. In addition, composition
and morphology of the precipitated layer on steel samples
were studied by using scanning electron microscopy (SEM)
and energy dispersive X-ray analysis (EDX) techniques.

2. Experimental

2.1 Low carbon steel panels

Composition of steel panels used for surface analysis
and electrochemical test is shown in Table 1. Prepared steel
specimens with dimension of 3 cm X 3 cm X 0.7 cm, were
polished followed degreasing by acetone. In order to seal the
edges and back sides of the steel panels, they were covered
by a mixture of bees wax and colophony resin and an area
of 1 cm? of each plate was exposed to the electrolytes.

2.2 NZF pigment extracts preparation

NZF pigments selected for this study were synthesized by
sol-gel method. For this reason, ferric nitrate [Fe(NO,),.9H,0,
Merck] and zinc nitrate [Zn(NO,),.6H,0, Merck] were
separately dissolved in ethylene glycol (C,H,O,, Merck). The
two solutions were mixed together with the stoichiometric
ratio to achieve zinc ferrite (ZnFe,04). The obtained solution
was dried at 80 °C for 6 h, and then the calcinations step was
carried out at three different temperatures of 500, 600, and
800 °C for 2 h with a heating rate of 10 °C/min, resulting
three powders entitled a, B, and y-NZF, respectively. The
details of this method have been explained elsewhere®>34.

Extraction of NZF pigments was proceeded as described
by Pouget et al.*. In this step, | g of a, B, and y-NZF pigments
were added to 500 cc of 3.5 wt. % NaCl solution, stirred
for 48 h, and incubated overnight. The solutions were then
filtered to gain NZF pigment extract.

2.3 Characterization

EIS and Tafel polarization measurements were made
using an electrochemical interface and impedance analyzer

(Compact stat, Ivium, Netherlands). The electrochemical cell
was including of the mild steel sample, Ag/AgCl electrode,
and platinum electrodes as working, reference and counter
electrodes, respectively. The tests were conducted as a
function of immersion time, namely after 1, 4 and 44 h, to
indicate how electrochemical parameters varied depending
upon the immersion period. Each test accomplished using
three replicate panels to ensure repeatability.

The impedance measurements were carried out using
a sine wave of 20 mV amplitude peak to peak at the open
circuit potential (OCP) in 3.5 wt. % NaCl solution. The
frequency range was from 10 kHz down to 10 mHz. Ivium
equivalent circuit evaluator software was utilized to calculate
the EIS parameters and analyze the obtained spectra. The EIS
parameters, including CPE (constant phase element), CPE
(constant phase element of double layer), CPE, (constant
phase element of film), R (solution resistance), Ret (charge
transfer resistance), C, (double layer capacitance),Y
(admittance of the CPE ), n, (exponent of the CPE ), R,
(film resistance), Y . (admittance of the CPE), n, (exponent
of the CPE)), and C, (film capacitance), were obtained from
the equivalent circuit and impedance data*. The double layer
and inhibitive film capacitance values could be calculated
by Eq. 1.

C=(Yo.RI™™)" )

Where Y is the magnitude of admittance of the CPE
(S"/Q.cm) and n is the CPE exponent related to surface
heterogeneity?’.

Tafel polarization tests were carried out with the scan
rate of 1 mV/sec and potential range +100 mV with respect
to OCP in 3.5 wt.% NaCl solution. Powersuite software
(Ametek, Princeton Applied Research, TN, USA) was used
to calculate the Tafel parameters, such as corrosion current
density (i) and corrosion potential (E_ ). In addition,
the anodic and cathodic B Tafel constants (b, and b ) were
estimated via Tafel extrapolation technique. R (polarization
resistance) were calculated via Eq. 2%.

Rp = (ba X bC)/[2303 X Georr X (ba + bc)] (2)

Transmission electron microscopy (TEM, CM200 FEG,
Philips, Netherlands) was used to compare the particles size
and morphology of the as-synthesized nanoparticulates
pigments.

Scanning electron microscopy (SEM) was operated to
study morphology of the film formed on the surface after 44
h and was accomplished by SEM (1455 VP, LEO, Japan).
The elemental and composition of the deposited compounds

Table 1. Composition of steel panels used for the electrochemical test

Elements C Si Mn Cr

Mo Co Cu Nb Fe

wt. % 0.190 0.288 1.390 0.026

0.018 0.388 0.297 0.334 balance
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were studied by energy dispersive X-ray analysis (EDX, 50
KV, Horiba XGT 7200). EDX analysis was used in an area
corresponded directly to the SEM imaging at least three areas
were analyzed for the given depth of each sample. Elements
chosen for analysis were based on the known chemical
components of the NZF, NaCl solution, and steel panels.

The inductively coupled plasma-optical emission
spectrometry (ICP-OES) was carried out by an equipment
(Vista MPX, Varian Inc., Palo Alto, CA, USA). The test
solutions containing a, 3, and y-NZF pigments were analyzed
under two conditions; before immersion (intact solutions)
and after 44 h of immersion (exposed solutions).

3. Results and Discussion

3.1. Microstructure Analysis of the as-synthesized
pigments

Figure 1 shows the TEM images of the as-synthesized
powder pigments, along with the particle size distributions.
It is clear that the particle size of the pigments have a direct
relation with calcining temperature. The o-NZF sample
contains nanoparticles with a size distribution ranging from
5 to 30 nm and ~ 70% of the particles lie in the range of
10-15 nm. With an increase in the calcining temperature,
the particle size distribution shifted to larger particle size.
In case of B-NZF, more than 80% of the particles lie in the
range of 10-20 nm, whereas the y-NZF pigment contains
particles that are dominantly in the range of 15-25 nm.

3.2. EIS measurements

Nyquist and Bode diagrams for carbon steel after 1, 4,
and 44 h immersion in the blank solution (3.5 wt. % NaCl)
and pigments containing solutions (a, 8, and y-NZF pigments
in 3.5 wt. % NaCl solution) are shown in Figure 2. It can be
seen that in a- and B-NZF pigments (see Figure 2 and 3), the
increase in absolute values of impedance at low frequencies
in Bode plots and the increase in the semicircle diameter in
Nyquist plots confirm the higher protection obtained when
immersion time is increased. In other words, when comparing
1 h, 4 h and 44 h immersion, an explicit decrease in phase
angle can be seen. The mechanism of this phenomenon
should be further explored by equivalent circuits fitting and
microscopic investigation.

The electrical equivalent circuits used to fit the EIS
results with typical fitting curves are shown in Figure 3
and the extracted EIS parameters are listed in Table 2. The
suggested equivalent circuit has been previously reported
for the epoxy coatings pigmented with zinc aluminum
polyphosphate!, inhibitive hybrid pigment based on zinc
acetate-Cichorium intybus L leaves extract®, and lithium zinc
phosphate pigment®. The relationship between protection
performance and pigment types may be related to adsorption
enhancement of small NZF (Figure 1) on the mild steel
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surface. Whereas, in y-NZF pigment (see Figure 2-4) the
impedance magnitude at low frequencies in Bode plots and
the semicircle diameter in Nyquist plots are declined during
immersion time which may be on account of repulsion
between big nanoparticulates (Figure 1) and probably
desorption of nanoparticulates from metal surface resulting
in diminution performance at final immersion time. The one
simple peak in the Bode plot and one depressed capacitive
loop in the Nyquist plot were observed for - and o-NZF
pigments, which are attributed to the presence of one time
constant in the corrosion process relating to the electrical
double layer existence in metal/solution interface (see
Figure 3). However, in EIS diagrams of metal immersed in
a-NZF pigment containing solution, there are two distinct
peaks in the Bode plot and two overlapping semicircles in
Nyquist plot. This is related to the presence of two time
constants in the corrosion process (see Figure 3), which
shows formation of an inhibitive film beside the electrical
double layer existence on the metal/electrolyte interface.
Deviation of the capacitive loop from a perfect semicircle
could be attributed to surface heterogeneity*'.

From the fitting, it is clear that increasing the charge
transfer resistance and decreasing the double layer capacitance
in metals immersed in solutions containing nanoparticulates
were occurred via nanopigment absorption enhancement and
resultant double layer thickness increment during immersion
periods. In other words, all three pigments led to lower
double layer capacitance than the sample in pigment-free
solution. This observation could be related to the quality and
thickness of the as-deposited layer. By the time the protective
film is built-up, it generates a resistance that slows down
the corrosion rate**. On the other hand, the existence of
the pigments has some remarkable effects for decreasing the
admittance values. The lowest admittance could be observed
in the case of a-NZF pigment. Comparisons between resulted
data in Table 2 imply the better performance of a- than
B- and subsequently y-NZF. This result may be attributed
to smaller particle size of a-NZF (see Figure 1) which can
be adsorbed more easily compared to other nanoparticles
on the mild steel surface. The application of these pigments
leads to diminish the possible corrosive attack via formation
of a protective film*. According to Table 2, R  values after
44 h are about 798 (Blank), 3475 (0-NZF), 935 (B-NZF),
and 1491 (y-NZF) Q.cm?. Therefore, the o-NZF pigment
is much more impressive in anticorrosion performance,
due to the formation of a perfect protective film on the
substrate during immersion period. This agrees well with
recent sentences in the previous paragraph. In overall, the
results of EIS (increase in the charge transfer resistance, and
decrease in the admittance and capacitance values due to the
application of a-NZF pigment) showed that in the presence
of the as-synthesized pigments, especially a-NZF sample, the
inhibition performance was improved significantly relative
to metal immersed in blank solution. This may be related
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Figure 1. TEM images and histograms of size distribution of the synthesized pigments (A) a-NZF, (B) B-NZ,F and (C) y-NZF.

to replacement of nanopigments with water molecules*
and increasing the thickness of electrical double layer and
inhibitor film due to NZF adsorption increment on mild steel
surface during immersion time®.

3.3. Tafel polarization measurements

Figure 4 compares the polarization results for the
samples immersed in the test solutions after 1, 4 and 44 h.
The resulted data of Tafel polarization measurements are

listed in Table 3. Using Tafel extrapolation, i _and R were

corr

determined which are presented in Figure 5.

E_ . becomes more negative and R of all samples was
decreased during immersion time. In addition, i _for steel
immersed in a-NZF containing solution was slightly increased,
whereas for - and y-NZF contained solutions diminution of
i, was observed with exposing time. On the other hand, all
three pigments led to lower R than the sample in pigment-
free solution. With similarity of EIS results, a-NZF have
better proficiency relative to other nanopigments (B-NZF
and y-NZF) and subsequently nanopigments (o-, - and
v-NZF) contained solutions relative to the blank one, as
the higher R, nobler £ and lesser i was attained with
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Figure 2. Nyquist and Bode diagrams for the mild steel after 1(0), 4 (A) and 44 h (¢) immersion in the test solutions. (1) the
blank solution. (2) a-NZF containing solution. (3) B-NZF containing solution. (4) y-NZF containing solution.
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Figure 3. Equivalent electrical circuits used to fit the EIS results.

Table 2. Variation of electrochemical parameters of mild steel after 1,4 and 44 h immersion in 3.5 wt. % NaCl solutions.

Test Immersion R, Yo n C, R, Y, n (0N
solution time (h) (Q.cm?)  (pus”.Ql.em?) d (uF/em?) (Q.cm?)  (us".Q'.cm?) f (uF/em?)

1 85.5 125.81 0.66 12.6 - - - -
Blank 4 516.3 105.03 0.72 56.4 - - - -

44 798.5 267.84 0.61 99.23 - - - -

1 534 0.11 0.37 5.26 E-9 66.3 0.42 0.78 7.93
a—NZF . 4 1822 2.75 0.35 1.46 E-4 83.6 0.43 0.74 5.89
containing

44 3475 4.01 0.37 2.77E-3 69.3 0.66 0.86 0.28

1 783 254.20 0.72 135.7 - - - -
P-NZF 4 676 148.70 0.67 47.9 - - - -
containing

44 935 20.01 0.71 3.94 - - - -

1 2412 20.60 0.63 3.37 - - - -
yNZE 4 1789 25.50 0.65 482 - - - -
containing

44 1491 26.40 0.64 4.28 - - - -

a-NZF pigment. Comparison of the results shows that the
inhibition performance of the samples is as below:

oa~NZF >> B-NZF > v-NZF > blank solution

The partly changes of both anodic and cathodic Tafel
slopes and also i during immersion (on contrary of the
blank solution) was indicated these nanoparticulates have
mixed behavior in NaCl solution, since it was influenced
on both anodic and cathodic reactions verifying the positive
effect on corrosion rate decrement of mild steel specimens
exposed to corrosive 3.5 wt. % NaCl solution. This statement
is supported by results of R calculation. This parameter is
influenced by b, b, andi_ .

Another significant result that comes from Figure 5
is that it takes time for the corrosion inhibitor to kick in.
In other word, the difference in i, exceeds one order of
magnitude after 44 h. Therefore, this type of pigments can
be classified as sluggish corrosion inhibitor. This concept
has been considered in the previous works*>.

3.4. Surface analysis (SEM/EDS)

The SEM micrographs are represented in Figure 6.
Comparing to the samples immersed in the blank solution, it
is obvious that a film is formed on the mild steel surface after
exposure to NZF extracts. The zinc content in the surface film
analyzed by EDS shows the presence of 13.9%, 12.9%, 5.1%
and 0.0% (w/w) on samples exposed to the o-NZF, B-NZF,
y-NZF, and the blank solution, respectively. Evidence provided
by SEM results confirmed the inferences made in sections
3.1 and 3.2 relating to film formation. Moreover, EDS results
showed the rare presence of ingredients as, Al, Si, Cl, K, Na,
and Mn in the precipitated layer on steel substrates. In addition,
Na percentage on the samples' surface is more than Cl that
have a connection with creation of insoluble anionic complex.
Actually, incorporation of NZF compounds into the primer is
thought to be very applicable because developed deposition
might promote primer adhesion to substrate and also prevent
corrosion by their inhibitive performance. Presence of zinc
element in EDS is related to deposition of insoluble complex
of zinc with steel surface and corrosion products.
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Figure 4. Polarization curves of steel samples after 1 (0), 4 (A), and 44 h (o) immersion in 3.5 wt. % NaCl solution containing: (a)

nothing, (b) a-NZF, (¢) B-NZ.F and (d) y-NZF.

Table 3. Variation of corrosion kinetic parameters of steel samples after 1, 4, and 44 h immersion in 3.5 wt. % NaCl solution without

(blank) and with o—, —, and y—NZF extract.

Test solution Immersion time b, b, E.. - R,
(h) (V/dec) (V/dec) (V vs.Ag/AgCl) (A/em?) (Q.cm?)
1 0.075 0.070 -0.6152 6.917 E-5 227
Blank 4 0.076 0.042 -0.7409 7.109 E-5 165
44 0.096 0.015 -0.7472 3.941 E-5 143
1 0.100 0.083 -0.5427 4.618 E-6 4265
a—NZF containing 4 0.076 0.100 -0.6074 6.770 E-6 2770
44 0.077 0.110 -0.6296 7.187 E-6 2737
1 0.082 0.104 -0.5626 1.366 E-5 1457
B—NZF containing 4 0.078 0.102 -0.6208 1.268 E-5 1514
44 0.070 0.125 -0.6291 0.985 E-5 1978
1 0.090 0.062 -0.6263 2.126 E-5 750
vy-NZF containing 4 0.084 0.060 -0.6505 1.953 E-5 778
44 0.080 0.047 -0.6782 1.182 E-5 1088

3.5. ICP-OES measurements

Table 4 shows some characteristics of the NZF pigment
extracts before and after 44 h immersion of the mild steel
samples. According to the Table 3, corrosion of mild steel
samples during immersion time in solutions and creation
of alkali products can be reason of little increment of pH

values?. Among of pH values, least increase is related to
o-NZF extract that means least corrosion process occurred
and subsequently least hydroxyl groups created.
According to the ICP-OES results, the proportion and
percentages of iron in NZF pigments were 127.53 ppm
and 13.94 wt. %, respectively. These values for zinc in
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Figure 5. The corrosion current density (left) and polarization resistance (right) of the samples immersed in the test solutions.
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Figure 6. SEM Morphology of the precipitated layers on the surface of samples in a-NZF (a & d), B-NZF (b & e), y-NZF (c & f) and the
blank solution (g & h) after 44 h immersion.

Table 4. Some characteristics of the test solutions contain a—, p—, and y—NZF for intact solutions, before immersion of the mild steel

samples and for exposed solutions, after 44 h immersion.

Pigment extracts

Time Characteristic
a-NZF B-NZF v-NZF
pH 7.48+0.03 7.35+0.12 7.26+0.08
before immersion .
(Intact solution) Fe concentration (ppm) 0.059711 0.067613 1.3388
Zn concentration (ppm) 10.095 10.639 7.1138
pH 7.58+0.23 7.54+0.09 7.38+0.28
44 h immersion .
(Exposed solution) Fe concentration (ppm) 0.053138 0.051585 0.057794
Zn concentration (ppm) 8.4892 7.3954 6.8327
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NZF pigments are 54.593 ppm and 5.97 wt. %. Moreover,
according to the content of zinc and iron elements in solution
before and after 44 h immersion of steel samples, there is
obvious decrease relate to segregation from solution phase
and deposition on the steel samples. Furthermore, results
of SEM/EDS approved presence of these elements on steel
samples.

4. Conclusions

This study aimed to evaluate the corrosion inhibition
performance of nanoparticulates zinc ferrite pigments with
different particle sizes. The performance of steel samples
immersed in 3.5 wt. % NaCl aqueous solution-containing
NZF pigments with different particle sizes, were investigated
by using electrochemical tests such as electrochemical
impedance spectroscopy and Tafel polarization as well as
surface analysis. Based on the results of SEM and EDS,
presence of a precipitated layer on the surface was confirmed
when steel sample was immersed into the solution-containing
NZF pigments. The joint use of the SEM, electrochemical
impedance and Tafel polarization gave information on the
several aspects of the system properties, corrosion rates and
morphology. EIS results in total agreement with results of
polarization test demonstrated superiority of NZF as an
anti-corrosion pigment. In the case of samples exposed to
a-NZF extract, the higher resistance and lower double layer
capacitance extracted from impedance spectra as well as
lower current density from polarization measurement results
might be attributed to precipitation of an inhibitive layer on
the surface. This was also supported by SEM/EDS results.
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