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The corrosion behavior of Fe-base alloy in H2SO4 acid at different concentrations was evaluated. The
effect of sodium tungstate inhibitor on Fe-base alloy in 10 % H2SO4 solutions was evaluated by using
weight loss and potentiodynamic polarization methods along with scanning electron microscope and
energy dispersive x-ray analysis. The corrosion rate and surface morphology of Fe-base alloy in the
presence of various concentrations of sodium tungstate inhibitor compared to control in 10 % H2SO4
solutions were measured. The sodium tungstate inhibitor was found to improve the protection against
corrosion in comparison to the uninhibited 10 % H2SO4 solution.
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1. INTRODUCTION

Pickling is commonly used in various manufacturing processes [1-3]. Significant problems rising
from corrosion in tubing and oil production machinery often resulted in cracks and breakdown in
construction, which have led to accidents. The metal corrosion rate in mineral acids is more expeditious
than in other environments, which are mainly used in pickling and removing the FeO layer [4]. The
metal protection might be achieved chemically or electrochemically through surface modification by
using classical inhibitors [5-10]. The protection is applicable, cost-effective, and commonly used in
industrial production. During the protection of metals or alloys from corrosion; a suitable corrosion
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inhibitor should be used to decrease the amount of corrosive effect, enhance the pickling effect, and
increase the service time. The active agent of these inhibitors is an inorganic anion that protects metal
surfaces, including their penetration into the oxide layer, by various mechanisms. Accordingly,
decreasing and controlling all causes that lead to an increase in the demand to protect the environment.
In turn, this harms and pollutes the surrounding environment and affect drastically the economy [8].
Several countries and regions are issuing several regulatory controls to guide the use and discharge of
toxic substances, especially inorganic and heavy metals. Sodium tungstate inhibitor is an eco-friendly
inhibitor that decreases the corrosion rate and protects metals [11, 12]. Previous studies have examined
the corrosion behavior of mild steel in the presence of sodium tungstate inhibitors but have not studied
their effect on the microstructure and the corroded surface [13]. This work aims to explore the effect of
sodium tungstate inhibitor with different concentrations in the H>SOs solution on the corrosion
characteristics of Fe-base alloy. Additionally, SEM and EDAX were used to explore the effect on the
surface morphology of the Fe-base alloy.

2. EXPERIMENTAL WORK

Table 1 gives the chemical composition of the investigated Fe-base alloy. The working electrode
was polished before each experiment, washed with deionized H2O and dried by (CHs).CO.

Table 1. Fe-base alloy chemical composition in wt. %

Fe C Si Mn Cr Mo Ni Cu Ti V W
65.80 | 0.08 | 0.74 | 1.02 | 16.20| 0.34 |12.60| 0.43 | 0.09 | 0.13 | 2.37

The counter electrode was a platinum sheet while the saturated calomel electrode (SCE),
(Hg/Hg2Cl>-Sat. KCI), was used as a reference electrode connected to a conventional electrolytic cell of
capacity 25 ml of solutions. Measurements of weight loss and potentiodynamic polarization tests were
used to evaluate the corrosion protection for the examined Fe-base alloy (as working electrodes) in
H2SO4 in the presence of the inorganic inhibitor. Weight loss measurements were performed in a glass
vessel with 25 ml of H2SO4 solution (grade 98% H2SO4acid) with and without the existence of different
concentrations of Na;WOQO4-2H>0 inhibitor (0.01, 0.03, 0.05, and 0.1 M). The immersion time for the
weight loss experiment was 120 hr at 20 £ 1°C. The average corrosion rate obtained using Eqgs. 1 and 2

as follows [14]:

AW =Wi-W: Q)

AW x K

C.R. (mmly) = AxTxD 2
where K = a constant (8.76x10%), T = time of exposure in hours, A = area in cm?, AW = mass loss in
grams, and D = density of Fe-base alloy (7.87 g/cm®). The degree of surface coverage (0) was provided
by Eq. 3:
~ Wo-Wi
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Where Wi and W are the values of weight loss of Fe-base alloy in inhibited and uninhibited solutions,
respectively. The inhibition efficiency 1E (%) was measured by Eq. 4:

IE(%) =0 x 100 4)

Potentiodynamic Fe-base alloy polarization was performed at a scan rate of 0.5 mV/s from
—0.8 and +0.8 V. Before starting the test, the working electrode was first submerged in the test solution
for 30 min to achieve a steady-state value of the open circuit potential. The corrosion rate (C.R.) was
measured in pm consumption of Fe per year according to Faraday’s Law as follows Eq. 5:

CR (pm/year) = 3.3lcorrM/zd 5)

Where; z = ionic charge (3 for Fe), M = atomic weight of metal (55.85 for Fe), d = density of Fe,
7.87 g/cm?, and leorr = corrosion current density, pA/cm?.

Values of lcorr and corrosion potential (Ecorr) Were provided from the intersection of the linear
anodic and cathodic branches of Tafel curves and were calculated in uninhibited and inhibited solutions
with different concentrations of sodium tungstate. Each experiment was repeated at least three times.
Degrees of surface coverage (0) in potentiodynamic measurements were determined using Eq. 6.

0=1- |corr/ |c0rro (6)

where lcorr® and lcorr are the corrosion current densities in the uninhibited and inhibited with

sodium tungstate solutions, respectively. The inhibitive efficiency (IE %) was measured employing Eq.7
IE % =0 x 100 (7)

Scanning electron microscopy (SEM) and energy dispersive x-ray analysis (EDAX) were used
to examine the surface morphology of the corrosion products on the Fe-base alloy after 120 hr immersion
in 10% H2SO4 solution in the uninhibited and inhibited at various Na,WO4 concentrations.

3. RESULTS AND DISCUSSION

3.1 Weight loss measurements

Table 2. Corrosion rate (CR), by weight loss method for corrosion behavior of Fe-base alloy in various
concentrations of H2SO4 solution

48 hr 120 hr
Conc. of H2SOq4 Wi. loss, CR, Wi. loss, CR,
@) (mm/y) @) (mm/y)
1% 0.0050 0.5797 0.0080 0.3710
5% 0.0280 3.2465 0.0940 4.3595
10% 0.0425 4.9277 0.1535 7.1191

Fig. 1. demonstrates the weight loss in (g) for corrosion behavior of Fe-base alloy in different
concentrations of H2SO4 solution at various time intervals at 20 °C. The corrosion rate (CR) and weight
loss for corrosion behavior of Fe-base alloy in various concentration of H>SO4 solution are tabulated in
Table 2.
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The results showed that Fe-base alloy weight loss increased and varied linearly with increasing
time and concentrations. During corrosion, the linearity given suggested the absence of insoluble surface
film. The reaction rate decreased slightly in low concentrated H.SO4 acid, before entering a steady state.
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Figure 1. Variation in weight loss with exposure time for corrosion behavior of Fe-base alloy in various
concentration of H2SO4 solution.
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Figure 2. Variation in weight loss with exposure time for Fe-base alloy in 10 % H>SOs solutions in the
presence and absence of various concentrations of Na,WOj4-2H20

Fig. 2. illustrates the variation in weight loss with exposure time for Fe-base alloy in 10 % H2SO4
solutions for both uninhibited and inhibited solutions with various concentrations of Na,WOQO4-2H>0.
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Different parameters such as corrosion rate (CR), Surface coverage (0), and the inhibition efficiency (IE
%) are given in Table 3.

Table 3. Corrosion rate (CR), Surface coverage (0) and the Inhibition efficiency (IE %) for Fe-base alloy
in 10 % H>SO4 solutions in the presence and absence of various concentrations of Na;WO4-2H>0
given by weight loss method at 20°C

Inhibitor Conc. Wi. loss, CR, 0 IE,
(M) 9) (mmly) %

10% H2SO4 Blank 0.1535 7.1191 -- --
0.01M Na;WO4 0.0333 1.5444 0.783 78
0.03M Na;WOQq 0.0100 0.4637 0.934 93
0.05M Na;WO4 0.0055 0.2551 0.964 96
0. 1M Na;WOq4 0.0045 0.2087 0.971 97

The results indicated that the weight losses of Fe-base alloy in the presence of Na;WO4 were
lower than that of inhibitor-free (10 % H>SO4 solutions). The inhibitor was reported to be first adsorbed
onto the Fe surface and thus impeding the corrosion process [15] because the sodium tungstate is fairly
efficient as an inhibitor for Fe-base alloy in 10 % H2SO4 solutions. The corrosion rates in the presence
of sodium tungstate became low and decreased with time at low inhibitor concentrations (0.01 M). At
higher concentrations (0.05 and 0.1 M), the corrosion rates showed little observable change in its values
after prolonged immersion time, suggesting a relation to some extent with the duration of immersion. It
was noted that a strong reaction (characterized by (H2) gas bubbles formation) occurred immediately
after sample immersion in the acid solutions. The gas evolution rate increased by increasing the
concentration of H2SO4 acid. The addition of Na2WO4-2H20 not only improved the Fe-base alloy's
corrosion resistance but also increased the growth rate and surface roughness. Hence, the relation
between the corrosion resistance of the Fe-base alloy and the concentration of Na,WOQO4-2H>O was
studied. The concentration of 0.1M Na;WO4-2H>0 showed the best corrosion resistance with a corrosion
rate of 0.2087 mm/y and the highest IE 97 %. The anodic polarization plot was correlated with the
electrochemical dissolution of a metal substrate, and the cathodic polarization plot was shown to be due
to the evolution of cathodic hydrogen during water reduction [16].

3.2 Potentiodynamic polarization measurements

The electrochemical data, namely anodic and cathodic Tafel slopes (82 and fc), Ecorr and lcorr
derived from the polarization curves, the polarization resistance (Rp) values were determined using
Stern-Geary Eq. 8 [17]:

_ pa. pc (®)
2.303 leorr (S + f5C)
Fig. 3 displays the polarization curves for Fe-base alloy in different concentrations of H.SO4 acid
solutions. Table 4 provides all the above corrosion parameters obtained for the Fe-base alloy from the
Tafel extrapolation method.

Re



Int. J. Electrochem. Sci., Vol. 15, 2020 8234

1.0

0.8 A
— 1%H,S0,

— 5% H,S0,
= = 10% H,S0,

0.6 1

0.4 A

0.2 1

0.0 A

Potential [ V]

-0.2 A

-0.4 -

-0.6 A

-0.8 A

'10 T T T T T T T
-3 -2 -1 0 1 2 3 4
log (A/lcm?)

Figure 3. Potentiodynamic polarization curves for Fe-base alloy in different concentration of H2SO4
solutions.

Table 4. Corrosion parameters for Fe-base alloy in various concentration of H2SO4 acid solutions.

ECOIT ICOI’I’ a C R
Conc. of HSO4 v A2 V/’;I o V/ﬁdec ch';’l_z CR,um/y
1% 0.020 3.162 0.666 0.440 | 363.80 | 24.680
5% 0.160 3.981 0.120 0.480 |104.70 | 31.077
10% -0.087 11.220 0.150 0.160 2.99 87.580

The results showed that the corrosion currents density, lcorr, and the corrosion rate increased with
the increase of the concentration of H>SO4 acid solutions. The current density of corrosion is one of the
important parameters used to measure the materials’ resistance to corrosion. The higher the current
density of the corrosion, the more severe the material corrosion [18]. From the polarization curves, it
can be seen that, after the inhibitors were applied, the current density decreased. The effect of
concentrations of Na;WO4 (0.01 - 0.1 M) for the Fe-base alloy was studied in 10 % H2SOj4 solutions.
The addition of Na;WO4to the Fe-base alloy in 10 % H>SO4 acid solutions (Fig. 4 and Table 5) resulted
in a decrease of the free-corrosion current densities (lcorr). When the concentration of Na2WO4-2H20
was further increased to 0.1 M, the current density was reduced consequently. The lowest corrosion
density was found for the concentration of 0.1 M Na;WOs-2H,0, being 0.039 pA/cm?, which is
significantly lower than that of the blank (10 % H2S0Oa) being (11.220 pA/cm?). As for the polarization
resistance after the addition of 0.1 M sodium tungstate to the Fe-base alloy in 10 %, H.SO4 acid solutions,
it showed the highest value of corrosion density being 10862.2 Q.cm™. The decrease in the current
density and accordingly increase in resistance to polarization in the presence of the inhibitor is largely
due to the effect of the formed protective layer in combating the detrimental effect of pores and cracks
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within the inhibitor, making it more difficult for the corrosive media to transport. The corrosion rate of
the Fe-base alloy is diminished by increasing Na;WQO4 concentrations as seen in Fig. 4 and viewed in

Table 5.
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Figure 4. Potentiodynamic polarization curves for Fe-base alloy in 10 % H>SO4 solutions in the presence
and absence of different concentrations of Na;WQO4-2H,0

Table 5. Corrosion parameters for Fe-base alloy in 10 % H2SO4 solutions in the presence and absence

of various concentrations of Na;WQOgs-2H:0.

Inhibitor Conc. Ecorr lcorr fa Le Rp IE
M \Y; HA/cm? | V/dec | V/dec | Qcm™ CRumiy |0 %
10 % H2SO4 0087 | 11220 | 0150 | 0160 | 299 | 8758 | - .
10% HaS04+0.0IM | 5 095 | 2512 | 0120 | 0320 | 1508 | 1961 | 0.776 | 77
Na;WO4
10% HaS04+0.03M | ) 119 0.251 0.400 | 0.222 | 2469.7 1.95 0977 | 97
Na;WO4
0
10% H250440.05M | 78 | 0126 | 0480 | 0286 | 61761 | 098 | 0988 | o8
Na;WO4
0,
10 % H250440.IM | 691 | 0039 | 0250 | 0.160 |10862.2| 031 | 0996 | 99
Na,WO4

When the concentration of this inhibitor was increased, the inhibition protection increased while
the corrosion current densities and corrosion rate decreased. Generally, corrosion current density lcorr
could reflect the reaction rate. The smaller the Icorr, the slower the corrosion rate [13]. This inhibitor
cause change in the anodic and cathodic Tafel slopes and no definite trend was noted in the shift of Ecorr
values in the different concentrations of this inhibitor, suggesting that this compound behaves as mixed-
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type inhibitors. The values of the Tafel slope (Bc and 13a) for the inhibitor were shifted slightly which
suggested that the investigated inhibitor is blocking the cathodic and anodic sites without changing the
corrosion mechanism [19, 20]. The result revealed that Na,WOa is an efficient corrosion inhibitor in 10
% H2SO04 solutions to increase the corrosion resistance properties of the Fe-base alloy.

3.3 Surface Morphologies

Figure 5. The SEM morphologies of the Fe-base alloy in (a) 5% H2SOa4 solution, (b) 10%H,SO4 solution,
(€) 10%H2S0O4 solution with 0.01 M Na;WO4, (d) 10%H2SO4 solution with 0.05 M Na;WO4
and (e) 10%H2SO4 with 0.1 M NazWO4
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The SEM morphologies of the Fe-base alloy in concentrations (5%-10%) of H.SO4 and different
addition of Na,WO4 are presented in Fig. 5. Fig. 6 illustrates the EDAX analyses of the Fe-base alloy in
5% H>SO4 solution as 23.42%0, 1.12%S, 8.68%Cr, 0.42%Mn, 27.52%Fe, 4.34%Ni and 34.50% W
where the EDAX analysis of the alloy in 10% H2SO4 solution was 27.45%0, 1.77%S, 3.2% Si, 12.49%
Cr, 20.01% Fe, 4.75% Ni, 4.21% Cu and 26.12% W.

cps/eV cps/eV
45
35
40
Mn 30 Cu
a5y )]
30N 255 i
Fe |§ Mn Fe W Cu
250 W cr Fe Ni W 200 SIS CrFe Ni W
20 18
15
10
10
0.5 Y 1 05 ||
MMML A
00 i it 00 ok hlisyinn e g a
2 4 6 8 10 12 4 16 18 2 2 4 6 8 10 12 14 16 18 20
keV keV
(a) (b)
cps/eV cps/eV
% 45
4.0”
5 WA
L' 35 ¢
WNi 3N
0w |g - 307k W
oW Cr Fe Ni W 250 i CrFe Ni W
15
20
10 15
. 10
05
0.0 e 004 doleblha o g it
2 4 6 8 k‘° 2 W 1 1B 2 4 6 8 10 122 14 16 18 2
- keV

(© (d)

Figure 6. The EDAX analyses of the Fe-base alloy in (a) 5% H>SO4 solution, (b) 10% H>SO4 solution,
(c) 10% H2SO4 solution with 0.01 M NaxWOs4, (d) 10% H2SO4 solution with 0.05 M Na;WO4
and (e) 10% H2SO4 with 0. 1 M Na;WOg4
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Figure 7. The mapping of the Fe-base alloy in (a) 10% H2SO4 solution, (b) 10% H>SO4 solution with
0.01 M Na2WOs, (c) 10% H2SO4 solution with 0.05 M Na;WO4 and (d) 10% H2SO4 with 0. 1 M
Na;WO4
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The EDAX results of the alloy in 10% H2SO4 solution with 0.01 M Na;WO4was10.34% O, 0.3%
S, 12.56% Cr, 0.15% Mn, 45.38% Fe, 5.29% Ni and 25.98% W where the EDAX showed the alloy
composition in 10% H>SO4 solution with 0.05 M Na,WO4to have 27.75% O, 5.25% S, 0.07% Si, 2.19%
Cr, 10.48% Fe, 2.08% Ni and 52.18% W. Similarly, the EDAX analysis of the alloy in 10% H2SO4
solution with 0.1 M Na,WO4was 0.63% O, 0.33%Si, 18.88%Cr, 70.05%Fe, 6.0%Ni and 4.11%W. The
mapping of the Fe-base alloys in concentrations of H2SO4 (5%-10%) and different addition of Na2WO4
was given in Fig. 7. The presented EDAX analysis results show that when the Fe-base alloy corroded, a
concentration of the tungstate occurs at the surface without the addition of the Na;WQ4 in the H2SO4
solution. After the addition of the Na,WOs in the H2SO4 solution, the formation of a protective layer on
the surface decreased the corrosion rate as illustrated in Fig. 5 and Fig. 7. For 0.05 M Na;WO4in H2SO4
acid solution, it is clear from the mapping that the surface corroded through the uncovered areas of the
inhibitions, Fig. 7c. Increasing the inhibitor concentration to 0.1 M of Na;WOs in H2SO4 acid solution
decreased the pits and increases the surface protection as provided in Fig. 7d. The formation of the
complex iron — tungstate on the surface is primarily responsible for the inhibition effect that emerged
after 1200 ppm [12] concentration. Several particles appeared as a smaller flaky layer, and the tiny cracks
vanished, though the surface still contained few pits. In summary, the addition of a higher concentration
of Na,WO; effectively prevents the corrosion of Fe-Base alloy in 10% H>SO4 solution compared to
lower concentration.

4. CONCLUSIONS

The corrosion of Fe-base alloy was evaluated at varying concentrations (1%-10%) of H2SO4
solution. The effect of sodium tungstate in 10% H2SO4 solution on the corrosion features of Fe-Base
alloy was investigated as well. The sodium tungstate acted as good corrosion inhibitors to increase the
corrosion protection for Fe-base alloy in the 10 % H2SOs solution. The inhibition efficiency, as
concluded from the weight loss tests was 97%, which is in good agreement with that achieved from the
tests of potentiodynamic polarization (99%). An inhibitor concentration of 0.1 M Na;WO4 was found to
be ideal and most efficient. The lowest corrosion density was found at a concentration of 0.1 M of
Na,WOs, being 0.039 pA/cm?, which is significantly lower than that of the blank 10 % H2SO4 (11.220
HA/cm?). The results obtained from the weight loss tests were in agreement with these obtained from the
potentiodynamic polarization results. After the addition of the Na;WO4 to the H2SO4 solution, the
formation of a protective layer on the Fe-Base alloy surface decreased the corrosion rate as concluded
from the surface analyses performed by SEM, EDAX, and mapping.
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