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The effect of addition of inorganic anions, silicate, periodate and permanganate on the pitting behavior
of stainless steel 304 in 0.5M H,SO, containing 0.1M NaCl was studied using electrochemical
impedance spectroscopy (EIS) and potentiodynamic polarization techniques. In the absence and
presence of silicate ion, the peak characteristic for the reduction of sulphate ion was clear in the
potentiodynamic polarization curve. This peak was also present in presence of low concentrations of
periodate or permanganate but disappeared at high concentrations of both anions. This indicates that
periodate or permanganate ions possess a great pitting inhibition at high concentrations, this was also
confirmed by EIS technique.
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1. INTRODUCTION

Stainless steels are important class of metals and are often considered as the main part of
modern industry [1] such as oil and petrochemical industry and also for designing different parts in
desalination plants and have been employed as a substitutional metal for carbon steel in highly
corrosive media [2], this is attributed to their high corrosion resistance resulting from the high
chromium content that contributes to form a highly stable and adherent oxide film which prevents rust
formation. At least 12 wt% of chromium is necessary to make steel eligible to be classified as
"stainless steel™ [3]. Austenitic stainless steel (300 series) is considered as the most important group [4]
among all groups of stainless steel since they are characterized by their excellent mechanical
properties. Austenitic stainless steel is characterized by high corrosion resistance in various corrosion
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conditions without the addition of any other protective agents. It is characterized by excellent work-
hardening and mechanical ductility, which makes it suitable for many industrial processes [4,5] and is
not fragile in traditional applications [6]. Austenitic stainless steels are the most important alloys
utilized in industrial applications that require corrosion resistant materials which are susceptible to
stress corrosion cracking in environments that contain corrosive ions in presence of tensile stress.
Pitting corrosion in different situations is considered as an important technological problem since it
causes the failure of stainless steels. Nowadays, there is a new trend to exploit several types of
inhibitors for the corrosion of stainless steels [7]. Acid solutions that contain chloride ions may destroy
their passivity with subsequent pitting formation so a great effort is now concentrated to resolve the
problem of localized corrosion of stainless steels in chloride-containing media [8-16] and its inhibition
[17-19]. The effect of inorganic anions on the pitting of different stainless steels was investigated [20-
26] using potentiostatic and potentiodynamic polarization techniques. The aim of the present work is to
study the effect of addition of different inorganic anions on the corrosion of stainless steel 304 in 0.5M
H.SO, containing 0.1M NaCl using electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization techniques.

2. EXPERIMENTAL

Potentiodynamic polarization and EIS measurements were performed using frequency response
analyzer Gill AC instrument. Polarization measurements were carried out at scan rate of 30mV/min.
The electrochemical measurements were done in a three-electrode-mode cell; saturated calomel
electrode (SCE) and platinum sheet electrode were utilized as reference and counter electrodes
respectively. The working electrode was stainless steel 304 (or 304 SS) that had the chemical
composition (wt %): 18.25 Cr, 8.5 Ni, 0.58 Mn, 1.17 Mo, 0.06 Ti, 0.02 Al, 0.06 V, 0.005 S, 0.17 C,
0.11 Cu and balance Fe.

The stainless steel samples were fixed in poly tetrafluoro ethylene (PTFE) rods using an epoxy
resin so that only one surface remained uncovered. The exposed area (1 cm?) was mechanically
polished with a series of emery papers starting with a coarse one till reaching the finest (800) grade.
The samples were then washed thoroughly with double distilled water followed by A.R. ethanol and
finally with distilled water and then inserted in the cell.

2.1. Solution Preparation

H,SO,4, Solids NaCl, Na,SiO3.5H,0, NalO4, KMnO, are purchased from Aldrich Chemicals
Company. Solutions were prepared utilizing double distilled water. Stock solutions of 2M H,SO,4, 1M
NaCl, 0.1M Na,SiO3.5H,0, 0.1M NalO4, 0.1IM KMnOQO, solutions were used to prepare solutions
containing 0.5M H,SO,4 0.1M NaCl and the desired concentration of anions using appropriate
dilutions. Stock solution concentration was expressed in term of moles/dm®.
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3. RESULTS AND DISCUSSION

3.1. Potentiodynamic Polarization Results

Figure 1 shows the potentiodynamic polarization curves of 304 SS in 0.5M H,SO,4 containing
0.1M NaCl. The Figure shows bistable behavior [27] in which the metal undergoes anodic dissolution
followed by passivation then by anodic passive dissolution which intersects with the cathodic sulphate
reduction giving rise to secondary open circuit potential (OCP) similar to that appears in the
dissolution of 304 SS exposed to nitric acid in presence of sodium chloride [28] due to the mixed
potential of anodic passive dissolution and cathodic NO3;™ and/or NO, reduction. In a previous work
[29], similar shape of potentiodynamic polarization curve was obtained for 304 SS in 0.5M H,SO,
containing different sodium chloride concentrations and the variation of pitting potential of the metal
was studied as a function of sodium chloride concentration.

Figure 2 reveals the potentiodynamic polarization curves of 304 SS in 0.5M H,SO, containing
0.1M NaCl in the absence and presence of high concentration, 10 M of Na,SiO3.5H-0, it is clear that
in the absence or presence of silicate ion, the polarization curve is characterized by the presence of the
secondary OCP which is due to the mixed potential of anodic dissolution of metal and cathodic
sulphate reduction indicating that the addition of high concentration of silicate ion has not diminished
the reduction of sulphate hence a small or moderate efficiency of inhibition is predicted for the pitting
process of metal in presence of silicate.
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Figure 1. Potentiodynamic polarization curves of 304 SS in 0.5M H,SO, containing 0.1M NacCl.
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Figure 2. Potentiodynamic polarization curves of 304 SS in [A] 0.5M H,SO,4 + 0.1M NacCl, [B] 0.5M
H,S04+ 0.1M NaCl +10°M Na,SiO3.5H,0.

Figures 3,4 show the potentiodynamic polarization curves of 304 SS in 0.5M H,SO, containing
0.1M NaCl in the absence and presence of 10*M NalO4 and KMnOy, respectively. The polarization
curves are characterized by the presence of secondary OCP indicating that the presence of low
concentration of periodate or permanganate does not diminish the sulphate reduction.

Figures 5,6 show the potentiodynamic polarization curves of 304 SS in 0.5M H,SO, containing
0.1M NaCl in the absence and presence of different higher concentrations of NalO, or KMnO,
respectively. it is shown that the presence of high concentration of periodate or permanganate causes
the disappearance of the secondary OCP indicating that the high concentration of both anions inhibit
the 304 SS corrosion by preventing the cathodic reduction of sulphate accompanying the pitting
process and hence achieving high inhibition efficiency for the pitting of metal. The pitting corrosion of
stainless steel 304 was found [30] to be reduced in acidified chloride solutions by chromate or
molybdate ions by affecting the nucleation of pitting process and metastable pitting by reducing the
numbers and sizes of these events while in acid solutions, the pitting inhibition of 304 SS by ions was
attributed [31] to promoting enhanced passivation or by organic inhibitors due to the formation of very
low soluble layer on the metal surface [32].



Int. J. Electrochem. Sci., Vol

. 10, 2015

1000 !

750

500

250

Potential (mV/SCE)

=250

1A]

B]

(6]

500 b=

Al

10

10

Current (mA/cm?)

2349

Figure 3. Potentiodynamic polarization curves of 304 SS in [A] 0.5M H,SO, + 0.1M NaCl, [B] 0.5M

H,SO4+ 0.1M NaCl + 10*M of NalO,.
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Figure 4. Potentiodynamic polarization curves of 304 SS in [A] 0.5M H,SO4+ 0.1M NaCl, [B] 0.5M
H,SO,+ 0.1M NaCl +10™*M of KMnO,.
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Figure 5. Potentiodynamic polarization curves of 304 SS in 0.5M H,SO, containing 0.1M NaCl in
absence and presence of different concentrations of NalO,; [A] 0, [B] 5 x 10, [C]103, [D] 10°
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Figure 6. Potentiodynamic polarization curves of 304 SS in 0.5M H,SO, containing 0.1M NacCl in
absence and presence of different concentrations of KMnOy, ; [A] 0, [B] 5 x 10, [C] 107, [D]

102 M.
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3.2. Electrochemical impedance spectroscopy results

Figure 7 shows the Nyquist plot of 304 SS in 0.5M H,SO4 containing 0.1M NaCl in the
absence and presence of different concentrations of Na,SiO3.5H,0, it is clear that this plot is depressed
semicircle of capacitive type. The size of this semicircle increases with increasing silicate ion
concentration indicating that the dissolution process of metal occurs under activation control in the
absence or presence of silicate ion. Similar Nyquist plot was obtained for SS 304 in sulphuric acid
media containing chloride ions [33]
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Figure 7. Nyquist plot of 304 SS in 0.5M H,SO, containing 0.1M NaCl in absence and presence of
different concentrations of Na,SiO3.5H,0; [A] 0, [B] 10, [C] 107, [D] 3x10 M.

Corrosion rate will be determined by analysis of different Nyquist plots by fitting the
experimental data to the following equivalent circuit model, Figure 8, that includes the solution
resistance Rs and the double layer capacitance (Cq) which is placed in parallel to charge transfer
resistance element, R which is inversely proportional to the corrosion rate. Similar equivalent circuit
has been used to describe the behavior of SS 304 in the passive state during pit initiation [34]
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Figure 8. A simple Randles-type equivalent circuit.

Figures 9,10 show the Nyquist plots of 304 SS in 0.5M H,SO, containing 0.1M NacCl in the
absence and presence of different concentrations of NalO4 or KMnO, respectively. In the absence or
presence of low concentration of NalO4 or KMnQy, it is clear that the impedance response is depressed
semicircle of capacitive type indicating that the dissolution of metal is activation-controlled process.
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Figure 9. Nyquist plot of 304 SS in 0.5M H,SO, containing 0.1M NaCl in absence and presence of
different concentrations of NalOg4; [A] 0, [B] 107, [C] 3x10°, [D] 4x10™ M.



Int. J. Electrochem. Sci., Vol. 10, 2015 2353

3000 | | I | I |

2500 —

2000 [~ [D]

1500 —

[C]

Z" [ohm.cnv)

1000

500

0 500 1000 1500 2000 2500 3000
Z' (ohm.cm’)

Figure 10. Nyquist plot of 304 SS in 0.5M H,SO4 containing 0.1M NaCl in absence and presence of
different concentrations of KMnOy; [A] 0, [B] 10, [C] 31073, [D] 4x107 M.

At low concentrations of NalO4 or KMnQ,, analysis of the impedance spectra was executed by
fitting the experimental data to the same equivalent circuit model used for silicate, Figure 8. The
computer fit results are presented in Table 1. In the presence of high concentration of NalO,4 or
KMnQO,, the impedance response represents a process that takes place under diffusion control due to
the occurrence of the so-called Warburg impedance.
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Figure 11: Equivalent circuit used to fit the data at high concentrations of NalO, or KMnO,.



Int. J. Electrochem. Sci., Vol. 10, 2015 2354

The Warburg impedance [35] is observed only at low frequencies and usually describes a mass
transfer process involving diffusion of ions. It is known that the diffusion-controlled process distorts
the low frequency end of the semicircle. At high concentrations of NalO, or KMnQ,, analysis of
different Nyquist plots was done by fitting the experimental data to the equivalent circuit model,
Figure 11.

The equivalent circuit includes the solution resistance (Rs) and the oxide film constant phase
element (CPE); shorted by a resistive element (Ryf) representing the formation of an ionically
conductive path across the complex between the electrolyte and the substrate. When an electrolyte
penetrates, a double layer is formed at the disbonded region of the complex/metal interface represented
by double layer constant phase element (CPE)qy in parallel with the charge-transfer resistance (R).
Warburg element in the equivalent circuit corresponds to a value of n equals 0.5, impedance response
of straight line with a phase angle of 45°.

Computer fit results to the equivalent circuit, Figure 11 are depicted in Table 1. The
electrochemical impedance parameters of 304 SS in 0.5M H,SO, containing 0.1M NaCl in the absence
and presence of different concentrations of Na,SiO3.5H,0, NalO, or KMnQ, are shown in Table 1.
The % inh was calculated from impedance measurements using the relation :

% inh = [(Ret - Reto ) / Ret] X 100 1)

Where R, and R are the charge transfer resistances in the absence and presence of a given
concentration of different anions.

The percent inhibition (%inh) of different concentrations of the anions are also shown in Table

Table 1. Values of R, R, Cqi, and the % inhibition (% inh) of different concentrations of the anions.

Anion Silicate Periodate Permanganate
Conc Cal Ret % Cal Ret % Ca Ret % inh
(mol/dm®  (F) (Ohm.cm? inh (uF) (Ohm.cm? inh (uF) (Ohm.cm?

0.00 240 224 - 240 224 - 240 224 -
1x10° 215 278 19.4 167 372 39.7 205 415 46.0
5x107 175 285 21.4 148 410 453 189 435 48.5
1x10™ 181 292 23.3 129 420 46.7 172 460 51.3
5x10 142 297 246 107 435 485 179 480 53.3
1x1073 109 340 341 90 575 61.0 101 630 64.4
2x10° 92 435 485 68 900 751 81 970 76.9
3x10° 86 605 629 58 1600 86.0 70 1900 88.2

4x10°® 75 705 68.2 38 2200 89.8 59 2900 92.3
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The data indicate that the increase of concentration of inorganic anions leads to increasing the
charge transfer resistance that is associated with a decrease in Cy. It was previously reported [36] that
the adsorption process on the metal surface is accompanied with a decrease in double layer
capacitance, this decrease is due to the adsorption of the anion over the metal surface.

The values of inhibition efficiencies follow the following trend:

Permanganate > Periodate > Silicate
This is the same order of oxidizing power of the three anions, this means that permanganate ion has the
strongest oxidizing power, consequently, it has the strongest ability to be reduced and hence prevent

sulphate reduction reaction.

3.3. Application of adsorption isotherms
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Figure 12. Linear fitting of the data of different anions to Langmuir isotherm.
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Figure 13. Linear fitting of the data of different anions to Flory- Huggins isotherm.
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Figure 14. Linear fitting of the data of different anions to Kinetic-Thermodynamic model.

The degree of surface coverage (6) of the metal surface by an adsorbed anion was calculated
using the equation:

0 = (Ret- Reto)/Ret (2)

Langmuir, Flory Huggins isotherms and Kinetic-Thermodynamic model were used to fit the
corrosion data of silicate, periodate and permanganate ions.

The Langmuir isotherm is given by [37]

[6/(1-6)] = K[C] ©)

where K is the binding constant, a measure of strength of interaction between the anion and the
metal surface and C is the concentration of the anion.

Flory-Huggins isotherm is given by [38]

0/[x(1-0)]=KIC] (4)

where X is the size parameter, related to the number of adsorbed water molecules substituted by
a given inhibitor molecule.

and the kinetic - Thermodynamic model is given by [39]

Log [0 /(1- 0)]= LogK +yLogC  (5)

where y is the number of inhibitor molecules occupying one active site. The binding constant K
is given by:

K=K (6)

Figures 12-14 show the application of the above mentioned models to the results of adsorption
of silicate, periodate and permanganate ions on the stainless steel surface.

The parameters obtained from the Figures are depicted in Table 2.

Applicability of Langmuir isotherm to fit the data of silicate confirms that its adsorption
behavior is ideal while inapplicability to fit the data of periodate or permanganate indicates a non-ideal
behavior in the adsorption processes [40,41] of the complex of periodate and permanganate ions on the
steel surface. Applicability of Flory-Huggins isotherm to the data of the three anions is demonstrated
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in Figure 13. The values of the size parameter, x indicated that the adsorbed species of silicate
displaces only one water molecule while the adsorbed species of both periodate or permanganate has a
large size since they could displace several water molecules from the steel surface [42]. Kinetic-
Thermodynamic model is found to fit the data of the three anions.

Table 2. Linear fitting parameters of different anions according to the used models

Anion Langmuir Flory Huggins Model Thermoti()i/rr]g[rLCi-c Model
K X K 1ly K
Silicate 515 0.97 941 1.02 524
Periodate - 1.42 1865 1.39 1805
Permanganate - 1.48 2180 1.47 2169

The number of active sites occupied by a single inhibitor molecule,1/y was in a good
agreement to the size parameter x calculated for the three anions. The values of binding constant, K for
silicate obtained from Langmuir and Flory-Huggins isotherms respectively, were equal to that obtained
from Kinetic-Thermodynamic model. There is also a good agreement between the binding constant
values for periodate and permanganate obtained from Flory-Huggins isotherm and those obtained from
Kinetic-Thermodynamic model. The efficiency of a given inhibitor depends on the magnitude of its
binding constant so better and stronger interaction is represented by large K values, whereas small
values of K indicate weaker metal-inhibitor interaction [43]. The order of decrease of K values
obtained from Flory-Huggins isotherm or Kinetic-Thermodynamic models is the same order of
decrease of the inhibition efficiency of different anions which is:

Permanganate > Periodate > Silicate

This trend obtained from the application of adsorption isotherms is in a good agreement with
that obtained from impedance measurements (Table 1), therefore, the inhibitive effect of anions could
be explained by considering the adsorption of the complex formed between the metal and anion on the
surface of the native metal acting as a film-forming species decreasing the active area available for
acid attack.

4. CONCLUSIONS

o Silicate ion has a moderate effect at all concentrations on the pitting behavior of
Stainless steel 304 in 0.5M H,SO,4 containing 0.1M NaCl.
o Permanganate and periodate ions affect the pitting behavior of Stainless steel 304 in

0.5M H,SO4 containing 0.1M NacCl at high concentrations to greater extent than silicate.
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