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Abstract

The study covers the effect of two inhibitory organic formulations and sodium nitrite on the AC
corrosion rate of carbon steel in 3.5% NaCl aqueous solution. The weighing method was used
to determine the corrosion rates at the free corrosion potentials or after electrode polarization at
a potential of intense metal dissolution. It has been shown that the efficiency of the inhibitors
studied decreases under alternating current. The degree of protection varies in the range from
30 to 70% depending on the alternating current density (peak potential values). It is assumed
that the decrease in degree of inhibitory protection in the case of AC corrosion is due to a
decrease in the efficiency of inhibitors over time under conditions of intense metal dissolution.
It has been shown that the concentration of Fe(Il) compounds in the AC corrosion products
grows proportionately with an increase in the steel mass loss. In the presence of organic
inhibitors, the concentration of Fe(II) compounds grows considerably and no linear correlation
with the mass loss of steel is observed. It is assumed that the “oxide-free” metal passivation in
the presence of organic corrosion inhibitors may be the reason of the increase in the amount of
Fe(II) compounds in the AC corrosion products.
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1. Introduction

The corrosion of carbon and low-alloyed steels under the effect of alternating current (AC
corrosion) is one of the most hazardous kinds of the corrosion damage of metal structures
operating in soils or in natural water environments. It has been shown repeatedly that the AC
corrosion is especially dangerous in a defect of a pipeline insulation coating, since in this
case the alternating current density (iac) may reach considerable values [1, 2]. The highest
iac Values should be observed in highly conductive environments such as saline soils or sea
water, where the AC corrosion rate may reach a few mm/year [3—9].

One of the most common ways for the protection of metals against corrosion involves
the use of inhibitors. Various organic and inorganic compounds are currently used as
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corrosion inhibitors (CIs). In particular, the use of coatings containing Cls [10-12] is
recommended for enhancing the efficiency of corrosion protection of the outer walls
pipelines. In cases where the insulation coating integrity is lost and the pipeline metal
contacts a soil (underfilm) electrolyte, a Cl is transferred to the corrosion environment and
provides steel protection against corrosion. It has been shown that some organic compounds
efficiently slow the cathodic and anodic reactions involved in the pipeline steel corrosion in
model underfilm (soil) electrolytes [10] and prevent the buildup of local corrosion damage
such as stress corrosion cracking [13] and pitting corrosion [14-15]. Model underfilm
electrolytes are low-concentrated salt solutions. For example, the total concentration of
corrosive ClI~ and SO3% ions in NS4 solution [16] equals 10.27 mM. Due to low electrical
conductivity, the risk of AC corrosion in such media is insignificant, especially under a
delaminated pipeline coating. However, the regularities of AC corrosion of steels in
concentrated chloride electrolytes such as sea water have been studied insufficiently [4, 17].

As arule, the protective capability of a Cl is measured at the free corrosion potential of
a metal, at a constant anodic potential (current) or by recording polarization curves. In the
latter case, the CI effect on the rate of cathodic and anodic reactions is studied in rather a
wide range of potentials. We found no studies of the CI protective efficiency in AC corrosion
of steels in the available literature. At the same time, the AC corrosion of steels has some
specifics to be taken into account when choosing a Cl. For example, it has been found that
as the alternating current density increases, the corrosion potential moves in the negative
direction [18—-20] and reaches values that correspond to the region of cathodic protection
potentials for steel structures (£<-0.85 V versus the copper-sulphate reference electrode)
[21].

At present, the mechanism of AC corrosion of steels is a matter of discussion [22—-24].
The majority of authors believe that the specifics of AC corrosion of steels in soils and
natural waters (i.e. in electrolytes with nearly neutral pH) is explained by a considerable pH
growth in the near-electrode solution layer during the cathodic AC half-cycle. According to
the reported concept [25, 26], during the anodic AC half-cycle, formation of a Fe(III) oxide
layer and passivation of the metal occur. During the cathodic half-cycle, a passive film is
reduced to Fe(II) hydroxide/oxide whose layer has no protective properties. During the next
anodic cycle, the Fe(II) compounds are not oxidized, and a new passive film grows on the
metal surface. Reduction of the newly formed passive film increases the concentration of
Fe(IT) compounds. As a result, some amount of the metal is oxidized during every cycle,
which results in considerable AC corrosion [25]. The reason of AC corrosion may also lie
in steel dissolution in a strongly alkaline environment to give HFeO,, ions according to the
Pourbaix diagram, but this mechanism should function at very negative potentials of
electrochemical protection of the structure, i.e. at very high densities of DC cathodic current
[27, 28]. It is assumed that hydrogen absorbed by the metal may also contribute to faster
steel dissolution in AC corrosion [4, 29, 30].
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Therefore, the specific features of AC corrosion, such as the alternating polarity,
increase in near-clectrode pH, hydrogen absorption-desorption from the metal and a shift of
corrosion potential in the negative direction, may affect the efficiency of inhibitory
protection. For this reason, this study aimed at examining the effect of various CI types on
the AC corrosion rate of carbon steel in a chloride electrolyte simulating sea water. Natural
sea water is rather a complex system whose corrosivity depends on various physical,
chemical and biological factors. Therefore, simulation of natural sea water for corrosion tests
under laboratory conditions presents certain difficulties. Usually, solutions of synthetic sea
water [5, 31-34] or NaCl solutions (1.85, 3.5 or 5%) [6, 35—37] are employed to study the
corrosion behavior of steel in sea water. It is known that NaCl solutions are more corrosive
than natural sea water, especially to carbon steel [38, 39]. In this study, a 3.5% NaCl solution
was chosen as the testing environment to simulate sea water.

2. Experimental

The tests were performed on electrodes 0.2 mm thick with a working area of (7—10 cm?)
made of 08kp carbon steel, the elemental composition of which is as follows, (wt %: C, 0.05;
Si, 0.03; Mn, 0.38; Ni, 0.09; S, 0.04; P, 0.035; Cr, 0.05; and Cu, 0.15; the rest is iron). To
remove the cold-worked metal layer, the electrode was chemically etched in 15% HCI
solution for 10 minutes, rinsed in distilled water, and dried before the experiment. A strip of
foil from steel of the same grade served as a current lead to the electrode. Electrical contact
was performed by connecting the electrode and current lead with a clamp made of an inert
material, which was fully submerged into the solution to avoid the growth of metal corrosion
losses at the air/electrolyte interface. To remove the corrosion products from the surface after
the experiment, the samples were etched for 2 min in 15% HCI solution containing 0.5%
urotropin, rinsed in distilled water, and dried. The weighing method was used to determine
the metal mass loss after keeping the samples in the solution at the free corrosion potential
for 24 hours or after one-hour electrode polarization at a potential of £=-0.15 V vs. SHE.

The effect of alternating sine-wave current (50 Hz) on the metal corrosion rate was
examined in a cell with two identical steel electrodes and two silver-chloride reference
electrodes with a Luggin capillary. The voltage between the steel electrodes was set with a
stabilized alternating voltage source, a step-down transformer, and a voltage divider. The
sample was polarized for 24 hours. The potential amplitude (peak value, E;) was varied from
0.4 to 1.5V, while the effective alternating current averaged over the test time (ierr) Was
varied from 0.015 to 0.077 A/cm?. The correlation between E, and ies in similar tests was
reported elsewhere [4]. However, the relationship between AC current density and peak
potential was shown to change over time due to an increase in the pseudo-capacitance of the
electrode. In this regard, the i values cannot unambiguously characterize the effect of
alternating current on the rate of metal dissolution and it is more valid to determine the rate
of AC corrosion at a constant E, value [4].

For electrochemical studies, a three-electrode cell with a platinum auxiliary electrode
and a silver-chloride reference electrode with a Luggin capillary were used. The electrode
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potentials are given versus SHE. Potentiodynamic polarization curves (1 mV/s) were
recorded from —1.1 to 0.2 V with an IPC — Pro — MF potentiostat.

The concentration of Fe(II) compounds in steel corrosion products was determined by
the chronopotentiometric method, also known as the coulometric oxidation method [25].
After polarization by alternating current, the sample was rinsed in 0.1 M NaOH solution,
transferred to a standard three-electrode cell with the same alkali solution, and the variation
of potential over time at a constant anodic current density of 0.1 mA/cm? was recorded.

The inhibitor efficiency (degree of corrosion protection) was estimated as:

z liso ) o ) 100%= 0=V ). 15004 (1)
Ia,O VO
where i,0, Vo, and iainn, Vinn are the corrosion rates of steel (or anodic current densities) in the
reference solution and in the presence of an inhibitor.

Several organic inhibitors were chosen to study the steel protection efficiency under the
conditions of AC corrosion in a chloride solution. The CI-1 formulation is a mixture of
products of reaction of fatty amines with various mixtures of higher unsaturated carboxylic
acids, their ethers, and modifying additives [40]. This inhibitor was recommended for
addition to a primer of polymeric-bitumen coatings for main gas lines [10]. The CI-2
formulation is a mixture of flufenamic acid (3-(CF3)CsH4sNH]CsH4sCOOH) anions and
sodium oleate CH3(CH,);CH=CH(CH;);COONa) [41]. It has been shown that CI-2 is an
efficient inhibitor in neutral agueous solutions [42—44], including those containing chlorides
[44]. Captax is 2-mercaptobenzothiazole (C;HsNS;), which is a corrosion inhibitor for
ferrous metals in neutral aqueous solutions of salts [45,46] and [47]. Triazole-based
compounds are efficient corrosion inhibitors in 3.5% NaCl solution [48]. To compare the
protective efficiency of organic and inorganic Cls, sodium nitrite was chosen as a
representative of the latter. Nitrite ions are rather efficient Cls of carbon steels in alkaline
chloride-containing media [49-53].

A 3.5% NaCl solution was used as the reference electrolyte. All solutions were prepared
using distilled water. The concentrations in CI-1, CI-2, Captax and nitrite solutions were
1g/l,5mM, 5 mM and 1 mM, respectively. The additives were introduced as concentrated
aqueous or alcoholic solution. The tests were performed at room temperature (20+2°C) with
free access of oxygen.

3. Results and Discussion

3.1 Effect of corrosion inhibitors on steel dissolution rate in the absence of AC polarization

Figure 1 shows the anodic and cathodic polarization curves (PC) in the reference solution
and in the presence of various inhibiting additives. First, polarization curves were recorded
with a potential sweep toward less positive values (forward PC scan from —1.1V to
0.2 Vsue) (Figure 1a), then in the opposite direction (reverse PC scan from 0.2 to —1.1 Vsue)
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(Figure 1b). As one can see, in the presence of CI-1, CI-2 mixtures or NaNO,, the steel
corrosion potential shifts positively by 100 to 200 mV, whereas the addition of Captax to the
reference solution shifts E.o slightly to the negative side. At cathodic potentials, the CI-1
mixture or Captax have no significant effect on the process rate, whereas addition of the
CI-2 mixture or sodium nitrite to the solution results in a slight growth of cathodic current.
All the additives reduce the anodic current during the forward PC scan, but their efficiency
differs (Figure 1a). During the reverse PC scan, the efficiency of inhibitors generally
decreases (Figure 1b). Table 1 shows the values of anodic current density (i,) at
E=-0.15 Ve (at this potential, the cathodic reaction rate should be low compared to the
anodic current) determined during the forward and reverse PC scans. Captax nearly does not
slow down the anodic steel dissolution (Figure 1 and Table 1), so it was not used in the
subsequent tests.

E (V) vs SHE a)

1,1 T

——3.5% NaCl
——3.5% NaCL+ CI-1
——3.5% NaCL+ CI-2
——3.5% NaCL+ NaNO2
——3.5% NaCL+ Captax
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0,1 +

log i [i, A/cm?]

E (V) vs SHE b)
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Figure 1. Potentiodynamic polarization curves in solutions with various compositions:
a) forward scan; b) reverse scan.
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Table 1. Anodic current density at £=—0.15 Vsne found during forward and reverse PC scans in solutions
with various compositions.

ia, Alcm?
Solution
Forward scan Reverse scan

3.5% NacCl 7.24-10°8 7.94-10°8
3.5% NaCl+ClI-1 7.94-10* 5.89-10°3
3.5% NaCl+ClI-2 1.34-10°° 5.13-10°3
3.5% NaCl+NaNO; 2.57-10°° 7.08-10°*
3.5% NaCl+ Captax 7.28-1073 7.9-10°3

As follows from Table 1, the anodic current values found from a reverse PC scan may
be several tens of times smaller than those recorded during a forward PC scan. This
phenomenon may be related to a decrease in Cl efficiency over time under the conditions of
intense metal dissolution and should be taken into account under AC corrosion conditions.

To estimate how the protective action of inhibitors changes over time, the variation of
anodic current was recorded for one hour at £=—0.15 Vsue (Figure 2). The change in the
protection degree (Z) over time was calculated from the data of Figure 2 using Equation (1).
As one can see, all the inhibitors show high efficiency in the beginning, the Z value becomes
2 to 3 times smaller with time, and in the end of the test it is 30 to 40% (Figure 3). The mean
steel dissolution rate (V) during the test was found from the mass loss data (Table 2). It
should be noted that the mean steel dissolution rate calculated by the electrode mass loss and
by integrating the “anodic current — time” curves (Figure 2) agree satisfactorily. In fact, the
metal dissolution rates in the reference solution (in current units) calculated from the mass
loss and from the quantity of electricity are 6.97-10-2and 6.84-10-3 A/cm?, respectively.

Table 2. Steel dissolution rate (V) at E=—0.15 Vsne and protection degree of inhibitors (Z) in solutions with
various compositions.

Solution V, g/(m?-day) Z, %
3.5% NaCl 73.78 —
3.5% NaCl+CI-1 33.58 54
3.5% NaCl+ClI-2 34.26 52

3.5% NaCl+NaNO> 34.63 53
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Figure 2. Variation of anodic current density over time at E=—0.15 Vsne in solutions with
various compositions.
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Figure 3. Change of the protection degree of corrosion inhibitors (Z) over time in solutions
with various compositions. E=—0.15 VsHe.

In the presence of all the Cls studied, the steel dissolution rates calculated from the
mass loss are roughly the same, Z=52 to 54% (Table 2).

Therefore, under the conditions of intense steel dissolution in the chloride electrolyte,
the protection degree provided by the Cls studied decreases with time. However, the Z value
remains practically significant; both the organic Cls and nitrite decrease the steel mass loss
approximately twofold.
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3.2 AC corrosion of steel in inhibited solutions

The study on the effect of alternating current on the steel corrosion rate in solutions with
addition of various corrosion inhibitors was performed at the corrosion potential, both in the
absence of alternating current (£,=0) and with various peak potential values. The samples
were exposed for 24 hours in each mode. The variation in the steel corrosion potential in the
course of the experiments was recorded. Table 3 shows the Eor Values measured in the first
minutes of the test (numerator) and after 24 hours (denominator). The Ecor value in the
denominator may be taken as the steady-state corrosion potential. In the reference solution
and in the presence of all the Cls, the steel corrosion potential shifts in the negative direction
with an increase in E,. This phenomenon observed in various corrosive media is explained
by the acceleration of the anodic process due to the faradaic rectification of alternating
current [4]. As a rule, Ecor increases in the course of a test; it was explained by a growth of
the thickness of a layer of poorly conductive corrosion products and an increasing ohmic
component of £, [54]. As shown in Table 3, the addition of Cls to a solution shifts Ecor to
less negative values.
We will estimate the shift of the steady-state corrosion potential (after 24 hours) as:

AEq =E Ecorr,b (2)

corr — =corr,Cl
where Eqorrp and Ecorr e are the potentials in the reference solution and in the presence of a
Cl, respectively.

Since the Cls under study mainly slow down the anodic reaction (Figure 1), we could
have expected that the positive value of AEcr Would correlate with the protective efficiency
of the inhibitors. In fact, linear correlation between AE Values and Z values calculated
from i, values measured after 1 hour of electrode anodic polarization is observed in the
absence of alternating current (Figure 3) and (Figure 4).

Z,%
45 + A
7
7
/
e
s
7
v
//
35 + P
s
7
s
r'd

25 —_—

0 0,1 0,2

AE

corr?

Vv

Figure 4. Comparison of AEcorr and Z values in inhibited solutions.
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Table 4 shows the rates of AC corrosion found by the gravimetric method (numerator)
and the corresponding Z values (denominator). As one can see, all the Cls studied slow down
the steel corrosion rate both without and with alternating current. Nevertheless, there is no
correlation between AEq, (Table 3) and Z values found from mass loss data (Table 4). It
should be due to the fact that Z value changes considerably over time not only under anodic
polarization but also at the corrosion potential, while the mass loss method gives an averaged
value of the steel corrosion rate.

Table 3. Corrosion potentials of steel (Ecorr) in the absence of alternating current (£,=0) and at two values
of peak potential (£,) measured in the first minutes of the test (numerator) and after 24 hours (denominator).

. Ecorr, V AEcorr, V
Solution
_0.467 0,694 0707
5% NaCl
3.5% NaC 20.470 ~0.569 0.640
0310 0552 0,625
5% NaCl+Cl-1 14 1 1
3.5% NaCl+C ~0.330 0463 0510 0 0.106 0.13
0297 0477 0,652
5% NaCl+Cl1-2 207 067 121
3:5% NaCl+C 0263 0502 0519 0.20 0.06 0
0253 0584 0632
5% NaCl+NaN 07 . 164
35% NaCl+NaNO,  — o7 e 0.078 0.099 0.16

Table 4. Steel corrosion rates (V) and protection degrees of Cls (Z) in the absence of alternating current
(E»=0) and at various peak potentials (Ep).

V,g/(m?-day)

Solution Z,%
E,=0 F,=05V E,=1V E,=14V
1.95 6.0 10.18 15.31
3.5% NaCl =P 52 20,29 22-92
0.54 4.16 6.94 7.63
5% NaCl+Cl-1 200 220 092 109
3.5% NaCl+C 72 31 32 50
0.63 1.59 5.99 7.32
5% NaCl+Cl-2 209 e 2-9% f.92
3.5% NaCl+C 68 74 41 52
0.85 3.96 4.01 6.65
5% NaCl+NaN 2:89 290 2902 250
3.5% NaCl+NaN©, 56 34 61 57

If alternating current is imposed, the protection degree provided by the Cls generally
decreases (Table 4). Rather a high value, Z=74%, at £,=0.5V in the presence of the CI-2
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formulation is an exception. It is possibly due to the fact that this CI is better adsorbed on an
anodically activated steel surface [41, 55]. However, with an increase in E,, the efficiency
of CI-2 mixture also decreases. At the maximum value of £,=1.4 V, the protective effect of
all the Cls studied is almost the same (Z=50 to 57%, Table 4) and coincides with the CI
efficiency under the conditions of intense steel dissolution (Z=52 to 54%, Table 2).

3.3 Content of Fe(Z/) compounds in AC steel corrosion products

Continuous conversion of the lowest layer of corrosion products adjacent to the metal occurs
under the effect of alternating current [26, 56]. During the anodic half-wave, a passive layer
is formed which apparently consists mainly of Fe,O3 oxide; during the cathodic current half-
cycle, the Fe(IlI) oxide is reduced to Fe(Il) compounds. It has been shown that the
concentration of Fe(II) compounds in the corrosion products of pipeline steel in soils
correlates with the metal mass loss. It was even suggested to use the concentration of Fe(II)
compounds for monitoring the corrosion rate of pipelines or for assessing the efficiency of
anticorrosion measures [25].

Therefore, it seems of interest to study the relationship between the amount of Fe(II) in
AC corrosion products and the corrosion rate in chloride media and with addition of Cls.
The amount of Fe(Il) was found by the chronopotentiometric method (also known as the
coulometric oxidation method [25]) after polarization of an electrode for 24 hours in
solutions with various compositions and at various E, values. Figure 5 shows the plots of
potential versus time obtained upon electrode polarization by an anodic current of
0.1 mA/cm?in 0.1 M alkaline solution. As one can see, a slight potential growth is observed
in the beginning, followed by a “plateau” on the E, t curves. This potential delay should be
due to the oxidation of Fe(II) to Fe(Ill) [25]. Subsequently, a steep increase in potential to
values corresponding to oxygen evolution is observed. The times (tox) of the potential delay
on the E, t curves are given in Table 5. The quantities of electricity Q passed within time tox
are also reported there.

Figure 6 shows the Q values obtained at various E, in the reference solution. As one
can see, Q increases with an increase in E,. The linear approximation of the Q vs. £, plot has
a satisfactory coefficient of determination R2=0.9. At the same time, the Q values depend
not only on the AC amplitude but also on the solution composition. In the presence of CI-1
and CI-2 organic formulations, the Q values at £,=1-1.4V are a few times higher than in
the reference solution. The exponential plot of Q vs. E, based on the data obtained in the
solution containing CI-1 has a coefficient of determination R2=0.98. The Q values obtained
in the solution containing nitrite are roughly the same as in the reference solution.

Thus, at large AC amplitudes and in the presence of the organic Cls studied, the
corrosion products contain more Fe(II) compounds than the products formed in the reference
solution or in the presence of the oxidative CI (nitrite).

Since the Q values were found by the coulometric oxidation method, it may be possible
that organic Cls are located in pores of corrosion products and are oxidized during anodic
polarization of the electrode. To exclude this effect, anodic polarization curves were
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recorded on steel in 0.1 M NaOH solution and with CI-1 addition. It was found that the
presence of CI-1 does not increase the anodic current (Figure 7), i.e., the organic Cls studied
are resistant to oxidation at cathodic potentials.

Table 5. Time of potential delay (tox), quantity of electricity (Q) passed in time tox, mass of iron (mox) in
the reference solution and Cl-containing solutions in the absence of alternating current (£,=0) and in various
AC polarization modes.

Solution Ep,, vV Tox, S Q,C Mosx, g/(m?-day)
0 3 0.0003 0.003
0.4 41 0.0041 0.025
0.5 45 0.0045 0.027
3.5% NacCl 0.6 308 0.0308 0.147
0.7 462 0.0462 0.192
1 677 0.0677 0.392
14 671 0.0671 0.376
0 22 0.0022 0.013
0.4 84 0.0084 0.046
3.5% NaCl+ClI-1 05 160 0.016 0.097
1 1035 0.1035 0.598
14 2058 0.2058 1.186
3.506 NaCl+Cl-2 1 2587 0.2587 1.458
1.3 2787 0.2787 1572
1 293 0.0293 0.17
3.5% NaCl+NaNGs 1.1 655 0.0655 0.376
1.3 409 0.0409 0.239
14 455 0.0455 0.27

To correlate the concentration of Fe(IT) compounds in the corrosion products with the
metal mass loss (m), the Q values were recalculated into the mass of iron (mex) based on a
single-electron reaction, since Q corresponds to the Fe(Il)—>Fe(Ill) oxidation. The mox
values are given in Table 5. Figure 8 compares the mox and m masses obtained at various £,
in the reference solution and in the presence of various Cls. As one can see, the moy values
are considerably smaller than m, i.e., the main fraction of the ionized metal passes into the
electrolyte. In the reference solution, a linear correlation between mox and m (R?=0.89) is
observed, which agrees with the data obtained in soils [25]. In the presence of a ClI, the
concentration of Fe(Il) compounds on the electrode surface becomes larger than in the
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reference solution. In particular, Figure 8 shows a correlation between mox and m in a
solution with addition of the CI-1 formulation (the logarithmic trendline with R?2=0.96). As
one can see, at large mass losses, the concentration of Fe(II) compounds may be roughly
10 times larger in the presence of an organic ClI than in the reference solution.

E (V) vs SHE

1

——3.5% NaCL, Ep=0
0,7 - ° P

——3.5% NaCL, Ep=1B
——3.5% NaCL+CI-1,Ep=18B
——3.5%NaCL+CI-2,Ep=18B

0.2 ——3.5% NaCL + NaNO2, Ep =

03 §

-0,8

0 1200 2400 3600 4800
time, s

Figure 5. Change of potential over time in solutions with various compositions in the absence
of alternating current (£,=0) and with E,=1V.
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Figure 6. Plots of Q vs. E, in solutions with various compositions.

This phenomenon can have a few explanations. Organic inhibitors can slow down the
reaction of Fe(II) to Fe(IIT) oxidation in the corrosion products or the molization of hydrogen
atoms on the metal surface. In the latter case, atomic hydrogen can reduce Fe(III) compounds
to Fe(II) [18].
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Figure 7. Potentiodynamic anodic polarization curves in 0.1 M NaOH solution and with CI-1
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Figure 8. Comparison of the iron mass mox in the products of AC steel corrosion in the form
of Fe(II) compounds vs. the mass loss of steel m.

We believe that yet another explanation of this phenomenon can be provided, based on
the different nature of iron passivity in the reference solution and in the presence of organic
inhibitors. As shown elsewhere [42], iron is passivated in aqueous solutions of organic Cls
without the formation of a surface layer consisting of Fe(III) oxides. In the cathodic AC half-
cycle, CI particles are desorbed from the metal surface and iron dissolution occurs to give
Fe(Il) ions. Therefore, a layer of Fe(Il) compounds is formed on the electrode surface.
Susequently, Fe(Il) compounds can be oxidized by molecular oxygen and the corrosion
products consist of Fe(IIT) and Fe(Il) compounds, but “oxide-free” passivation of organic
Cls results in an increase in the fraction of the non-oxidized form.
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The addition of nitrite ions (i.e., an oxidative CI) to the solution also increases mox
(Figure 8) compared to the reference solution. It is evident that the oxidizer cannot slow
down the oxidation of Fe(II) to Fe(III) or contribute to the formation of atomic hydrogen.
Nevertheless, it has been shown that the presence of nitrite ions in alkaline chloride-
containing electrolyte favors the formation of a thicker and more compact passive film [49].
It is supposed that the increase in the film thickness occurs due to the reaction

6Fe(OH), + 2NO, —> 2Fe,0, +N,0+20H" +5H,0 3)

As a result of reaction (3), the passive film is enriched with Fe(ll) compounds [49]. It
Is evident that the growth of the amount of Fe(II) compounds in AC corrosion products in
solutions containing NO,~ ions may also be due to reaction [49] during the anodic half-cycle.

4. Conclusions

1. Under the effect of alternating current, corrosion inhibitors of both organic (CI-1 and
Cl-2) and inorganic (nitrite) types show roughly the same efficiency in the protection of
carbon steel in 3.5% NaCl solution. The protection degree changes in the range from
30 to 70%, depending on the AC amplitude (peak potential values). In the absence of
alternating current, the inhibitor protection degree is higher: 72, 68, and 56% for CI-1,
Cl-2, and nitrite, respectively.

2. The decrease in the inhibitor protective effect during AC corrosion is due to a decrease in
the efficiency of inhibitors over time under conditions of intense metal dissolution. At
comparable steel dissolution rates under potentiostatic polarization conditions
(E=—0.15 Vsue), the Z value of the three Cls studied is roughly the same, Z=52-54%,
which nearly coincides with the Z=50-57% values during AC corrosion at the maximum
peak potential value (1.4 V).

3. The concentration of Fe(ll) compounds in AC corrosion products found by the
coulometric oxidation method increases with an increase in steel mass loss. The linear
correlation between these values observed in the reference chloride solution confirms the
data reported previously [25]. In the presence of organic corrosion inhibitors, the
concentration of Fe(ll) compounds in the corrosion products grows considerably and no
linear correlation with the steel mass loss is observed. It is assumed that the “oxide-free”
metal passivation in the presence of organic corrosion inhibitors may be the reason of the
increase in the amount of Fe(Il) compounds in the AC corrosion products.
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