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Research on soil corrosion mainly focused on the impact of soil parameters on corrosion behavior, but
the cathodic corrosion reaction of steel in acidic soil has not been studied systematically. In this work,
the cathodic reaction involved in the corrosion of X80 steel in acidic soil simulated solution under
various conditions were analyzed, along with data from hydrogen collection testing and the
polarization curve. In the acidic soil simulated solution, the cathodic corrosion reaction of X80 steel
depended on the combined effects of pH and dissolved oxygen (DO) concentration. For pH 5.0,
oxygen-consuming corrosion occurred, and the corrosion rates in oxygen-adequate and anoxic system
(0.90~0.25 ppm) depended on the oxygen ionization reaction and oxygen diffusion process,
respectively. For pH 4.0 and DO >1.90 ppm, the depolarization of oxygen was still the main cathodic
reaction, but hydrogen evolution dominated the cathodic process when DO was 0.25 ppm. In addition,
both the reduction reactions of O, and H* were present in the solution of pH 3.0, but the hydrogen
reduction contribution was the key factor.
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1. INTRODUCTION

Corrosion of buried steel in soils is a vital threat to the safe operation of natural gas pipelines
[1-5]. Although various parameters of steel corrosion in soils have been widely studied, including
temperature, soil resistivity[6-7], soil moisture[8-9], soil salinity/pH/ porosity [10-11], redox potential
and other physical factors [13-15], the research has so far mainly focused on the anodic corrosion
process of pipeline steel. However, corrosion in soils is an electrochemical process at the metal
surface. The reduction reactions of cathodic depolarizers always occur accompanied with the
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dissolution process of steel. Oxygen and proton ion (H") have been recognized as the most common
cathodic depolarizers in the corrosion process of steel in soils. Previous research has shown that
corrosion in neutral/alkaline soil occurs as aerobic corrosion[15-17], and its mechanism depends
essentially on the presence of oxygen. It has been generally expected that oxygen reduction is the
cathodic reaction supporting the corrosion process, and the corrosion rate of steel is supposed to be
proportional with the content of dissolve oxygen (DO) in the soil. In soils with higher moisture,
oxygen diffusion is extremely slow and is the rate-determining step [16, 18], whereas the Ohmic
overpotential caused by soil resistivity dominates the corrosion process in the low moisture soils.

However, the corrosive nature of acidic red soil is significantly different from the other soils.
Red soils tend to be acidic, high water content, low oxygen content and high resistivity (=100 Qm)
because of the intensive weathering and leaching process under humid climate conditions [15, 19-20].
According to the general rule, as assessed based on oxygen content and resistivity, corrosion
aggressiveness of red soils should be very mild. By contrast, as evidenced by long-term exposures in
the Yingtan soil (representative of red clay soils in South China), acidic red soils are actually
extremely aggressive towards ferrous metal. The corrosion rate of carbon steel in red soil is above 0.1
mm/y [21]. Hence, for the corrosion of steel in acidic red soil, other important factors may exist but
have not been taken into account. Many studies showed that oxygen reduction is not a dominant
cathodic reaction in the corrosion processes of steel in anoxic conditions. Moreover, the pH values of
red soils are in the range of 3.5-5.0 [20, 23]. According the general corrosion theory, the corrosion
mechanism of steel may be changed to hydrogen depolarization combined with the consumption of
oxygen. Our previous study [24] found that DO accelerated the cathodic corrosion process of X80 steel
in acidic soil simulated solution with pH 4.0. However, so far, the corrosion mechanism of X80 steel in
acidic soil simulated solution under various conditions, especially for the cathodic reaction, has not yet
been elucidated.

Hydrogen collection is especially important in the corrosion process dominated by hydrogen
depolarization. Many researchers designed a series of hydrogen collection setups [25-27]. Inverted
funnel equipment is the conventional hydrogen-collecting system; that can easily lead to errors in the
measurements due to the leaking of hydrogen and the variation of system temperature. Frankel [25]
designed a device along with data from simultaneous polarization and hydrogen collection, but it
showed lager errors for collecting small amounts of hydrogen. Wang [26] et al. obtained the average
hydrogen evolution (HE) data for pure Mg in NaCl and Na,SO, solution based on the
generation/collection and feedback modes of scanning electrochemical microscopy (SECM).
According to the above introduction, a simple and reliable hydrogen-collecting system based on the
inverted funnel equipment was designed.

In this work, the hydrogen gas generated from the corrosion process of X80 steel in acidic soil
simulated solution with various conditions was collected accurately by the homemade hydrogen
collecting system. Based on the hydrogen evolution data, the contributions of oxygen reduction and
proton ion (H") reduction on the corrosion of X80 steel are analyzed. Besides, polarization curve was
used to determine the corrosion mechanism of X80 steel in acidic soil simulated solution.
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2. EXPERIMENTAL

2.1. Materials and solution

X80 pipeline steel, with the chemical composition (wt. %) shown in Tablel, was used as the
test material in this work. The X80 steel was cut into 10 mmx 10 mm square specimens, and these
were embedded in epoxy resin to act as the working electrode for the electrochemical measurements.
Another series of 20 mm x 20 mm x 20 mm samples were used for the immersion test. These
specimens were successively abraded with SiC emery papers, rinsed with distilled water for 2 min,
ultrasonicated in alcohol for 10 min, and dried in an air flow.

Yingtan (28°15' N, 116°55' E) is regarded as the representative region of acidic red clay soil in
South China. The simulated solution is prepared according to the data obtained by the analysis of
Yingtan soil [17, 23, 24, 28]. The solution contains 0.0468 g/L NaCl, 0.0111 g/L CaCl,, 0.0197 g/L
MgSO,4-7H,0, 0.0142 g/L Na,SO, 0.0151g/L NaHCO;3; and 0.0293g/L KNOs. Additionally, the
solution pH is adjusted to 3.0-5.0 by the addition of sulfuric acid or 1 mol/L NaOH solution. Ultra-
high purity argon gas and oxygen gas (>99.99%) were charged into simulated solution to adjust the
DO concentration. The oxygen content in solution was measured by a DO meter (STARTER 300D,
unit. 0.01 ppm).

Table 1. Chemical composition (wt.%) of X80 steel

C Si Mn P Mo Nb Ti Cr Ni Cu Al Fe

0.036 0.197 1.771 0.012 0.184 0.110 0.019 0.223 0.278 0.220 0.021 bal.

2.2. Hydrogen collection system

In this work, a simple and reliable hydrogen-collecting setup is designed on the basis of the
inverted funnel equipment, as shown in Fig. 1. To verify the reliability of the homemade hydrogen
collection setup, HE volume and the weight loss of X80 steel were compared by immersing in 1.3
mol/L HCI solution. Theoretically, 1 mol H, would be formed when 1mol Fe was consumed in the HCI
solution, and the correlation coefficient Ky should be 0.4 mL/mg. Fig. 2 shows the curves for the
relationship between HE volume and the steel weight loss for X80 steel immersed in the HCI solution.
As shown in Fig.2, the correlation coefficient (K;) fitted on the basis of the actual test data was 0.378
mL/mg. Ki/Ko was about 94.5 %, indicating that the hydrogen collection efficiency was quite good.
This minor error might be caused by the fraction of hydrogen dissolved in the solution combined with
the depletion of oxygen in the closed system. In general, the homemade hydrogen collection device
could accurately collect minute quantities of hydrogen induced by the corrosion of X80 steel.
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Figure 1. Schematic of hydrogen collecting setup during static corrosion
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Figure 2. Relationship curve between HE volume and the weight loss of X80 steel during immersing
in HCI solution.

2.3. Immersion test

X80 steel specimens are immersed in the acidic soil simulated solution at 30 °C. HE volume

was measured during static corrosion using the homemade hydrogen-collecting system, defined as
v,, (mL). Furthermore, the variation of DO concentration during the corrosion was measured by a DO

meter, denoted as a, (ppm). The weight loss of X80 steel during the corrosion was measured by

analytical balance (CPA 225D) with the accuracy of 0.01mg, denoted as am,, (9). i, i, and i, canbe

calculated according to Eqgs.1-3, respectively.
_ AmFenFeF

I 1
~= Mot (1)
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Where,n.,, n, and n, are the number of electrons involved in the reactions of oxygen
reduction, hydrogen evolution and iron oxidation, respectively. m_and m, are the molar mass of iron
and oxygen (g mol™), respectively. V., Is the solution volume (L). F is the Faraday’s constant (96500 C
mol™). S is the surface area of the sample (m?), and t is the corrosion time (h).

2.4. Electrochemical experiments

Polarization curves of X80 steel in the acidic soil simulated solution are conducted by using an
Autolab PGSTAT 302 N. The tests are performed by using a three-electrode electrochemical cell at 25
+ 2 °C. A saturated calomel electrode (SCE) and a platinum sheet are used as the reference and counter
electrodes, respectively.X80 steel specimens were coated with epoxy resin, and an area of 1 cm?was
left exposed for electrochemical testing. Polarization curves are obtained potentiodynamically from -
2.0 V (vs. SCE) to 1.0 V (vs. SCE) at the scan rate of 1 mV/s. All tests are repeated by three duplicate
specimens to confirm reproducibility of the results. Furthermore, the morphology of the corroded X80
steel was observed by akH-7700 three-dimensional microscope.

3. RESULTS AND DISCUSSION

3.1. Thermodynamic analysis

Corrosion of X80 steel in the acidic soil environment is an electrochemical process [15, 17, 23,
24 ]. The anodic process of corrosion for X80 steel is the dissolution of Fe (Eg.4), and the cathodic
reaction of corrosion may involve the reduction of H*(Eq. 5) or oxygen (Eq. 6). The equilibrium
potentials of the reactions can be determined according to Nernst equation (Egs. 7- 9) and are given

by:

Fe -2e — Fe*' (4)
2H" +2e — H, (5)
O, + AH" + 4e — 2H,0 (6)

¢, .=—0684+002961ga_, (V,SCE) (7)
Ef..,,, = —0.244-0.0591 pH (V, SCE) (8)
ES 0= 0985 -0.0591pH (V, SCE) (9)

Open-circuit potential (OCP) values of X80 steel in the acidic soil simulated solution under
various conditions are shown in Fig.3. OCP of X80 steel decreased with decreasing DO concentration
at all pH. At pH=3.0, OCP values were smaller than -0.4213 V regardless of DO concentration,
indicating that X80 steel simultaneously met the thermodynamic requirements of oxygen-consuming



Int. J. Electrochem. Sci., Vol. 11, 2016 8802

corrosion and HE corrosion. For pH 5.0 and DO concentration smaller than 4.45 ppm, OCP was< -
0.5395 V, the reduction of both O, and H* could occur theoretically. Whereas, for DO greater than
4.45 ppmat pH=5.0, OCP >-0.5395 V, HE corrosion could not occur from thermodynamics analysis.
At pH=7.0, -0.6577 V < OCP < 0.5713 V (Eg ,,, 5 ), S0 only oxygen-consuming corrosion could occur.

Based on the thermodynamics analysis, only when DO concentration decreased to a certain extent, HE
corrosion started to occur at the same pH. Meanwhile, the change of pH also could affect the criterion
of HE corrosion in the solution with the same DO content. That is, the availability of HE corrosion for
X80 steel in the acidic soil simulated solution depended on the combined effects of pH and DO
concentration.

3.2. Hydrogen evolution volume at various conditions

Thermodynamic analysis showed that hydrogen evolution corrosion may be present in the
acidic soil system. Collection of hydrogen gas was helpful to quantitatively analyze the corrosion
process of X80 steel. Fig.2 had demonstrated that the efficiency of the homemade hydrogen collection
apparatus was quite good.
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Figure 3. OCP of X80 steel in the acidic soil simulated solution under various conditions.

Fig.4shows the volume of hydrogen gas measured at 24h for X80 steel immersed in the
simulated solution under various conditions. It could be seen that the hydrogen evolution volume
obviously varied with DO concentration, regardless of pH. At pH=3.0, the volume of hydrogen gas
was larger and gradually increased with the decrease of DO concentration, indicating that oxygen-
consuming corrosion and hydrogen evolution corrosion occurred simultaneously. When DO was
adequate, oxygen-consuming corrosion occurred preferentially, and so the HE volume was relatively
low. For pH 4.0 and DO concentration larger than 2.00 ppm, HE volume did not change substantially
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with DO concentration, indicating that oxygen-consuming corrosion was the main cathodic reaction in
this status. However, HE volume increased sharply when DO was reduced to 1.50 ~0.40 ppm, showing
that HE corrosion occurred and gradually dominated the cathodic process. In the system with pH 5.0,
only a small amount of hydrogen gas was collected when DO was less than 1.50 ppm, indicating that
HE corrosion may be present. By contrast, almost no hydrogen gas was collected for the solution with
a high DO concentration, and the proportion of HE corrosion was very low.
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Figure 4. The volume of hydrogen gas measured at 24h for X80 steel immersed in the simulated
solution under various conditions.

3.3. Kinetics of oxygen reduction and hydrogen evolution

Fig.5 shows the HE volume and oxygen-consuming volume when X80 steel was immersed in
the simulated solution with different pH and 6.90 ppm DO. The current density of iron oxidation,

oxygen reduction and hydrogen evolution at different times were calculated according to Egs.1-3, as
shown in Fig.6. Fig.7 gives the curves of io, /i, at different pH. As shown in Fig.5 and Fig.7, HE

volume and oxygen-consuming volume gradually increased, and io, /i gradually decreased with the
longer immersion time at all pH. The variation of io, /i, and HE volume sufficiently indicated that
oxygen-consuming corrosion occurred preferentially when X80 was immersed in the acidic soil

simulated solution, and the proportion of hydrogen depolarization reaction and HE volume increased

with the DO consumption.
As shown in Fig.6, the intersection of i, and i, moved toward higher pH with the increase of

corrosion time. According to mixed-potential theory, HE rate is equal to the oxygen reduction rate at
the point of intersection ofin and o, [29]. Therefore, the extension of immersion time, that is the

decrease of DO concentration in the corrosion process, caused HE potential to move positively and HE
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overpotential to decrease. Additionally, the oxygen reduction rate did not substantially change with pH
at the same corrosion time, whereas HE rate greatly increased with the decrease of pH. That is, the
proportion of HE corrosion increased as the pH decreased.
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Figure 5. HE volume (a), oxygen consumption (b) for X80 steel immersing in the simulated solution
with different pH and 6.90 ppm DO.
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steel immersing in simulated solution at different time.
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In addition, i, /i, was smaller and HE volume was larger for lower pHat the same immersion
time. In the solution of pH 5.0, io, /i, Was upto 85%~95%, indicating that the oxygen reduction
reaction was the main cathodic process[30-32]. When pH was 3.5 and 3.0, the volume of hydrogen gas
was larger, and io, / i, Was always less than 50%, showing that the hydrogen reduction reaction may
dominate the cathodic process. However, at pH=4.0, i, /i, was above 50% at the initial stage (0-8h),
and i, /i, Was decreased gradually to less than 50% with increasing immersion time. The reasonable

explanation was that oxygen-consuming corrosion mainly occurred at the oxygen-adequate system,

and HE corrosion dominated as the corrosion progressed.
In the short-term (4-16h), i, +i, ~i., the total rate of HE and oxygen reduction was balanced

by the Fe dissolution rate. The hydrogen collection efficiency was quite good. However, oxygen in a

closed corrosion system could be completely depleted after 24h, and the DO concentration was only

0.90 ppm. Herein, the volume of collected hydrogen was slightly smaller because a fraction of
hydrogen gas dissolved in the solution, and i, +i, was less than i_ at 24h.
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Figure 7., /i, for X80 steel immersing in the simulated solution with different pH.

3.4. Polarization curves of X80 steel under various conditions

Immersion testing in a closed system showed that the corrosion cathodic process of X80 steel
in the acidic soil simulated solution was closely related to pH, DO concentration and corrosion time.
To further illustrate the impact of DO concentration and pH on the corrosion behavior of X80 steel, the
polarization curves of X80 steel in the acidic soil simulated solution with various conditions are shown
in Fig. 8. According to the mixed-potential theory, the polarization curves can be viewed as the linear
superposition of the oxidation reaction of Fe and the reduction reactions of O, and H* [29, 33, 34]. If



Int. J. Electrochem. Sci., Vol. 11, 2016 8806

cathodic reaction was accelerated, the corrosion potential (Ecor) 0of X80 steel would rise, and the
corrosion current density (icorr) Would increase.

In the system with pH 5.0, Ecorr Showed a downward trend, and icor reduced with the decrease
of DO, indicating that the presence of oxygen accelerated the corrosion of X80 steel. Here, the
depolarization reaction of oxygen was the main cathodic process. At the oxygen-adequate system (DO
> 2.0 ppm), the relationship between the cathode overpotential and the current density met a linear law,
the corrosion rate depended on the discharge process of oxygen on electrode surface. Additionally, a
stable and compact corrosion product layer could be easily formed in the oxygen-consuming corrosion
system [24, 35], which inhibited the anodic process of corrosion [36].Therefore, obvious passivity
characteristics were present on the anodic branch of polarization curves in the oxygen-suffient
conditions. However, the oxygen diffusion process dominated the cathodic process in the anoxic
condition (DO = 0.90~0.25 ppm), as demonstrated by the presence of cathodic limiting diffusive
current [37]. The corrosion rate of X80 steel was equal to the limit diffusion current of oxygen
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Figure 8. Polarization curves of X80 steel in acidic soil simulated solution under various conditions
(@) pH 3.0, (b) pH 4.0, (c) pH 5.0 and the fitting results of corrosion current density (d).
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For pH 4.0, the cathodic reaction of corrosion was closely related to DO concentration. At the
high DO concentration (20.4~2.0 ppm), the cathodic branch of polarization curves was in accordance
with linear polarization, Ecr and icr decreased with decreasing DO concentration, which
comprehensively showed that oxygen-consuming corrosion mainly occurred. When DO was reduced
to 0.85 ppm, a weak limiting diffusion platform appeared on the cathodic polarization curves,
indicating that the corrosion process was affected by the oxygen diffusion[37]. However, the cathodic
curve was again in activation control for a DO concentration of 0.25ppm, and icr Slightly increased.
The reasonable explanation for this phenomenon was that HE corrosion dominated the cathodic
process in the deaeration environment.

The corrosion of X80 steel exhibited electrochemical activation control at pH=3.0, regardless
of DO concentration. Besides, E¢or continuously decreased, indicating that the depolarization reaction
of oxygen was inhibited as DO decreased. Whereas, the proportion of hydrogen reduction was much
larger than that of oxygen reduction when DO concentration was smaller than 1.90 ppm. Here, the
cathodic process was accelerated due to the occurrence of HE. Therefore, iqor first decreased sharply
and then increased slowly with the decrease of DO.

3.5. Analysis of corrosion mechanism

Polarization curve analysis results were consistent with the immersion data. The results fully
demonstrated that oxygen-consuming corrosion occurred preferentially, and the HE corrosion
subsequently appeared together with the oxygen consumption. The cathodic corrosion reaction for X80
steel in acidic soil solution was not only related to the oxygen reduction reaction, but also involved the
reduction of hydrogen ions.

When pH was 3.5~3.0, the corrosion of X80 steel was accompanied by copious hydrogen
evolution, and io, / i, Was always less than 50%, regardless of DO concentration (Fig.7). Here, oxygen-
consuming corrosion and HE corrosion occurred simultaneously, but the proportion of hydrogen
evolution corrosion was above 50% and increased with decreasing DO concentration.

In the system of pH 5.0, i, /i, Was about 85%~95%, and oxygen reduction was the cathodic
reaction supporting the corrosion process. At the oxygen-adequate system, the relationship between the
cathode overpotential and the current density followed a linear law, the corrosion rate depended on the
oxygen ionization process. In the anoxic conditions (DO = 0.90~0.25 ppm), the oxygen diffusion
process dominated the cathodic process, as demonstrated by the presence of cathodic limiting diffusive
current (see Fig. 8c).

At pH=4.0, the cathodic reaction of corrosion mightily depended on DO concentration. DO
concentration was higher than 1.90 ppm, iy, /i, >50%, the cathodic branch of polarization curves were
in accordance with linear polarization, indicating that the depolarization of oxygen was still the main
cathodic reaction. DO concentration was 0.85 ppm, a weak limiting diffusion platform appeared on the
cathodic polarization curves, therefore the corrosion process was affected by the oxygen diffusion.
When DO concentration decreased to 0.25 ppm, hydrogen reduction reaction dominates the cathodic
process, and icorr increased slightly.
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4. CONCLUSION

1) The availability of hydrogen evolution (HE) corrosion for X80 steel in acidic soil simulated
solution depended on the combined effects of pH and DO concentration. Oxygen-consuming corrosion
occurs preferentially in the aerobic solution. The contribution of hydrogen reduction reaction increased

with the consumption of DO.
2) In the system of pH 5.0, i, /i, was about 85%~95%, and oxygen reduction was the cathodic

reaction supporting the corrosion process. At the oxygen-adequate system, the corrosion rate of X80
steel depended on the discharge process of oxygen on the electrode surface; whereas, oxygen diffusion
process was the rate-determining step in the anoxic conditions (DO = 0.90~0.25 ppm).

3) For pH 4.0, the cathodic reaction was strongly dependent on DO concentration. DO
concentration was higher than 1.90 ppm, iy, /i, >50%, the depolarization of oxygen was still the main

cathodic reaction. However, hydrogen reduction reaction dominated the cathodic process when DO

was 0.25 ppm.
4) At pH=3.0, the corrosion of X80 steel was accompanied by copious HE, and i, /i Was

always less than 50% regardless of DO concentration. Here, both the reduction reactions of O, and H*
were present, but the contribution of hydrogen reduction was the key factor.
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