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ABSTRACT: Acidic red soil is widely distributed in southern Jiangxi and exhibits strong corrosivity, posing a signifi-
cant threat to buried pipeline steels. In this work, six acidic red soil samples collected from this region were analyzed in
terms of their physicochemical characteristics using pH testing and ion chromatography, and corresponding simulated
soil solutions were prepared. The corrosion behavior of L415 pipeline steel in these solutions was systematically
evaluated through immersion weight-loss experiments, potentiodynamic polarization, electrochemical impedance
spectroscopy (EIS), scanning electron microscopy (SEM), and X-ray diffraction (XRD). All six soil solutions were found
to be acidic. Variations in corrosion rate were primarily controlled by pH and ionic concentration. Lower pH values
and higher ion contents resulted in more severe corrosion. The dominant corrosion products in all environments were
identified as Fe;O4 and FeOOH. Electrochemical analysis further revealed the combined and complex effects of different
ionic species on the corrosion mechanism of L415 steel in acidic red soil solutions. The findings of this study provide a
theoretical basis for corrosion protection strategies of buried natural gas pipelines in acidic red soil regions.

KEYWORDS: L1415 pipeline steel; acidic red soil; soil corrosion; electrochemical curve

1 Introduction

Pipeline transportation has become a widely adopted mode for oil and gas delivery owing to its large
transport capacity, high economic efficiency, and superior safety performance [1]. Oil and gas pipelines
are typically buried deep underground and therefore continuously face corrosion risks arising from the
surrounding soil environment during service [2]. Soil corrosion of pipeline steels is governed by multiple
complex factors, including ionic concentration, pH, dissolved oxygen, and microbial activity [3-5]. Xie
et al. [6] investigated the electrochemical corrosion behavior of X70 steel in simulated Liaohe oilfield soil
solution under the combined effects of dissolved oxygen, HCO; ™, and Cl™ using an orthogonal experimental
design. Their results indicated that among the three factors, CI” exhibited the weakest corrosive effect,
whereas HCO;™ had the most significant influence on the corrosion behavior of X70 steel. Xu et al. [7]
studied the effect of dissolved oxygen on the corrosion behavior of X70 pipeline steel in a low-temperature
acidic bentonite-based simulated soil solution and found that under low dissolved oxygen conditions, the
corrosion product film became denser and provided enhanced protection to the steel substrate. Setiawan
et al. [8] investigated the corrosion behavior of X60 steel in Indonesian soils with varying ammonium
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sulfate concentrations and pH values, revealing that the corrosion rate increased with increasing pH but
decreased with increasing ammonium sulfate concentration. Fu et al. [9] examined the influence of nitrate-
reducing bacteria on the corrosion behavior of X80 pipeline steel in soil leachate from the Shenyang region
and concluded that nitrate-reducing bacteria accelerated the corrosion rate of the steel and promoted the
formation of pitting corrosion on the steel surface [10-12].

Under the strategic initiatives of “Gasification of Jiangxi” and “Long-Distance Natural Gas Transmission
to Every County’, a large number of natural gas pipelines have been constructed in the southern Jiangxi
region. The soils in this area are predominantly red soils, which are characterized by a deficiency of alkali
and alkaline earth metals but are enriched in iron and aluminum oxides [13]. These soils generally exhibit
pH values in the range of 4-6 and display a typical acidic red appearance. Acidic red soils can significantly
accelerate metal corrosion, thereby posing a serious threat to the safe operation of buried pipelines. Therefore,
systematic investigations into the corrosion behavior of natural gas pipelines in acidic red soil environments
in southern Jiangxi are of great theoretical significance and practical engineering value [14-18].

Cao et al. [10] investigated the corrosion behavior of X80 pipeline steel welded joints in acidic red
soil solution and reported that uniform corrosion occurred on the weld surface after 840 h of immersion,
with the heat-affected zone exhibiting more severe corrosion than both the base metal and the weld metal.
Wei et al. [11] compared the alternating current corrosion behavior of X80 steel in real soil, soil leachate,
and simulated solutions, and found that the AC corrosion (Alternating current corrosion) behavior in soil
leachate more closely resembled that in actual soil environments. In addition, Li et al. [19] comparatively
analyzed the corrosion characteristics of Q235 steel in saturated acidic red soil and yellow soil, revealing that
the lower pH, higher concentration of aggressive anions, and the presence of high-valence iron oxides in red
soil resulted in higher corrosion rates and greater susceptibility to localized corrosion [20].

L415 pipeline steel is a low-carbon, low-alloy high-strength steel that exhibits excellent weldability,
high strength, and good toughness, making it well suited for high-pressure and long-distance oil and gas
transportation [13,21-23]. Wan et al. found that the corrosion of L415 pipeline steel in solutions with low ionic
concentrations was dominated by pitting corrosion. When the ionic concentration increased to ten times
that of the original solution, the corrosion mode of the pipeline steel transformed into uniform corrosion
[24-26]. In Jiangxi Province, the majority of provincially operated natural gas pipelines are constructed
using L415 steel [2,27,28]. Therefore, investigating the corrosion resistance of L415 pipeline steel in acidic
red soil environments is of great importance for ensuring the operational safety of pipelines in the southern
Jiangxi region. In this study, soils from the southern Jiangxi region were systematically characterized, and
the corrosion behavior of L415 pipeline steel in simulated soil solutions was investigated through immersion
tests and electrochemical measurements. Based on the experimental results, the corrosion characteristics
of pipeline steel in acidic red soil environments were elucidated, and the underlying corrosion mechanisms
were analyzed.

2 Experimental Materials and Methods
2.1 Experimental Material and Physicochemical Characterization of Soil

L415 pipeline steel was selected as the experimental material in this study. As illustrated in Fig. 1, its
microstructure mainly consists of ferrite and pearlite (F + P). Six acidic red soil samples were collected
at a depth of approximately 1 m near cathodic protection test stations in southern Jiangxi. The samples
were labeled D100, D200, D300, S100, S200, and S300. After removing debris and impurities, the soils were
crushed, ground, sieved, and dried. Each processed soil sample was mixed with deionized water at a mass
ratio of 1:10. The mixtures were shaken at 200 rpm and 30°C for 30 min and then allowed to stand for
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12 h to achieve solid-liquid separation. The supernatant was subsequently extracted and analyzed using ion
chromatography and a pH meter to determine ionic concentrations and pH values.

Figure 1: Metallographic microstructure of L415 pipeline steel.

It should be noted that the soil extract solutions prepared using the 1:10 soil-water mixing method were
employed as a simplified and controlled representation of the soil environment. This approach is widely used
to evaluate the relative corrosivity of different soils by isolating the effects of pH, ionic composition, and
electrical conductivity. However, the simulated soil solution cannot fully reproduce the complexity of real
buried soil environments, such as soil heterogeneity, moisture gradients, oxygen diffusion limitations, and
microbial activity. Therefore, the results obtained in this study are mainly intended for qualitative corrosion
risk assessment and comparative ranking of different soil environments, rather than for direct quantitative
prediction of in-service corrosion rates of buried pipelines.

2.2 Electrochemical Measurements

Electrochemical tests were carried out using a CHI760E workstation with a conventional three-
electrode configuration. L415 pipeline steel served as the working electrode, a graphite rod acted as the
counter electrode, and a saturated calomel electrode (SCE) was used as the reference electrode.

Specimens were prepared by wire cutting into dimensions of 10 mm x 10 mm x 3 mm. Each sample
was connected to a copper wire, leaving an exposed working surface area of 1 cm?, while the remaining
surfaces were sealed with epoxy resin. Prior to testing, the working surfaces were sequentially polished with
silicon carbide papers up to 1200 grit, rinsed with deionized water, and immersed in the respective simulated
soil solutions.

After immersion for 14 days, the specimens were removed and subjected to open circuit potential (OCP)
measurements. Once a stable OCP was achieved, electrochemical impedance spectroscopy (EIS) tests were
conducted for each specimen over a frequency range of 0.01 Hz to 1 x 10° Hz, with an AC perturbation
amplitude of 10 mV. Potentiodynamic polarization measurements were subsequently carried out with a
potential scanning range from —1.2 to —0.2 V at a scan rate of 0.5 mV/s.

2.3 Weight-Loss Tests and Corrosion Morphology Analysis

L415 pipeline steel was cut into specimens with dimensions of 40 mm x 13 mm x 2 mm. All six surfaces of
the specimens were sequentially ground using silicon carbide abrasive papers up to 1200-grit. The specimens
were then rinsed with deionized water, dried, and weighed. Subsequently, the specimens were immersed in
six different soil solutions for 14 days. After the designated immersion period, the specimens were removed
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from the solutions and sequentially dehydrated in absolute ethanol with volume fractions of 20%, 40%,
80%, and 100%. The corrosion products on the specimen surfaces were then removed using a chemical rust
remover. Afterward, the specimens were rinsed with deionized water, dried with compressed air, and placed
in a drying oven for 24 h to ensure complete drying. The specimens were finally weighed, and the corrosion
rate of L415 pipeline steel, v.,,,, was calculated according to the following equation:

K (ﬂ’lo - ml)

CON’:— 1
! Stp M

In the equation, K is a constant with a value of 87,600; 1, and m, represent the masses of the specimens
before and after immersion, respectively; S is the exposed surface area; ¢ is the immersion time; and p is the
density of the steel.

After immersion, the corrosion morphologies of the specimens were observed using scanning electron
microscopy (SEM). The corrosion products were carefully scraped oft and collected, and their phase
compositions were analyzed by X-ray diffraction (XRD).

3 Results and Discussion
3.1 Corrosion Rate and Morphology Analysis

The ionic concentrations and pH values of the six soil extract solutions are summarized in Table 1. Fig. 2
presents the calculated corrosion rates of 1415 pipeline steel after immersion in the different simulated soil
solutions. The corrosion rates of the specimens decrease in the following order: S100 > D300 > D100 > D200
> §200 > S300.

Table 1: Ionic concentrations and pH values of soil solutions.

Sample Na* K* Mg Cl SO,2- NO;~ HCO; H
ID (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) P
D100 4.61 6.31 1.45 18.24 5.03 3.24 0.55 3.83
D200 8.57 8.46 1.06 29.91 2.71 2.1 12.64 4.92
D300 6.09 16.6 6.94 5.82 56.57 3.37 0.55 3.29
S100 6.73 40.97 14.24 5.6 243.66 86.37 11.6 4.11
S200 6.23 16.82 1.8 8.69 12.03 9.55 15.26 5.58
S300 8.23 31.53 7.67 12.34 27.97 2.03 20.97 5.33

As shown in Fig. 2, the corrosion rates of the specimens in soil solutions S100, D300, and D100 are
significantly higher than those in the other solutions. Among them, the corrosion rate in the S100 solution
is the highest, reaching 0.1949 mm/a, which is approximately 4.3 times that in the solution with the lowest
corrosion rate (5300). According to the physicochemical properties of the solutions listed in Table 1, the
pH values of D100 and D300 are 3.83 and 3.29, respectively, indicating that these two soil solutions are
strongly acidic. Under acidic conditions, the cathodic reaction is accelerated due to the depolarization effect
of hydrogen ions, which promotes the electrochemical reaction and consequently increases the corrosion
rate of the specimens.
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Figure 2: Corrosion rates of L415 pipeline steel in six soil-simulated solutions.

In addition, the concentrations of SO,*~ and NO; " in the S100 soil solution are significantly higher than
those in the other five soil solutions. Soil ions not only participate directly in the electrochemical corrosion
reactions but also strongly influence soil resistivity. A higher salt content results in lower resistivity, thereby
increasing the corrosivity of the soil environment. Specifically, CI” ions promote localized corrosion by
penetrating and destabilizing corrosion product films, while SO,*~ ions enhance electrolyte conductivity and
facilitate anodic dissolution, particularly under acidic conditions. NO;~ ions, acting as oxidizing species, can
participate in cathodic reactions and increase the corrosion driving force. In contrast, HCO;™ ions tend to
promote the formation of relatively protective corrosion products and thus partially inhibit corrosion.

shows the corrosion morphologies of the specimens immersed in six soil-simulated solutions.
For the steel specimens immersed for 14 days, the surface corrosion product film can be divided into an
inner layer and an outer layer. The inner corrosion layer covers almost the entire surface of the pipeline
steel substrate, while the outer corrosion layer appears relatively loose. For the specimens exposed to D100,
D300, and S100 solutions, although the inner corrosion layer has fully formed, the overall corrosion layers
are not compact. A large number of cracks are distributed within the inner layer, and only a small amount of
outer corrosion products is sparsely distributed on its surface. These cracks provide pathways for the solution
to penetrate through the inner corrosion layer and directly contact the steel substrate, thereby promoting
further corrosion. Consequently, the corrosion rates of these three specimens are the highest. In the D200
soil solution, the inner corrosion layer exhibits fewer cracks with reduced crack sizes compared to those in
the above three solutions, while the amount of outer corrosion products increases. As a result, the corrosion
rate of this specimen is reduced. In contrast, the specimens immersed in S300 and S200 soil solutions show
the most compact inner corrosion layers, with almost no visible cracks. The outer corrosion products become
denser and interconnected, and in some regions, they completely cover the inner corrosion layer, showing
a tendency to form a new dense corrosion layer. The spherical corrosion products observed are identified
as Fe; Oy, which possesses low chemical activity and good compactness. This dense corrosion product layer
effectively hinders the penetration of the solution to the steel substrate, making further corrosion more
difficult. Therefore, the corrosion rates of the specimens in these two solutions are among the lowest of all
Six groups.
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Figure 3: Corrosion morphologies of L415 pipeline steel in six soil-simulated solutions: (a) S100, (b) D300, (c) D100,
(d) D200, (e) S200, and (f) S300.

3.2 Corrosion Product Analysis

Fig. 4 presents the XRD patterns of the corrosion products formed on L415 pipeline steel specimens
immersed in the D300 and S200 soil-simulated solutions. As shown in the figure, the corrosion products
formed in the two soil environments are similar, consisting mainly of Fe; O, and FeOOH. The inner corrosion
layer of the pipeline steel is primarily composed of these two corrosion products. In contrast, the corrosion
products formed in the S200 solution contain small amounts of Fe,O; and Fe(OH);. These two compounds
are intermediate products formed during the corrosion process of steel and exhibit relatively poor stability.
They are mainly distributed in the outer corrosion layer. The corrosion of L415 pipeline steel in the six soil-
simulated solutions is an electrochemical process. Since all six soil solutions are acidic and contain a large
concentration of H ions, the anodic reaction involves the dissolution of iron, while the cathodic reactions
include hydrogen evolution and oxygen reduction. The Fe** ions produced by the anodic reaction combine
with OH™ ions generated from the cathodic reactions to form Fe(OH),. The specific reactions are expressed
as follows:

Cathodic reaction:

2H" +2¢ —» H, ¢ 2)
0, +2H,0 + 4e” — 40H"~ (3)

Anodic reaction:

Fe — 2¢~ — Fe?* (4)

Corrosion product:

Fe* + 20H™ - Fe (OH), (5)
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Figure 4: XRD patterns of corrosion products formed on L415 pipeline steel in D300 and S200 soil-simulated solutions:
(a) D300, (b) S200.

The above reactions represent the initial corrosion processes occurring at the early stage of contact
between the specimens and the solutions. The sparingly soluble corrosion product Fe(OH), formed during
this stage is thermodynamically unstable. Part of Fe(OH), is further oxidized to Fe(OH); and subsequently
transformed into Fe,Os, while another portion is oxidized to FeOOH.

4Fe (OH)2 + 02 + 2H20 — 4Fe (OI‘I)3 (6)
2Fe (OH), — Fe,05 + 3H,0 (7)
4Fe (OH)2 + Oz — 4FeOOH + 2H20 (8)

Previous studies have shown that the FFOOH formed through the above reactions is mainly y-FeOOH.
Both y-FeOOH and Fe, O; are high-valence iron oxides and act as effective oxidizing agents. In the presence
of H* ions, they can further react with the iron substrate, promoting their transformation into more
thermodynamically stable phases, namely a-FeOOH and Fe;O,.

3F€203 +Fe+2H" - 2Fe3O4 +2Fe" + Hzo (9)
y - FeOOH + H" + e~ - Fe;04 + 2H,0 (10)
y - FeOOH — FeOx (OH),;_y - a - FeOOH (11)

Throughout the corrosion process of L415 pipeline steel, although the final corrosion products are
relatively stable and can adhere to the steel surface to retard further corrosion, the acidic soil environment
promotes hydrogen evolution during the cathodic reaction. The generated hydrogen gas diffuses outward
from the steel surface and penetrates through the corrosion product layer, leading to the formation of
cracks and a loosening of the corrosion layer structure. Moreover, in order to reach a more stable state,
the intermediate corrosion products further react with H* ions in the solution and with the steel substrate,
which accelerates the corrosion process. Consequently, a lower pH results in the formation of looser and less
protective corrosion product layers, thereby providing weaker protection to the steel substrate.
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3.3 Polarization Curve Analysis

Fig. 5 shows the polarization curves of L415 pipeline steel after immersion in different soil-simulated
solutions for 14 days. As illustrated in the figure, no passivation behavior is observed in the anodic region
of the polarization curves in any of the soil solutions, indicating that the corrosion process is dominated by
active dissolution. In the cathodic region, two inflection points are observed at low potentials and near the
corrosion potential, suggesting the coexistence of hydrogen depolarization corrosion and oxygen reduction
reactions. Table 2 lists the electrochemical parameters obtained by fitting the polarization curves using the
Tafel extrapolation method. According to Faraday’s law, a higher corrosion current density corresponds to
a higher corrosion rate and more severe corrosion. It can be observed that the corrosion current densities
of L415 pipeline steel are relatively high in the S100, D300, and D100 soil solutions, followed by the D200
solution, while much lower values are obtained in the S200 and S300 solutions. Specifically, the corrosion
current density in the S100 solution is 5.33 times that in the S300 solution. This trend is in good agreement
with the corrosion rate results obtained in the six soil-simulated solutions.

0.0
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02k —*—D200
I D300
—<+— 5200
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2
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Figure 5: Polarization curves of L415 pipeline steel after immersion in different soil-simulated solutions for 14 days.

Table 2: Electrochemical parameters obtained from Tafel plots for L415 steel.

Solution ID E o (V vs. SCE) icorr (Accm™2)
D100 -0.84 2.37 x107°
D200 -0.788 1.66 x 107°
D300 -0.825 2.76 x 107°
S100 -0.814 4,07 x 107
$200 -0.851 7.96 x 107°

S300 -0.82 763 x 107°
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3.4 Electrochemical Impedance Spectroscopy Analysis

Fig. 6 shows the electrochemical impedance spectra of L415 pipeline steel in six soil-simulated solutions.
In Fig. 6a, the Nyquist plot of the specimen immersed in the S300 soil solution consists of two capacitive arcs,
one small and one large, indicating relatively low conductivity of the solution and the presence of dispersion
effects. In contrast, the Nyquist plots of the specimens in the other five soil solutions exhibit a single capacitive
arc, suggesting that the electrochemical behavior of the electrode is mainly controlled by charge transfer
processes and the resistance and capacitance of the corrosion product film. The radius of the capacitive arc
reflects the stability of the corrosion product film. A larger arc radius indicates a stronger hindrance to charge
transfer and, consequently, better corrosion resistance of the specimen.

1000
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Figure 6: EIS spectra for L415 steel in the four simulated soil solutions: (a) Nyquist plots, (b,c) Bode plots.

As shown in Fig. 6b, the impedance modulus in the low-frequency region represents the total resistance
of the corrosion system, including both the polarization resistance and the solution resistance, whereas the
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impedance modulus in the high-frequency region corresponds to the solution resistance. In Fig. 6¢, the
phase angle (0) values in all six soil solutions are greater than zero. Two phase-angle peaks are observed for
the specimen in the S300 soil solution, while only one peak is present for the specimens in the other soil
solutions. The peaks appearing in the Bode phase plots correspond well to the capacitive arcs observed in
the Nyquist plots.

Fig. 7 shows the equivalent electrical circuit used to fit the electrochemical impedance spectra, and
the fitted parameters are listed in Table 3. In the equivalent circuit, R represents the solution resistance
between the specimen and the reference electrode. Q denotes the constant phase element (CPE), where Q,
corresponds to the capacitance of the corrosion product film on the specimen surface, and Qg represents the
double-layer capacitance at the interface between the specimen surface and the solution. R, is the resistance
of the corrosion product film, and R is the charge transfer resistance associated with the electrochemical
reaction process.

Figure 7: Equivalent circuit diagrams of L415 pipeline steel in different simulated soil solutions: (a) D100, D200, S100,
$300; (b) D300; (c) S200.

Table 3: Fitted electrochemical impedance spectroscopy (EIS) parameters.

SolutionID R/(Q-:cm?) Q./(Fecm™2) RJ/(Q:cm?) Qu/(F-cm™2) R, /(Q-cm?) Rp/(Q-cmZ)

D100 32.99 / / 9.75 x 1073 1504 1504
D200 139.1 / / 3.29 x 1073 2042 2042
D300 149.4 / / 8.45 x 1074 863 863
S100 158.7 / / 6.15 x 1074 1031 1031
$200 104.3 2.10 x 1077 2171 9.93 x 1074 240.3 2411
$300 113.7 / / 6.57 x 1073 2702 2702

The polarization resistance (R,) is defined as the sum of the charge transfer resistance (R) and the
corrosion product film resistance (R.), and it effectively characterizes the resistance of L415 pipeline steel
during the corrosion process. A larger R, value indicates a lower corrosion rate. As shown in Table 3, the
specimen immersed in the S300 soil solution exhibits the highest R, value, while the lowest R, is obtained
in the S100 soil solution. The overall variation trend of R, for L415 pipeline steel in the six soil-simulated
solutions is consistent with the corrosion rate results. The goodness-of-fit for all fitted spectra reaches the
order of 1073,

4 Conclusions

To investigate the corrosion behavior of L415 pipeline steel in acidic red soil environments of southern
Jiangxi, immersion tests and electrochemical measurements were conducted in six simulated soil solutions
for 14 days. The main conclusions are as follows:
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1. The corrosion rates decreased in the order of S100 > D300 > D100 > D200 > S200 > S300. The highest
corrosion rate (S100) was 4.3 times that of the lowest (5300). The differences were mainly governed
by solution pH and ion concentration, with lower pH and higher ion concentration leading to more
severe corrosion.

2. 'The corrosion products consisted of an inner layer mainly composed of Fe;O, and FEOOH and an
outer layer primarily composed of Fe,O; and Fe(OH);. The inner layer was denser and provided better
protection to the steel substrate. The corrosion mechanism involved iron dissolution as the anodic
reaction and hydrogen evolution and oxygen reduction as cathodic reactions.

3. The highest corrosion current density was observed in S100 (4.07 x 107> A-cm™?), which was 5.33 times
that in $300. In S300, corrosion was influenced by diftfusion effects due to lower conductivity, whereas
in the other solutions, corrosion was mainly controlled by charge transfer and corrosion product film
properties. Electrochemical results were consistent with the measured corrosion rates.
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