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Abstract: This paper aims to investigate the localized corrosion mechanism of Q125 casing steel in
residual acid solution with Mannich base type inhibitors during oil reservoir acidizing process. The
corrosion behavior of Q125 casing steel in fresh acid (20% HCl) and residual acid solution (pH 1.0
and pH 3.0 HCl) with and without 3-(4-chlorophenylimino)-1-(piperidine-1-ylmethyl) indolin-2-one
(Mannich base type, Mb) inhibitor was studied by electrochemical test, weight loss, and surface
analysis. The morphology and composition of corrosion products were analyzed by SEM/EDS and
XPS; the local corrosion rate of casing steel with or without inhibitor was obtained by 3D profilometry.
It was determined that the inhibitor had higher inhibition efficiency in fresh acid conditions than in
residual acid conditions. Under the condition of residual acid, the decrease in inhibitor molecular
coverage on the substrate surface promotes the occurrence of local corrosion. Pitting corrosion was
detected in the residual acid solution containing Mannich base inhibitor, which may be related to the
fact that FeCO3 hinders the adsorption of inhibitor molecules on the substrate surface.

Keywords: Q125 casing steel; corrosion; mannish base inhibitor; acidizing fracturing; localized corrosion

1. Introduction

Q125 casing steel is a highly specialized type of steel that is widely used in the oil
and gas extraction industry due to its exceptional strength, toughness, and corrosion
resistance [1]. The harsh environmental conditions, such as high temperatures, high
pressures, and corrosive substances, make it essential for the materials used in these
applications to possess excellent corrosion resistance and high strength. However, despite
its outstanding properties, Q125 casing steel can still suffer from severe corrosion damage,
particularly in acidic environments [2]. Therefore, developing effective corrosion protection
measures to improve the material’s resistance to corrosion is crucial.

As the demand for oil and gas continues to increase, there has been a growing emphasis
on efficient and sustainable extraction methods [3–5]. Acid fracturing technology is one
such method that can enhance reservoir permeability and improve oil recovery rates [6,7].
However, the process of acidification in a tubing string can lead to corrosion of the metal
materials due to the chemical reaction between the acid and the metal [8,9]. This is particularly
true for high temperature acidification systems, where hydrochloric acid with a mass fraction
of 20% or greater is commonly used as the base fluid. To address this issue, the simplest and
most effective approach is to add corrosion inhibitors to the acid solution [4,10–12]. In this
regard, the Mannich base type corrosion inhibitors are widely used in acid fracturing due
to their high corrosion inhibition efficiency and low toxicity [13]. Therefore, understanding
the corrosion resistance properties of Q125 casing steel and the use of corrosion inhibitors is
crucial for the efficient and sustainable extraction of oil and gas.
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Mannich base type corrosion inhibitor is mainly obtained by the condensation reaction
of ketone, aldehyde, and amine containing active hydrogen. The synthesis methods of
Mannich base corrosion inhibitors are diverse, the molecular structures of the obtained
corrosion inhibitors are different, and the corrosion inhibition effects of the Mannich base
corrosion inhibitor molecules with different structures are also different. Ahamad et al. [14]
studied the inhibition efficiency of four piperidinylmethylindoline-2-one derivatives in
1 M HCl solution. It was determined that the different substituents of the aniline group
would affect the inhibition efficiency. Furthermore, Ahamad et al. [14] reported that the
lower the energy of the HOMO (highest occupied molecular orbital), LUMO (lowest
unoccupied molecular orbital), and HOMO-LUMO gaps of the corrosion inhibitor, the
higher the inhibition efficiency of the corrosion inhibitor. The results of Ayeni et al. [13] and
Ferkous et al. [15] also support this view. Pan et al. [16] studied the effect of hydrophobic
group carbon chain length on the corrosion inhibition efficiency of N80 steel in 15% HCl
solution and determined that when the inhibitor content was less than 0.6%, the Mannich
base inhibitor with short carbon chain had better corrosion inhibition performance. Guo
et al. [17] synthesized a double Mannich base inhibitor using N-octylamine, acetophenone,
and formaldehyde as the main raw material and reported that a double Mannich base
inhibitor compared to a single Mannich base corrosion inhibitor had higher corrosion
inhibition efficiency.

However, most of the above studies focused on the inhibition effect of inhibitors under
fresh acid conditions. Fresh acid reacts with alkaline ore to obtain residual acid, and the
pH value of residual acid is higher than that of fresh acid. However, the effect of residual
acid and residual carbonate products on the corrosion inhibition efficiency of inhibitors is
not clear. Therefore, investigation of the effects of Mb on the corrosion behaviors of Q125
casing steel in fresh and residual acid solutions can not only reveal the internal causes of
string failure, but also provide certain guiding significance for the development of low
permeability reservoirs and reservoir reconstruction projects.

2. Materials and Methods
2.1. Materials and Pretreatment

The chemical composition of Q125 grade casing steel used in this experiment is 0.28 C,
0.29 Si, 0.55 Mn, 0.98 Cr, 0.31 Mo, 0.03 Nb, 0.15 V, 0.006 P, 0.002 S, and Fe in balance (wt.%).
The exposed area of the working electrode is 10 mm × 10 mm; the sample size of weight
loss test is 30 mm × 10 mm × 3 mm. Before the experiment, all the samples were ground to
600 mesh by SiC sandpaper step by step. The oil was deoiled with acetone, then dehydrated
by ethanol, and placed in a vacuum drying oven for 24 h.

2.2. Test Procedures

The experiment was carried out in a 2 L glass cell. Three-electrode system was used in
the electrochemical test. A saturated calomel (Hg/Hg2Cl2, SCE) reference electrode was
connected by a lugin capillary tube, and the counter electrode was a platinum electrode.
The pH value of the solution was measured by a pH electrode (METTLER TOLEDO,
FE20, Columbus, OH, USA). A potentiostat was used for the electrochemical test (GAMRY,
Reference 3000, Warminster, PA, USA). The experiment was carried out in the solution of
residual acid and fresh acid with or without 1 wt.% Mb at atmosphere pressure and 90 ◦C.
The chemical structure of the Mb corrosion inhibitor (Provided by the Beijing Comers
Oilfield Chemicals Technology Co., Ltd., Beijing, China: MB-CS125) is shown in Figure 1.

When the electrode was immersed in the solution for 4 h, the electrochemical test
was carried out. The polarization range of the polarization resistance was relative to the
open circuit potential (OCP) ± 10 mV, and the scan rate was 0.125 mV s−1.The test range
of potentiodynamic scanning was ±200 mV, and the scanning rate was 0.2 mV s−1. The
dynamic potential scan first performed cathodic polarization, and when the polarization re-
turned to OCP after the end of the polarization, the anode polarization scan was performed.
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EIS was carried out in the range of open circuit potential ±5 mV, and the frequency range
was 104 Hz to 10−2 Hz.
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Figure 1. Chemical structure of Mb.

After the electrochemical test, the weight loss method specimens were immersed in the
test solution for 4 h to study the influence of Mannich base type corrosion inhibitor on the
corrosion behavior of Q125 grade casing steel under the conditions of fresh acid and residual
acid. The corroded samples were cleaned with deionized water and dehydrated with
ethanol. The corrosion products were removed from the corrosion samples by using Clark
solution (50 g stannous chloride, 20 g antimony trioxide, and concentrated chlorogenic acid
per 1000 mL) according to the standards of the American Society for Testing and Materials
(ASTM) [18], and then dried weighed by an electronic balance. The corrosion rate was
obtained by weight loss method according to Formula [19], and the inhibition efficiency is
expressed in Formula (2):

V =
W0 −W

S× t
(1)

Inhibition e f f iciency =
V0 −Vm

V0
× 100%, (2)

where V is the corrosion rate, g m−2 h−1; W0 is the weight of the sample before corrosion,
g; W is the mass of the sample after corrosion, g; S is the surface area of the sample, m2;
t is immersion time, h; V0 is the corrosion rate without inhibitor, g m−2 h−1; Vm is the
corrosion rate with inhibitor, g m−2 h−1.

The surface morphology was analyzed by Scanning Electron Microscope (SEM)/Energy
Dispersive Spectrometer (EDS). The local corrosion was analyzed by three-Dimension (3D)
topography. The components of corrosion products were analyzed by X-ray Photoelectron
Spectroscopy (XPS), and the spectra were fitted by XPS peak software.

3. Results
3.1. Uniform Corrosion Rate

Figure 2 shows the weight loss results of casing steel in fresh and residual acid solutions
with and without Mb inhibitor. The study determined that when there was no Mb inhibitor,
the corrosion rate decreased as the hydrogen ion concentration in the solution decreased.
However, even when the pH of the solution was 3.0, the casing steel still had a higher
corrosion rate of 92.48 g m−2 h−1. When Mb appeared, Mb could effectively inhibit the
occurrence of uniform corrosion of casing steel. Although the corrosion inhibition efficiency
decreased slightly as the hydrogen ion concentration of the solution decreased, it still had a
higher corrosion inhibition effect, and the corrosion inhibition efficiency was 98.8% under
the condition of pH 3.0.
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3.2. Electrochemical Measurements

The polarization curves of casing steel in fresh and residual acid solutions with and
without Mb inhibitor for 4 h are shown in Figure 3. Under the condition of fresh acid,
the appearance of Mb inhibited the anodic reaction and cathodic reaction of casing steel.
The appearance of Mb caused the OCP to move up. Under the condition of residual acid,
the OCP was significantly lower than that under the condition of fresh acid, and with
the decrease in hydrogen ion content, the OCP decreased. When the corrosion inhibitor
appeared, it could also inhibit the anode process and cathode reaction process, and the
appearance of the corrosion inhibitor caused the OCP to move up, which was the same
as that in the fresh acid condition, but the cathode reaction process in the residual acid
condition was controlled by activation and diffusion. Compared with the condition of
pH 3.0, the inhibition effect of Mb on the anodic reaction was more obvious at pH 1.0.
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Table 1 presents the results of fitting electrochemical parameters obtained from poten-
tiodynamic polarization curves recorded under various conditions depicted in Figure 3,
where ba is the anode Tafel slope, bc is the cathode Tafel slope, rp is the resistance of po-
larization, Ecorr is the corrosion electrode potential, icorr is the corrosion current density.
Under residual acid conditions (pH 1.0 and pH 3.0), the cathode had a large Tafel slop.
This phenomenon occurred because a large amount of CaCO3 was added to the fresh acid
(20% HCl) to neutralize the strong acid to obtain the residual acid solution. The addition
of a large amount of CaCO3 affected the chemical environment of the solution phase and
thus the cathode reaction process. Moreover, the addition of Mb increased the Tafel slope
of the anode and cathode compared with the fresh acid and residual acid without Mb. The
trend of corrosion current density obtained by electrochemical test is consistent with the
trend of corrosion current density obtained by weight loss method, showing significant
attenuation characteristics. In addition, in terms of polarization resistance, it can also
be seen that the addition of Mb inhibitor greatly increases the electrochemical corrosion
resistance. Ferreira et al. [20] reported that when the displacement of Ecorr was greater
than 85 mV when the corrosion inhibitor appeared, the corrosion inhibitor belonged to the
anodic or cathodic inhibition effect. When the displacement of the Ecorr is less than 85 mV,
the corrosion inhibitor is in a mixed inhibition effect. It could be seen from Table 1 that
under the conditions of residual acid and fresh acid, the corrosion inhibitor has a mixed
inhibitory effect.

Table 1. The fitting results of potentiodynamic polarization curve parameters under different conditions.

Condition ba mV/dec bc mV/dec rp Ecorr/mV icorr/mA cm−2

20% HCl 61.55 95.24 8.2 −453.2 1.60
20% HCl + Mb 66.19 126.2 232.1 −381.2 0.081

pH 1.0 43.78 511 42.1 −717.2 0.42
pH 1.0 + Mb 47.02 548.7 463.3 −652.7 0.041

pH 3.0 51.56 235.5 140.1 −753.6 0.13
pH 3.0 + Mb 54.69 251.9 524.2 −694.7 0.037

Figure 4 shows the EIS results of casing steel under different conditions. When no
Mb was added, the impedance spectrum exhibited a time constant, Figure 4b. When Mb
was added, the impedance spectrum exhibited two (20% HCl + Mb and pH 1.0 + Mb,
Figure 4c) or three (pH 3.0 + Mb, Figure 4d) time constants. The capacitive reactance arc in
the high frequency region may be attributed to double layer capacitance. The capacitive
arc in the middle- and low-frequency regions may be attributed to the corrosion product
film or the adsorption film formed on the substrate surface by Mb. The inductive loop in
the low-frequency region may be due to the adsorption process of Mb molecules. Under
the same pH value, the diameter of the semicircular capacitor arc increases obviously when
corrosion inhibitors appear, which indicates that Mb inhibited the progress of corrosion
and reduced the corrosion rate.

Three kinds of equivalent circuit diagrams are shown in Figure 5 and the correspond-
ing EIS fitting results are shown in Table 2 to demonstrate the obtained electromechanical
parameters within different experimental conditions. Figure 5a was used to fit the EIS
data of fresh acid and residual acid without Mb. Figure 5b was used to fit the EIS data
of fresh acid and pH 3.0 with Mb (two time constants), and Figure 5c was used to fit the
EIS data of pH 1.0 with Mb (three time constants). In the equivalent circuit diagram, Qdl
is the constant phase angle element representing double-layer capacitance; Rct is charge
transfer resistance; Qf is the constant phase angle element representing the capacitance of
the corrosion product film or the adsorption film formed by Mb. Rf is the resistance of the
corrosion product film or the adsorption film formed by Mb; L and RL represent inductance
and inductive resistance, respectively; ndl and nf are the constant phase angle element
exponents. With the increase in pH value, the impedance (Rct + Rf) increased, indicating
that the corrosion rate decreased with the increase in pH value without Mb. When Mb
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was added, compared with the same pH value without Mb, the impedance value at least
doubled, indicating that Mb could significantly reduce the corrosion rate. When Mb was
added to fresh acid, the proportion of impedance value increased most, indicating that the
inhibitor had the highest inhibition efficiency under fresh acid conditions.
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Table 2. Fitting parameters of EIS of casing steel immersed in fresh and residual acid solution with or
without Mb inhibitor for 4 h.

Condition Qdl
(Ω−1 cm−2 s−ndl) ndl

Rct
(Ω cm2)

Qf
(Ω−1 cm−2 s−ndl) nf

Rf
(Ω cm2)

L
(H cm−2)

RL
(Ω cm2)

20% HCl 9.67 × 10−5 0.75 16.74
20% HCl + Mb 9.34 × 10−4 0.75 76.95 1.8 × 10−4 0.74 151.7

pH 1.0 1.57 × 10−3 0.8 69
pH 1.0 + Mb 3.93 × 10−7 0.93 14.35 4.76 × 10−4 0.48 504.7 1541 1188

pH 3.0 5.56 × 10−4 0.8 250.9
pH 3.0 + Mb 8.64 × 10−4 0.61 330.2 6.89 × 10−4 1 240.5

3.3. Surface Morphology Analysis

Figure 6 shows the SEM results of casing steel in fresh and residual acid solutions
with or without Mb inhibitor. In fresh acid solution, a loose corrosion product film was
formed on the surface of the substrate. When the Mb inhibitor appeared, the surface of



Coatings 2023, 13, 710 7 of 11

the substrate was relatively flat, and the trace of a polishing line could still be observed,
which indicated that the presence of Mb inhibitor could effectively inhibit the corrosion
behavior of HCl to casing steel, which was consistent with the weight loss method. At
pH 1.0, a large number of streak-like corrosion products were formed on the surface of the
substrate. Based on the EDS results in Table 3, it was determined that the main elements of
the streak-like corrosion products were Fe, O, and C, which indicated that FeCO3 might
be formed on the substrate. When the Mb corrosion inhibitor appeared, a large number
of spot-like corrosion products were detected on the substrate, and a small amount of
streak-like corrosion products also appeared, but no traces of polishing lines were observed
(Figure 6d). Under the condition of pH 3.0 without Mb (Figure 6e), stripe-like corrosion
products also appeared on the substrate. Compared with the elemental composition of
corrosion product film in areas A (Figure 6c) and B, it was determined that the content of C
was higher under the condition of pH 3.0, which indicated that more FeCO3 formed on
the substrate with the increase in pH. In the solution containing a Mb inhibitor at pH 3.0,
the corrosion products were covered on the surface of the substrate. It can be seen from
Figure 6b,d,f that with the decrease in hydrogen ion concentration, more corrosion products
are formed on the substrate.
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Table 3. Elemental composition of the A and B regions (at.%).

Region Fe C O Cl

A 51.59 29.06 19.26 0.09
B 44.96 36.29 18.26 0.49
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The elemental composition of the A (in Figure 6c) and B (in Figure 6d) regions are
shown in Table 3.

3.4. 3D Profilometry

The 3D morphology results of the casing steel in the residual acid solution with or
without Mb are shown in Figure 7. After removing the product film, the surface of the
substrate was relatively flat in the residual acid without Mb. The corrosion type of casing
steel was uniform corrosion under the condition of residual acid (Figure 7a,c). In the
residual acid solution containing Mb at pH 1.0 (as shown in Figure 7b), pits were detected
on the surface of the substrate, and the pitting rate reached 47.41 mm y−1.
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In the residual acid solution containing corrosion inhibitor at pH 3.0, although no
pitting pits were observed on the substrate, the surface of the substrate was corrugated
(Figure 7d), and the height difference between the peaks and troughs formed was close to
40 µm. The appearance of corrosion products might reduce the adsorption characteristics
of corrosion inhibitors on the substrate so that the corrosion medium reacted with the
substrate at the weak part of the adsorption film to form pits. The corrosion product
morphology in Figure 6f combined with the 3D morphology in Figure 7d after removing
the corrosion product film also supported this view.

3.5. XPS Analysis

The XPS results of C, O, Fe, and N elements of casing steel in hydrochloric acid solution
with or without Mb at pH 3.0 are shown in Figure 8. The residual peak of C 1s at 284.6 eV
was used to calibrate the binding energy of each substance. In the residual acid solution
without Mb, the peak of C 1s, O 1s, and Fe 2p3/2 was at 288.0 eV, 531.4 eV, and 711.3 eV,
respectively, indicating the appearance of FeCO3 [21]. The peak of O 1s at 529.7 eV, the peak
of Fe p3/2 at 710.9 eV and 718.7eV, and the peak of Fe 2p1/2 at 724.5 eV corresponded to
Fe2O3 [22]. When the Mb was added, the binding energy of C, O, and Fe elements was the
same. In addition, the peak of N 1s was at 399.0 eV, which might be related to the residual
Mb on the surface of the substrate or the corrosion products from the interaction between
the Mb and the substrate.
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4. Discussion

When no Mb was present, the morphology of corrosion products of casing steel in
residual acid and the fresh acid solution was different (Figure 9a,b), which was mainly due
to the addition of a large amount of CaCO3 in the solution under the condition of residual
acid. In the solution, CO3

2− combines with Fe2+ to form FeCO3 on the substrate, and the
increase in solution pH value was beneficial to FeCO3 film formation on the substrate,
which was confirmed by the results of Figure 6c,e [23]. The increase in pH value of the
solution led to the decrease in hydrogen concentration in the solution, which was the main
reason for the significant difference in Tafel slope in the cathodic reaction process between
residual acid and fresh acid. Moreover, the difference in corrosion product film protection
between residual acid and fresh acid might affect the diffusion process of hydrogen ions,
thus affecting the cathodic reaction process.
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When Mb was added to fresh acid and residual acid solution, the decrease in corrosion
rate occurred due to the adsorption of Mb molecules to the surface of the substrate to inhibit
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the corrosion of casing steel (Figure 9c). The adsorption of Mb on carbon steel surface
belonged to mixed adsorption, which was also supported by current electrochemical
results [14]. The sharing electrons were formed between p-electrons of the heterocyclic ring
and vacant d orbitals of surface iron, and the adsorption of Mb molecules and mild steel
belonged to chemical adsorption. In addition, the aromatic ring in the Mb molecule can
also be used as an electron donating functional group to promote the chemisorption with
the steel. Mb molecule might undergo protonation reaction in residual acid solution to
obtain protonated Mb with a positive charge. The reaction is shown in Formula (3):

C20H22N3OCl + xH+ → [C20H22+xN3OCl]x+ . (3)

Because the hydration degree of Cl− was small, Cl− was conducive to the formation of
excessive negative charge near the substrate, which promoted the electrostatic adsorption
between protonated Mb and steel, which belonged to physical adsorption.

Under the condition of residual acid, the appearance of Mb promoted the local corro-
sion of casing steel (Figure 9d). There was a certain corresponding relationship between
the 3D morphology of corrosion product film removed in Figure 7b,d and the distribution
of corrosion product film on the substrate surface in Figure 6d,e. It could be inferred that
the FeCO3 corrosion product hindered the adsorption of the Mb inhibitor on the substrate.
The Qdl value in Table 2 under the condition of residual acid containing Mb was smaller
than that under the condition of fresh acid containing Mb, which supported this point. The
results showed that the coverage rate of Mb molecule in the area where FeCO3 corrosion
product film exists was reduced, and the FeCO3 corrosion product film had a less protective
effect on the substrate than the adsorption film formed by Mb. The corrosion medium
could react with the substrate through the FeCO3 corrosion product film, thus promoting
the occurrence of local corrosion.

5. Conclusions

In the present work, we obtain the following conclusions:
(1) Compared with the residual acid, the Mb inhibitor had higher inhibition efficiency

under fresh acid conditions.
(2) Under fresh acid and residual acid conditions, Mb promoted the increase in Ecorr,

and increased the Tafel slope of cathode and anode, resulting in an increase in reaction
resistance. Therefore, Mb inhibitor showed mixed inhibition.

(3) Local corrosion of casing steel occurred in a residual acid solution containing Mb
inhibitor. The occurrence of localized corrosion was related to the decrease in Mb inhibitor
coverage on the substrate surface and the poor protection of FeCO3 film.

(4) The FeCO3 corrosion product hindered the adsorption of the Mb inhibitor on
the substrate. The corrosion medium could react with the substrate through the FeCO3
corrosion product film, thus promoting the occurrence of local corrosion.
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