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Thioureido-oleic acid imidazoline, TAI, is widely used in the oil/gas industry as an effective corrosion
inhibitor to protect carbon steel pipelines from CO2 corrosion. However, the inhibition efficiency is
significantly reduced when HzS gas coexists with COz2. In this study, the imidazoline was modified by
reaction with formaldehyde and propynyl alcohol to develop a modified imidazoline (MTAI). The
inhibition performance was evaluated by dynamic weight loss, potentiodynamic polarization, contact
angle, and scanning electron microscopy (SEM) measurements as well as quantum chemical
calculations. Dynamic corrosion tests and polarization measurements show that the inhibition
efficiency of MTALI is significantly better than that of TAI in a CO2/H2S environment. The contact
angle measurements show that the MTAI inhibitory film is more hydrophobic than the TAI film. The
quantum chemical calculations demonstrate that MTAI has two adsorption centres, which make the
adsorption more stable and thus the inhibition more efficient.

Keywords: CO2/H2S corrosion; imidazoline; corrosion inhibitor; weight loss; polarization curve;
contact angle; adsorption; quantum chemical calculation

1. INTRODUCTION

COz2 corrosion (also called sweet corrosion) and CO2/H2S corrosion (sour corrosion) are
frequently encountered in the oil/gas industry [1-4]. In a CO2/H2S coexistence system, the interaction
of gases makes the corrosion more severe and complex. Even trace amounts of H2S have a significant
impact on COz2 corrosion, increasing the risk of corrosion failure and promoting localized corrosion [5-
6].

Many methods can be used to control corrosion [7-9]. Among them, corrosion inhibitors can
effectively inhibit corrosion by forming an inhibitive film on the metal surface, which prevents the
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corrosive medium from contacting the metal [10-12]. The use of corrosion inhibitors has advantages
that include low cost, simple operation, rapid effect, and long-term protection; therefore, it is one of the
most promising measures for protecting oil and gas field equipment [13-20].

Imidazolines and their derivatives are widely used as organic corrosion inhibitors in oil and gas
fields worldwide to effectively inhibit CO2 corrosion [21-27]. Among these compounds, thioureido-
oleic acid imidazoline (TAI) has been used successfully in Chinese oilfields to control the corrosion of
equipment by CO2-containing water [28]. Long-term field usage results have proven that TAI is a very
good anti-COz2 corrosion inhibitor. However, in recent years, with the deep exploitation of oilfields, the
corrosion inhibition capability of TAI is significantly reduced due to the increased content of H2S. It is
important to modify TAI to improve its anti-sour corrosion performance.

J.M. Zhao et al. [29] synthesized six imidazolines with different pendant chains and
investigated their inhibition performances by a weight loss method at three flow rates under a high-
pressure COzenvironment. The results showed that the inhibition abilities of imidazoline were affected
by both the chemical structure of the compounds and the flow rate of fluid.

L.M. Rodriguez-Valdez et al. [30] compared the inhibition properties of amidoethyl and
hydroxyethyl imidazoline inhibitors in CO2-saturated brine solution. The results showed that
amidoethyl imidazoline has the highest efficiency, whereas hydroxyethyl imidazoline has the lowest
efficiency.

K.G. Zhang et al. [31] investigated two halogen-substituted imidazolines in 0.5 M HCI
solutions by weight loss, potentiodynamic polarization, and electrochemical impedance spectroscopy
(EIS). The results showed that trichloromethyl imidazoline possessed the best inhibition property.

Recently, a coconut oil-modified hydroxyethyl imidazoline was synthesized by Rivera-Grauet
et al. and used as an effective corrosion inhibitor in a CO2/H2S system to protect carbon steel in 3%
NaCl solutions [32]. The inhibition efficiency with only 20 ppm of inhibitor reached 97%.

A novel imidazoline compound containing sulfur was synthesized by S.Q. Hu et al. [33], and
the corrosion inhibition performance for mild steel corrosion under the coexistence of H2S and COz2
was investigated. The results indicated that the inhibitor had excellent corrosion inhibition
performance, reaching a high inhibition efficiency of 92.74% when used at a concentration of 4.0x103
M.

It is well acknowledged that propargyl alcohol (PA) is the most effective inhibitor for inhibiting
the corrosion of carbon steel in HCI solutions, especially at high temperatures. In this work, we
intended to develop an effective inhibitor in a CO2/H2S system using TAI, PA, and formaldehyde. The
inhibition performance was evaluated by dynamic weight loss, potentiodynamic polarization, contact
angle, and scanning electron microscopy (SEM) as well as quantum chemical calculations.

2. EXPERIMENTAL

2.1 Solutions and materials

The water for testing was obtained from an oil field in China. Its chemical components are
shown in Table 1.
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Table 1. Chemical components (mg/L) of the oilfield water

HCOs™ Cl S04* Ca? Mg®*  Na'+K*
2114.96 18106 1123 2049 478 19135

In this work, 20# carbon steel with the chemical composition listed in Table 2 was used. The
steel was cut into coupons with a size of 50x10x3 mm for testing weight loss and 10 mmx10 mmx3
mm for electrochemical measurements. Before use, the coupons were mechanically abraded with
emery papers up to 2000 grits and then sequentially rinsed with ethanol and acetone.

Table 2. Chemical composition (wt.%) of 20# carbon steel

C Si Mn P S Cr Cu Ni Fe
022 026 055 0.02 002 021 0.20 0.28 remainder

2.2. Synthesis of TAl and MTAI
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Figure 1. Structural formula of imidazoline derivative and reaction process

Oleic acid and diethylenetriamine were added into a glass flask at a molar ratio of 1:1.2.
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Xylene was also added as a water-carrying agent. The reaction temperature was increased to 140-
160°C. Four hours later, the temperature was further increased to 220-240°C for another 4 h. Then, the
temperature was allowed to decrease to approximately 120°C, and an equimolar amount of thiourea
relative to oleic acid was added to the flask. TAI was obtained after reaction at 140-160°C for 10 h.

Finally, PA and formaldehyde were subsequently added to the flask both at an equimolar ratio
to oleic acid. The reaction was carried out at 90-100°C for 6 h. The product was named MTAL.

The reaction formula is shown in Figure 1.

The final product was characterized by an AVATA R370 FT-IR system (NICOLET) in a
wavenumber range of 400 to 4000 cm™*. MS spectra were obtained on a Waters MALDI Synapt Q-TOF
mass spectrometer.

2.3 Dynamic weight loss

The dynamic weight loss test was conducted in an autoclave made of C-276 alloy. The
equipment sketch map is shown in Figure 2. After the steel coupons were put into the solution, N2 was
introduced to the solution for 1 h, and the solution was heated to 60°C. Then, a mixture of CO2/H2S
(H2S content: 190 ppm, the balance is CO2) was applied to the autoclave at a pressure of 0.2 MPa with
a flow rate of 1.5 m/s. The concentration of the corrosion inhibitor was 50 mg/L.

Fume cupboard

Exhoust

Flow controller

electric rotating machinery
cooling water in
. -_cooling water out
gee () pressure [gauge
1

rql} I% gas ouf|
!
corrosion 20% NaOH
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Figure 2. Sketch map of test equipment

After 72 h, the coupons were removed from the solution and immersed in Clarke’s solution for
5 min to remove the corrosion products [29]. Next, the coupons were washed with water, degreased in
acetone and ethanol, dried by a hot air stream, and then re-weighed.
The mean corrosion rate is obtained by using formula (1).
8.76x10* x AW
V= 1)

SXtXp

where V is the mean corrosion rate, mm/a; AW is the average weight loss of three parallel
coupons before and after the test, g; s is the area of the coupon, cm?; p is the density of carbon steel,
g/cm?®; and t is the test time, h.
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n= vi/-v x100% (2

0
where 7 is the inhibition efficiency; V and Vo are respectively the mean corrosion rate of steel
soaked in the produced water with and without 20 mg/L of inhibitor, mm/a.

2.4 Polarization curve

The potentiodynamic polarization was performed with a CHI604D electrochemical test system.
A classical three-electrode cell was used, where a saturated calomel electrode (SCE) was used as the
reference electrode, Pt was the auxiliary electrode, and 20# steel was the working electrode. The
potential scan range was +200 mV (relative to the open-circuit potential). The scan rate was 0.167
mV/s. The test temperature was 60°C.

Before measurements, the test solution was de-aerated with N2 for 1 h, and then the mixture of
CO2/H2S was bubbled at a flow rate of 50 mL/min through the solution for 1 h. The concentration of
the corrosion inhibitor was 50 mg/L.

2.5 Contact angle

After the dynamic weight loss testing, the coupons were removed from the solution, rinsed with
deionized water to remove corrosive species, and then dried with hot air. The contact angle
measurements were performed with a Dataphysics OCAZ20 contact angle measuring system.

3. RESULTS AND DISCUSSION

3.1 Structure characterization

Figure 3 shows the infrared spectrum of MTAL. The peaks at 1610.30 cm'1 and 1275.70 cm
belong to the N=C and C-N tensile vibration peaks, respectively, which are characteristic of
imidazoline [34,35]. The peaks at 1457.95 cm™* and 1042.35 cm™* could be assigned to vibrations of
C=S [35,36]. The peaks at 3274 cm™, 2923.60 cm™ and 2849.36 cm™ correspond to the stretching
vibration of the N-H bond and the symmetric and asymmetric stretching vibrations of the C-H bond,
respectively [29,36]. The absorption peak at 2119.42 cm™ is related to the tensile vibration of triple-
bond C=C [36]. The results indicate the formation of molecules containing acetylenic bonds and
imidazoline nitrogen heterocyclic rings.

As shown in Figure 4, the M/Z peak of the product is 463.3, which is in line with the calculated
M/Z of [M+H]"(C2sH47N4OS). Together with the infrared spectrum, the results indicate that the target
compound has been successfully synthesized.
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Figure 4. MS-EIS of MTAI

3.2 Dynamic weight loss

The inhibition performances of TAI and MTAI were both evaluated in CO2 and CO2/H2S
systems. The results are shown in Table 3. It is found that these two inhibitors can effectively inhibit
CO:z2 corrosion. For TAI and MTALI, the corrosion rates decrease from 3.580 to 0.119 and 0.096 mm/a,
respectively, when the inhibitors are present at a concentration of merely 20 ppm in the solution. MTAI
shows better inhibition ability than TAI. Moreover, the inhibition efficiency of TAI is reduced from
96.68% to 79.93% after adding H2S into the solution at a concentration of 190 ppm. This result is
consistent with the actual situation on the site. The inhibition performances of MTAI only change
slightly. The inhibition efficiency of MTAI reaches as high as 93.93% in the CO2/H2S coexistence
system. The other six imidazoline inhibitors (IM, IM-1, IM-2, IM-3, IM-M and IM-OH) synthesized
by J.M. Zhao et al. [29] were also tested in CO2/H2S systems. The inhibition efficiency of MTAI was
better than those compounds. Because MTAI and TAI are the most effective corrosion inhibitors
among the eight inhibitors and TAI is the most widely used in offshore oilfields, these two corrosion
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inhibitors are mainly studied in subsequent tests.

Table 3. Inhibition efficiencies of two inhibitors in 0.2 MPa COzbrine solution (with and without 190

ppm H2S)
- Concentration  The mean corrosion rate

Inhibitor of H2S (ppm) (mm/a) n (%)

blank 0 3.580
TAI 0.119 96.68
MTAI 0.096 97.32

blank 2.510
TAI 0.602 76.01
MTAI 0.152 93.94
IM 0.902 64.06
IM-1 190 0.881 64.90
IM-2 0.752 70.04
IM-3 0.748 70.20
IM-M 0.835 66.73
IM-OH 0.613 75.58

3.3 Potentiodynamic polarization

The potentiodynamic polarization curves (as shown in Figure 5) were measured in the
produced water containing CO2 and H2S. The fitted data are listed in Table 4. The polarization results
also show that MTAI is clearly better than TAI. The corrosion inhibition efficiency of MTAI reaches
95.37%, which is in good agreement with the results of weight loss. The corrosion potential is
significantly shifted to a positive position after addition of the inhibitors, indicating that these
inhibitors mainly suppress the anodic dissolution reaction of carbon steel.
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Figure 5. Polarization curves of steel in the CO2/H2S produced water with two imidazolines
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Table 4. Fitted results of the polarization curves

Solution  ba(mVis)  bc(mVis) g:;;‘l’f;o(ﬁz‘jgﬁ?)t n (%)
blank 56.58 -198.43 51.44

TAI 68.44 112341 7.08 86.24

MTA 112.05 72.34 238 95.37

3.4 Contact angle

The contact angles were measured for the steel coupons soaked in the produced water with and
without inhibitors. The results are shown in Figure 6.

The contact angle is approximately 60 degrees in the solution with TAI and reaches 69 degrees
with MTAI. A larger contact angle indicates a higher degree of hydrophobicity and a denser corrosion
inhibitor film [37]. Our previous research showed that the optimal contact angle value is 65-70 degrees

[29]. When the contact angle is larger than the optimal value, the dispersion of inhibitors is poor due to
the strong hydrophobicity.

(a)

(b) (©)

Figure 6. Contact angles on the steel surface soaked in the produced water. a) Without corrosion
inhibitor; b) Containing 20 ppm of TAI; ¢) Containing 20 ppm of MTAL.

3.5 SEM observation

The surface morphologies of carbon steel before and after being immersed in different
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solutions for 72 h were observed using SEM. Figure 7(A) shows the surface morphology of the coupon
before testing with clearly visible stripes on the surface. Fig. 7(0) shows the surface morphology of the
steel in a blank solution. It could be seen that the corrosive medium caused severe damage to the
surface of the carbon steel. Figure 7(1) shows the surface morphology of the steel in the solution with
20 ppm TAI. The surface is covered by corrosion products. Figure 7(2) shows the surface morphology
of the steel in the solution with 20 ppm MTAI. The stripe on the carbon steel surface is clearly visible,
indicating that MTAI has a good inhibitory effect on CO2/H2S corrosion.

Figure 7. Surface morphologies of steel coupons: (A) before test; (0) the coupons immersed in
CO2/H:S solutions with no inhibitor (0); (1) with TAI for 72 hours; and (2) with MTAI for 72
hours.

3.6 The adsorption isotherm

To investigate the adsorption behaviour of these two compounds on the steel surface, the
inhibition efficiencies of TAI and MTAI at different concentrations were determined by the
potentiodynamic polarization method. Figure 8 shows their inhibition efficiencies at different
concentrations. It could be seen that the inhibition efficiencies increased rapidly with increasing
concentration and remained almost constant when the concentrations exceeded 200 ppm.
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Figure 8. The inhibition efficiencies of TAl and MTAI at different concentrations

The degree of surface coverage (0) of an inhibitor on the steel surface can be regarded as the
inhibition efficiency [38-39]. The experimental data were fitted to a series of adsorption isotherms, and
the best fit was obtained with the Langmuir adsorption isotherm (Figure 9), indicating that the
adsorption of TAI and MTAI follows Langmuir adsorption [38,39]. The linear regression results are
listed in Table 5.

600

0 1 1 1 1 1
0 100 200 300 400 500 600

Cl/(mg-L ™

Figure 9. Relationship between C/6 and C of two inhibitors

Table 5. Parameters of the linear regression between C/6 and C

Adsorptive Linear
equilibrium Slope regression
constant, K coefficient, r

TAI 0.18298 1.04688 0.99996
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MTAI 0.56394 1.01556 0.99999

The thermodynamic parameters (AGads) were calculated according to Formula (3)[40-43], with
results listed in Table 6. The negative values of AGads indicate that adsorption is a spontaneous
process[44-45].

1

K_ AGads 3
—WeXp( RT ) (3)

Table 6. Adsorption free energy (AGads) of TAI and MTAI on the steel surface

Inhibitor ~ 2Gads/kJ-mol’
TAl 237.08
MTAI 24052

When the AGads value is more negative than -40 kJ.mol?, it indicates the formation of a
coordinate type of bond between an inhibitor and metal surface [26]. Therefore, the adsorption of
MTAI on the metal surface is of a chemical nature.

3.7 Quantum chemistry calculations

Materials Studio was adopted to obtain information about molecular geometry and electron
distribution. The molecules were optimized using the B3LYP functional with the Minimizer in the
DMol3 module.

According to frontier orbital theory [46-47], the energy value of the highest occupied molecular
orbital (HOMO), Enomo, indicates the capability of donating electrons to metallic atoms. The energy
value of the lowest unoccupied molecular orbital (LUMO), ELumo, represents the capability of a
molecule to accept electrons. The energy gap AE, the difference between ELumo and Enomo, implies
molecular reactivity. A small value of AE indicates a strong adsorption and thus a high efficiency of
corrosion inhibition. Therefore, ELumo and Exomo can be used to determine the reactivity of an
inhibitor. The Fukui index can be used to analyse the reactive point, molecular reactivity, and
properties of nucleophilic and electrophilic compounds.

The optimized geometries and HOMO and LUMO distributions of the inhibitors are shown in
Figures. 10-12. Tables 7-8 lists the orbital energy and the Mulliken charge of non-hydrogen atoms,
respectively. From Figures.10-12 and Tables 7-8, the reaction centre of TAI is localized near the sulfur
atoms. The inhibition mechanism is mainly the formation of a coordinate bond between the
unoccupied d orbital of Fe accepting electrons from the S atom of TAI. Inhibitor molecules are
adsorbed on a metal surface to protect metal from corrosion. The ability of the S atom to donate
electrons is reduced due to a strong attraction of the C=C triple bond, resulting in a decrease in the
Fukui negative exponent value (f) and Exomo. For MTAI, it has two absorption centres: the sulfur
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atom and imidazoline ring. The unoccupied d-orbital of the Fe atoms can accept electrons from the
sulfur atom and nitrogen atoms of the imidazoline ring of MTAI to form coordinate bonds. The dual-
active adsorption centre makes the AE of MTAI significantly lower than that of TAI, indicating that the
adsorption film of MTAI is more stable with better inhibition efficiency compared to TAIL The
computational results are consistent with results from the dynamic weight loss, polarization curve, and
contact angle measurements.
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Figure 10. Optimized geometries of TAl and MTAI
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MTAI-HOMO

Figure 11. HOMO distribution of TAI and MTAI
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Figure 12. LUMO distribution of TAl and MTAI
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Table 7. Orbital energies of TAl and MTAI

Enomo (eV) ELumo (eV) AE (eV)
TAI -5.114 0.287 5.401
MTAI -5.576 -0.392 5.184
Table 8. Mulliken charges of non-hydrogen atoms
TAlI f f* MTAI f f*
C (1) -0.001 -0.001 C (1) -0.001 -0.001
C(2) -0.001 -0.002 C(2) -0.001 -0.001
C@3) -0.001 -0.001 C@3) -0.001 -0.001
C4) -0.001 -0.002 C4) -0.001 -0.001
C (5) 0 -0.001 C (5) -0.001 0
C (6) -0.002 -0.003 C (6) -0.002 -0.001
C() 0 -0.003 C () 0 0
C (8) -0.002 -0.006 C (8) -0.004 -0.003
C(9) 0.006 0.017 C(9) 0.008 0.006
C(10) -0.002 0.006 C(10)  -0.005 -0.005
C(11) 0.002 -0.003 C(11) 0.002 0.002
C(12) -0.002 -0.005 C(12) 0 0.003
C (13) 0.005 -0.002 C(13) -0.002 -0.002
C(14) -0.005 -0.01 C(14) -0.006 -0.004
C (15) 0.004 -0.013 C(15)  -0.006 0
C (16) -0.01 -0.016 C (16) -0.01 -0.002
C (7))  -0.007 0.065 C(17) 0.017 -0.005
N (18)  -0.006 0.051 N (18) 0.08 0.004
N (19) -0.004 0.007 N (19) 0.097 0.03
C(20)  -0.004 -0.018 C(20) -0.019 -0.008
C(21) -0.004 -0.011 C(21) -0.022 -0.007
C(49) -0.002 -0.009 C(57)  -0.005 -0.004
C(2) -0.013 -0.019 C(60) -0.025 -0.005
C (53) -0.04 -0.03 Cc (1) -0.025 -0.027
N (54) 0.033 0.033 N (62) 0.019 0.051
C (68) 0.032 0.082 C (63) 0.026 0.152
S (69) 0.593 0.229 N (64) 0.015 0.033
N (70) 0.035 0.037 S (65) 0.294 0.312
C(72) -0.014 -0.005
O (73)  -0.007 -0.013
C(74)  -0.009 -0.009
C(75)  -0.023 -0.025
C (76) 0.031 0.055

8592
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4. CONCLUSIONS

1) An imidazoline derivative containing sulfur and an alkynyl group has been successfully
synthesized in this work.

(2) This imidazoline derivative shows high inhibition performance in a CO2/H2S system.
The efficiency reaches 93.94% when used at only 20 ppm.

(3) The imidazoline obeys the Langmuir isotherm, and the adsorption of the inhibitor is of a
chemical nature.

4) The imidazoline derivative has two adsorption centres and a lower energy gap between
LUMO and HOMO than that of thioureido-oleic acid imidazoline.

(5) The corrosion inhibition mechanism is mainly due to the adsorption of inhibitors on the
steel surface, which protects the substrate from corrosion.
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