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Electrochemical Study of Corrosion Inhibition of Carbon Steel
During Oil/Water Intermittent Wetting

Yi He,'® Xi Wang,l’z David Young,l Maalek Mohamed-Said,”> Shuai Ren,' and
Marc Singer'
! Institute for Corrosion and Multiphase Technology, Department of Chemical and Biomolecular Engineering, Ohio

University, Athens, Ohio 45701, United States of America
zTotalEnergies, OneTech, CSTJF, F-64018 Pau, France

Application of corrosion inhibitors in production systems containing oil and water is an economic method to protect carbon steel
against internal corrosion. This study investigates how intermittent oil/water wetting of such a steel surface, simulating multiphase
flow phenomena, impacts corrosion inhibition in exploration-production (high salinity with CO,) and refinery (low salinity without
CO,) environments. The employed corrosion inhibitor was a pyrimidinium-type model compound, its effectiveness against
corrosion being characterized using linear polarization resistance measurements and electrochemical impedance spectroscopy.
Experimental results demonstrated that the presence of an aliphatic oil promotes corrosion inhibition in the exploration production
condition, but failed to do so in the refinery condition. Electrochemical impedance spectroscopy revealed two different protection
mechanisms in the presence of oil between the two environments. The inhibitor layer in refinery condition with oil was different
from in the simulated exploration production environment after oil wetting. Results also demonstrated that the inhibitor in this
study was physically adsorbed on the surface steel via electrostatic attraction. Anions, identified as chloride ions, played a critical
role in inhibitor adsorption.

© 2023 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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Manuscript submitted August 29, 2023; revised manuscript received October 18, 2023. Published November 16, 2023.

Long-distance transmission of crude oil, as well as petroleum
products, is usually carried out in large-diameter carbon steel
pipelines. Oil and gas production involves the flow of a mixture of
hydrocarbons and water in a variety of flow patterns,' specifically
stratified with globules, stratified with mixing layer, and semi-
dispersed. Due to the variety of possible flow patterns, intermittent
surface wetting inevitably occurs. The presence of water in the oil
can result in severe corrosion of inner pipes wall in such transmis-
sion systems.* An effective method of corrosion control is to
continuously inject corrosion inhibitors into pipelines conveying
oil-water mixtures. As corrosion occurs on water-wetted metal
surfaces, corrosion inhibitor molecules form protective layers that
retard electrochemical corrosion reactions at the water-metal
interface,” thereby protecting mild steel tubulars against acidic
corrosion.

Understanding the relationships between molecular structures of
organic corrosion inhibitors, how they adsorb on metal surfaces, and
their inhibitive effectiveness remains a focus for many
investigators.>” Among corrosion inhibitor compounds, heterocyclic
molecules containing nitrogen atoms have been demonstrated to be
excellent corrosion inhibitors for many metals and alloys in various
aggressive media.®'” Their adsorption behavior is dependent on the
following factors: structure of the molecule, solution chemistry,
characteristics of the metal surface, and electrochemical potential at
the interface."!

Corrosion inhibition and contact angle results obtained by Li
et al. indicated that amphiphilic fatty amine inhibitors easily form a
hydrophobic layer on steel.'? The hydrophilic head groups of such
molecules adsorb on the surface, with their hydrophobic tail pointing
into the bulk solution. When the steel surface was further exposed to
an aliphatic model oil, alkane molecules (C12—C17) align with the
hydrocarbon tails of fatty amine molecules on the surface, thereby
further enhancing the self-assembled inhibitor layer, decreasing the
corrosion rate. However, Li et al. found that their quaternary
ammonium compound did not form a hydrophobic layer as readily
as their fatty amine.'> The authors speculated that the quaternary
ammonium structure of their inhibitor could exhibit steric effects

“E-mail: wangx3@ohio.edu

that prevent ready formation of a hydrophobic layer, and that
exposing this layer to the oil phase did not significantly improve
inhibition performance as introduced alkane molecules could not be
adequately anchored between inhibitor tails. This may explain why
exposing the steel surface to the model oil does not decrease the
corrosion rate.

In theoretical work, Ko et al. studied the entrainment of oil
molecules in corrosion inhibitor films using molecular modeling.'
The authors conducted a computational study and built up a model
for equilibrium configurations with hydrocarbon species. The
simulations showed that the alkane molecules that made up the oil
phase readily aligned with the alkyl tails of corrosion inhibitor
molecules on the surface. This change in the adsorption morphology
resulted in a significant increase in the adsorbed amount. Thus, the
presence of oil molecules could help in improving the adsorption
characteristics of inhibitors and was postulated to enhance corrosion
efficiency.

Impedance measurements are of importance in electrochemical
and corrosion studies. Electrochemical impedance spectroscopy
(EIS) has proven to be a powerful technique to study corrosion
processes and inhibitor performance in different environments.'*'
The response of the measurements is influenced by the corrosion
process from the substrate as well as the impact of inhibitor
performance. Inhibitor adsorption and film growth can be character-
ized by fitting EIS data to equivalent electric circuits.” Belarbi et al.
studied decanethiol as a model corrosion inhibitor for carbon steels
exposed to aqueous CO,.'® The EIS data confirmed the formation of
an inhibitor film on the carbon steel surface immersed in the CO,
saturated aqueous solution, resulting in a decrease in corrosion rates
as determined by LPR measurements. Tan et al. used EIS to study
the inhibitor film and associated corrosion electrochemical kinetics
in CO, environment.'” EIS data were used to calculate corrosion-
related electrochemical parameters, with imidazoline as an effective
CO, corrosion inhibitor that formed a film on the metal surface.
However, the application of EIS for the evaluation of corrosion
inhibition in the oil/water intermittent wetting process is rarely
reported in the literature. Sonke and Bos studied the performance of
an imidazoline-type corrosion inhibitor on fine-grain carbon steel
(A36) using EIS." The authors proposed mechanisms of corrosion
protection under specific test conditions by film-forming corrosion
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inhibitors, with corresponding responses from EIS analysis; in-
cluding corrosion, corrosion reduced by adsorption (decrease of
active surface area), protective film formations by corrosion in-
hibitor interaction with hydrocarbons, and one mechanism that
overshadows the impact of the other. However, this work only
gave an outline of the experimental conditions as well as results,
limiting the analysis and interpretation of the data.

At present, there is no specific explanation reported for the
performance of pyrimidine-type corrosion inhibitors in contact with
mild steel in CO, or N, saturated media when oil is present.
Consequently, there is particular interest in conducting such a
systematic study. Herein, this was performed on a C1018 carbon
steel immersed in a NaCl electrolyte saturated with CO, or N, using a
corrosion inhibitor model compound with a pyrimidine head group,
specifically tetradecyl-1,4,5,6-tetrahydropyrimidinium (THP-C14),
found in particular commercial inhibitor formulations for downstream
processing. The objective of the research described herein is to further
characterize the behavior of THP-C14 at 25 °C in simulated explora-
tion-production environment (EP), with high salinity and saturated
with CO,, and in refinery condition (RC), of low salinity and lacking
CO, in the presence of hydrocarbon. The current work utilizes
electrochemical techniques, including linear polarization resistance
and EIS, to describe the effect of hydrocarbon on corrosion inhibition.
This paper focuses on the development of experimental procedures to
study how intermittent wetting, simulating multiphase flow phe-
nomena, impacts corrosion inhibition. The scope of the work does
not explore the influence of flow regimes and minimum flow
velocities on the observed phenomena or investigate whether certain
flow regimes or flow velocities are necessary to activate the corrosion
inhibition mechanisms and achieve the desired protective effects in
oil/water systems. Therefore, simple glass cell experiments, largely
omitting complex multiphase flow effects, focusing on diverse but
representative chemical environments were undertaken.

Experimental Methodology

Materials and chemicals.—UNS G10180" carbon steel (C1018)
specimens with a ferritic-pearlitic microstructure were used for the
electrochemical measurements. The composition of this carbon steel
is shown in Table I. LVT 200 is a clear, light paraffinic distillate
consisting of aliphatic hydrocarbons. The physical properties of the
LVT 200 model oil are shown in Table II. The inhibitor model
compound employed in this work, tetradecyltetrahydropyrimidinium
(THP-C14), was synthesized in-house as described in a prior
paper,'® with a chemical structure where the positive charge of the
head group delocalizes between two nitrogen atoms as shown in
Fig. 1. The product THP-C14 is of ca. 99%+ purity, as determined
by 'H-NMR, and was synthesized with a near 100% yield.

Electrochemical measurements.— Baseline pure water wet-
ting.—For pure water wetting experiments, a three-electrode setup
was used to perform electrochemical experiments, equipped with a
C1018 rotating cylinder electrode (RCE) as a working electrode
(exposed area 2.89 cm®), a platinum-coated titanium mesh counter
electrode, and an Ag/AgCl (KCI saturated) reference electrode; a
similar configuration was introduced in previous work ' and is also
shown as a part of the setup shown in Fig. 2. Before each
experiment, the RCE was sequentially polished with 240, 400 and
600 grit silicon carbide abrasive papers, cleaned with isopropanol in
an ultrasonic bath, and air-dried. The solution was sparged with CO,
or N, for 2 h before the introduction of the working electrode, this
facilitated deoxygenation and, in the case of the former, solution
saturation with carbonic species. After the RCE was inserted into the
glass cell, a 20-min pre-corrosion test was conducted to determine
whether the initial corrosion rate (CR) was close to the blank test,
and to ensure no contamination from the previous experiment. To
minimize noise and avoid foaming during -electrochemical

2UNS numbers are listed in Metals and Alloys in the Unified Numbering System,

published by the Society of Automotive Engineers (SAE International) and
cosponsored by ASTM International.

measurements caused by CO, or N, sparging in the presence of
THP-C14, the sparge tube was retracted into the headspace during
data acquisition. The solution was sparged with CO, or N,
throughout the test to prevent air ingress and to ensure electrolyte
saturation with CO, or N,. The pH was adjusted by adding
deoxygenated hydrochloric acid or sodium bicarbonate solution as
appropriate. In this pure water wetting experiment, the baseline
corrosion rate (without oil) was determined. The polished specimen
was immersed in the aqueous electrolyte, and specimen rotation was
set to 1000 rpm using a modulated speed rotator (Pine Research
Instrumentation, Durham, NC). A potentiostat (Reference 600™,
Gamry Instruments, Warminster, PA) was used for electrochemical
measurements. The corrosion rate was assessed by measuring linear
polarization resistance (LPR) with a scan range from —5 mV to +
5 mV vs OCP, a scan rate of 0.125 mV s~!, and a B value of 26 mV.
The B value for these experiments was taken from previous research
conducted on mild steel in a CO, environment? and was used in the
analysis of all the experimental data reported herein. Each experi-
ment was replicated at least twice. The EIS measurements were
carried out at OCP with a frequency range of 10 kHz to 0.1 Hz. The
amplitude of perturbation was 10 mV (rms). The obtained EIS data
were fitted in Gamry Echem Analyst’ software using the simplex
method.

Intermittent wetting.—For water/oil intermittent wetting experi-
ments, the 21 glass cell was connected to a separate 11 flask as a
container for the removal or introduction of brine during the
experiment. A schematic representation of this setup is shown in
Fig. 2. The brine was extracted by a vacuum pump creating a
negative pressure in the 11 flask, and the brine was introduced
creating a positive pressure in the 11 flask by adding CO, or N, gas;
hence, the level of the brine phase in the 21 glass cell could be
controlled to alternately immerse the steel specimen in the oil and
water phases. The oil phase was prepared in a separatory funnel and
deoxygenated for 2h by sparging with CO, or N, before the
introduction of the working electrode. Each experiment was repli-
cated at least twice.

Experiments were performed with the following steps. A sche-
matic of the procedure is shown in Fig. 3.

1 Pre-corrosion: the polished specimen was immersed in the
aqueous phase. An initial corrosion rate of the RCE specimen
was measured and an EIS spectrum was collected over a 20 min
duration.

2 #1 water-wetting stage: a 0.4 1 of LVT 200 model oil layer was
added on top of the aqueous phase, at the same time, the
inhibitor was injected into the bulk of the aqueous phase using a
long-needled syringe. The polished specimen was immersed in
the aqueous phase and the rotation continued at 1000 rpm. The
corrosion rate was measured every 20 min. An EIS spectrum
was collected at the end of the stage.

3 #1 oil-wetting stage: an appropriate volume of the aqueous
phase was extracted to the flask as shown in Fig. 2 to lower the
oil phase. This exposed the polished specimen to the oil phase,
in which it was rotated for 1 h at 1000 rpm.

4 #2 water-wetting stage: after immersion in the oil phase, the
extracted aqueous electrolyte was returned to the glass cell to
again expose the specimen to the aqueous phase. The corrosion
rate was measured every 20 min until a steady state value was
achieved. An EIS spectrum was collected at the end of the stage.

5 #2 oil-wetting stage: the specimen was immersed in the oil
phase and rotated for 1 h at 1000 rpm as in step 3.

6 #3 water-wetting stage: after immersion in the oil phase, the
specimen was returned to the aqueous phase. The corrosion rate
was measured every 20 min. An EIS spectrum was collected at
the end of the stage.

The corrosion inhibitive effects of THP-C14 were evaluated at
different concentrations. For intermittent wetting experiments, the



Journal of The Electrochemical Society, 2023 170 111502

Table I. Composition (wt%) of carbon steel C1018.

Element Cr Mo S v

Si C Ni Mn P Fe

Weight % 0.076 0.015 0.026 0.001

Table II. Physical properties of LVT 200 model oil (values at 25 °C).

Composition Viscosity Density

Hydrotreated light distillate 2.3 ¢St 823 kgm >

C9-Cl16

N:- NZ
CJ H i H
N N:

R R

Figure 1. Resonance structure for the THP-C14 inhibitor model compound
(R: -Ci4Ha9).

Gasin v\,‘_,Gas out

; | _=— Condenser
Oile—-

<5

Vacuum Pump
Thermocouple

Reference electrode

Gas out
Gasin

Counter electrode ":'/ I
Working electrode(RCE) -

Figure 2. Schematic of apparatus for intermittent wetting experiments. Pure
water wetting experiments were conducted in the same setup without
external connection to the separatory funnel, 11 volumetric flask, and
vacuum pump.

LVT 200 model oil was added on top of the brine phase after the
injection of the corrosion inhibitor into the glass cell. The volume
ratio of model oil to brine was 1:4. During experiments, the working
electrode was periodically immersed and remained in the oil phase
(oil wetting) for 1 h keeping the 1000 rpm rotation. Corrosion rates
during the oil-wetting stage were not monitored since the specimen
was immersed in a non-conductive model oil where the electro-
chemical assessment was not readily conducted. Then the specimen
was immersed in the brine phase (water wetting) where electro-
chemical measurements were carried out. At the end of each
experiment, the glass cell and other equipment were carefully
cleaned with tap water, deionized water and isopropanol to avoid
inhibitor contamination in future experiments. The compositions of
the EP and RC environments were selected in consultation with our
industrial partner. Table III shows the matrix for experimental
conditions.

0.21 0.15 0.027 0.63 0.011

Balance

Results and Discussion

Comparison of corrosion rate in exploration production and
refinery condition environments.—Figure 4 shows the corrosion
rates in the exploration production (EP) and refinery condition (RC)
environments at 25 °C with and without LVT 200. For experiments
without inhibitor, the final corrosion rate did not change significantly
after two oil-wetting stages, which is fully expected. However, in the
presence of 20 ppm of THP-C14 inhibitor (above the surface
saturation concentration'®) in EP condition (Fig. 4a), the corrosion
rate decreased significantly by one order of magnitude after the #1
oil wetting stage. After the #2 oil-wetting stage, CR was stabilized.
Compared with the condition without oil (20 ppm inhibitor pure
water wetting), the final corrosion rate with the intermittent wetting
of oil was lower than in the absence of oil. This indicated that the
presence of oil did promote corrosion inhibition.

Figure 4b shows the corrosion rate in the RC condition. For the
20 ppm THP-C14 inhibitor, CR gradually decreased after the #1 and
#2 oil-wetting stages. However, the final corrosion rate was close to
the experiment conducted without oil (20 ppm inhibitor pure water
wetting). This indicated that the presence of oil did not significantly
change the overall corrosion inhibition.

EIS data analysis for exploration production environment.—In
order to understand what leads to the different inhibitor performance
in EP and RC environments, the inhibition evolutions for pure water
wetted surfaces and intermittent wetted surfaces were monitored
using electrochemical impedance spectroscopy.

Figure 5 illustrates Bode plots of experiments with blank (no
inhibitor) and 20 ppm of inhibitor THP-C14 with and without
intermittent wetting of oil for different immersion times in the EP
environment. For the experiments without oil (pure water wetting),
as shown in Fig. 5a, there was only one time constant at the mid-
frequency range throughout the experiment. The increase of im-
pedance at the low-frequency range during the experiment indicated
that the presence of the inhibitor strongly retarded the electroche-
mical reaction rates on the electrode surface. The impedance data for
pure water wetting are fitted into an electrical equivalent circuit,
taking into account the contribution of each phenomena such as
polarization resistance, double layer, film formation, etc. Constant
phase elements (CPEs) are generally used instead of a real
capacitance because of the roughness of a solid metal electrode,
the inhomogeneous reaction rate on the electrode surface, or the
varying thickness of the adsorbed inhibitor layer.”' The corre-
sponding electrical equivalent circuit model is given in Fig. 6a,
where R; is the electrolyte resistance, R, is the charge transfer
resistance.

Considering the intermittent wetting experiments, as shown in
Fig. 5b, a very low total resistance and only one time constant were
detected in the experiment without inhibitor. The impedance at the
low-frequency range increases after inhibitor addition. The corre-
sponding electrical equivalent circuit model is given in Fig. 6a. After
the #1 as well as the #2 oil-wetting stage, an additional time constant
emerged. This indicated that the formed inhibitor film incorporated
with hydrocarbon changed the -electrode-electrolyte interfacial
structure and resulted in the extra time constant. According to the
literature,l8 the formed film of adsorbed inhibitors and other
molecules (hydrocarbons) acts as a barrier against the diffusion of
corrosive species/ions. This barrier influences the EIS response,
especially in the high-frequency range (Fig. 5b). The presence of the
two time constants suggests that there are two kinetic processes on
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Sparge with
CO,o0r N, | Insert RCE (1000 rpm) | | Add oil and CI |

| Return to brine phase

|

2h 20 min Until stable CR| Immerse in oil [Until stable CR| Repeat previous Potentiodynamic'
B A i _ phase for 1 h two steps polarization
€ > > > |€ € M€ >
stirring (300 rpm)  LPR,OCP,EIS ~ LPR,OCREIS ° pce(1000rpm)’ LPR, OCP, EIS

in brine phase
(every 20 min)

in brine phase
(every 20 min)

M om W

Figure 3. Schematic of the procedure to study the effect of intermittent wetting on corrosion inhibition. Corrosion inhibitor abbreviates to CI in the figure.

Table III. Matrix for electrochemical experiments.

Experimental conditions

25°C
Exploration production (EP)” and refinery
condition (RC)”
LVT200 model oil

Temperature
Brine composition

Oil composition

Inhibitor THP-C14
Material C1018
Techniques Linear polarization resistance and electrochemical

impedance spectroscopy

a) EP: 50 g 17" NaCl, pH 4.5. b) RC: 1 g17! NaCl, 30 mg 17" (of 37%)
HCI, 10 mg 1~' NH,OH, 50 mg 1" acetic acid, pH 3.8

the electrode surface. The experimental results for this situation
could be modeled by an equivalent circuit representing a porous
inhibitor film (Fig. 6b), where Ry is the resistance of the surface
film pores and CPEy,,, is the capacitance of the film.2?

The proposed models are representative of phenomena which
may occur in the investigated system, both in the high frequency and
the low-frequency part of the spectrum. The effective double layer

oil injection
(@) 10 4 — —
Fi im' ok | | #2.0l | \ EP condition
[ |wet | | wet |
[ | | | |
[ ! ! ‘ | blank (pure water wetting)
: :
1 44 blan‘[k (intermittent wetting)

T T TTTTT

T

\
\
\
|
\
|
\
\
il ' 20ppm (pure water wetting)
A4t RH+§» 4

Corrosion rate / mm/year
o
[

LQ-'-'Q! LT
20ppm (intermittent wetting)

T T T T

0.01

— e e i

0

Cl inje(:ti:lt':(?ltJ X 300

Time / minutes

400

(b) 10

capacitance associated with the CPEy was calculated using the
following equation:>*

1—ag

1 R.R adl
CPEy = Qgoar| ——"—
4\ R, + R,

where Qg is the magnitude of CPEg;, g is the exponent of CPEy,,
and R, and R, are the bulk solution and charge transfer resistances,
respectively. The effective film capacitance associated with the
CPEg,, was calculated using the following equation:**

L=afiim
thl aﬁsz Afilm

CPEg, =

Where Qg is the magnitude of CPEg,, o, is the exponent of
CPEgm, and Ry is the solution resistance. The fitted values of
impedance parameters are listed in Tables IV and V.

For pure water wetting experiments, as can be seen in Table 1V,
R, obtained with EIS fittings are consistent with the linear
polarization resistance method. The values of R, increased after
the injection of THP-C14, and then did not significantly change. On
the other hand, CPEy decreased after the THP-C14 injection and
then became stable. This phenomenon could be attributed to the
adsorption of the inhibitor molecules which modified the metal

oil injection

| RC condition

L

T

|
|
|
L e
|
|
|

=
!

Tt

Corrosion rate / mm/year
_u

|
. .\’$rq....i|20ppm (intermittent wetting
LT

T e
|

o
[
l
}
;"'._‘ "' e
—
.;,4“4 —
i

| | | 20pp|m(pure water wetting)
| | |
0.01 S U T
0 I 100 200 300 400 500 600
Clinjection Time / minutes

Figure 4. The corrosion rate at 25 °C with and without LVT 200 in (a) EP condition with blank (no inhibitor) and 20 ppm THP-C14; and (b) RC condition with
blank (no inhibitor) and 20 ppm THP-C14. Corrosion inhibitor abbreviates to CI in the figure.
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Figure 5. Bode plots of EIS collected with C1018 exposed in a CO, saturated 50 g 17! NaCl electrolyte: (a) without oil at different immersion time (*) no
inhibitor, () 2.3 h after inhibitor added, (m) 8 h after inhibitor added; (—) fitting results; (b) with oil at different immersion time: (*) no inhibitor, (A) 2.3 h after
inhibitor added, (m) after #1 oil wetting, (#)after #2 oil wetting; (—) fitting results. Corrosion inhibitor abbreviates to CI in the figure.
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Figure 6. Equivalent circuits used for the modeling of the impedance data
(a) before oil wetting and (b) after oil wetting in Fig. 5.

surface and thereby decreased the corrosion rate. R, and CPEy, did
not significantly change after the initial drop of corrosion, which
indicated that the system reached steady state and the surface
became fully covered. For intermittent wetting experiments, as
shown in Table V, R increased after the injection of inhibitor.
After the #1 oil-wetting stage (at ca. 308 min), R, increased
significantly. After the #2 oil-wetting stage (at ca. 506 min), CPEy,
did not change appreciably whereas CPEg;,,, decreased by almost one

order of magnitude. Considering that the effective area of the
electrode surface (A) is constant throughout the experiment,
capacitance values are directly proportional to the dielectric constant
of the film () and inversely proportional to the thickness of the
layer (d) following the relationship:>®

ere,A
CPEﬁlm= o

where ¢ is the permittivity of the vacuum (9 x 100 Fem H).®
The trend of CPEg,, is related to the evolution of film structure.
Concerning the evolution of CPEg,, with time, the inhibitor may
interact with the hydrocarbon, thus causing an increase in the
thickness of the film.'®

EIS data analysis for refinery condition environment.—
Figure 7 shows Bode plots of a test with blank (no inhibitor) and
20 ppm of THP-C14 inhibitor with and without oil for different
immersion times in the RC environment. Data were fitted using the
electrical equivalent circuit as shown in Fig. 6a. The values of
impedance parameters obtained by fitting the impedance data are
listed in Table VI. Only one time constant was observed during the
experiments with and without oil. The adsorbed inhibitor layer may
not be packed or thick enough to show an additional time constant.
This indicated that the inhibition protection mechanism in RC with
oil could be different from that in EP after the oil-wet stages.

In the RC environment, the solution resistance was ca. 60 €,
which was much higher than that in the EP environment, mainly
because of the drastically lower sodium chloride concentration in the
RC environment. For the pure water wetting experiments, as in
Table VI, the CPEy showed a trend similar to that of the EP

Table IV. Circuit parameters of the modeling of impedance spectra for mild steel in CO, saturated 50 g I"! NaCl electrolyte (EP) for water wetting

containing THP-C14 with different immersion times at 25 °C.

Time (min) R, (Q) Re (2-cm?) Qar (s“/(9-cm?)) Qar CPEy; (uF/cm?) x> (x107%
15 2.0 119 3.72 x 1074 0.82 276.3 7.9
132 1.9 2285 171 x 107* 0.81 925 7.1
296 1.9 2793 1.14 x 107 0.81 58.4 12.7
502 1.8 3814 9.53 x 107> 0.80 41.1 222



Table V. Circuit parameters of the modeling of impedance spectra for mild steel in CO, saturated 50 g I NaCl electrolyte (EP) for intermittent wetting containing THP-C14 with different immersion
times at 25 °C.

Time (min) R, () R, (Qem?) Qai (s*/(Q-cm?)) o CPEg (uF/cm®) Rpore (2-cm?) Qiitm (s*/(Q-cm?)) Oiim CPEgyy, (1F/cm?®) x (X107
15 1.9 158 328 x 107 0.83 2579 — — — — 39.1
134 1.9 232 171 x 1074 0.80 86.5 — — — — 28.6
308 1.9 4603 293 x 107 0.65 26.5 765 2.86 x 1077 0.69 1.6 29
506 1.9 7299 3.89 x 107 0.61 2.1 1068 3.54 x 107° 0.76 033 1.4
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Figure 7. Bode plots of C1018 exposed in an N saturated 1 g 17! NaCl (RC) solution: (a) without oil at different immersion time (*) no inhibitor, (a) 2.3 h after
inhibitor added, (m) 8 h after inhibitor added; (—) fitting results; (b) with oil at different immersion time: (¢) no inhibitor, (A) 2.3 h after inhibitor added, (m) after
#1 oil wetting, (#)after #2 oil wetting; (—) fitting results. Corrosion inhibitor abbreviates to CI in the figure.

condition, with a decrease over the initial several hours and then
becoming stable. The adsorption of the inhibitor molecules modified
the metal surface and decreased the corrosion rate. For intermittent
wetting experiments, after the #1 oil-wet stage (at ca. 318 min), and
the #2 oil-wet stage (at ca. 502 min), both CPEy4, and R, did not
significantly change, which indicated that the sample characteristics
displayed no evolution under the hydrocarbon.

Effect of chloride concentration on the adsorption of inhi-
bitor—One difference between RC and EP environment was their
chloride concentrations, of 1gl™' and 50g1™', respectively.
Previous research showed that chloride (C17) could act as a linkage
between the positively charged surface and cationic inhibitor
heads.?**®*" Therefore, a set of inhibition experiments using non-
coordinating ClO,~ ions was carried out to investigate the role of
coordinating CI™ in inhibitor adsorption, although real field condi-
tions always contain sodium chloride, even at concentrations as low
as 1gl™ !,

Figure 8 shows the corrosion rate results obtained with different
concentrations of NaCl in a CO, environment. For the baseline
experiment, as shown in the blue curve, the electrolyte only
contained 0.86 M NaClO, (no NaCl); this corresponds to the same
anion concentration in mol/L as a 50 g1™' NaCl solution, creating
the same ionic strength in both solutions. It was shown that after
about 24 h, the corrosion rate did not significantly change and was

also comparable with the pure water wetting experiment in 0.86 M
50g 171 NaCl solution without inhibitor (Fig. 4a).

For the pure water inhibition experiment, as shown in yellow, the
test solution was initially 0.86 M NaClO,4. Then, 4ppm THP-C14
was injected after ca. 20 min. The results showed that the injection
of corrosion inhibitor in the NaClO, solution did not significantly
change the corrosion rate, its final value being close to that recorded
in the absence of THP-C14. This indicates that ClO4 did not
effectively enhance the performance of inhibitor molecules, this is
likely because ClO4~ does not significantly coordinate on the metal
surface.”®*

The objective of the last experiment using NaClO,, shown by the
black curve, was to add a certain amount of NaCl sequentially during
the inhibition experiment to verify the role of chloride. The test
electrolyte was initially only aqueous NaClQy,. After ca. 2.5 h, 4 ppm
THP-C14 was injected into the solution and the corrosion rate did
not significantly change. However, when 1g1™' NaCl was then
added (at ca. 4.5h), a decrease in corrosion rate was observed. A
further increase in NaCl concentration to 10 g 171, which was added
at ca. 9 h, resulted in a more pronounced decrease in corrosion rate.
When even more salt was added, sufficient to achieve 50 g 17! NaCl
(at ca. 19 h), a further decrease in corrosion rate was observed before
its stabilization was achieved at ca. 0.15 mm/year. The final steady
state corrosion rate of the NaClO, adding NaCl experiment was
close to the NaCl experiment, for which the test solution was

Table VI. Circuit parameters for impedance spectra modeling of mild steel in N, saturated 1 g 1! NaCl electrolyte containing THP-C14 for

different immersion times at 25 °C.

Specimen exposure Time (min) R, (Q) Re (Q-cmz) Qg1 (s*/(Q2-cm?)) aq CPEy, (1:F/cm?) x> (x107%

Pure water wetting 15 58.7 193 1.84 x 107* 0.81 202.7 6.4
142 56.2 3227 1.61 x 107* 0.78 164.7 5.7
316 572 6224 138 x 107* 0.67 61.3 12.9
502 56.9 8736 133 x 107* 0.64 44.5 2.32

Intermittent wetting 15 59.3 179 1.90 x 107* 0.82 2235 0.47
140 54.8 2889 233 x 107* 0.72 182.4 1.81
318 60.8 5592 631 x 107° 0.64 143 0.32
502 62.0 6415 1.03 x 107* 0.60 20.8 1.42
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Figure 8. The corrosion rate results ob-
tained with NaClO, and different concentra-
tions of NaCl in CO, environment. The dash
line indicated the inhibitor injection for
0.86 M NaClO4 + 4ppm inhibitor experi-
ment and 50 g1-" NaCl + 4 ppm inhibitor
experiment. Corrosion inhibitor abbreviates
to CI in the figure.
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50 glfl NaCl (0.86 M) and THP-C14 was added after 20 min, as
shown in the orange curve. The result indicated that the presence of
CI™ was crucial for the adsorption of corrosion inhibitor molecules.

Consequently, it can be postulated that the presence of sodium
ions is unlikely to lead to any significant corrosion rate change. It is
hypothesized that THP-C14 inhibitor model compound is physi-
sorbed to the surface steel via electrostatic attractions between the
charged inhibitor molecules and the charged metallic surface, with
Cl™ playing a critical role in inhibitor adsorption. The adsorption of
CI™ facilitates the subsequent physisorption of cationic inhibitors, by
acting as the linkage between the positively charged surface and the
positively charged cationic inhibitor molecule. With more CI™ in the
solution, more corrosion inhibitors will adsorb on the metal surface
and form a protective layer, thus further decreasing the corrosion
rate.

Corrosion rate and EIS data analysis in CO; environment with
low chloride concentration.—Key differences between EP and RC
environments are the nature of the gas they are saturated with (CO,
vs N,) and their different pH values. Both affect hydrogen ion
availability for the cathodic reduction reaction on the carbon steel
surface and can potentially play a role in the inhibition ]i)rocess.
Therefore, a set of inhibition experiments with 1gl™" NaCl
(matching RC environment) was carried out in the CO, environment
with pH 4.5.

Figure 9 shows the corrosion rate in EP condition with 1 g1~
NaCl at 25 °C with and without LVT 200. For experiments without
THP-C14, i.e., blank (intermittent wetting) and blank (pure water
wetting), the final corrosion rate did not change significantly after
two oil-wetting stages and their final corrosion rates were very close
to each other. When the THP-C14 inhibitor concentration was 20
ppm (above surface saturation concentration'®), CR gradually
decreased after the #1 and #2 oil-wetting stage for the intermittent
wetting experiment. Compared with blank tests without oil (pure
water wetting), the final corrosion rate was close to that determined
in the experiment conducted without oil. This agrees with the
previous observations in the RC environment (Fig. 4b). However,
with experiments conducted in 50 g 1~ NaCl with THP-C14 present
above its surface saturation corlcentratiorl,19 the final corrosion rate
was much lower than in the absence of oil (Fig. 4a). Therefore, the

chloride concentration does influence the interaction between the
inhibitor and the hydrocarbon regardless of saturating gas or pH.

Figure 10 shows Bode plots for an experiment with 20 ppm of
THP-C14 inhibitor with and without oil at different immersion times
in the pH 4.5 CO, environment with 1 g1~' NaCl. Data were fitted
using the equivalent circuit as shown in Fig. 6a. The values of
impedance parameters obtained by fitting the impedance data are
listed in Table VII. From Fig. 10 and Table VII, the solution
resistance is much higher than that in the 50 g1~' NaCl electrolyte
(Tables IV and V). Moreover, compared with the result in the EP
environment with 50 g1~ NaCl (Fig. 5), only one time constant was
detected during the experiments with and without oil. With lower
chloride concentration, the inhibitor film may not be sufficiently
molecularly packed or thick enough to show a different time
constant, which was similar to the RC environment. Besides, the
Bode plot (Fig. 10b) did not change significantly between the two
oil-wetting stages, which indicates that the sample surface char-
acteristics did not change significantly after immersion in the oil
phase.

In the CO, environment with 1 g1™" NaCl, for the pure water
wetting experiments, as can be seen from Table VII, the CPEy
showed a trend very similar to the previous solely water wetting
experiments in both EP and RC environments, with a decrease in the
first several hours then becoming stable. As described previously,
the adsorption of the inhibitor compound modifies the metal surface
and decreases the corrosion rate. For intermittent wetting experi-
ments, CPEy, decreased but was still very close to the CPEy, for
solely water wetting. After the #1 oil-wetting stage (at ca. 298 min)
and the #2 oil-wetting stage (at ~489 min), both CPEy, and R, did
not change significantly, which indicates that the metal surface
characteristics remained the same.

Proposed mechanisms for the effect of intermittent wetting on
corrosion inhibition in EP and RC environments.—Belarbi et al.
investigated the role of the potential of zero charge (PZC) and
found that the corroding steel surface is positively charged relative
to the PZC in acidic media; therefore, the adsorption of anions (e.
g., ubiquitous Cl7) or of inhibitor molecules with a negative
structural moiety is favored through electrostatic attraction.” The
chemical structure of the corrosion inhibitor model compound in
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Figure 10. Bode plots of C1018 exposed in a CO, saturated 1 g 17! NaCl solution: (a) without oil at different immersion time (*) no inhibitor, (a) 2.3 h after
inhibitor added, (w) 7 h after inhibitor added; (—) fitting results; (b) with oil at different immersion time: (*) no inhibitor, (a) 2.3 h after inhibitor added, (m) after
#1 oil wetting, (#)after #2 oil wetting; (—) fitting results. Corrosion inhibitor abbreviates to CI in the figure.

this work, THP-C14, is one in which the positive charge is
delocalized between the two nitrogen atoms separated by a single
carbon atom.'® Chloride ions will act as bridging species between
the metal surface and THP-C14 molecules. In this case, THP-C14
molecules can absorb on the metal surface through electrostatic
interactions. In the EP environment, there is a large amount of CI™

ions in the solution (50 g 17! NaCl). After the corrosion inhibitor
injection, the introduced THP-C14 molecules will adsorb to the
metal surface mainly through electrostatic interactions (Fig. 11a).
This will cause a decrease in the surface area of active sites and an
increased impedance. When the sample is immersed in the oil
phase during the #1 oil-wet stage (Fig. 11b), some of the THP-C14
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Table VII. Circuit parameters of the modeling of impedance spectra for mild steel in 1 g I NaCl solution containing 20 ppm of the inhibitor with

different immersion time at 25 °C.

Specimen exposure Time (min) R, () Re (2-cm?) Qa (s“/(9-cm?)) aq CPEqy (uF/cm?) x* (x107%
Pure water wetting 15 63.2 187 411 x 107 0.76 422.4 12.2
128 65.4 3900 132 x 10°* 0.65 50.8 15.3
296 65.6 4519 1.39 x 107* 0.61 38.1 20.8
418 61.6 5276 1.26 x 107 0.59 253 14.5
Intermittent wetting 15 62.8 197 339 x 107* 0.79 391.9 0.82
126 67.6 3046 1.62 x 107* 0.73 127.4 0.93
298 68.3 3746 7.94 x 107° 0.59 12.3 3.99
489 68.3 3945 6.56 x 107> 0.65 17.7 2.32
a I
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Figure 11. Proposed mechanisms for EP environment with 50 g 17! NaCl: (a) THP-C14 molecules adsorb on the initially water wetted metal surface; then (b)
the alkane molecules align with the hydrophobic tails of corrosion inhibitor during oil wetting; (c) when metal surface is rewetted by water, an enhanced surface
film remain on the surface as the alkane molecules are incorporated with the inhibitor film structure. For RC environment with 1 g1~' NaCl: (d) less THP-C14
molecules adsorb on the initially water wetted metal surface; (e) less tail-alkane interaction during oil wetting; (f) when metal surface is rewetted by water, the

amount of incorporated oil does not provide an enhanced barrier to electrolyte.

molecules will still adsorb on the sample with other THP-C14
molecules remaining in the aqueous phase. The alkane molecules
that make up the oil phase could then readily align with the
hydrophobic tails of the corrosion inhibitor molecules on the
surface. After the specimen is returned to the aqueous phase
(Fig. 11c), the corrosion efficiency will be enhanced because of
the presence of alkane molecules within the inhibitor film structure.
The “enhanced” film of adsorbed inhibitor molecules incorporating
hydrocarbons then forms a diffusion barrier between the steel and
any aqueous medium, which impedes the access of corrosive ions
to the metal surface. It is important to note that, in the absence of
hydrocarbon, a THP-C14 film by itself does not form a mass
transfer barrier.

However, in the RC environment, Cl~ concentration in the
solution was comparatively very low (1 gl™' NaCl). After the
injection of corrosion inhibitors, less THP-C14 molecules adsorb
on the metal surface through electrostatic interactions, as shown in
Fig. 11d. However, if the corrosion inhibitor concentration was
higher than the surface saturation concentration, maximum coverage
would be obtained on the metal surface. When the sample was
immersed in the oil phase during the #1 oil-wet stage (Fig. 11e),
THP-C14 molecules would still adsorb on the sample. The alkane
molecules that made up the oil phase would align with the
hydrophobic tails of the small amount of corrosion inhibitor

molecules on the surface. However, since less THP-C14 is on the
surface, the available tail-alkane interaction in RC condition would
be less than the EP condition. After the specimen was returned to the
aqueous phase (Fig. 11f), the corrosion inhibition efficiency would
not change significantly, since the maximum coverage had been
achieved, and the amount of incorporated oil did not result in a
diffusion barrier.

More work will be undertaken to assess the observed phenomena
with different corrosion inhibitors and the threshold limit of chloride
ions, including their formulations in packages, that possess different
inhibitive effects for oil/water systems. Small scale techniques, such
as atomic force microscopy and quartz crystal microbalance mass
change determinations, should be useful to confirm the mechanism.
The mechanisms proposed herein provide useful guides to model
development for the study of the effect of intermittent wetting on
corrosion inhibition in oil/water systems, with THP-C14 repre-
senting a useful experimental proxy.

Conclusions

In this work, electrochemical impedance spectroscopy and linear
polarization resistance were used to study the behavior of THP-C14
as a corrosion inhibitor model compound at 25 °C in EP and RC
conditions in the presence of hydrocarbon. Mechanisms were
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investigated by studying inhibitor interaction with hydrocarbon. As a
result of this study, the following conclusions were drawn:

* LVT 200 model oil present by itself did not exhibit inhibitory
properties on the corrosion behavior of carbon steel in both EP and
RC conditions.

® In EP condition, the presence of oil will promote corrosion
inhibition. However, in the RC condition, the presence of oil did not
significantly diminish corrosion inhibition compared with THP-C14
only.

¢ EIS has been shown to be a valuable technique for studying the
mechanism of inhibitor protection. It can be used to measure
corrosion-related electrochemical parameters such as the resistances
and capacitances of inhibitor layers, charge transfer resistance, and
double layer capacitance. These parameters can be used to explain
the inhibition mechanism.

* EIS revealed two different protection mechanisms conferred by
THP-C14 in the presence of oil between EP and RC environments.
The surface property in RC with oil was different in EP after the
second oil-wet stage.

* In the EP environment, results show that after the oil-wet stage,
the inhibitor interacted with the hydrocarbon and changed the
electrode-electrolyte interface, thus causing an increase in the
thickness of the surface film.

® In the RC environment, with lower chloride concentration than
in EP environment, the presence of oil did not significantly change
corrosion inhibition. EIS results indicated that the sample surface
properties did not change significantly after immersion in the oil
phase twice.

® The THP-C14 inhibitor model compound was physiosorbed to
the surface steel via electrostatic attractions between the charged
inhibitor molecules and the charged metallic surface. Chloride ions
played a critical role in inhibitor adsorption. With more C1™ in the
solution, more corrosion inhibitors were adsorbed on the metal
surface and formed a protective layer, thus further decreasing the
corrosion rate.
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