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Temperature Dependence of Adsorption
and Effectiveness for a Pyrimidinium-Type
Corrosion Inhibitor on Mild Steel

Yi He,* Shuai Ren,* Xi Wang,* David Young,* Maalek Mohamed-Said,** Bernardo Augusto Farah Santos,*
Maria Eduarda Dias Serenario,* and Marc Singer**

In the oil and gas industry, produced water with a high dissolved salt content is a common byproduct of hydrocarbon extraction from
conventional and unconventional wells. Other than salts, corrosive gases such as CO, are abundant in the production stream, which dissolve
and acidify the solution, posing a risk of internal pipeline corrosion. To mitigate this issue, injection of corrosion inhibitors has emerged as a
cost-effective approach. In various aggressive conditions, heterocyclic molecules that contain nitrogen atoms have proven to be highly
effective corrosion inhibitors for many alloys. In this study, tetrahydropyrimidinium (THP-C14) inhibition efficiencies were investigated at
temperatures of 25°C, 55°C, and 80°C using electrochemical methods, including linear polarization resistance and potentiodynamic sweeps.
Corrosion inhibition data were then correlated with THP-C 14 concentration, using the five adsorption isotherms: Langmuir, Temkin, Frumkin,
Flory-Huggins, and Dhar-Flory-Huggins models. These isotherms utilize different assumptions to establish the correlation between coverage
and inhibitor concentration. The suitability of these five isotherm models for describing the corrosion inhibition behavior of THP-C14 was
examined. In addition, the thermodynamic parameters (K.q A24G°) of adsorption for THP-C14 at 25°C, 55°C, and 80°C were calculated and
compared using the aforementioned adsorption isotherm models. Finally, a mechanism was proposed for the adsorption behavior of the
THP-C14 corrosion inhibitor model compound. Chloride ions were important for inhibitor adsorption.
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INTRODUCTION

I n the oil and gas industry, produced water is commonly
encountered in the process of extracting hydrocarbons from
oil and gas wells, which may contain high contents of dissolved
salts. Other than salts, corrosive gases such as CO, exist in the
production stream, which dissolve in the produced water,
acidify the solution, and have the potential to result in an internal
corrosion of pipelines.” To mitigate this issue, the injection of
corrosion inhibitors has emerged as a widely adopted and
cost-effective approach. Corrosion inhibitor molecules in the
brine form protective films on the water-wetted metal surfaces,
where corrosion could take place. These films effectively
retard electrochemical reaction rates at the interface between
water and metal.2 Commercial corrosion inhibitors typically
contain amphiphilic active ingredients.® The polar head groups
of these molecules promote their interactions with metal
surfaces and their hydrophobic tails prevent corrosive species
from approaching the surface. In various aggressive condi-
tions, heterocyclic molecules that contain nitrogen atoms
have proven to be highly effective corrosion inhibitors for
many alloys.*®

Exploring the influence of elevated temperatures on
inhibition performance poses challenges related to experi-
mental methods and environment control.” In a study con-
ducted by Ding” absorption kinetics were characterized using

imidazoline-type and quaternary ammonium-type corrosion
inhibitors within the temperature range of 25°C to 80°C. The
results of the study indicated that the decrease in inhibition
efficiency (IE) at higher temperatures was due to desorption
being favored at those conditions.

In general, inhibitor adsorption occurs via physisorption
(involving electrostatic attraction between the charged metal
surface and the charged inhibitor molecules) and/or via
chemisorption (involving charge sharing or charge transfer
from inhibitor molecules to the surface leading to the for-
mation of a coordinate-type bond, akin to a Lewis interaction
The former could be assisted by the presence of chloride ions
in oil and gas extraction fields.'® The chloride ions could act
as a linkage between the positively charged surface and
cationic inhibitor heads to support the physisorption so that the
inhibitor can keep working efficiently.® The latter may occur if
the inhibitor contains lone pairs of electrons, multiple bonds,
or a conjugated m-type bond system.”’""3

Bentiss, et al.,'* investigated how the corrosion behavior
of mild steel was affected in the presence of a thiadiazole-type
corrosion inhibitor from 30°C to 60°C under acidic conditions.
Their findings demonstrated that the IE increased with temper-
ature and linked this to the onset of chemisorption, which
suggested that chemisorption was preferred to physisorption
at elevated temperatures. However, the study did not provide
further explanation about how the temperature-dependent
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Table 1. Elemental Composition (wt%) of Carbon Steel C1018

Element Cr Mo S \") Si

(o5 Ni Mn P Fe

wt% 0.076 0.015 0.026 0.001 0.21

0.15 0.027 0.63 0.011 Balance

behavior was linked to the nature of chemisorption. Zhang,

et al.’®"® evaluated the IE of three imidazoline derivatives with
halogen substitutions at various temperatures (30°C to 70°C)

in an HCI solution for mild steel. Two of the corrosion inhibitors
had decreased effectiveness while the third one had essen-
tially unchanged performance at higher temperatures. These
three corrosion inhibitors mainly exhibited physisorption on
the metal surfaces, however, the effect of temperature on
corrosion inhibition was not straightforward and varied
depending on the corrosion inhibitor. Whether chemisorption
or physisorption is dominant is not only determined by the
corrosion inhibitor chemistry and substrate material but also by
the temperature and chemistry of the environment. In addition,
the knowledge regarding the impact of temperature on ad-
sorption and the effectiveness of pyrimidinium-type corrosion
inhibitors is insufficient. It is important to note that our study
focuses solely on adsorption and does not take into account
any possible thermal degradation effects of chemicals.

Many corrosion inhibitor studies utilize the criteria based
on the standard adsorption Gibbs energy A,4G° to distinguish
between physisorption and chemisorption.’”'® When A,yG°
exceeds -20 kJd/mol, the interaction between surfactant and
metal is commonly categorized as physisorption.’”2° When
A,4GP is between -80 kJ/mol and -400 kJ/mol, the interaction
between surfactant and metal is associated with chemisorp-
tion.?’"22 The adsorption isotherms can give important infor-
mation on the interaction of inhibitor and metal surface. The
values of A,4G® are not absolute and fixed thresholds applicable
to all systems. Instead, they are general trends that have been
observed in various adsorption processes, and they serve as
rough guidelines to differentiate between physisorption and
chemisorption based on the strength of interactions. Solmaz,
et al.?® tested different adsorption isotherms to find the most
suitable adsorption isotherm for the adsorption of 2-mercap-
tothiazoline on the mild steel surface from 0.5 M HCI solution.
They found that the Langmuir adsorption isotherm was more
suitable than other isotherm models at room temperature.
They also calculated A,4G°® based on the K,q4 (equilibrium con-
stant of adsorption/desorption). According to the A,4G° value,

a conclusion has been made that the inhibitor was physiosorbed
on the metal surface by the formation of an adsorptive film
with an electrostatic character. Kumar?* conducted a compre-
hensive study comparing the accuracy of linear and nonlinear
fitting methods in estimating sorption isotherm parameters for
malachite green adsorption onto activated carbon at four
different solution temperatures of 32°C, 40°C, 50°C, and 60°C.
By comparing nonlinear sum of square error parameter esti-
mates vs. linearizing the form of the isotherm, he demonstrated
the superiority of the nonlinear fitting method, highlighting its
efficacy in obtaining reliable isotherm parameters. The problem
with linearization is that it does not uniformly weigh the ex-
perimental data. Yet, the assumptions associated with a specific
isotherm model should be carefully assessed to make sure

) UNS numbers are listed in Metals & Alloys in the Unified Numbering System,
published by the Society of Automotive Engineers (SAE International) and
cosponsored by ASTM International.

they correspond to the adsorption behavior of inhibitor
molecules on the steel surface in the studied conditions.?®
The corrosion inhibitor model compound used in this work
is known as tetradecyl-1,4,5,6-tetrahydropyrimidinium (THP-C14),
which contains a pyrimidine structural moiety.2® This compound
is commonly found in specific commercial corrosion inhibitor
formulations used in refinery systems. Experiments were
conducted under various conditions, including different corrosion
inhibitor concentrations and temperatures, to investigate both
the corrosion inhibition and adsorption behavior. This study
focuses on a high salt concentration condition that simulates
the exploration and production environments in the oil and gas
industry.2” A parallel study has recently been published con-
cerning condensed water in gas production, which has low salt
content and lack of CO,.?8 In this study, the IE were investigated
at temperatures of 25°C, 55°C, and 80°C using electrochemical
methods, including linear polarization resistances (LPR) and
potentiodynamic polarization sweeps. Corrosion inhibition data
was related to surface coverage with THP-C14 concentration.
The corrosion inhibition behavior was analyzed using the five
adsorption isotherms, namely, the Langmuir, Temkin, Frumkin,
and Flory-Huggins/Dhar-Flory-Huggins models, which correlated
coverage and corrosion inhibitor concentration based on dif-
ferent assumptions.®?° The suitability of these isotherms was
assessed by considering both their goodness of fit and the
appropriateness of the underlying assumptions. Furthermore,
the thermodynamic parameters (K,q AagG°) of the adsorption
for the THP-C14 at 25°C, 55°C, and 80°C were calculated
and compared by using different adsorption isotherm models.
Finally, a mechanism was proposed for the adsorption behavior
of the THP-C14 corrosion inhibitor model compound. This
paper is the full-length version of a recently published conference
proceeding.*°

EXPERIMENTAL PROCEDURES

2.1 Materials and Chemicals

The electrochemical measurements were conducted on
specimens of carbon steel (C1018, UNS G10180™). These
specimens exhibited a microstructure characterized by a
combination of ferrite and pearlite. The composition of this
carbon steel was shown in Table 1. The electrolyte solution
consisted of 5 wt% (0.86 M) sodium chloride (NaCl), which was
then saturated with carbon dioxide (CO,) under a total pres-
sure of 1 bar and temperatures of 25°C, 55°C, and 80°C to
simulate CO, corrosion conditions; this also facilitated deox-
ygenation. 0.86 M sodium perchlorate (NaClO,4) was also used
in some experiments to simulate similar ionic strength in
0.86 M NaCl solution.

In this study, the corrosion inhibitor model compound
utilized was THP-C14. The synthesis of THP-C14 was performed
as a bromide salt, following the procedures outlined in an
earlier publication.?® The chemical structure of THP-C14, as
depicted in Figure 1, features a delocalized positive charge
straddling two nitrogen atoms separated by carbon in the head
group. The product THP-C14 exhibited a purity of approxi-
mately 99% determined by "H-NMR, as described in the
prior paper.2®
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FIGURE 1. Molecular structure of 1-tetradecyl-1,4,5,6-tetrahydropyr-
imidinium (THP-C14).

2.2 | Electrochemical Measurements

The electrochemical experiments were conducted using a
three-electrode setup.?® A rotating cylinder electrode (RCE) made
of C1018 carbon steel was used as the working electrode
(exposed area 2.89 cm?) in the experiments. The counter electrode
was a platinum mesh and the reference electrode was Ag/AgCl
saturated with KCI. Before each experiment, the RCE was polished
with silicon carbide abrasive papers of 240, 400, and 600 grit in
isopropanol flow, followed by cleaning in an ultrasonic isopropanol
bath and drying in lab air. The solution was sparged with CO, for
2 hin a sealed 2 L glass cell before the introduction of the RCE.?®
The RCE was then inserted into the glass cell and rotated at
1,000 rpm controlled by a modulated speed rotator.? Solution pH
was adjusted to 4.50+0.05 using deoxygenated hydrochloric
acid or sodium bicarbonate solution before each experiment and
maintained at this value during the entire exposure time. The
C1018 specimen was conditioned with 20 min of precorrosion,
and an initial corrosion rate (CR) was collected and compared
with a blank test (O ppm of corrosion inhibitor) to ensure no
inhibitor contamination from the previous experiment. The in-
hibitor was added after 20 min of precorrosion. For CR assess-
ment, the LPR was measured using a potentiostat® with a scan
range of =5 mVocp to +5 mVocp (Open-circuit potential [OCPI),
using a scan rate of 0.125 mV/s, and the solution resistance
were compensated for. Solution resistance was determined at
the high-frequency range of the electrochemical impedance
spectrum collected at the beginning of the experiment. Then, the
polarization resistance from the LPR method was compensated
for the solution resistance using the aforementioned value. The
B value used in both inhibited and uninhibited experiments was
26 mV, derived from prior research that investigated the behavior
of mild steel in a CO, environment.'® The B value for inhibited
and uninhibited conditions could be different due to the change of
dominance of mass transfer and charge transfer on cathodic
reaction. However, for the sake of simplicity of CR calculation, the
B value of 26 mV was consistently applied to analyze all of the
experimental data reported in this study. Potentiodynamic polar-
ization curves were also collected at the end of the experiments.
The cathodic polarization was collected from OCP to -0.7 Vocp,
while the anodic polarization was from OCP to +0.3 Vocp.
Various concentrations of corrosion inhibitors were tested, and
each experiment was repeated at least twice.

RESULTS AND DISCUSSION

3.1 Effect of Temperature on Surface Saturation
Concentration

A series of inhibition experiments were conducted using
various concentrations of THP-C14 to establish the relationship
between inhibitor concentrations and CR at different

2 pine Research, Durham, NC.
) Reference 600+, Gamry Instruments, Warminster, PA.
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FIGURE 2. The CR of the C1018 carbon steel in the presence and
absence of THP-C14 at (a) 25°C (b) 55°C, and (c) 80°C as a function of
time. The error bars represent the max and min values of repeated
experiments.

temperatures. As shown in Figure 2(a), at 25°C, the CR was
2.01+0.13 mm/y with no corrosion inhibitor. As the concen-
tration of THP-C14 increased from 0.25 ppm,, to 4 ppmy,

the CR exhibited a reduction, ultimately reaching approxi-
mately 0.1 mm/y. Upon exceeding a concentration of 4 ppm,,,
the CR remained consistently at 0.11+0.02 mm/y and did not
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change significantly with the further increase in corrosion
inhibitor concentration. According to Murakawa, et al..®" cor-
rosion inhibitors keep adsorbing onto the metal surface until
the corrosion inhibitor reaches a saturation point, where in-
troducing more corrosion inhibitors to the bulk solution does not
lead to a further reduction in CR. The concentration of the
corrosion inhibitor required to achieve this saturation point is
termed the surface saturation concentration (SSC).3" There-
fore, the SSC of the THP-C14 model compound was found to be
between 1 ppm,, and 4 ppm,,.2¢ Based on the analysis of the
data presented in Figures 2(b) and (c), it was determined that the
SSC of THP-C14 at 55°C and 80°C ranged from 50 ppm,, to
70 ppm,, and 800 ppm,, to 1,600 ppm,,, respectively. These
results indicated that the SSC of THP-C14 significantly in-
creased with temperature.

The range of corrosion inhibitor dosage needed at 80°C
was high for an actual pipeline mitigation strategy, however, the
objective of the current study was not to develop a highly
effective corrosion inhibitor but to understand the inhibition
mechanism at elevated temperatures. Therefore, investiga-
tions were performed even if the corrosion inhibitor dosage was
high. In Figure 2(c), at a temperature of 80°C, the CR exhibited
an incubation period that corresponded to the onset of corrosion
inhibitor effectiveness for concentrations in the range of
17.5 ppm,, to 800 ppm,,. However, unlike the lower dosage, there
was no observable incubation time with 1,600 ppm,, THP-C14.
This was similar to what was observed at lower temperatures,
25°C and 55°C in Figures 2(a) and (b), where no incubation time
was observed even at low inhibitor concentration. As tempera-
ture increases, based on the Arrhenius rate law, the adsorption
and desorption constants increase, leading to an increase in
the rate of both adsorption and desorption processes.3?34
Therefore, the equilibrium constant of adsorption and desorption
is temperature-dependent as well. In this study, the desorption
rate increased at a greater rate than the adsorption rate, even
though the adsorption process remained dominant. Therefore,
more time may be needed to establish a protective inhibitor layer
on the metal surface. An increase in the concentration of the
corrosion inhibitor leads to higher availability of inhibitor mole-
cules, thereby reducing the time required for the onset of
inhibition.

Figure 3 illustrates the potentiodynamic polarization
sweeps for CO, corrosion of C1018 carbon steel at tempera-
tures of 25°C, 55°C, and 80°C, with different THP-C14 con-
centrations. At 25°C, as shown in Figure 3(a), when the
concentration of corrosion inhibitor was increased from
0 ppm,, to 4 ppm,,, the corrosion current reduced, which
suggested the improved inhibition effect upon inhibitor ad-
sorption.3® Both anodic and cathodic reactions were retarded
upon higher inhibitor concentrations, but OCPs shifted to
more positive potentials, which indicated that anodic reactions
were retarded to a greater extent compared to cathodic
reactions. However, the limiting currents remained unaffected,
likely because the adsorbed inhibitor layer was too thin to
affect the diffusion of hydrogen ions. In addition, the difference
between the polarization curves of 4 ppm,, and 8 ppm,, was
negligible, because further reduction of cathodic and anodic
reactions above SSC would be trivial. At 55°C as shown in
Figure 3(b), when the concentration of corrosion inhibitor was
decreased from 70 ppm,, to O ppm,,, the polarization curves
shifted rightward with cathodic limiting current unaffected,
which was similar to what was observed at 25°C. At 80°C in
Figure 3(c), compared with the blank test, the presence of
corrosion inhibitor also retarded both the anodic and cathodic
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FIGURE 3. Potentiodynamic polarization curves of C1018 in 5 wt%
NaCl solution at (a) 25°C, (b) 55°C, and (c) 80°C with different THP-C14
concentrations. The error bars represent the max and min values of
repeated experiments.

reactions. However, the limiting current shifted in the 1,600 ppm,,
condition (Figure 3[c]), which was a noticeable deviation from
what was observed at lower temperatures (Figures 3[a] and [b]).
With 1,600 ppm,, inhibitor, the formed inhibitor layer could be
thick enough to decrease the mass transfer of corrosive species
to the metal surface.
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3.2 [ Effect of Temperature on Inhibition Efficiency
The CR was continuously monitored until it reached

a stable state, characterized by a minimal variation of less

than £+0.01 mm/y between consecutive measurements. The

corrosion inhibition efficiency (IE) was determined utilizing

Equation (1)%¢

_CRg

IE=1 TR

(M
where CRg represents the CR in the presence of the corrosion
inhibitor and CR is the corrosion rate in the absence of the
corrosion inhibitor. To evaluate the impact of temperature on the
inhibition performances of THP-C14, a comparison of inhibi-
tion behaviors was conducted at 25°C, 55°C, and 80°C. As shown
in Figure 4, IE decreased as the temperature increased at a
fixed concentration of corrosion inhibitor. To achieve optimal
inhibition performance, higher corrosion inhibitor concentra-
tions were necessary at 80°C. Moreover, as shown in both
Figures 2(c) and 4, the inhibitor lost its IE at 80°C with 17.5
ppm,, and 70 ppm,,.

One possible reason for the inhibitor losing IE at elevated
temperatures could be the inhibitor's deprotonation behavior.
Protonation/deprotonation behavior, chemically expressed by
an acid dissociation constant, i.e., K, value, is important®’
for describing the characteristics of THP-C14. As mentioned
previously,?® the protonated THP-C14 head group (tetrahydro-
pyrimidinium) can dissociate into tetrahydropyrimidine and
hydrogen ions, as expressed in the following reaction with
formed hydronium (R: —C44Haxg).

N-R N7 > N-R

+H,O0 = v

tetrahydropyrimidine

+H;O"
tetrahydropyrimidinium+

The equilibrium expression for this dissociation reaction
is shown in Equation (2)

_ [tetrahydropyrimidine][H3 O]
a [tetrahydropyrimidinium™]

(2)

From this, the derived Henderson-Hasselbalch equation
for tetrahydropyrimidinium™ can be written as Equation (3). This is
useful for determining relative concentrations of species as-
sociated with THP-C14 at given pH values; partial dissociation,
resulting in a balance between the undissociated acid and its
conjugate base.

[tetrahydropyrimidine]

[tetrahydropyrimidinium™] )

pH=pK, + log

The calculated pK, value associated with the THP-C14
head group is 12.5“ at room temperature. The magnitude of this
pKj value implies that the tetrahydropyrimidinium (THP-C14) is a
weak acid that will overwhelmingly remain in its protonated form at
pH values well below 12.5. At pH 4.5, the THP-C14 corrosion
inhibitor model compound is protonated; it possesses a cationic
head group, which adsorbs on the metal surface. Due to the
endothermicity of weak acid dissociation,®® the concentration of
tetrahydropyrimidinium in solution will decrease with the in-
crease of temperature. Therefore, it can be argued that more

4 Advanced Chemistry Development (ACD/Labs) Software V11.02
(© 1994-2022 ACD/Labs).
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FIGURE 4. Changes of IE with different THP-C14 concentrations at
25°C, 55°C, and 80°C.

THP-C14 dosage was likely needed to obtain better inhibition
performance at high temperatures. Although pK, value of
THP-C14 is only available at 25°C, it may not change signifi-
cantly with temperature.®8-3° Therefore, such an effect is likely to
be minor when compared against the governing kinetic
parameters.

One can speculate that as temperature increases,
whether the more intense corrosion activities could be
inhibited or not depends on the adsorption kinetics of the
inhibitor. If the inhibitors exhibit physisorption on the metal
surface, the desorption kinetics could be faster than ad-
sorption with increasing temperature, so the inhibition could
be lost at high temperatures. If the inhibitors exhibit chemi-
sorption on the metal surface, the bonding between inhibitors
and the metal surface is strong and will not easily break upon
increasing temperature, so the inhibition could be retained
even at elevated temperatures.

3.3/ Fitting of Different Adsorption Isotherms
at 25°C, 55°C, and 80°C

Adsorption isotherms provide information about ad-
sorption and desorption equilibrium, which helps understand the
inhibition change upon temperature. Hence, the inhibition
experimental results were used to fit adsorption isotherms.
Considering the wide range of available adsorption isotherms,
it is important to carefully choose the most appropriate model
that can best describe the adsorption and desorption process
of THP-C14 molecules on the surface of carbon steel, taking
into account the specific conditions being studied.*®**" This
evaluation section aimed to assess five adsorption isotherm
models by fitting them to the experimental data obtained
under steady-state conditions with various inhibitor concentra-
tions (Cinn). The experimental data involved various inhibitor
concentrations (C;n,) plotted against the equilibrium fractional
coverage (B¢q), as shown in Figure 5. To calculate 6¢q,
Equation (4) proposed by Murakawa, et al..>" was utilized

— (icorr)e=0 - (icorr)e
Beq = = - 4
('corr)e:O - ('corr)e:max @

where (icorrle = 0 represents the steady-state CR in the
absence of corrosion inhibitor, (icorr)e is the steady-state CR in
the presence of corrosion inhibitor, and (icor)e = max refers to
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FIGURE 5. Comparison of adsorption isotherm models with experimental data with various THP-C14 concentrations and temperatures at
(a) 25°C, (b) 55°C, and (c) 80°C. (d) through (f) are experimentally determined surface coverages and predicted surface coverages based on

different adsorption isotherms.

the steady-state CR when inhibitor concentration reaches the
SSC, with the maximum coverage on the metal surface.

Some literature®*23 used a linear regression method on
an isotherm model, but that could introduce errors carried along
with the fitting process.** Therefore, our experimental data
were fitted with the nonlinear equations of each isotherm model
to determine the constants in the equations. Nonlinear re-
gression functions were utilized to minimize the sum of the

squares of the differences between experimental data and
the calculated one obtained from various isotherm models.
As a result, the fitting routine yielded the optimized constant
values, as well as the goodness of fitting (R? coefficient).

In Figure 5, the fitting curves obtained by the various ad-
sorption isotherm models are displayed for temperatures of
25°C, 55°C, and 80°C. The inhibitor concentrations that could
provide 50% coverage increased with the increasing
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temperature, which matched the increasing trend of SSC in
Figure 2. By fitting the steady-state experimental data, the
equilibrium constant of adsorption/desorption (K,q). the fitting
factor (R?), and other model-specific constants in the isotherm
model were determined at these temperatures (Table 2).

3.3.1 | Langmuir Isotherm Model

This model assumes a homogeneous surface with a
monolayer of adsorbed inhibitor molecules, without any inter-
actions among them. The equation below illustrates the rela-
tionship between concentration and surface coverage®*°4¢

0
CinhKad = <1 _eg ) (5)
€q

where Ci., is the bulk concentration of corrosion inhibitor. K,q
is the equilibrium constant for the adsorption/desorption pro-
cess. B¢q represents the steady-state coverage of the surface
at specific concentrations of corrosion inhibitor.

Table 2 shows that the Langmuir model provided a good
fit for the experimental data at both 25°C and 55°C, as indicated
by the high values of the fitting factor (R?) and Figures 5(d) and
(e), but a not so good fit at 80°C. In addition, the predicted
coverage typically overestimates with lower inhibitor
concentrations and underestimates with higher inhibitor
concentrations, especially at 80°C.

3.3.2| Temkin Isotherm Model

This model assumes that the surface is heterogeneous,
consisting of numerous small areas, each of which follows
the Langmuir isotherm without any molecular interactions.*’
The relationship between concentration and surface
coverage is shown in the following equation®

SCIENCE SECTION

KadCinn = €%° ©6)

where g is the adsorbent-adsorbate interaction constant. For a
reliable and linear adsorption isotherm plot, surface

coverages should fall within the linear window for inhibitor ad-
sorption, i.e., 0.2 to 0.8.*® However, limited experimental data
fell in this range, so the selection was then extended to 0.1 < 8 <
0.9. Nevertheless, based on results from Figures 5(d) through
(f) and Table 2, the Temkin model provided a good fit for the
experimental data at 25°C, 55°C, and 80°C, with fitting factor
(R?) higher than 0.9, and predicted coverages agreed well with
experimental results.

3.3.3| Frumkin Isotherm Model

This model is based on the assumption that the surface
is heterogeneous and that lateral interactions between the
adsorbed surfactant molecules need to be taken into ac-
count.*” The Frumkin isotherm is described by Equation (7)

[S]
KaaCinn = ] _eg
eq

exp(- fBeq) (7)

where the constant f represents the interactions

between the adsorbate molecules and remains unaffected
by surface coverage 8. The Langmuir model is a particular
example of the Frumkin model, in which the constant

f is set to zero.

The Frumkin isotherm fit the experimental data well at
25°C, 55°C, and 80°C, except low concentration range at 80°C, as
shown in Figure 5. The positive f value at 25°C, 55°C, and 80°C in
Table 2 indicates the existence of repulsive interactions between
adsorbed species.*® The different f values are attributed to
differences in the orientation of the adsorbed species.*®

Table 2. Evaluation of Equilibrium Constant (K,4), Coefficient of Determination (R?), and Other Parameters Through Fitting
Experimental Data with Different Adsorption Models at Different THP-C14 Concentrations at 25°C, 55°C, and 80°C
Equilibrium Constant and Fitting
Temperature (°C) Adsorption Model Kaq (L/umol) R? Other Parameters
25 Langmuir 1.14 0.977 -
Temkin 3.55 0.999 g=2.60
Frumkin 0.379 0.998 f=1.93
Flory-Huggins 2.06 0.999 §=0.279
Dhar-Flory-Huggins 1.18 0.999 §=0.279
55 Langmuir 3.86x 1072 0.967 -
Temkin 23.1x 1072 0.971 g=3.94
Frumkin 1.85% 1072 0.977 f=1.16
Flory-Huggins 4.29x107? 0.988 §=0.503
Dhar-Flory-Huggins 3.54x 1072 0.988 §=0.503
80 Langmuir 2.66x 1073 0.883 -
Temkin 7.03x1073 0.913 g=274
Frumkin 1.74x 107" 0.994 f=3.99
Flory-Huggins 9.88x 1073 0.993 8=0.0699
Dhar-Flory-Huggins 1.99x1073 0.983 8=0.0999
Note: § is the number of solvent molecules substituted by one adsorbate molecule, g is the adsorbent-adsorbate interaction constant,
and f is the adsorbate interaction constant.
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3.3.4 | Flory-Huggins and Dhar-Flory-Huggins
Isotherm Model

These models consider the substitution of adsorbed
solvents by adsorbing molecules.*” Unlike the Flory-Huggins
model, the Dhar-Flory-Huggins isotherm includes an expo-
nential factor. As shown in Equations (8) and (9)

Oea 8)

Flory-Huggins : _—
8(1 - G)eq)5

KadCinh =

6,
Dhar-Flory-Huggins :  KaaCinn = —535 ca 9
e

(1 - eeq)6

where & represents the number of solvent molecules that are
displaced by an adsorbate molecule. The Langmuir model is a
particular example of both the Flory-Huggins and Dhar-Flory-
Huggins models, where § is equal to 1.

For Flory-Huggins and Dhar-Flory-Huggins isotherms,
both fit the experimental data well at 25°C, 55°C, and 80°C, as
shown in Figure 5. However, the value of §, which represents
the number of solvent molecules (water for this study) substi-
tuted by an adsorbate molecule (corrosion inhibitor for this
study), is less than 1, as shown in Table 2. The expected value
should be higher than 1 because the size of the corrosion
inhibitor is much higher than the water molecule. The same
phenomenon is also observed by Baikerikar and Hansen.?° The
size ratio they obtained was about 0.5, whereas the expected
value was 3. The physical basis underlying Flory-Huggins and
Dhar-Flory-Huggins isotherm models is weak for interaction
parameters as large as encountered in aqueous-organic sol-
ute systems. The significance or meaning of fractional numbers
of §, in this case, is difficult to understand from a chemical and/
or phenominological point of view.® There are still challenges in
understanding the physical meanings of the constants in the
different model equations, a subject of ongoing research.

When the temperature was increased to 80°C, the
Langmuir model exhibited poor fitting performance (Figures 5[c]
and [f]), whereas the other isotherm models (Temkin, Frumkin,
Flory-Huggins, and Dhar-Flory-Huggins) showed better fitting
performance. This difference in performance could be at-
tributed to the formation of THP-C14 films and show a multilayer
character on the metal surface at elevated temperatures,
rendering the Langmuir model inapplicable in this case. It is
noteworthy that all of the isotherm models are developed
based on specific assumptions. The selection of an isotherm is
often based on some statistical analysis (e.g., R).2*** How-
ever, the goodness of the curve fitting may not offer any insight
into possible adsorption mechanisms. How to select an iso-
therm for an adsorption study remains a big challenge due to the
extremely complex adsorption mechanisms. Because the
determination of the equilibrium constant of adsorption closely

depends on the isotherm equation used, for a given set of
adsorption data, values of the equilibrium constant K,4 deter-
mined by using different adsorption models would vary
significantly.

3.4 | Adsorption Mechanisms at 25°C, 55°C, and 80°C
The adsorption mechanisms of corrosion inhibitors can
be classified as physisorption, chemisorption, or a combination
thereof.2° The first inhibitor layer adsorbed on the solid sur-
face could be either physically or chemically adsorbed, but the
second layer should be present via physisorption.?° In this
scenario, the adsorption process is a combination of chemi-
sorption and physisorption. One of the most important as-
sessment criteria to categorize the adsorption mechanism is the
determination of A,4G°® (standard adsorption Gibbs energy),

which was shown in the equation below:*&5’

NgG° = = RTIn(K4q) (10)
where A,4G° is standard free energy change, R is the universal
gas constant 8.314 J-mol"*K™", and T is the absolute tempera-
ture. K4q is the equilibrium constant of adsorption/desorption
with the unit of L/umol, which could be converted into a di-
mensionless constant by multiplying it by 55.5 mol water per
liter (i.e., 1,000 g divided by the weight of pure water).%>?

The values of K4 for 25°C, 55°C, and 80°C were summarized in
Table 2. Using Equation (10), adsorption-free energy at different
temperatures can be obtained. These thermodynamic esti-
mates can offer insight into the type and mechanism of an
adsorption process. Table 3 shows the changes in A,4G° value

at different temperatures by using different adsorption isotherm
models. As can be seen from Table 3, the inhibitor adsorption
process has negative values of A,4G® which indicates sponta-
neous adsorption of THP-C14 on the metal surface.®? From
Table 3, when the temperature increased from 25°C to 80°C,
A,4G° also increased, regardless of the isotherms used, and
shows a trend to become closer to -20 kJ/mol, above which the
interaction between surfactant and metal is often classified as
physisorption.?'22 This indicated that when the temperature
increased, it was more likely that THP-C14 underwent a
physisorption process.?'"?? The values of A,4G° are not absolute
and fixed thresholds applicable to all systems. Instead, they
are general trends that have been observed in various adsorption
processes, and they serve as rough guidelines to differentiate
between physisorption and chemisorption based on the strength
of interactions.””"'® However, there are still some challenges
to categorizing the adsorption behavior based solely on

A,4G°, because it does not directly identify the nature of the
adsorption-related interaction at the metal surface. Further
understanding of inhibitor-metal interaction is necessary.
Previous research showed that chloride ions could act as a
linkage between the positively charged surface and cationic
inhibitor heads, so the inhibitor could adsorb on the metal

Table 3. Changes of A,4G° Value at Different Temperatures by Using Different Adsorption Isotherm Models

Standard Adsorption Gibbs Energy, A,4G°(kJ/mol)
Temperature (°C) Langmuir Temkin Frumkin Flory-Huggins Dhar-Flory-Huggins
25 -44.6 -47.3 -41.7 -45.9 -44.5
55 -39.7 -42.8 -37.7 -40.1 -39.4
80 -34.9 -37.8 -26.9 -38.7 -34.1
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surface via physisorption and keep working efficiently.%53-54

To examine if such linkage occurs between THP-C14 and
steel surface, additional experiments controlling chloride
concentrations were performed.

Not all anionic species are expected to facilitate the
adsorption of inhibitor molecules. Although the presence of halide
ions enhancing the performance of inhibitors was observed in
some studies, other anions, such as CIO4 have no impact on
IE35% 0.86 M NaClO, (0 M NaCl) was used in this work, which
corresponds to the same anion concentration in the 0.86 M NaCl
solution, creating a similar ionic strength. After the inhibitor was
introduced in the NaClO, solution, chloride ions would be intro-
duced gradually to reveal its effect on inhibitor adsorption.

As shown in Table 4, the result showed that the injection of

a 4 ppm corrosion inhibitor in the pure NaClO,4 solution did not
significantly change the carbon steel CR. This indicates that the
inhibitor did not function in the perchlorate solution effectively
as in the chloride solution, which was likely because perchlorate
ions, as opposed to chloride ions, did not significantly coor-
dinate on the metal surface.®®>” As shown in Table 4, the test
solution was initially only aqueous NaClO,, then NaCl was added
gradually. When 0.02 M NaCl was then added, a slight decrease
in CR was observed. A further increase in NaCl concentration to
0.17 M resulted in a more pronounced decrease in CR. When
even more NaCl was added, sufficient to achieve 0.86 M NaCl,

a further decrease in CR was observed before its stabilization was
achieved at ca. 0.13 mm/y, which was comparable with the
inhibited corrosion rate in the pure 0.86 M NaCl solution. The result
indicated that the presence of CI~ was crucial for the adsorption
of corrosion inhibitor molecules. In addition, the above experi-
ments were conducted in the absence of divalent cations

(e.g. Ca%*/Mg?*) and the impact of a complex brine needs

to be investigated in the future.

Figure 6 illustrates the proposed adsorption mechanism
of the THP-C14 corrosion inhibitor model compound. When the
metal surface is positively charged with respect to potential of
zero charge,’® surface active anions, such as chloride ions, CI”,
play a critical role in the adsorption of cationic inhibitors. Ding’
demonstrated that the presence of CI” ions was necessary for
the adsorption of a cationic (imidazolinium type) inhibitor on a
carbon steel surface. The author proposed that the positively
charged surface would repeal the cationic inhibitor due to
electrostatic repulsion but that the CI™ ions could act as a ligand
between the surface and the inhibitor.’® With more CI” in the
solution and adsorbed on the metal surface, more corrosion
inhibitors will be adsorbed to the adsorbed CI™ layer (and
consequently to the metal surface) and form a barrier to
a corrosive environment, thus further decreasing the CR. It is

Table 4. The Inhibited and Uninhibited Corrosion Rates of
C1018 at 25°C in pH 4.5 CO, Environment with 0.86 M
NaClO,

Solution Composition Final Steady-

THP-C14 State CR

NaClO, (M) NaCl (M) (ppm) (mm/y)

0.86 0 0 1.17+0.18

0.86 0 4 1.01+0.13

0.86 0.02 4 0.43+0.07

0.86 0.17 4 0.24+0.03

0.86 0.86 4 0.13+0.02
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also hypothesized that the bonding between the steel surface,
the CI” ions, and the cationic inhibitor is physical in nature, via
electrostatic attractions between charged molecules and the
metallic surface. The adsorption of ClI” facilitates the subse-
quent physisorption of cationic inhibitors, by acting as the linkage
between the positive charge surface and the positively
charged cationic inhibitor molecule. This work speculates the
physisorption of THP-C14 on carbon steel surfaces based on
electrochemical results. More atomistic level studies, such as
time of flight secondary ion mass spectroscopy, and molecular
simulations, should be conducted in the future to further
understand the inhibitor-metal interaction.

CONCLUSIONS

This inhibition study utilized THP-C14 to inhibit C1018
corrosion in a pH 4.5, CO, saturated, and 5 wt% NaCl electrolyte
from 25°C to 80°C. As a result of this study, the following
conclusions were drawn:
> The IE decreased as the temperature increased at a fixed
concentration of corrosion inhibitor. To achieve optimal inhibition
performance, higher corrosion inhibitor concentrations were
necessary at 80°C.
> All investigated isotherms, including Langmuir, Temkin,
Frumkin, Flory-Huggins, and Dhar-Flory-Huggins, provided a
good fit for surface coverage at temperatures of 25°C and
55°C. When the temperature was increased to 80°C, the
Langmuir model exhibited poor fitting performance, whereas
the other isotherm models showed better fitting performance.
The underlying reason for this behavior change is still being
investigated, but it may be attributed to differences in the
corrosion inhibitor film structure.
> The thermodynamic parameters (Kyq A.qG®) of the adsorp-
tion for the studied inhibitor are calculated and compared by using
different adsorption isotherm models at different temperatures.
When the temperature increased from 25°C to 80°C, A,4G° also
increased, and THP-C14 underwent a physisorption process.
> The THP-C14 inhibitor model compound has a high pK,
value, which makes it mostly protonated in acidic to neutral
environments.
> The THP-C14 inhibitor model compound is physisorbed to
the surface steel via electrostatic attractions between the
charged inhibitor molecules and the charged metallic surface.
Chloride ions play a critical role in inhibitor adsorption. With more
CI” in the solution, more corrosion inhibitor molecules will
adsorb on the metal surface and form a protective layer, thus
further decreasing the corrosion rate.
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