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ABSTRACT

Qualification tests for determining the mitigation efficiency of surfactant-type organic corrosion
inhibitors are conducted by performing corrosion rate measurements (typically with linear
polarization resistance and/or weight loss method) at different inhibitor concentrations in
simulated environmental conditions. The main assumption underlying this type of model is that
the coverage of the metal surface by the corrosion inhibitor is equal to the corrosion mitigation
efficiency. However, the present research highlights the effects that cause deficiencies in the
interpretation of the “coverage” term by examining the mechanisms affected by the adsorption of
an inhibitor. Employing quaternary ammonium-type of corrosion inhibitors, this study proposes a
new methodology to assess the effectiveness of organic corrosion inhibitors by accounting for
kinetic parameters of the electrochemical processes underlying CO. corrosion of mild steel.

INTRODUCTION

Internal pipeline corrosion is one of the most challenging integrity problems relating to
management of production and transportation assets in the oil and gas industry.* The associated
risks have led to corrosion engineers developing both direct and indirect strategies to mitigate
internal corrosion of pipelines. Injection of corrosion inhibitors is one of the most extensively
applied and affordable methods to mitigate internal corrosion.

A corrosion inhibitor is a chemical substance that can significantly reduce corrosion, in certain
environments, when added in small concentrations (of the order of parts per million).2 The oil and
gas industry uses a variety of corrosion inhibitors,® with most of them being organic surfactant-
type compounds such as amines and imidazolines, which primarily function by adsorbing on the
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metal surface and forming some kind of “barrier” against corrosion.?? It is said that this barrier
with long hydrophobic hydrocarbon tail would restrict water coming into contact with the metal
surface, thus inhibiting corrosion. Corrosion inhibitor molecules most commonly attach to the
metal surface via their polar (hydrophilic) head group,* while the non-polar, hydrophobic alky! tail
of the inhibitor is assumed to be oriented away from the surface.* Regarding the effect of the alkyl
tail length of the corrosion inhibitor, there have been studies relating the alkyl tail with the
mitigation efficiency of the corrosion inhibitors; in these studies, corrosion inhibition efficiency
and/or changes in the double layer capacitances were measured.*® Measurements were
integrated into mathematical models based upon adsorption isotherms assuming that the
coverage of the inhibitor on the metal surface (6) is proportional to the corrosion mitigation
efficiency, as is common practice.>% Nonetheless, studies equating surface coverage and
efficiency of corrosion inhibitors can be biased. The methods utilized may lead to wrong
conclusions due to misinterpretation of the results. Often, critical mechanistic considerations of
the electrochemical nature of acidic corrosion of metals is disregarded in the analysis. The limiting
current of the hydrogen evolution is, perhaps, the most important and yet overlooked parameter
in the analysis of corrosion inhibition. A second mistake often made is in the interpretation of the
Tafel slopes associated with the dissolution of metals and hydrogen evolution in the presence of
inhibitors. Given their importance, the current research effort will analyze the effects of the limiting
current and the Tafel slopes in the interpretation of the results.

Limiting Current Effects: Partially blocked Electrode Kinetics and Microelectrode
Array Hypothesis

The blockage model®> associates the decrease of active surface area with the redcution of
corrosion rates. From this point of view, the corrosion current density diminishes because a
smaller active area produces the total current pertained to corrosion. However, this perceived
diminishing the active surface area does not explain some experimental observations.

A hypothetical scenario illustrates the idea: a 1 cm? steel sample undergoes acidic aqueous
corrosion. The total corrosion current is measured with LPR: 0.1 mA. Therefore, the corrosion
current density is equal to 0.1 mA/cm? (corresponding to ~1 mm/year in the case of mild steel).
An organic corrosion inhibitor is injected at the beginning of a new experiment. After a few hours,
the measured corrosion total current stabilizes at 0.01 mA. To obtain the current density, the total
current is divided by the total initial area of the electrode, obtaining a corrosion current density of
0.01 mA/cm? and a corrosion rate of 0.1 mm/year. The efficiency is calculated to be 90%. Under
the blockage model, the result implies that the active surface area of the metal was diminished
down to 10% of the original surface area. In other words, the total corrosion current obtained is
equivalent to the total corrosion current of a 0.1 cm? electrode. Following the logic of the blockage
model, if there is a decrease in the active surface area, all electrochemical reactions associated
with the corrosion of mild steel would be affected (Figure 1). The plot shows two hypothetical
potentiodynamic sweeps for the described electrodes with different surface areas.
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Figure 1. Hypothetical potentiodynamic sweeps for two electrodes with different
active surface areas under the same conditions.

When the total current is divided by the true active area of the corresponding electrode to obtain
current density, the curves should overlap. Figure 2 shows that experimental potentiodynamic
polarization curves in the absence and presence of corrosion inhibitors do not behave as two
electrodes with different areas. The main difference lies in the limiting current, which is not
affected by the presence of two types of organic corrosion inhibitors (imidazoline and quaternary
ammonium-type, respectively).
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Figure 2. Potentiodynamic polarization curves of an X65 steel working electrode
1000 RPM RCE at 30 °C, 0.96 bar COg, in the presence of a quaternary ammonium-
type of corrosion inhibitor and imidazoline-type of corrosion inhibitors at different
concentrations. Limiting currents are unaffected by the presence of the inhibitors
in all cases. Error bars: maximum and minimum currents obtained at selected
potentials.

One strong argument to sustain the blockage model in conjunction with the fact that the limiting
currents are not affected can be the partially blocked electrode kinetic theory described by Gileadi

©2020 by NACE International.

Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to

NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.

The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

3



et al.2 Specifically, the case for electrodes modified by a blocking material. To study the effect of
electrode distribution, the author developed microelectrode arrays embedded in an insulator
material as shown in Figure 3.

Microelectrode

Blocking material array

Figure 3. Microarray electrodes embedded in an insulating material. This array
represents a partially blocked electrode.

From the blockage model of inhibition, the effect of corrosion inhibitors on the metal surface can
be modeled with microelectrode arrays. Each microelectrode corresponds to the active surface
area of the electrode. The inhibitor is represented by the insulating material.

Many researchers have performed cyclic potentiodynamic polarization, cyclic polarization, and
polarography to demonstrate that the blocking material diminishes the rate of the processes under
charge transfer regions as a linear function of the blocked surface!?'6, However, the diffusion
limiting currents change depending on the distribution of the blocked material. Such a distribution
can be stated by two possible scenarios: the individual non-linear concentration profile (Figure 4)
and the case for overlapping non-linear diffusion layers (Figure 5)*3.

Blocking material Electrode

Figure 4. Partially blocked electrode: the case for individual non-linear diffusion
layers.
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Figure 5. Partially blocked electrode: the case for overlapping non-linear diffusion
layers

When the diffusion profiles of the microelectrodes do not overlap, the limiting current diminishes
proportionally to the active surface area. In the case of overlapping, the limiting currents are the
same as in a bare electrode. Subsequently, assuming that a corrosion inhibitor would adsorb in
such a way that the diffusion profiles overlap can explain why the limiting current is unchanged.

However, Amatore et al.,’®-'8 demonstrated that the limiting current diminishes regardless of the
active surface area distribution in partially blocked microelectrodes ensembles with high coverage
(i.e., 8 > 0.9). The distance between the active sites at high coverage is such that the
concentration profiles do not overlap, resembling the scenario depicted in Figure 4.

For the case of corrosion inhibition, there are corrosion inhibitors with efficiencies higher than
90% (and therefore 8 > 0.90 under the blockage model). For instance, 100 ppm of an imidazoline-
type of corrosion inhibitor would imply that the limiting current is affected by the coverage of the
inhibitor. Nonetheless, Figure 2 showed that it is not the case.

Blockage Model and Activation Energy

The activation energy for a reaction is a measurement that indicates the energy that needs to be
supplied so the reaction can proceed. In the case of electrochemical dissolution of metal, the
reaction involves charged ionic species moving across an electric field generated by a double
layer structure at the metal surface. Therefore, in a general case, one needs to consider both the
chemical and the electrical component of the activation energy.'®2! Figure 6 represents a
schematic illustrated textbook example!® of the oxidative dissolution of metal and the associated
free energy diagram, showing the total activation energy for this reaction as being composed of
two parts; a chemical component and an electrical component:

AGy = AGj + BFA® 1)

where AG;, is the total activation free energy, AG;, is the chemical component of the activation
energy of the electrochemical process, 8 is a symmetry factor, F is the Faraday constant and A®
is the potential drop across the double layer.
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Figure 6. Free energy diagram for an anodic reaction (M — M* + e’). The total
activation energy of this reaction is divided into a chemical component (black
curve) and an electrical component (dash point red line). The combination of the
two is shown as a dash blue curve. Adapted from Bockris, et al. *°

The anodic dissolution process is then accelerated and retarded according to the change in the
potential drop or a change in the chemical component of the activation energy equation. Under
this premise, one is led to think that the presence of a corrosion inhibitor would increase the
activation energy of the electrochemical reactions, so the anodic dissolution proceeds at a slower
rate.

However, the formulation of the blockage model implies that the activation energy of the
electrochemical reactions underlying corrosion is unchanged. To explain the statement, one can
express the rate of the abovementioned anodic dissolution at the reversible potential as:

*

_ AG}, BFAD
i=Fkyexp|— RT | €XP (_T> (2)

Assuming that the exchange current density in the presence of a corrosion inhibitor diminishes
only due to the diminution of the active surface area (as per the blockage model), the exchange
current density in the presence of a corrosion inhibitor, (io)inn, can be expressed as :

AG FErev
(i0)inn = (1 = 0)ig = (1 — O)Fky exp <_ R_7I"VI> exp <_’B RT ) 3

Where 6 is the coverage of the inhibitor, and E.. is the reversible potential given by the Nernst
equation.

*

Given the following textbook relationship??:

nFEL, = —AG®° = TAS® — AH® 4)
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For a single step, electrochemical reaction, n = 1. Expanding the Gibbs energy of activation into
the enthalpy and entropy components, the exchange current density in the presence of a
corrosion inhibitor is then expressed as:

(®)

AH3, — TAS, B(AHO — TAS®)
RT exp RT

(i0)inn = (1 — 0)Fky exp (

As the formulation is written in terms of equilibrium conditions, one can apply the formal
thermodynamic definition of activation energy:

. olnlk,, e
— ! 7= 6

oaT) ) ©
For this case, letting (io)inn = Keq., the partial derivative of the natural logarithm of the exchange
current density in the presence of an inhibitor with respect to the inverse of the temperature is
expressed as:

aln\(io). i )
-R| — = |=(E,),, =AH, — SAH? 7)

o(uT)

The result of Equation (7) would be the same if the coverage term (1-6) is not present in Equation
(5). The simple blockage model thermodynamically implies that the activation energy associated
with the anodic dissolution of metal is independent of the active surface area of the electrode
(1-6). This result suggests that the presence of a corrosion inhibitor would not change the
activation energy of the anodic dissolution of metal if the blockage is the only effect associated
with the adsorption of the corrosion inhibitor. Notwithstanding, this result is in odds with
experimental observations from various research that have shown that the presence of a
corrosion inhibitor indeed changed the activation energy of a metal dissolution process?3-2¢,

Given the experimental observations and the conclusions from other scientific fields analogous to
the corrosion inhibition phenomenon, the assumption that coverage is equal to efficiency seems
insufficient to describe the phenomenon of corrosion inhibition completely. That is the motivation
of this research: to propose a more comprehensive methodology to assess the effect of corrosion
inhibitor that accounts for changes in the electrochemical reactions governing the acidic corrosion
of mild steel due to a corrosion inhibitor adsorption.

METHODOLOGY

A three-electrode glass cell setup was used to perform corrosion and corrosion mitigation
experiments at 1 bar, pH 4.0 and 30, 35, 40 and 45 °C with a 1 wt. % NacCl electrolyte; a UNS
K03014 API 5L X65 steel (Fe 97.7, C 0.13, Mn 1.16, Mo 0.16 wt.%) rotating cylinder electrode
(RCE) at 1000 rpm was used as the working electrode. A platinum covered titanium mesh was
used as a counter electrode and an Ag/AgCl (KClI saturated) electrode was used as the reference.
Figure 7 shows an illustration of the apparatus. CO, gas was used for purging of the system and
the solution pH was adjusted and maintained at pH 4.0+0.1 during each experiment. Linear
polarization resistance (LPR) measurements were taken to obtain the charge transfer resistance
by polarizing the working electrode from -5 mV to +5 mV measured from the corrosion potential;
instantaneous corrosion rates were then estimated using a B value of 26 mV/decade. Corrosion
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inhibitors were tested at the so called “surface saturation concentration”, which is the minimum
concentration that yielded the maximum efficiency (lowest corrosion rate) for a given corrosion
inhibitor. Each experiment was performed three times. A summary of the experimental conditions

is given in Table 1.

—

WoReNOL~WN

Reference Electrode (RE -
Saturated Ag / AgCl)

Rotating Cylinder Electrode (WE)
Counter Electrode (CE)

Luggin Capillary

pH Meter

Thermocouple

Gas in

Gas out

Magnetic Stirrer

Figure 7: Three electrode set up used to perform experiments.®

Table 1. Experimental Conditions

Description Parameters
Test material API 5L X65
Working solution 1 wt.% NaCl
Sparge gas CO;
Temperature / 'C 30, 35, 40, 45
pH 40+0.1

Corrosion inhibitors

None (baseline),

Model Compounds:

Q-C4 (50, 100, 150, 200 ppm)
Q-C8 (50, 100, 150, 200 ppm)
Q-C12 (50, 100, 150, 200 ppm)
Q-C16 (50, 100, 150, 200 ppm)

Test duration

2-12 hours (stabilization of corrosion rate)

Measurement methods

LPR, EIS, potentiodynamic polarization

@ Image courtesy of Cody Shafer, ICMT, Ohio University.
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RESULTS AND DISCUSSION

Effect of corrosion inhibitor on the electrochemical reactions

The key overall electrochemical reactions associated with the corrosion of mild steel in CO>
saturated aqueous environments are the anodic dissolution of iron:

Fe — Fe?t+42e~ (8)

And the hydrogen evolution reaction:

2H*+2e” - H, 9)

These are multistep reactions and are fully addressed in the context of acidic CO; corrosion by
Kahyarian, et al.?” For the case of the hydrogen evolution in acidic aqueous environments, the
Volmer reaction is assumed to be the rate-determining step (rds):

H* + e~ = Hyq (10)
The Volmer reaction as the rds yields Tafel slopes close to 2RT/F (120 mV/ decade).

In a similar scenario with corrosion inhibitors, Conway and Gileadi?® have discussed the
implication of having an electrode with high total coverage, defining the rate of the Volmer
equation as:

A6y + fOn)] [_ BFA®
RT p

igt = ky+Cy+(1 —07) exp [— BT

(11)

Where: 6r is the total coverage of the electrode, 4G ,+is the chemical component of the activation
energy of the reaction, and f(8;) is a function that determines the variation of the activation
energy with respect to the total coverage.

Conway, Gileadi and Thomas??° discussed that the Volmer reaction has a coverage independent
activation energy for 6r < 0.8. For coverages higher than 0.8, the energy of adsorption of the
intermediate Hags increases as per Frumkin kinetics?®:

AGygs = AGY o + 107 (12)

Where r is a constant relating to the increase of the standard adsorption energy at zero
coverage (4G2,,) and the total coverage of the electrode.

The increase in the adsorption energy stabilizes the adsorbed hydrogen intermediate, making the
recombination of the hydrogen (Tafel reaction) the rate-determining step?®2°. Such a situation
changes the Tafel slope from 2RT/F to 3RT/F (~180 mV/decade at 25 °C). A similar effect on the
Tafel slope was reported by Gileadi®® in the presence of organic molecules adsorbed on
electrodes at high coverages. The author argued that the “electrosorption” of organic molecules
(the replacement reaction of n water molecules by an organic molecule at the electrode surface)
diminished the sites where the intermediate hydrogen adsorbed can recombine, making it the
rate-determining step®.
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In the case of the iron dissolution, the Bockris-Drazic-Despic (BDD) mechanism?! is widely
accepted to occur under the acidic dissolution of iron?"32, where the rate-determining step is the
oxidation of the adsorbed intermediate FeOH:

a) Fe+H,0 = FeOH+H*+e™

d
b) FeOH —— FeOH*+e" (13)

c) FeOH™+H™ = Fe?*+H,0

Following the derivation previously described for hydrogen evolution, the rate of the reaction (13)
as a function of the total coverage can be expressed as?®*:

ireon = kreonOreon(1 — 67) exp | — (14)

AGreon + f(67) [ aFA(D]
RT P\ TRt

Equation (14) implies that the coverage may affect the reaction by diminishing the space where
the intermediate can form as well as modifying the chemical component of the activation energy
associated with the reaction. Therefore, if the coverage is high, the low availability of water for the
reaction (13) would make it the rate-determining step, changing the Tafel slope from 3RT/2F (~40
mV/decade at 25 °C) to 2RT/F (~120 mV/decade at 25 °C)?,

For the case of the quaternary ammonium model compounds studied in this work, the kinetics

parameters were obtained by using the Tafel approximation as pointed by Nordsveen, et al.*?,
and more recently by Kahyarian, et al.?’:

n
i =iy10%D (15)

In the case of the hydrogen ion reduction, a mathematical approximation was utilized to account
for the limiting current?”-32;

1

1
i lcTt ilim (16)
Figure 8 shows the mathematical fit for obtaining the kinetics parameters (Tafel slope, limiting
current and exchange current density). The fit parameters for all the inhibitors found at 30°C are
summarized in Table 2.
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Figure 8. Square markers: potentiodynamic sweep for a 0.96 bar CO, pH 4, 30 °C, 1000

RPM RCE X65 steel with 50 ppm of Q-C16. Error bars: maximum and minimum current

density at selected potentials from three different experiments. Green solid line: anodic
current density model. Red solid line: cathodic current density model.

Table 2. Estimated kinetic parameters in the presence of corrosion inhibitors.

System Tafel Slope (mV/ Decade) EXChange(X;Jr:Ze)nt density ilim (A/mZ)
Anodic Cathodic Anodic Cathodic
Blank (COy) 40-60 120-130 0.06 0.04 3.1-4.2
CO.,+ Q-C4 40-50 120-130 0.03 0.02 3.2-4.2
CO,+ Q-C8 40-50 120-130 0.022 0.015 3.1-3.8
CO,+ Q-C12 40-60 120-140 0.01 0.007 2.9-4.2
CO;+ Q-C16 40-60 120-140 0.003 0.002 2.8-4.2

The facts that the Tafel slope of 120 mV/decade at high corrosion mitigation efficiency (~95%)
and that the limiting currents are unchanged by the presence of the corrosion inhibitors suggest
that the inhibitor mainly acts by changing the chemical component of the activation energy as
shown by Equation (11)(10) and Equation (14). Such a statement is in good agreement with
previous experimental results showing an increase in the activation energy of the electrochemical
process underlying corrosion®2.
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CONCLUSIONS

A thermodynamic and kinetic analysis of corrosion based on metal dissolution theory was
proposed to explain the effect of corrosion inhibitor model compounds adsorbed on steel.
The Tafel slopes were not significantly affected by the presence of the corrosion inhibitors,
suggesting that the mechanism of the hydrogen evolution and iron dissolution were not
affected by the presence of the organic corrosion inhibitor model compounds.
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