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Abstract

Corrosion rate data for several commercial carbon dioxide corrosion inhibitors have been fitted to the Temkin
adsorption isotherm and van’t Hoff equation, enabling a determination of the enthalpy of adsorption (AHy,). It has
been found that experimentally determined AH,; values for commercial inhibitor formulations can provide valuable
insights into the behaviour of the inherent active components. The temperature sensitivities along with the
mechanism of adsorption (physi- or chemisorption) and the minimum concentration required for activity of
inhibitors is determinable by this approach. Additionally, FTIR has been used to identify those inhibitors that are
tenaciously adsorbed to steel, and suitable for use in batch treatment applications.

1. Introduction

Carbon dioxide corrosion is a major problem in the oil
and gas production industry, and can occur at all stages
of production from downhole to surface equipment and
processing facilities [1]. The corrosion of wet gas and
multiphase pipelines is responsible for lost production
and costly repairs, necessitating a corrosion control
program (e.g., organic corrosion inhibitors are used
widely in the control of internal corrosion in oil and gas
production/transportation [2]). The use of carbon steel
in conjunction with a chemical inhibitor treatment
programme is a cost-effective and preferred method
for the control of carbon dioxide corrosion.

Present research is directed towards elucidation of the
mechanism for carbon dioxide corrosion inhibition in
order to produce highly efficacious and cost-effective
corrosion inhibitors. Slight improvements in inhibitor
performance can save the oil industry millions of dollars
per annum in specialty chemicals. Furthermore, recent
environmental concerns have led to the development of
low toxicity or ‘green’ or ‘environmentally friendly’
corrosion inhibitors [3, 4].

Commercial corrosion inhibitors comprise at least one
of the following surfactants: fatty acids; amines; fatty
amines/diamines; fatty amido-amines or imidazolines;
oxyalkylated amines; quaternary amines; other amine
derivatives; and oxygen, sulfur or phosphorous contain-
ing compounds [5]. These surfactants adsorb to the steel
surface, yielding a protective hydrophobic film that
impedes the corrosion of steel [6].

Recent studies have attempted to construct a quan-
titative structure/activity relationship (QSAR) to de-
scribe the efficacy of a variety of oil field corrosion
inhibitors [3, 4, 7, 8]. Despite the recent advancements in
QSAR studies, the most significant selection criterion is
the efficiency of the inhibitor under specific field-like
conditions.

It is possible to interpret the efficacy of corrosion
inhibitors by using classical adsorption isotherms [7, 9—
12]. If the steel electrode is assumed to corrode
uniformly then the corrosion rate in the absence of
inhibitor {veor(blank)} is representative of the total
number of corroding sites, while the corrosion rate in
the presence of inhibitor {vee(inhibited)} is symbolic of
the number of available corroding sites remaining after
blockage of some sites by inhibitor adsorption [12]. The
melding of these assumptions yields the fractional
surface coverage (0), namely,

0— Veorr(blank) — veorr (inhibited)
h Veorr(blank)

()

Temkin adsorption isotherm plots (i.e., 6/In C) can be
used to determine the fundamental adsorption proper-
ties of commercial corrosion inhibitors [7], that is,

KaC=¢/"and 0= (1/f)InKaa + (1/f)InC  (2)

where K4 is the adsorption equilibrium constant, f the
molecular interaction constant, and C is the analytical
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concentration of the inhibitor solution expressed in units
of mol kg™".

Isosteric enthalpies of adsorption (i.e., AHZ) are
obtained by constructing van’t Hoff plots of In Cy—g s
against 1/7 over a suitable temperature range (30—
70 °C), namely,

R;d + constant (3)

In Cy—o5 =

where Cy_g 5 corresponds to the concentration of inhi-
bitor required for 0 = 0.5.

A detailed understanding of the mechanism of ad-
sorption for corrosion inhibitors requires the charac-
terisation of corrosion inhibitor films by using surface
analytical techniques such as surface enhanced Raman
spectroscopy (SERS), X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared (FTIR) spectroscopy,
etc. [16, 18-22].

The present study used adsorption isotherms [7] in
studies of the efficacy of commercial carbon dioxide
corrosion inhibitors. This approach, which is capable of
determining temperature sensitivities for commercial
inhibitor products, is extremely useful as it provides a
laboratory-based method for assessing the suitability of
inhibitors to be used under specific oil field conditions.
Furthermore, the determined AH_, values are indicative
of the mechanism of adsorption of the inhibitors (physi-
or chemisorption), establishing if a commercial product
is suitable for use in continuous injection or batch
treatment applications. Finally, grazing incidence FTIR
has been used to corroborate if commercial inhibitors
are physi- or chemisorbed to steel, verifying their
suitability for use in continuous injection or batch
applications.

2. Experimental details
2.1. Electrochemical measurements

A standard three-electrode cell comprising a mild steel
(SAE/AISI Grade 1022 according to AS 1443) rotating
cylinder working electrode (diameter 1.21 cm, height
0.773 cm and area 2.94 cm?, yielding a wall sheer stress
of 1 Nm™ at 1000 rpm [23]) and a double junction
silver—silver chloride reference electrode, along with a
platinum mesh auxiliary electrode, was utilized in all
electrochemical measurements. A 3% (w/v) sodium
chloride solution containing 100 mg L™' sodium bicar-
bonate (AR) in milli-Q water was used as the electrolyte.
The electrolyte was saturated with carbon dioxide at
atmospheric pressure by continuously purging with
carbon dioxide at a flow rate of approximately
200 mL min~'. The working electrode was rotated at a
speed of 1000 rpm during all electrochemical measure-
ments.

The electrochemical cell was connected to a computer
controlled potentiostat/galvanostat (ACM Gill 12 DSP)
which was operated by software supplied by ACM
instruments. Linear polarization (LP) measurements
were conducted to determine corrosion rates at the mild
steel electrodes. Corrosion rates in the presence of
inhibitors can be calculated by using surface coverage
data in conjunction with Equation 1 and mean blank
corrosion rates for mild steel electrodes of 1.84 +
0.18 mm y~! at 30 °C, 3.24 + 0.35mm y~' at 50 °C,
and 5.10 = 0.70 mm y~' at 70 °C.

2.2. Surface analysis

Coupons were polished mechanically using 320, 400,
600, 800 and 1200 grit emery paper in conjunction with
an ethanol lubricant. The coupons were cleaned, de-
greased in ethanol, and precorroded in the electrolyte
for 1.5 h. The temperature was maintained at 50 °C by
using an Activon 720 series digital hot plate (Barnstead/
Thermolyne, Towa USA). After a precorrosion that
allowed for the formation of a corrosion product scale,
the coupons were immersed in the supplied corrosion
inhibitor solutions that comprised 10-30% of active
ingredients. After 15 min of filming, the coupons were
returned to the electrolyte for a further hour, simulating
a wash step, or exposure to uninhibited produced fluids.
Coupons were removed from solution, washed in a
small amount of ethanol, and dried under a stream of
carbon dioxide. Coupons were stored in a vacuum
desiccator until surface analyses were undertaken.

2.3. Infrared analysis

Infrared spectra were recorded using a Bruker IFS 66
spectrometer. The spectra of inhibitors adsorbed onto
steel coupons were recorded by using a polarized grazing
angle attachment and both s- and p-polarization, and
256 scans were accumulated using a resolution of
4 cm™', a 40 kHz scanner velocity, and an aperture of
4-7 mm (depending on the polarization used). The
significance of the polarizer has been discussed else-
where [24].

3. Results and discussion
3.1. Adsorption isotherms

A Temkin adsorption isotherm plot for an unspecified
proprietary blend of two inhibitors (i.e., inhibitor D) is
presented in Figure 1, and corresponding van’t Hoff
plots for commercial and noncommercial inhibitors are
presented in Figure 2. Note, the large change in 0 of 0.2—
0.8 for such a narrow concentration window of
9x 107°-1.4 x 107> g L™ (Figure 1) is symbolic of a
highly efficacious corrosion inhibitor with a large
adsorption equilibrium constant and correspondingly
high levels of corrosion protection at low inhibitor
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Fig. 1. Temkin adsorption isotherm-inhibitor D (unspecified blend of
two inhibitors) at 30 °C.
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Fig. 2. Van’t Hoff plots for selected inhibitors between 30-70 °C: (A)
fatty acid amine; (C) imidazoline/ester; (E) amine based fatty acid; (F)
quaternary amine; mercaptan; and cetylamine.

dosages. Furthermore, the errors in 0 in Figure 1 were
determined using an average standard error for replicate
measurements in this and a previous study [7].

Although the molar masses of inhibitor active ingre-
dients were unknown, all had similar recommended
dosing levels. This lack of information does not impact
on the enthalpies of adsorption, as the slopes of
van’t Hoff plots (equivalent to AHy, / R) are independent
of the concentration units, that is, In(C/molal) =
AHS,/RT + constant, but if C/g L™ is substituted in
place of C/molal then we obtain

AH;
In(C/g L") = R—;d + constant — InK (4)

where K is the constant conversion factor from g L™' to
molality which incorporates the molar mass of the
inhibitor. Simply, the use of C/g L™! causes a van’t Hoff
plot to slide up or down the y axis without altering the
slope and the value of AH,.

3.2. Fundamental adsorption properties

The van’t Hoff plots in Figure 2 convey the temperature
sensitivities for commercial inhibitor formulations and
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Fig. 3. Van’t Hoff plots for inhibitors B and D (unspecified propri-
etary blends of two inhibitors).

two pure inhibitor compounds. The errors for In Cy_¢ 5
in Figures 2 and 3 were determined graphically by using
lines of minimum and maximum slopes for the corres-
ponding adsorption isotherms at each temperature.
Formulations B and D comprising unspecified propri-
etary blends of two inhibitors are not shown in Figure 2
as they did not display the classical van’t Hoff behaviour
(i.e., linearity of In C against 1/7), and are presented
separately in Figure 3 which reveal the performance of
these compounds changes with temperature, but unlike
the other products, the performance diminishes with
increasing temperature up to 50 °C, after which an
improvement is noted up to 70 °C. Respectively, this
behaviour is indeed consistent with the presence of two
corrosion inhibitors possessing exothermic and endo-
thermic enhalpies of adsorption. In this case, one
component ‘dominates’ because of its large exothermic
adsorption enthalpy over 30-50 °C, but between 50—
70 °C, the other inhibitor possessing a dominant endo-
thermic enthalpy of adsorption displays a higher level of
activity. For example, if the testing of products B and D
were conducted at a single temperature of 50 °C then
these inhibitors would be performing at well below their
optimum, emphasizing the importance of using adsorp-
tion thermodynamic studies in the characterisation of
commercial inhibitor formulations. Most of the com-
mercial products used in this study yielded a positive
slope corresponding to an endothermic adsorption
process, signifying a chemisorption mechanism and
the suitability of these inhibitors for batch treatment
applications [7]. Other compounds such as cetylamine
(Figure 2), undergo an exothermic physisorption pro-
cess [7], whereby performance diminishes at elevated
temperature, indicating that products of this type are
unsuitable in high temperature applications.

Figure 2 also shows that the fatty acid amine inhibitor
(i.e., formulation A) displayed the best performance, as
evident by lower values of In Cy_g s compared to the
other inhibitors. The imidazoline/ester (i.e., formulation
C) and amine based fatty acid (i.e., formulation E)
inhibitors performed comparably over the temperature
range, while the quaternary amine (i.e., formulation F)
inhibitor exhibited a degraded performance compared
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Table 1. Summary of the enthalpy of adsorption data: (A) fatty acid
amine, (B) unspecified proprietary blend of two inhibitors, (C)
imidazoline/ester, (D) unspecified proprietary blend of two inhibitors,

(E) amine based fatty acid and (F) quaternary amine
Product AH? /K] mol™!

A +283 £ 1.6

B Multiple active ingredients
C +19.1 £ 0.8

D Multiple active ingredients
E +132 £ 1.8

F +9.9 + 1.9

to formulations A, C and E, but generally outperformed
products B and D (compare Figures 2 and 3).

Table 1 summarizes the enthalpies of adsorption for
the commercial corrosion inhibitors. Due to the non-
linear behaviour of products B and D arising from the
presence of multiple active ingredients, AH,, values
could not be assigned to these inhibitors.

The concentrations required for greater than 90%
protection for the six inhibitors at 30, 50 and 70 °C are
also shown in Table 2; all the products reached this high
level of protection at <5 ppm. Evidently, the dosing of
corrosion inhibitors at optimum levels provides a
significant saving to oil producers who commonly use
arbitrarily chosen concentrations which can be orders of
magnitude higher than the required level.

3.3. Surface analysis

Grazing incidence FTIR was conducted on coupons
exposed to all of the commercial inhibitor formulations.
Only two of the inhibitors (i.e., fatty acid amine
inhibitor A and imidazoline/ester inhibitor C) were
detected on the surface by using ex situ grazing angle
FTIR and s-polarization (radiation polarized in a plane
parallel to the sample surface).

925
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Table 2. Summary of the concentrations of inhibitor required for high
levels of protection. Inhibitors A—E have been defined in Table 1

Inhibitor Temperature/°C  Concentration to give ~ 90%
protection/ppm
A 30 1.3-1.4
A 50 1.1-1.2
A 70 0.7-0.8
B 30 2.6-2.8
B 50 3.84.0
B 70 22-24
C 30 2.8-3.0
C 50 1.6-1.8
C 70 1.2-1.3
D 30 3.6-3.8
D 50 5.4-5.6
D 70 4.4-4.6
E 30 2.3-25
E 50 2.1-2.3
E 70 1.5-1.7
F 30 3.7-39
F 50 3.6-3.8
F 70 2.8-3.0

The absence of signals for the other products is due to
the ex situ nature of grazing incidence FTIR which
involves the washing of treated specimens to remove all
but the most tenaciously chemisorbed inhibitors. Fig-
ure 4 shows the FTIR spectrum of the neat inhibitor A,
while Figure 5 shows the spectrum obtained from the
surface of the coupon exposed to inhibitor A. It can be
seen that both spectra possess several matching peaks;
namely, those due to the hydrocarbon moiety of the
inhibitor, v,s CH; (2962 cm™"), v,s CH, (2930 cm™), v,
CH; (2870 cm™" barely visible), v; CH, (2853 cm™"), and
d.s CH; (1462 cm™) [25], along with other bands which
are assignable to the polar head group of the inhibitor
molecule (i.e., the fatty acid amine functional groups).
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Fig. 4. FTIR spectrum of neat inhibitor formulation A (fatty acid amine).
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Fig. 5. s-polarized FTIR spectrum obtained from coupon exposed to inhibitor A (fatty acid amine).

Although the exact structure of this fatty acid amine
inhibitor is unknown, some qualitative observations can
be made. The weak broad peaks around 3500-3310 cm ™
in Figures 4 and 5 are attributable to the weak vn_y of
the primary or secondary amine and/or an amide
functional groups in this fatty acid amine-based inhib-
itor. The broad humps between 3000-2500 cm™' are
indicative of the carboxylic acid functionality in this fatty
acid amine inhibitor; however, there are no discernible
carbonyl peaks in the 1750 cm™" region of the spectrum.
As expected for a fatty acid amine-based inhibitor, the
appearance of peaks at 1526 and 1423 cm™' in the
spectrum for the adsorbed inhibitor (Figure 5) are
symbolic of an inorganic carboxylate salt such as
iron(11)-carboxylate [25]. The peak at 1462 cm™" in both
spectra is probably due to the J,; CHj, possibly with a
contribution from the CH, scissor on the high wave-
number side of the 1462 cm™' peak, while the peak at
1378 cm™! in both spectra could be due to d; CH;. The
spectrum of the neat formulation and the adsorbed
species comprise several common peaks between 1011-
1118 cm™" that are probably due to C-N and/or C-O
stretching in the fatty acid amine inhibitor [25]. Although
some of the peaks cannot be conclusively assigned to a
particular functional group, it must be noted that the
concentration of active constituents comprises less than
10% of the formulation, and many other organic
compounds (solvents, demulsifiers etc.) represent the
balance. Note, the FTIR spectra for inhibitor C (viz.,
imadazoline/ester) are not shown due to their similarity
to those for inhibitor A (i.e., fatty acid amine).

4. Conclusions

The concentrations for optimum levels of corrosion
protection for six commercial inhibitors are shown to be
<5ppm under the given test conditions encompassing
a temperature range of 30-70 °C.

Ex situ surface analyses by using grazing angle FTIR
can be used to elucidate the mechanism of adsorption
for commercial corrosion inhibitors at corroding steel
surfaces (i.e., differentiate between physi- or chemisorp-
tion). If an inhibitor undergoes chemisorption then it is
suitable for use in batch treatment applications. Signifi-
cantly, this spectroscopic information is valuable to the
end users of the inhibitors (i.e., oil producers).
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