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Abstract
CO2 corrosion is an ongoing problem in the oil and gas industry and the deposits
present in the production fluids increase the risk of pipeline failures. In this research,
the corrosion processes at carbon steel surfaces under mineral deposits in CO2
environment and their inhibition was investigated. The extent of the corrosion
damage was found to be dependent on the deposit characteristics and the deposits
increased the risk of localized corrosion both in the presence and absence of the
corrosion inhibitors. It was also found that the presence of deposits alters the
inhibitor action depending on the chemical nature of the inhibitor. The presence of
deposits affected the inhibitor transport through the layer and its availability at the
steel surface, hindering the inhibitor from being effective at the steel underneath.
Sulphur-containing organic compounds showed low affinity for sand-deposits and
subsequently exhibited better inhibition performance at the sand-deposited steels.
The behaviour of a corrosion inhibitor directly on the carbon steel surface was
monitored by in-situ atomic force microscopy, showing surface changes from steel
dissolution under uninhibited conditions to the formation of inhibitor aggregates at
the surface. The corrosion products formed at sand-deposited steels were identified
using synchrotron-sourced infrared microspectroscopy as a mixed layer of
chukanovite (Fe2(OH)2CO3) and siderite (FeCO3 ), which is supposed to promote
localized attack.
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Chapter I

Introduction and Overview
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Carbon steel pipelines are widely used for oil and gas transmission and distribution
due to the material cost being very economical. These pipelines are subject to
internal carbon dioxide corrosion which is a limiting factor for the pipeline
integrity.1,2 Since carbon steels are the preferred option compared to expensive
corrosion resistant alloys, great efforts have been made to efficiently use carbon steel
and in turn reduce the risk of catastrophic pipeline failures due to corrosion.
In the typical natural gas transportation pipelines, small amount of CO 2 is found due
to the co-production of CO2 gas. In the presence of water, dissolved CO2 causes the
formation of corrosive carbonic acid (H2CO3) in oxygen-free, oil field brine
solutions.3 Carbonic acid is very corrosive leading to considerably higher corrosion
rates of steel than would be observed in a solution of a strong mineral acid at an
equivalent pH.3 Several reaction mechanisms have been proposed for the dissolution
of steel in CO2-saturated brines4-6 and the widely acknowledged corrosion reactions
are as follows:
CO2(g)

CO2(dissolved)

CO2(dissolved) + H2O(l)
H2CO3(aq)

H2CO3(aq)

H+(aq) + HCO3-(aq)

Fe(s)  Fe2+ + 2eFe2+(aq) + HCO3 -(aq)  FeCO3(s) + H+(aq)
The main anodic reaction is iron oxidation and the main cathodic reaction is
reduction of carbonic acid. The overall reaction leading to the formation of iron
carbonate (FeCO3) can be written as:
Fe + CO2 + H2O  FeCO3 + H2(g)
The iron carbonate layer formed at the carbon steel surface could be protective or
non-protective against CO2 corrosion depending on the environmental conditions.7,8
Corrosion inhibitor treatment is a cost-effective control measure used to lower the
CO2 corrosion damage of carbon steels to acceptable standards in the oil and gas
systems.9

Under-deposit corrosion (UDC)
In addition to an aggressive CO2 environment, most oil and gas fields contain
deposits that accumulate at the inner surface of the pipelines with low flow rates or
during periods of shutdown, leading to a phenomenon termed under-deposit
2

corrosion (UDC).10-13 Figure 1 shows an instance of under-deposit corrosion
encountered in the field. Typical pipeline deposits include solids carried in the
formation waters (silica sand deposits being the primary constituent), corrosion
products, hydrocarbons and bio-films, all of which have an effect on the corrosion
reactions. In the recent past, concern has increased to understand the UDC process as
it is reported as one of the contributing factors for localized corrosion in the form of
pitting or mesa attack, eventually causing pipeline failures.12-15

Pipe wall
Accumulated
deposits

Figure 1. Section of a 12″ diameter pipeline with accumulated deposits.

Though CO2 corrosion is one of the extensively investigated mechanisms due to its
severity and economic impact, corrosion aspects in the presence of deposits have not
been largely addressed. Different mechanisms have been proposed for the underdeposit corrosion, the exact principles, however, have not been fully understood. A
number of laboratory test methods12 that differ by design and/or test approach are
currently used for UDC testing, but a generally accepted standard method has not
been established. Therefore, it is important to develop and standardize test methods
that can effectively evaluate the corrosion processes in the presence of deposits.

Test methods used for UDC at ambient pressure
Under-deposit corrosion studies conducted at steel surfaces partially-covered with
sand-deposits have proposed that galvanic corrosion occurs due to the sand
deposition on part of the steel surface.13,14 It was shown that the steel area covered
with deposit becomes anode and the adjacent area without deposit becomes cathode
of the galvanic cell. The potential difference between the anode and the cathode was
shown to be the driving force for localized corrosion.15 In the actual pipeline, since
the cathodic area is substantially larger than the anodic area, rapid corrosion takes
place at the anodic area under the deposit.
3

Coupled multi-electrode arrays have also been utilized for UDC studies.16,17 In this
approach, an array of closely-packed smaller electrodes is covered with deposit and
coupled to a larger external steel electrode. Steel surface under the deposit was
shown to possess more positive corrosion potential than the external electrode. This
potential difference was attributed to the locally accelerated corrosion of the
electrodes compared to the lower average corrosion rate of the whole array.
In the artificial pit electrode technique used to evaluate the localized corrosion of
steel under deposits, galvanic currents were measured between an artificial pit
electrode covered with deposits, coupled to a bare electrode without deposits.18 The
galvanic coupling currents were related to the rate of pit propagation.
Studies on carbon steel surfaces completely-covered with deposits19-22 have shown
that the ferrite phase of carbon steel preferentially corrodes leaving behind
undissolved iron carbide (Fe3C). The conductive Fe3C provides cathodic area and
enhances the corrosion of steel under deposits by accelerating the cathodic reactions.
The galvanic contact between the Fe3C lamellae structure and the adjacent steel has
been suggested to induce localized corrosion on steels completely-covered with
deposits. A decrease in general corrosion rates of steel under deposits compared to
the steels without deposits has also been observed. This was related to a combination
of surface coverage and mass transfer effects. The deposits reduce the surface area
available for corrosion and restrict the diffusion of corrosive species to the steel
surface.21
This diversity in the UDC test methods and the proposed UDC mechanisms
emphasizes the need for further investigations to assess the under-deposit corrosion.

Besides the corrosive environment (with or without deposits) to which the carbon
steel surfaces are exposed, another significant factor affecting the corrosion
processes is the formation of corrosion products.7,23 For carbon steel in CO2saturated brines, iron carbonate (FeCO3) is the main corrosion product, its formation
depending on several factors such as the brine composition, CO 2 partial pressure,
temperature, pH, oxygen content, steel microstructure and periods of stagnation.
Other corrosion products such as iron oxides (Fe 3O4), hydroxides (Fe(OH)2), oxyhydroxides (FeOOH) and hydroxycarbonates (Fe2 (OH)2CO3) are also likely to form
at carbon steel in CO2 environment.23-26 However, the corrosion products formed at
sand-deposited steels have not been identified to date.
4

Infrared spectroscopy is one of the analytical techniques used for the corrosion
product identification at steel surfaces.27 With the conventional infrared sources, it is
rather difficult to analyse very thin layers of corrosion products and inhibitor films
formed at the surface due to the rough and heterogeneous nature of the corroded
carbon steel. Application of the high brightness synchrotron radiation is particularly
suited for the analysis of thin surface layers and can contribute to the understanding
of corrosion principles of carbon steel surfaces.25,26

Inhibition of CO2 corrosion
Injection of film-forming corrosion inhibitors is a common practise to protect the
carbon steel pipelines in CO2 environment, irrespective of the settling of mineral
deposits.28,29 Organic compounds containing nitrogen, oxygen, phosphorous and
sulphur are the widely used inhibitors against internal corrosion of carbon steel. 29,30
The basis of the inhibitor action is that the inhibitors form a protective barrier
between the steel surface and the corrosive species in pipeline fluids.30 Inhibitors
retard corrosion either by physisorption or chemisorption depending on their
chemical structure and the nature of the steel surface. Physisorption is electrostatic
interaction between the inhibitor species and the acquired charge on steel surface.
Chemisorption involves charge transfer between the inhibitor molecule and the steel
surface.
Quaternary ammonium compounds (surfactants) represent one of the most widely
used types of CO2 corrosion inhibitors due to their excellent anti-corrosion
ability.31,32 The performance of quaternary ammonium inhibitors is related to their
characteristic structure consisting of a hydrophilic ‘head’ and a long-chain
hydrophobic ‘tail’. It is suggested that the inhibitor molecule adsorbs to the anodic or
cathodic sites on the steel surface through the head group forming a protective film
against corrosion.31 Surfactant inhibitors exhibit a distinct feature termed the critical
micelle concentration (CMC) at which the inhibitor adsorbs at steel as aggregates
consisting of monomers.33 CMC is considered a key parameter in determining the
effectiveness of surfactant inhibitors. Figure 2 shows the generally accepted
surfactant-inhibitor action at the metal surface.
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Figure 2. Inhibitor activity at metal surface.28

In-situ atomic force microscopy (AFM) is a surface analysis technique utilized for
the investigation of surfactant adsorption at model surfaces such as mica and
quartz.34,35 It is one of the mostly sought techniques as the in-situ images of adsorbed
surfactant aggregates can be acquired with sub-micron resolution. However, the
information obtained from surfactant inhibitor behaviour at model surfaces cannot be
correlated to its inhibition activity at steel. Therefore, in-situ AFM studies at the
carbon steel surface as used in the pipelines can determine the adsorbed structures of
inhibitors and their relationship to the inhibition effect.

When there are no deposits in the system, CO2 corrosion inhibitors afford desired
level of protection to carbon steel pipelines. In the presence of deposits, inhibitor
availability at the steel surface is a critical concern. 36,37 Inhibition failures due to the
presence of deposits may lead to higher operational costs and even pipeline
shutdown owing to the unpredictable nature of the UDC phenomenon. Therefore,
identifying suitable inhibitors to mitigate corrosion under deposits is of great
significance to the oil and gas industry.

Corrosion inhibition under deposits largely relies on the diffusion of inhibitors
through the deposit layer before the inhibitors can act against the corrosive species.
Deposits can reduce the rate of inhibitor transport and/or the inhibitors can
preferentially attach to deposit surfaces.38-43 The impact of mineral deposits on
inhibitor performance varies according to the chemical nature and physical
characteristics (shape, particle size, porosity, thickness of layer) of the deposits.
Corrosion rates are directly proportional to the surface coverage of the steel by the
6

inhibitor, which in turn is proportional to the concentration of the inhibitor available
in the aqueous phase. Parasitic adsorption of inhibitors on deposit surfaces rather
than the intended steel surface has been attributed to the enhanced corrosion rates of
the deposit-covered steels.36 Inhibitor application to the steels partially-covered with
sand-deposits resulted in the potential difference between the surfaces with and
without deposits, accelerating localized corrosion of the deposit-covered surfaces.13
Corrosion inhibitor performance studies at steels completely-covered with sanddeposits have also showed insufficient inhibition relative to the surface without
deposits. This inadequate inhibition was related to the iron carbide (Fe3C)
accumulation at the deposit-covered steels.20 The variations in the principles
proposed for UDC in inhibited systems highlights the need for determining the exact
influence of deposits on the inhibitor performance.
The chemical composition and structure of the corrosion inhibitors is another
significant factor influencing their behavior at steels in the presence of deposits.39-43
It has been shown that the corrosion inhibitor formulations with strong affinity for
deposit surfaces were depleted from the aqueous phase via adsorption on
deposits.38,39 Adsorption via alkyl chain of the inhibitor’s chemical structure on
oppositely charged deposit surfaces has been shown for the surface-active corrosion
inhibitor compounds.42,43 However, to better understand the inhibition principles at
deposit-covered steels, it is necessary to combine the adsorption studies with the
corrosion rate measurements at steel. Therefore, test methods to quantify the extent
of inhibitor adsorption on deposits need to be developed and correlated to the
inhibitor performance at steels. This approach could aid in identifying the inhibitors
that provide sufficient corrosion protection for steels under deposits.
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Objectives
The objectives of this research focussing on the inhibition of CO2 corrosion of
carbon steels in the presence of deposits are to:
 determine the effect of mineral deposits on the performance of generic/commercial
corrosion inhibitors at carbon steel surfaces exposed to CO 2-saturated brine
 investigate the performance of corrosion inhibitors under sand-deposits for both
general and localized corrosion of carbon steel
 develop a test method to determine the extent of inhibitor adsorption on the sanddeposits
 determine the inhibition principles of the best-performing inhibitor compound
chosen from the sand adsorption tests
 identify corrosion products formed at the steel surfaces in the presence of sanddeposits using synchrotron-sourced infrared microspectroscopy
 determine if a correlation exists between the adsorbed inhibitor structure and the
inhibitor performance at carbon steel using in-situ atomic force microscopy

Thesis Outline
This thesis is structured as follows:
Chapter II demonstrates the influence of three types of mineral deposits viz. alumina,
silica and calcite on the performance of CO2 corrosion inhibitors at carbon steel
surfaces.
Chapter III shows the performance of a range of generic corrosion inhibitors
evaluated at sand-deposited carbon steel surfaces.
Chapter IV presents the test method developed to determine the extent of inhibitor
adsorption on the sand-deposits. Correlation between the amount of inhibitor
adsorbed on sand deposits and the inhibition effect at the sand-deposited steel
surface is also presented.
Chapter V deals with determining the adsorption and inhibition characteristics of the
best-performing under-deposit corrosion inhibitor, chosen from the adsorption
studies.
Chapter

VI

presents

the

synchrotron-sourced

infrared

microspectroscopy

identification of the corrosion products formed at sand-deposited steel surfaces.
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Chapter VII shows the relationship between aggregate structure of inhibitor and its
performance at the deposit-free steel surface determined using in-situ atomic force
microscopy.

Additional research findings relevant to the work presented in Chapters II-VII are
included in Appendix 1-3.
Appendix 1 presents the evaluation of corrosion inhibitor performance for both
general and localized corrosion of sand-deposited carbon steel surfaces.
Appendix 2 presents the preliminary investigation on application of in-situ
electrochemical atomic force microscopy technique to examine the CO 2 corrosion
process at carbon steel surfaces.
Appendix 3 demonstrates the utilization of synchrotron-sourced infrared
microspectroscopy to determine the orientation of corrosion inhibitor on the rough
carbon steel surfaces.

The test methods used in this research, significance of the study and the main
findings are summarized at the end of this chapter along with the suggestions for
future work.
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Methods
Materials and test solutions
The test material used in this work was carbon steel (1030 grade) with a ferriticpearlitic microstructure shown in Figure 3. The chemical composition of carbon steel
is given in Table 1. Prior to measurements, the steel samples were wet-ground up to
1200 grit SiC abrasive paper, ultrasonically cleaned and dried in nitrogen gas. For insitu surface analysis studies, the steels were ground up to 1200 grit, followed by
polishing to < 1 µm using diamond suspensions as required by the sensitivity of the
analytical techniques.

pearlite

ferrite

20 µm
Figure 3. Microstructure of 1030 carbon steel.

Table 1. Chemical composition (weight %) of 1030 carbon steel.
C

Mn

Si

P

S

Cr

Ni

Mo

Sn

Al

Fe

0.370 0.800 0.282 0.012 0.001 0.089 0.012 0.004 0.004 0.010 balance

All the experiments in this study were performed in standard brine solutions
comprising of 3 wt% sodium chloride and 0.01 wt% sodium hydrogen carbonate
with the corrosion inhibitors added in required concentrations.
The test solutions were saturated with CO2 (99.99% purity) at atmospheric pressure
for 2 h prior to the experiments. The measured initial pH was 4.7 and the dissolved
oxygen concentration was less than 20 ppb. This CO2-saturated test solution was
then transferred to the test cell and CO2 gas was continuously purged throughout the
test period. This procedure ensured the removal of oxygen and to sustain dissolved
10

CO2 concentration in the test solution. There was no significant change in final pH
value measured at the end of the experiments.
Table 2 summarizes the corrosion inhibitors investigated in this study.
Table 2. Chemical formulas and structures of corrosion inhibitors.
Inhibitor

Chemical
formula

1- dodecylpyridinium chloride
hydrate (DPC)

C17H30ClN ·
H2O

Cetylpyridinium chloride
monohydrate (CPC)

C21H38ClN ·
H2O

Benzyl dimethyl hexadecyl
ammonium chloride (BDHAC)

C25H46NCl

2-mercaptopyrimidine (MPY)

C4H4N2S

Thiobenzamide (TB)

C6H5CSNH2

Chemical structure

Three different inorganic minerals shown in Figure 4, representative of the major
components found in pipeline solids were used as deposits in this study. The deposit
characteristics of each mineral are given in Table 3.
Silica

Alumina

100 µm

20 µm

Calcite

2 µm

Figure 4. Images of the mineral deposits.

Table 3. Deposit characteristics.
Mineral
deposit

Mean particle size
μm

Specific surface area
m2g-1

Silica (SiO2)
Alumina (Al2O3)
Calcite (CaCO3)

303.03
26.88
2.97

0.055
0.444
6.412
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Experimental techniques
All the experiments were performed separately at carbon steel samples with and
without deposits under stagnant CO2-saturated conditions in the temperature range
30-80 °C.
Electrochemical tests were carried out in a three electrode test cell setup shown in
Figure 5. Carbon steel working electrode was soldered to a wire for electrical
connection and then embedded in epoxy resin. The exposed surface area of carbon
steels samples varied according to the requirements of the experiments. Hastelloy C
and saturated Ag/AgCl (3.5 M KCl) with a Luggin capillary were used as counter
and reference electrodes, respectively. The sample arrangement at the bottom of the
test cell is shown in Figure 6.
Luggin capillary holding
Ag/AgCl reference electrode

Hastelloy C
counter electrode
Electrical connection
for working electrode

CO2 sparge tube

Deposit-covered
working electrode

Figure 5. Three-electrode test setup used for the electrochemical measurements.

Electrical connection
for working electrode
Epoxy resin

Deposit layer

Steel sample
Sample holder

Figure 6. Images of the deposit-free and deposit-covered steel sample arrangement
in the test cell.
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Electrochemical measurements were conducted to monitor the corrosion rates of
steels and to determine the inhibitor efficiencies. Experiments were performed as per
the ASTM standard procedures and the techniques used were linear polarization
resistance, potentiodynamic and potentiostatic polarization, cyclic voltammetry and
electrochemical impedance spectroscopy.
Weight loss measurements were conducted for 15 days and the corresponding
corrosion rates were calculated using ASTM standard G1.
Immersion tests were conducted for 29 days. After the exposure period, samples
were taken from the solution, dried under nitrogen gas and stored under vacuum until
surface analysis.
Scanning electron microscopy and Energy dispersive X-ray spectroscopy were used
to analyse the surface morphology and elemental composition of the steels.
Visible-light microscopy was utilized to observe the morphology of the
electrochemically treated steel surfaces and to obtain the pit depths and surface
roughness values.
Synchrotron-sourced infrared microspectroscopy was used for the identification of
corrosion products at steel surfaces and to determine the orientation of adsorbed
inhibitor molecules at steel. These experiments were performed at the Infrared
Microspectroscopy (IRM) beamline at the Australian Synchrotron.
In-situ atomic force microscopy was utilized to image the aggregate structures of
corrosion inhibitor on the steel surface. Contact angle measurements were conducted
to determine if the inhibitor adsorbs at the steel surface. Electrochemical atomic
force microscopy was employed for in-situ monitoring of the corrosion process at the
steel-solution interface.
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Summary
Corrosion control of carbon steel pipelines is a major concern in CO2-saturated oil
and gas systems, especially in the presence of deposits covering the steel surface.
Pipeline deposits negatively impact the corrosion inhibitor performance and promote
localized corrosion. This research on the evaluation of CO 2 corrosion inhibitors at
the deposit-covered carbon steel surfaces demonstrates that the nature of the mineral
deposit influences the effectiveness of the corrosion inhibitors. A test method has
been developed to determine the extent of inhibitor adsorption on sand-deposits.
Sulphur-containing organic inhibitors exhibited low affinity for sand-deposits and
effectively inhibited general corrosion at sand-deposited steels. A relationship
between the aggregate structure of a quaternary ammonium inhibitor and its
inhibition performance at sand-free carbon steel surface was determined using in-situ
atomic force microscopy. Chukanovite (Fe2(OH)2CO3) was identified using
synchrotron-sourced infrared microspectroscopy as the main corrosion product in the
mixed layer with siderite (FeCO3) at the sand-deposited steels. The present study
contributes to the understanding of under-deposit corrosion of carbon steel in CO2
environment and its mitigation which is of great significance to ensure reliable
operations of the oil and gas systems.

Chapter II examined the effect of mineral deposits alumina, silica and calcite on the
corrosion and inhibition processes of carbon steel surfaces. The deposit nature was
found to influence the corrosion process and the severity of the corrosion damage of
deposit-covered steels was in the sequence alumina-deposited > calcite-deposited >
silica-deposited. Electrochemical tests revealed that the general corrosion rates of
steels covered with deposits were lower than the steels without deposits. The lower
general corrosion rates of deposit-covered steels indicated that deposits block the
active surface area on steel and/or act as a diffusion barrier for the corrosive ions
from test solution reaching the underlying steel. Surface analysis showed that the
steel surfaces covered with deposits had sustained localized attack, irrespective of
the nature of deposits.
The inhibitor assessment revealed that the activity of inhibitors beneath the deposits
varied with the nature of the deposit as well as the chemical structure of the inhibitor.
Thiobenzamide exhibited good inhibition effect at carbon steels under all three
deposits and was found to be the most effective inhibitor among the three
14

compounds tested. Cetylpyridinium chloride and a commercial formulation were less
effective at silica and alumina-deposited steels compared to calcite-deposited steels,
but their performance was found to improve with increase in inhibitor concentration.
This quantifiable difference in the activity of inhibitors beneath the deposits
indicated that these compounds adsorbed on the deposits depending upon their
chemical nature. A test method developed for the evaluation of the adsorption loss of
the inhibitors to deposits is presented in Chapter IV.

In Chapter III, the performance of generic corrosion inhibitors at sand-deposited
carbon steel surfaces was investigated. The inhibitors tested were two quaternary
ammonium compounds (Cetylpyridinium chloride and 1-dodecylpyridinium
chloride) and a sulphur-containing compound (2-mercaptopyrimidine). The sulphurcontaining compound was found to effectively inhibit general corrosion under sanddeposits. The effectiveness of quaternary ammonium compounds reduced in the
presence of sand-deposits. The demonstrated differences in the activity of the tested
inhibitors at sand-deposited steels can be related to their chemical nature and the
adsorption behaviour at sand-deposits. Chapter II and III prompted the development
of a test method to quantify the inhibitor adsorption on sand-deposits.

A test method for determining the extent of inhibitor adsorption on sand-deposits
was developed in Chapter IV. For this purpose, UV-Vis spectroscopy technique
was utilised to measure the concentration of inhibitors in test solutions before and
after their contact with silica sand. Based on the amount of the inhibitor adsorbed, its
affinity for the deposits was determined. It was found that the sulphur-containing
compounds that adsorbed to a lesser extent at the sand-deposit exhibited high
inhibition effectiveness at the sand-deposited steels. The quaternary ammonium
compounds that adsorbed in large quantities at sand possessed lower inhibition effect
due to the concentration loss to sand-deposits. The higher level of adsorption of
quaternary ammonium inhibitors on sand-deposits is due to charge attraction and
alkyl-group interactions. Contrarily, the lesser or no adsorption of sulphur-containing
inhibitors on sand is due to low affinity of those compounds for sand. This shows
that the preferential adsorption of inhibitors on sand-deposit is influenced by their
chemical nature. It was deemed important to study the best-performing inhibitor in
the under-deposit corrosion scenario in detail to better understand the principles of
15

the UDC inhibition. The results in Chapter IV have shown that thiobenzamide was
the most effective inhibitor under sand-deposits. This finding on the suitability of
thiobenzamide as under-deposit corrosion inhibitor was substantiated in the study in
Chapter V.

Chapter V determined the inhibition principles of thiobenzamide at sand-deposited
steels. The mode of inhibition was found to be spontaneous adsorption at the steel
surface through the S atom of the thiobenzamide molecule. Thiobenzamide offered
sufficient inhibition to steels with and without sand deposits at all concentrations
tested. However, inhibition was accomplished in shorter duration when treated with
higher inhibitor concentration. The inhibition effect of thiobenzamide was similar for
steels surfaces with and without sand deposits at low temperature, while a difference
in the inhibition activity was observed at elevated temperature. Surface morphology
of corroded steels showed that general corrosion takes place at surfaces without sand
deposits. However, localized corrosion was observed at surfaces with sand deposit,
both in the presence and absence of thiobenzamide. The results revealed that
thiobenzamide is an efficient inhibitor for the mitigation of general corrosion under
sand-deposits.

In Chapter VI, the corrosion products formed at sand-deposited steels were
identified using synchrotron-sourced infrared microspectroscopy. Chukanovite
(Fe2(OH)2CO3) and siderite (FeCO3) were identified as corrosion products at the
sand-deposited steels. In this mixed corrosion product layer, chukanovite was the
main product detected. Transformation of chukanovite to siderite was also observed.
At steel surfaces without sand-deposit, siderite was the only corrosion product. Both
steels with and without sand-deposits exhibited similar general corrosion rates, but
localized corrosion was observed at sand-deposited steels. This difference in the
corrosion behaviour of the steels with and without sand-deposits is attributed to the
presence of sand-deposit which results in the formation of mixed layer of corrosion
products (chukanovite and siderite) causing localized corrosion.

Chapter VII presents the investigation of the adsorption behaviour of corrosion
inhibitor, 1-dodecylpyridinium chloride (DPC) at carbon steel surface using in-situ
atomic force microscopy. The adsorption of inhibitor molecules at steel increased the
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hydrophobicity of the surface. The results revealed a correlation between the
adsorbed aggregate structure of the inhibitor and its inhibition effect. In-situ
observation of the steel surface in CO2-saturated conditions showed that DPC
adsorbs as hemispherical aggregates when supplied at its critical micelle
concentration (CMC) and as cylindrical aggregates at a concentration higher than
CMC. The inhibitor performance showed that cylindrical aggregate structure offered
better protection compared to the hemispherical structure. It was found that the
cylindrical inhibitor aggregates formed faster under the mildly corrosive N2saturated conditions compared to the CO2-saturated conditions.
The investigation in Appendix 1 is an extension of the CO2 corrosion inhibition
studies at carbon steel surfaces under sand-deposits, with an emphasis on assessing
the corrosion inhibitor effectiveness to mitigate general as well as localized
corrosion. The study enabled to determine that the sulphur-containing inhibitor, 2mercaptopyrimidine was efficient against both general and localized corrosion of
steel under sand-deposits. It was found that the quaternary ammonium inhibitors
(Cetylpyridinium

chloride,

1-dodecylpyridinium

chloride,

Benzyl

dimethyl

hexadecyl ammonium chloride) which were less effective against general corrosion
of sand-deposited steels also sustained localized corrosion attack.

Appendix 2 presents the preliminary results of the application of in-situ
electrochemical atomic force microscopy (ECAFM) technique for the investigation
of the carbon steel surface under CO2-saturated conditions for the first time. The
formation of corrosion product at the steel surface was monitored simultaneously
with the corrosion rates. The decrease in corrosion rate corresponded to the
protectiveness of the corrosion product film formed at the surface which was
identified as iron carbonate. Combination of corrosion rate monitoring capability
with the simultaneous imaging of the surface makes in-situ ECAFM a powerful
technique to investigate the corrosion processes at carbon steels.

There have not been detailed studies regarding the adsorption/orientation of inhibitor
species at carbon steel in particular, due to the difficulties in characterizing thin
inhibitor films at the heterogeneous and rough carbon steel surfaces. This limitation
can be overcome by using synchrotron-sourced surface analysis techniques that have
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a superior brightness and signal-to-noise ratio which prompted the investigation
shown in Appendix 3.
The objective of the synchrotron infrared microspectroscopy study in Appendix 3
was to determine the orientation of inhibitor 1-dodecylpyridinium chloride (DPC) at
carbon steel surface. It was found that DPC adsorbed at steel through the pyridinium
ring positioned parallel to the surface with the aliphatic chain part of the molecule
slightly tilted from the perpendicular.

Future work
This work demonstrates that the nature of the mineral deposit uniquely affects the
CO2 corrosion and its inhibition processes at the carbon steel surfaces. Deposits
present in the oil and gas fields are usually a complex mixture of several mineral
components. Hence, it is essential to determine the combined effect of the mineral
components in the actual field deposits. Understanding the impact of the filed
deposits on the inhibitor performance will enable to develop efficient corrosion
inhibitors for field applications.
The test method developed in this study to determine the extent of inhibitor
adsorption on sand-deposits enabled the identification of the inhibitors with low
affinity for sand-deposits which were effective at the sand-deposited steels. The test
method can be applied to further evaluate the affinity of inhibitors with different
chemical structures for various mineral deposits. This will aid in formulating
corrosion inhibitors with low adsorption affinity to a particular deposit, thus be an
appropriate inhibitor choice to protect deposit-covered steels.
It was evidenced that the deposits affected the inhibition activity under conditions
where deposits were present at steels before applying the inhibitors. It would also be
useful to investigate the impact of deposits on steel surfaces treated with inhibitors
before the introduction of the deposits. This will enable to determine if inhibition can
be maintained underneath the deposits.
Despite numerous inhibitor activity studies at model surfaces, investigations at
carbon steels are sought-after since carbon steel surface is considered as a realistic
representation of the surface used in oil and gas pipelines. In-situ atomic force
microscopy (AFM) investigation at carbon steel surface in this work demonstrated
that the structure of inhibitor aggregates formed at the steel affects its inhibition
activity. Application of in-situ AFM to determine the relationship between the
18

aggregate structures of inhibitors and their performance at steel can enable the
prediction of efficient inhibitor structures.
A preliminary investigation on the applicability of in-situ electrochemical atomic
force microscopy (ECAFM) was also conducted in this work and the full capability
of the technique for corrosion and inhibition studies at carbon steels is to be further
investigated. Successful use of ECAFM can lead to the determination of
relationships between the corrosion rates/inhibitor efficiencies and the morphology
of the surface layers.
The results obtained from the synchrotron-sourced infrared microspectroscopy in the
present study established that the technique enables the identification of thin surface
layers and the inhibitor orientation on rough steel surfaces. Further use of
synchrotron-sourced infrared microspectroscopy to characterize the carbon steel
surfaces can be valuable for determining the orientation of corrosion inhibitors and
the assessment of corrosion products formed at the surface.
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ABSTRACT
The present study describes the impact of mineral deposits (SiO2, Al2O3 and CaCO3) on CO2 corrosion
of 1030 carbon steel in a chloride-containing environment. The corrosion process was investigated
using electrochemical and weight loss measurements, followed by surface analysis of the corroded
steels conducted by visible-light and scanning electron microscopy. It was found that the extent of the
corrosion damage is directly related to the nature of the mineral deposits and significant differences
were observed in the morphology of the surfaces corroded in the presence/absence of different
deposits. The susceptibility of the deposit-covered steels to localized corrosion and the influence of
deposits on corrosion inhibition are also discussed and related to the properties of the deposits. The
inhibitor performance at deposit-covered steels varied according to the chemical composition of the
inhibitor and the nature of the deposit. The study serves to improve the understanding of CO2 corrosion
process in the presence of solid deposits and the findings can be applied to address the under-deposit
corrosion in oilfield operations.
Key words: carbon dioxide, carbon steel, mineral deposit, corrosion inhibitor
INTRODUCTION
Carbon steel pipelines in oil and gas systems operating under CO2 environments frequently encounter
mineral deposits transported along with formation fluids, which lead to a range of corrosion problems
including under-deposit corrosion (UDC). 1 The deposits found in flow lines are often a combination of
silica sand (primary inorganic constituent), clays, alumina, hydrated alumina, calcite, iron oxides,
sulphides and carbonates, corrosion products, organic compounds etc. There are numerous
consequences to the presence of these deposits such as restricted fluid flow, pressure changes,
depletion of inhibitor species and alteration of the corrosion mechanisms. Irrespective of the deposit
management strategy applied, significant quantities of deposits will remain depending on the fluids
carried through the carbon steel pipelines. The deposits cause UDC of the steel thus eventual pipeline
failures. 2-4
The mineral deposits can also have an adverse effect on the effectiveness of corrosion inhibition
operations. 5 The uptake of active inhibitor components from the bulk solution by the deposit particles
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hinders the inhibitor activity at the steels, leading to higher corrosion rates than predicted by laboratory
tests. In addition to impeding the inhibitor transport to the underlying metal surface, locally accelerated
iron dissolution rates due to the presence of deposits can retard the rate of adsorption of inhibitors onto
the steel. 6
In the present paper, we examine the role of major mineral components (SiO2, Al2O3 and CaCO3) of the
typical deposits found in the production fluids, on the CO2 corrosion behaviour of 1030 carbon steel.
The comparison of experiments done with and without deposits at steel surface is used to determine
the changes in corrosion behaviour introduced by the deposit layer and the susceptibility of the steel
beneath deposits to localized and/or uniform corrosion. Since the deposits interfere with the inhibition
process, the evaluation studies are conducted incorporating the deposits in the tests so as to determine
the optimum inhibition conditions required for UDC mitigation. Our previous studies on UDC inhibition 7
demonstrated that silica sand deposits diminished the inhibitor performance and we present the
evaluation of three different corrosion inhibitors’ performance at the deposit-covered steels in this
paper.
EXPERIMENTAL PROCEDURE
Test materials
The material investigated was UNS G10300 carbon steel. Samples with an exposed surface area of
0.196 cm2 were embedded in resin. The elemental composition of the steel was: C (0.37%), Mn
(0.80%), Si (0.282%), P (0.012%), S (0.001%), Cr (0.089%), Ni (0.012%), Mo (0.004%), Sn (0.004%),
Al (0.01%), and Fe (balance). Prior to tests, the steel samples were polished down to 1200 grit SiC(1)
paper, washed with ethanol and rinsed with ultra-pure water (resistivity – 18.2 MΩ cm) to remove any
traces of the solvent. The samples were then dried and immediately placed into the test cell.
The test solution (uninhibited) was standard brine consisting of 30 g/L sodium chloride (NaCl; Ajax
Finechem(2), analytical reagent, 99.9%) and 0.1 g/L sodium hydrogen carbonate (NaHCO3; Merck(3),
99.5%) dissolved in ultra-pure water.
Three corrosion inhibitors were investigated; two were reagent grade pure organic compounds,
thiobenzamide (C6H5CSNH2; Sigma-Aldrich(4)) and cetylpyridinium chloride monohydrate
(C21H38ClN·H2O; Sigma-Aldrich) and will be referred to as TB and CPC, respectively. The third referred
to as inhibitor CF was a commercial inhibitor formulation supplied by an industry partner and its exact
composition is not known. The inhibited test solutions were prepared in standard brine solution at the
required concentrations. All experiments presented in this study were carried out under stagnant
conditions at 30 °C ± 1 °C at 1 bar CO2 (<20 ppb oxygen).
Mineral deposit characterization
To represent the major components found in pipeline deposits, three common inorganic minerals of
analytical reagent grade (Sigma-Aldrich) were used as deposits in this study. The mean particle size
and the specific surface area of the deposits are given in Table 1.
The deposit particles were randomly dispersed on carbon tape and coated with a 3 nm Pt coating to be
imaged using the Zeiss(5) Evo scanning electron microscope (SEM).

(1)

Trade name.
Trade name.
(3)
Trade name.
(4)
Trade name.
(5)
Trade name.
(2)
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Table 1
Mean particle size and specific surface area of the deposits investigated
Mean particle size Specific surface area
Mineral
deposit
μm
m2/g
Silica (SiO2)
303.03
0.055
Alumina (Al2O3)
26.88
0.444
Calcite (CaCO3)
2.97
6.412
Figure 1 presents the scanning electron micrographs of the mineral deposit particles. The size of the
scale bars is given in parenthesis. The silica deposit appears as individual grains with rough surfaces
(Figure 1a). The micrograph of the alumina particles shows aggregates of smaller grains (Figure 1b)
and calcite particles can be seen as a disordered structure of chunks (Figure 1c).

a

b

c

Figure 1: SEM of deposit a) Silica (100µm) b) Alumina (20µm) and c) Calcite (2µm)
In all experiments conducted in the presence of deposits, the polished steel samples were placed at the
bottom of the test cell and covered with a deposit layer of consistent thickness ~ 8 mm above the steel
(the weight varied for each mineral sample used to form the deposit).
Electrochemical measurements
A three-electrode glass cell setup described elsewhere 7,8 was used to perform the electrochemical
measurements using an ACM Gill Potentiostat(6). The counter and reference electrodes used were
Alloy UNS N 10276 and saturated Ag/AgCl (3.5 M), respectively.
Linear Polarization Resistance (LPR) measurements of bare steel samples and deposit-covered steels
in CO2 saturated test brine (uninhibited solution) at 30 °C were conducted for 24 h in the potential range
of ±10 mV in respect to open circuit potential (OCP). For the inhibitor evaluation tests using the LPR
technique, the samples were exposed to test brine solution (uninhibited) for 1 h, after which different
concentrations of the selected corrosion inhibitors were dosed into the test solution.
Potentiodynamic polarization measurements of bare steel samples and deposit-covered steels in CO2
saturated test brine solution at 30 °C were conducted in the potential range of ±0.25 V vs. OCP at 10
mV/min sweep rate. Before each polarization measurement the steels were stabilized at open circuit
conditions for 24 h.
The cyclic voltammetry measurements (using Solartron(7) 1287 potentiostat) at the bare steel and
deposit-covered steels in CO2 saturated test brine solution at 30 °C were recorded after 300 s at OCP
at a sweep rate of 10 mV/s and the detailed measurement procedure is described elsewhere. 7 The
(6)
(7)

Trade name.
Trade name.
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steel samples after the cyclic voltammetry experiments were rinsed, dried in nitrogen and observed
under visible-light infinite focus microscope (Alicona Instruments, Germany) to determine the surface
profile parameters such as roughness (Rq) and pit depth. All the electrochemical parameters and the
corrosion rates from electrochemical measurements were calculated as per ASTM(8) G102. 9
Weight loss measurements
Bare carbon steel samples and the deposit-covered steels were immersed in CO2 saturated test brine
solution for a period of 15 days at 30 °C. Four steel coupons were exposed to the test solution under
each condition – two samples were used for weight loss measurements and two were taken for surface
examination.
After the test period, the weight loss coupons were ultrasonically cleaned for 1 minute, and the weight
loss was determined according to the standard chemical cleaning procedure for the corrosion product
removal. 10 An analytical balance of ±0.1 mg precision was used to weigh the steel samples before and
after the exposure period. The corrosion rates from the weight loss of duplicate coupons (exposed
surface area 2.25 cm2) were determined using the standard ASTM G1 procedure. 10
The two steel coupons for surface examination were taken at the end of the test duration, rinsed in
ultra-pure water, dried in nitrogen gas and stored under vacuum. These samples with the corrosion
products were then analysed using the scanning electron microscope (SEM). No chemical treatment
was applied to the samples examined under SEM.
RESULTS
Linear polarization resistance measurements
Figure 2 shows the comparison of corrosion rates obtained from the bare steel surface and depositcovered steels exposed to test brine solution monitored by LPR. The initial corrosion rate of bare steel
is higher compared to all three deposit-covered steel surfaces. This can be attributed to the numerous
active sites available at the bare steel surface when exposed to corrosive media causing metal
dissolution at a faster rate. In the case of the deposit-covered steels, the metal dissolution proceeds
slower (i.e. corrosion rates are lower than bare steel) because of the deposit layer acting as a barrier to
the transport of corrosive species from the test solution and the release of metal ions from the steel
surface. The deposit thus impedes general corrosion at the surface.
The thickness of the deposit layer on the steel was constant, but the layer’s characteristics and degree
of adherence to the steel will vary according to the nature of the mineral used as deposit. This is
reflected in the difference in the corrosion rates between the three deposit-covered steels. In the first
hour of exposure to the test solution, the corrosion rates of steels are in the sequence silica-deposited >
alumina-deposited > calcite-deposited. The trend is that the corrosion rates are higher for the deposit
with the larger particle size. Categorizing the deposits on this basis, it is supposed that the silica deposit
is porous, composed of individual grains, compared to a dense homogenous layer of alumina and
calcite. Hence, the corrosive ions diffuse quite readily through the porous silica layer contributing to
initial higher corrosion rates, less so with alumina, followed by calcite. After 1 h, the corrosion rate of
silica-deposited steel gradually decreases and stabilizes at 0.5 mm/yr at the end of 4 h. The corrosion
rate of calcite-deposited steel was very low (~ 0.2 mm/yr) for a duration of 4 h which can be ascribed to
calcite’s closely packed layer above steel surface, restricting the access of reducible species to the
steel. Eventually, once the ions have reached the underlying steel (after 4 h), the corrosion rate starts
increasing due to the corrosive ions concentrated beneath the calcite deposit. The alumina-deposited
steel exhibited higher corrosion rates compared to other two deposits and it kept increasing slowly over
(8)
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the test period of 24 h. It may be associated with the ability of alumina to reduce the pH upon
hydrolysis, thus raising the corrosion rate of steel beneath the alumina deposit.
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Figure 2: Corrosion rates of bare steel and deposit-covered steels corroded in CO2 saturated
test brine solution at 30 °C
Potentiodynamic polarization measurements
The potentiodynamic curves recorded from bare steel and deposit-covered steels after 24 h (at OCP)
exposure to test brine solution at 30 °C are shown in Figure 3.
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Figure 3: Potentiodynamic curves recorded from bare steel and deposit-covered steels in CO2
saturated test brine solution at 30 °C after 24 h exposure at OCP.
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It can be seen that there is a negative shift in the corrosion potential (Ecorr) of 64 mV, 2 mV and 50 mV
for silica, alumina and calcite-deposited steels, respectively compared to the bare steel surface. This
indicates that the cathodic reaction is predominantly suppressed in the presence of deposits at the steel
surface. The corrosion current densities (icorr) of silica and calcite-deposited steels decreased in respect
to the bare steel, with the silica-deposited surface exhibiting a considerable decrease in both anodic
and cathodic domains. The icorr decrease in the presence of these deposits can be related to the
deposit particles acting as a physical barrier for the diffusion of reactive ions from the solution to the
steel underneath. The polarization curve of alumina-deposited steel is similar to that of the bare steel
with a negligible Ecorr shift indicating that the corrosion reactions are similar to the bare steel surface.
The pH of the test solutions was also measured (data not shown) before and after the potentiodynamic
polarization tests and no significant change in solution pH during the test period was observed.
Weight loss measurements
The weight loss measurements provided the average corrosion rates of steels over the period of 15
days exposure to CO2 saturated test brine solution and are presented in Figure 4.

Corrosion rate (mm/yr)
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0.0
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Silica

Alumina

Calcite

Figure 4: Average corrosion rates determined from weight loss measurements after 15 days
exposure of bare steel and deposit-covered steels to CO2 saturated test brine solution at 30 °C
The presence of silica or calcite deposits at the steel surface lowers the corrosion rate compared to the
bare steel samples, whereas the alumina deposit has no significant effect on the corrosion rate. This
indicates that silica and calcite deposits hinder the general corrosion process of steel in uninhibited
brine test solution. The deposits may reduce the rate of diffusion of aggressive ions from the solution by
covering the steel surface, thereby reducing the corrosion rates. The weight loss data are in good
agreement with the electrochemical results which showed that the corrosion rate of alumina-deposited
steel is similar to the bare steel. For the silica and calcite deposits, the same ordering as shown in
Figures 2 and 3 is observed from the weight loss tests.
Scanning electron microscopy (SEM) analysis
Figure 5 shows representative scanning electron microscopy images of the bare steel and depositcovered steel surfaces after 15 days of exposure to the CO2 saturated test brine solution.
The bare steel surface (non-deposited) was completely covered with corrosion products (Fe, C and O)
detected by Energy Dispersive X-ray Spectroscopy (EDS) and the corrosion is uniform in nature (Figure
5a). The surface morphologies of deposit-covered steels show that localized corrosion is inevitable
underneath the deposits irrespective of the nature of the deposit. The deposit-covered steels revealed
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severe preferential attack of the iron matrix with pits formed on the surface during the exposure period.
No corrosion products could be detected at the deposit-covered steels and the surfaces were mainly
composed of Fe and C (determined by EDS).

a

b

c

d

Figure 5: Representative scanning electron micrographs of carbon steel surfaces
corroded by 15 days of immersion in CO2 saturated test brine solution at 30 °C a) bare
steel surface b) silica-deposited c) alumina-deposited d) calcite-deposited
In all the deposit-covered steels, residual deposit particles could be identified on the surface of the
corroded steel and the surface structure differed according to the nature of the deposit. The smaller the
particle size, the greater the quantity of residual particles found at the corroded steel surface. The
proportion of calcite deposit (~3 µm average particle size) found on the surface is greater than that of
alumina (~27 µm average particle size) (see Figure 5c and 5d). At the silica-deposited steel surface
(~303 µm particle size) no silica particles were found (Figure 5b). The SEM results demonstrate that
the corrosion process is influenced by the characteristics of the deposits present. The results
correspond well with the weight loss observations (Figure 4).
Cyclic voltammetry measurements
The SEM analysis implies that the deposit-covered steels are susceptible to localized corrosion. To
investigate the localized corrosion process, cyclic voltammetry experiments were conducted at bare
steel samples and deposit-covered steels in test brine solution at 30 °C. Figure 6 presents the anodic
polarization scans recorded (scan rate – 10 mV/s) after the steels exposed to test solutions were
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stabilized at OCP for 300 s. The 5th scan is shown since the E-I responses were stable after 5 scans
during the potential cycle.
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Figure 6: Anodic polarization curves (scan 5) from bare steel and deposit-covered steels in CO2
saturated test brine solution at 30 °C; inset: calcite-deposited steel
* the y-axis range is different for the bare steel (right) and deposit-covered steels (left)
The cyclic voltammetry response of bare steel surface is typical of a uniform corrosion process
indicated by a negative hysteresis where the current densities are less during the reverse scan than at
the forward scan, at the same potential. A gradual increase in current density during the forward scan
indicates the oxidation of the iron (release of iron ions) and it takes place at a more positive potential
compared to deposit-covered steels (Figure 6). In the reverse scan, the current density decreased
slowly indicating the formation of corrosion product film at the bare steel surface thereby decreasing the
solution concentration of iron ions. This behaviour has been observed in the SEM image of bare steel
(Figure 5a).
Unlike the bare steel, the deposit-covered steel surfaces were active at a more negative potential and a
sharp increase in current density during the forward scan was observed. However, the current densities
are lower (by a factor of 6) for silica and alumina than the bare steel. This indicates that the presence of
silica and alumina deposits lowers the rate of anodic oxidation thus suppressing the dissolution of steel.
The current density of the calcite-deposited steel (inset in Figure 6) is especially very low (by a factor of
40) compared to the bare steel. This can be related to the dense coverage of the steel surface by
calcite deposit, thereby limiting the ion transport to a greater extent. The activity observed from the
cyclic voltammetry scans is in accordance with the deposit properties affecting the corrosion process.
The voltammograms from deposit-covered steels displayed a positive hysteresis loop which
corresponds to the steel undergoing localized corrosion attack beneath the deposits. 11 The current
densities during the reverse scan are initially higher and subsequently drop indicating repassivation of
the localized corrosion sites developed at the steel surface during forward scan. Previous investigations
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at silica sand-deposited surfaces have revealed similar electrochemical behaviour. 7,8 The cyclic
voltammetry results support the onset of localized corrosion and formation of pits at the steel surface
under deposits.
Visible-light microscopy analysis
The visible-light micrographs of steels after the cyclic voltammetry measurements (Figure 6) are given
in Figure 7 and the surface parameters are presented in Table 2.

a

b

100 µm

100 µm

c

d

100 µm

100 µm

Figure 7: Representative visible-light micrographs of steels corroded by cyclic polarization in
CO2 saturated test brine solution at 30 °C a) bare steel surface b) silica-deposited c) aluminadeposited d) calcite-deposited
Table 2
Estimated surface profile parameters from visible-light microscopy analysis of steel surfaces
after cyclic voltammetry measurements in test brine solution at 30 °C
Roughness (Rq) Maximum pit depth
μm
μm
Bare steel
0.97
Silica-deposited
1.22
4.77
Alumina-deposited
3.70
16.50
Calcite-deposited
1.59
8.79
Sample
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The visible-light micrographs confirm that uniform corrosion proceeds at bare steel surfaces and the
type of attack is localized at steels underneath deposits. As can be seen from Figure 7a, the bare steel
surface exhibits uniform corrosion throughout. The micrographs of deposit-covered steels show that the
surface is not uniformly affected like the bare steel, but locally corroded areas were found (Figure 7b,
7c and 7d). This confirms that localized corrosion proceeds under the deposits as seen from the results
in the previous sections.
The surface roughness of bare steel was comparatively lower than the deposit-covered steels and no
pits were measurable at the surface (Table 2). The roughness of deposit-covered steels is in the
sequence, alumina-deposited > calcite-deposited > silica-deposited. Also, the maximum pit depth
observed from alumina-deposited steel was higher compared to the other two deposits. This is
consistent with the electrochemical, weight loss and SEM results suggesting that the alumina (oxide
type deposit) promotes more severe corrosion attack than the other deposits investigated.
Influence of deposits on corrosion inhibitor performance
In all the tests with deposit-covered steels the uniform corrosion rates were less than that of the bare
steel samples exposed to the CO2-saturated test brine solution. In practice, carbon steel pipelines are
always protected with chemical inhibitors and so inhibitor evaluation tests at both bare and depositcovered steels were carried out. The effect of inhibitor addition after 1 h exposure of steels to test brine
solution is presented graphically in Figures 8, 9 and 10 for three different corrosion inhibitors. The LPR
measurements allowed for monitoring the immediate response of the system while the inhibitors TB,
CPC and CF were introduced.
Inhibitor TB
Figure 8 shows that the corrosion rate of bare steel immediately falls below 0.1 mm/yr when inhibitor
TB (concentration applied - 100 ppm) was introduced to the test brine. At deposit-covered steels, TB
migrates through the deposit layer completely within about 3 h after addition and reduces the corrosion
rate to <0.1 mm/yr. This confirms that inhibitor TB was able to reach the steel surface and offered
corrosion inhibition beneath all three types of deposits investigated. The activity of TB at depositcovered steels implies that it is not adsorbing to a large extent at the deposit surface and has greater
affinity for the steel surface. The reason for the minimal adsorption of TB on the mineral deposits
appears to be due to the electrostatic repulsion between the deposit particles and the electronegative
adsorption center (S atom) of thiobenzamide. 12 Further evaluation at higher concentrations was not
carried out for inhibitor TB since the corrosion was inhibited sufficiently (<0.1 mm/yr) at the
concentration of 100 ppm.
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Figure 8: Corrosion rates of bare steel and deposit-covered steels, before and after 100 ppm TB
inhibitor addition to the CO2 saturated test brine solution at 30 °C from LPR measurements
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Inhibitor CPC
At the bare steel after inhibitor CPC addition (100 ppm), the corrosion rate continued to decrease slowly
for about 7 h which denotes that the inhibitor is adsorbing on the steel surface (Figure 9a). After 7 h,
once the surface coverage by inhibitor is complete and is protective, the corrosion rate decreased and
remained below 0.1 mm/yr.
At the silica-deposited steel, the corrosion rate decreases gradually after the inhibitor addition and
stabilized at ~ 0.5 mm/yr after 3 h. The corrosion rate trend seen in Figure 2 and 9a of the silicadeposited steel is similar, suggesting that CPC addition to the test solution had no inhibition effect. This
indicates that inhibitor CPC was selectively adsorbed to the silica deposit, yet corrosion rates
decreased slightly because of the deposit itself hindering the corrosion process as it offers resistance to
the ions moving towards and away from the underlying steel surface. Despite the initial decrease in
corrosion rate, the final value is higher than that recorded in the absence of the inhibitor (see Figure 2)
indicating that no corrosion protection was provided by the inhibitor CPC at 100 ppm. It is evident from
Figure 9a that at alumina and calcite-deposited steels, 100 ppm of inhibitor CPC was insufficient to
provide any corrosion protection underneath these deposits. The corrosion rates increased over time,
with alumina-deposited surface undergoing corrosion similar to that of the uninhibited condition (see
Figure 2) and the calcite-deposited surface displaying slightly higher value (1.5 mm/yr) than the
uninhibited condition (1 mm/yr) at the end of test duration.
Hence, the tests were repeated at a higher inhibitor concentration of 1500 ppm to account for the
adsorption loss of the inhibitor to deposits. The results are presented in Figure 9b. It can be observed
that the bare steel surface was instantly inhibited with the corrosion rate dropping below 0.1 mm/yr.
However, it is interesting to note that the corrosion rate at 1500 ppm dosage at the end of 24 h period
was 0.07 mm/yr, which is higher than 0.02 mm/yr obtained from 100 ppm dosage of inhibitor CPC.
At the silica-deposited steel, the corrosion rate decreased gradually to a final value of ~ 0.25 mm/yr
after 8 h. At alumina and calcite-deposited steels, even at the high dosage of 1500 ppm, the corrosion
rates did not decrease to the desired level below 0.1 mm/yr. This indicates that inhibitor CPC was not
accessible at the steel underneath the deposit to provide corrosion protection. This can be explained by
the alumina and calcite deposits composed of smaller particles that possess large surface area (see
Table 1) available for the inhibitor adsorption. Studies have reported that the presence of cations such
as Ca2+ (as in calcite) can also reduce the performance of cationic inhibitor compounds. 13
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Figure 9: Corrosion rates of bare steel and deposit-covered steels, before and after CPC
inhibitor addition to the CO2 saturated test brine solution at 30 °C from LPR measurements;
Inhibitor concentration: a) 100 ppm b) 1500 ppm
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The corrosion rates in the presence of the inhibitor CPC suggest that the extent of corrosion is
proportional to the level of inhibitor penetrating through the deposit and that an interaction occurring
between the deposit and inhibitor can largely affect the inhibitor performance.
Inhibitor CF
The inhibitor CF employed was a commercial formulation (components not revealed by the
manufacturer) and tests were conducted at both 100 ppm concentration and 1500 ppm (chemical
manufacturer’s recommended concentration).
We can see from Figure 10a and 10b that inhibitor CF offers similar level of inhibition (<0.1 mm/yr
corrosion rate) at bare steel and calcite-deposited steel at both applied concentrations. In the case of
the calcite deposit, it is supposed that improved inhibition is due to the neutralization properties of
calcium ions on the steel surface at both concentrations. 14
In case of silica and alumina-deposited steels, the corrosion rates did not decrease as required at the
inhibitor concentration of 100 ppm, indicating that this low concentration was not sufficient enough to
inhibit corrosion (Figure 10a). When the inhibitor concentration was raised to 1500 ppm, the corrosion
rates gradually dropped over periods of 11 h and 6 h, respectively at silica and alumina-deposited
steels (Figure 10b). It is evident that the inhibitor is diffusing through the deposit during this period. The
relatively slow rate of inhibitor transport through silica and alumina deposits suggests that the inhibitor
adsorption process at steel can be delayed. As a result, dissolution of the underlying steel already
takes place while the inhibitor is penetrating through the deposit layer. In general, the inhibitor
adsorption on a mineral deposit surface is expected to decrease with increase in particle size (or
smaller specific surface area) of the deposit. On this basis, inhibitor transport rate through a silica
deposit should be faster than an alumina deposit. By contrast, for inhibitor CF, we notice that the
diffusion through silica deposit appears slower than alumina. This can be explained based on intraparticle molecular diffusion process. For a deposit with smaller particle size (alumina), the internal
diffusion distance may be smaller. 15 Hence, it is considered that inhibitor CF transits through alumina
faster than silica where the inhibitor should be transported a larger distance to reach the steel sites
beneath the deposit. If this intra-particle diffusion is limiting the adsorption rate, apparently the corrosion
inhibition will be less effective at silica-deposited steel than alumina.
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Figure 10: LPR corrosion rates of bare steel and deposit-covered steels, before and after CF
inhibitor addition to the CO2 saturated test brine solution at 30 °C from LPR measurements;
Inhibitor concentration: a) 100 ppm b) 1500 ppm
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The corrosion rates at bare steel demonstrate that inhibitor CF is a very effective formulation if it is
dosed before the deposits enter the pipeline (even at 100 ppm). The inhibitor’s performance can be
disrupted or slowed down if it is added after the deposit layers are established. Despite this, inhibitor
CF offers acceptable corrosion inhibition to steels if the dosage levels are high (1500 ppm).
The LPR results clearly differentiate the performance of different inhibitors at various deposit-covered
steels. The transport of inhibitors through the deposit depends on the chemical nature of the inhibitor
and its affinity for adsorption at the deposit surface. The results also allow determination of the
concentration required to inhibit corrosion satisfactorily under the conditions studied.
Corrosion rates determined by potentiodynamic polarization
The potentiodynamic polarization tests were carried out at bare steel and deposit-covered steels after
24 h exposure (at OCP) to the inhibited test solutions at 30 °C (curves not shown). The corrosion rates
calculated by Tafel extrapolation of the potentiodynamic curves are given in Figure 11.

Corrosion rate (mm/yr)

The corrosion rates obtained from potentiodynamic results are in good agreement with the trend
observed from LPR measurements. It is evident that the inhibitor performance at deposit-covered steels
is dependent on the chemical composition of the inhibitor. The corrosion rates increase with decrease
in average particle size of the deposit. This tendency is observed from all inhibitors (except for the
calcite deposited steel at 1500 ppm CPC and CF at both concentrations), indicating that the degree of
inhibitor penetration through the deposit is dependent on the particle size.

Figure 11: Corrosion rates from potentiodynamic polarization curves recorded after 24 h at OCP
of bare steel and deposit-covered steels in CO2 saturated uninhibited and inhibited test
solutions at 30 °C
CONCLUSIONS
Three types of mineral deposits with different composition and particle geometries have been
investigated for their influence on the corrosion of carbon steels under stagnant conditions in CO2
saturated brine solution.
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The results indicated that the bare steel surface in the test environment underwent uniform corrosion
whereas the steels covered with silica, alumina and calcite deposits were susceptible to localized
attack. Under uninhibited conditions, both electrochemical and weight loss data showed lower uniform
corrosion rates for all deposit-covered steels compared to the bare steel, suggesting that the deposit
layer acted as a diffusion barrier for corrosive ions. However, the surface observations showed that the
steels beneath the deposits were affected by localized corrosion. The extent of the corrosion damage
varied according to the deposit characteristics and significant surface structural differences were
noticed in the steels corroded in the presence/absence of different deposits.
Comparing the inhibitor evaluation results of two pure organic corrosion inhibitors, thiobenzamide (TB)
and cetylpyridinium chloride monohydrate (CPC) and a commercial inhibitor formulation (CF), we found
that inhibitor performance at deposit-covered steels is dependent on the chemical nature of the
inhibitor. The order of tested inhibitor’s protective performance under deposits was TB > CF > CPC.
Inhibitor TB exhibited the maximum inhibition effect at a low concentration of 100 ppm, irrespective of
the presence of deposits. Inhibitor CPC at 100 ppm was ineffective at deposit-covered steels and
offered only a minimum degree of inhibition even at the high concentration of 1500 ppm. The
commercial inhibitor CF showed an increase in effectiveness as the dosage level was increased from
100 to 1500 ppm. CF provided similar level of inhibition at 1500 ppm as the inhibitor TB at 100 ppm and
the penetration of CF through the deposit layer was faster if the initial concentration supplied was
higher.
The accumulation of deposits in the pipeline is inevitable but determining the expected inhibitor
adsorption at deposits present and predicting the corrosion rates under deposits is a useful approach to
mitigate under-deposit corrosion of carbon steel in CO2 environment.
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ABSTRACT
The performance of three corrosion inhibitors was investigated at 1030 carbon steel surfaces in
the presence and absence of a sand deposit. Potentiodynamic measurements showed that the
inhibition efficiency to mitigate corrosion reactions decreases in the presence of sand deposit. In
contrary, the inhibitor performance was found to increase with longer exposure time of the steel to the
corrosive media, at sand deposited surfaces. The differences between the steels corroded with and
without sand deposit in the presence of an inhibitor were confirmed using both potentiostatic
polarisation technique and scanning electron microscopy. The inhibition activity of the studied
compounds in mitigating under-deposit corrosion of carbon steel has been discussed.
Key words: Corrosion inhibitor, carbon dioxide, mild steel, under deposit.
INTRODUCTION
Investigation of CO2 corrosion processes of 1030 carbon steel surfaces has been widely
researched by numerous authors1-7. The impact of solid particles produced during oil and gas
operations on the corrosion inhibition of the system is a major concern for the oil and gas industry2,3.
CO2 corrosion is enhanced in the presence of entrained sand particles in the pipelines leading to
severe corrosion damage underneath the settled sand deposits4,5. It has been reported that underdeposit corrosion leads to localized corrosion and formation of pits on the metal surface6. In previous
investigations, the mechanism of under-deposit corrosion has been related to a galvanic corrosion
between surfaces with and without sand deposits 7-10. However, the suggested principles have not been
confirmed to date.
The control of under-deposit corrosion is currently being accomplished through methods such
as pigging and the use of corrosion inhibitor chemicals. While the CO2 corrosion inhibition of mild steel
surfaces has been largely investigated, only limited studies have been undertaken to evaluate the
inhibition efficiency under a produced sand layer. Little attention has been paid to the principles of
inhibition offered by the applied corrosion inhibitors under circumstances where sand deposits are
formed, but pigging is not possible11,12. It has been shown that the sand particles can adsorb the
corrosion inhibitors applied to the system thereby reducing the activity of the inhibitor13. The organic
compounds such as imidazolines, quaternary ammonium compounds, thiols, pyrimidine based
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compounds, several mercaptans, phosphate esters etc. have been reported as potential CO2 corrosion
inhibitors for industrial applications14-17.
The aim of this study is to evaluate the performance of a range of corrosion inhibitors under
sand deposited carbon steel surfaces in CO2 environment. Electrochemical investigations were
conducted under potentiostatic and potentiodynamic conditions to determine the corrosion processes
proceeding at the sand-deposited surfaces18,19. The estimated corrosion rates as a function of exposure
time from the electrochemical test results and also from weight-loss immersion tests are presented. The
surface morphology of the corroded structure plays an important role in determining the inhibition
principles20,21. The surface characteristics of the corrosion scale formed in the presence and absence of
sand deposits have been analysed using scanning electron microscopy. The influence of sand particles
on the inhibition activity of the studied inhibitors has been discussed.
EXPERIMENTAL PROCEDURE
Test Materials
The electrochemical corrosion tests were conducted using 1030 grade carbon steel electrodes
embedded in epoxy resin. Hastelloy and saturated silver/silver-chloride electrodes were used as
counter electrode and reference electrode, respectively. Prior to each experiment, the samples were
polished to 1200 grit SiC abrasive paper, washed with appropriate solvent and rinsed with ultra pure
water (resistance – 18.2 MΩ cm) to remove any traces of the solvent. The samples were then dried and
immediately placed into the test cell.
Acid-washed silica sand (Sigma-Aldrich) was used as a deposit. The nominal grain size of sand
particles determined using laser diffraction analysis was 303.03 μm. The particle surface area of the
sand was determined to be 0.062 m²/g by applying the theory of Brunauer, Emmett and Teller (BET
method).
Three different inhibitor chemicals (Sigma-Aldrich, 98%) were investigated. Two of the
examined quaternary ammonium inhibitor compounds were cetyl pyridinium chloride monohydrate and
dodecyl pyridinium chloride. They will be referred to as inhibitor A and B respectively. The third inhibitor
referred to as C was 2-mercaptopyrimidine. The testing solution was 3% sodium chloride (NaCl; Ajax
Finechem, analytical reagent, 99.9%) and 0.01% sodium hydrogen carbonate (NaHCO3; Merck, 99.5%)
prepared using ultra pure water. The appropriate inhibitor was added as required. The test solution was
saturated with CO2 for at least two hours before the experiments in a separate glass vessel. The presaturated solution was then pumped into the de-aerated experimental cell fitted with the electrodes. All
experiments presented in this study were carried out under stagnant flow conditions with an inhibitor
concentration of 200 ppm. Experiments were carried out at 30°C ±1°C.
Methods
The electrochemical tests were performed in a glass cell using a three-electrode system
described elsewhere26. The working electrode was placed at the bottom of the cell and was covered
with a layer of sand. A known amount of sand was used for each experiment ensuring a consistent
sand layer height of ~7.5 mm deposited at the metal surface. The counter and reference electrodes
were placed in close proximity to the working electrode. A Luggin capillary holding the reference
electrode was placed within the sand layer to minimize the IR drop. The same distance between the
Luggin capillary and working electrode was maintained for all experiments.
The electrochemical measurements, evaluating the three inhibitors were conducted using a
Solatron SI 1287 potentiostat. The potentiodynamic polarization scans were run within the potential
range of ±0.25 V vs open circuit potential (OCP) at a sweep rate of 0.1667 mVs-1. The scan was
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conducted after a 1 hour exposure period during which the samples were allowed to stabilize at OCP.
The potentiodynamic measurements were also recorded after a 12 hour exposure period in order to
determine the effect of the exposure time on the extent of corrosion.
The E-I responses were recorded using cyclic voltammetry at a sweep rate (dε/dt) of 10 mVs-1.
Prior to cyclic voltammetric experiments, a two step electrochemical pre-treatment was applied to the
working electrode in order to ensure the same starting conditions for all experiments. The working
electrode was held at a potential of -1.2 V vs. Ag/AgCl for 30 s. The electrode was then left to stabilize
at the OCP for 300s (no potential was applied through the potentiostat at this step). After the above
described electrochemical pre-treatment, the cyclic voltammetry measurement was started. The pretreatment procedure was applied to the cyclic voltammetry measurements only.
The performance of inhibitor A was further analysed using the potentiostatic experimental
technique. Following a 12 hour exposure period in the corrosive media containing inhibitor A, the bare
steel samples were polarized at a constant potential of -0.5 V vs Ag/AgCl for 1800 seconds. The same
tests were carried out with sand-deposited samples. After the potentiostatic measurements, the
samples were washed with ultra pure water (the sand deposit was removed from the electrode
surface), dried with nitrogen and stored under vacuum before performing the surface analysis.
The surface morphology of the samples exposed to corrosive media containing inhibitor A was
analyzed using the Zeiss (Evo) scanning electron microscope (SEM). The samples were immersed in
the inhibitor-containing solution for 12 hours prior to the potentiostatic polarization. The SEM analysis
was carried out before and after the electrochemical polarization, one sample only was used for these
measurements.
The weight loss measurements were performed at steel samples corroded in solutions
containing inhibitor A in the presence and absence of sand deposits. Three carbon steel specimens
with an exposed surface area of 7.5 cm2 were immersed in the inhibited test solution for a period of 15
days (360 hours). Three coupons covered with a fixed sand layer were also immersed in the same test
environment for the same time interval. The samples were weighed to an accuracy of ±0.5 mg before
and after immersion. The corrosion rates (CR) were calculated from the average weight loss of the
three representative samples22 using Equation 1.

CR (in mm/y) = (K x W) / DAT
Eqn 1
where, constant K = 8.76 x 104, W = weight loss in grams, D = metal density in g /cm3, A = area of
sample in cm2, T = time of exposure of the metal sample in hours.
The corrosion rates were also determined by Tafel analysis of the potentiodynamically polarized
samples in test solution containing inhibitor A in the presence and absence of sand layer. The corrosion
rate was calculated from the estimated corrosion currents obtained from the intercept of the two linear
segments of the respective Tafel plots23 using Equation 2.
CR (in mm/y) = (K1 x icorr x EW)/ ρ
Eqn 2
where, constant K1 = 3.27 x 10-3 in mm g/µA cm yr, icorr = corrosion current density in µA/cm2 , EW =
equivalent weight of the sample , ρ = density of the sample metal in g/cm3.
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RESULTS
Potentiodynamic polarization measurements at surfaces with and without sand deposits
Figure 1 shows the potentiodynamic curves for carbon steel surfaces under sand deposits in the
testing solution without any inhibitor and with inhibitors A, B and C after 1 hour immersion. At the sand
deposited surfaces, the quaternary ammonium compounds (inhibitors A and B) were found to have little
influence on the corrosion mitigation. The polarization curves were displaced to a positive potential
value of 33 mV and 44 mV for inhibitors A and B, respectively, in respect to the non-inhibited surfaces.
Furthermore, only small decreases in current density in the cathodic region were observed in
comparison to the inhibitor-free surface. Whereas the inhibitor compound C was found to perform better
in mitigating the corrosion process under a sand layer; the overall current density considerably
decreased. The corrosion potential was observed to shift to a more positive potential of 46 mV. The
results of polarization scans revealed that the sand deposit has a negative impact on the performance
of CO2 corrosion inhibitors that otherwise provide sufficient corrosion protection to bare steel (Figure 2).
The potential shift of bare sample surfaces with inhibitors A, B and C was 46 mV, 66 mV and 110 mV
respectively in the positive potential direction. The greatest performance in terms of corrosion inhibition
was observed for inhibitor C. The shift in corrosion potential was 110 mV in the positive direction for the
bare samples in the test solution with inhibitor C. For the sand deposited samples, corroded under
same conditions, the potential shift was only 46 mV which indicates insufficient inhibition by the same
compound under the sand deposited surfaces. It can be speculated that this difference in the corrosion
potential values between surfaces with and without deposits can enhance the corresponding overall
corrosion rates24. The open circuit potentials (OCP) were monitored as a function of time during the
immersion of samples before the potentiodynamic tests described above. The observed OCP variations
for samples under sand deposits are shown in Figure 3. All the inhibited systems reached higher OCP
values compared to the samples corroded in non-inhibited system. The OCP values stabilized after
approximately 500 seconds of sample immersion in the test solutions.
Influence of immersion time on inhibitor performance
To evaluate the effect of exposure time on the performance of inhibitors, the potentiodynamic
scans were measured after the introduction of samples in the test solution with inhibitors at a time
interval of 12 hours. The corresponding curves are shown in Figure 4. The potential shift of sanddeposited sample surfaces with inhibitors A, B and C were 45 mV, 5 mV and 47 mV respectively in the
positive direction. The corrosion potentials of samples in presence of inhibitor A and C were found to
increase in positive direction when compared to the polarization curves obtained after one hour
exposure which is illustrated in Figure 1. It can be seen that the performance of inhibitor B does not
improve with time the same way as the inhibitors A and C. The decrease in corrosion current after 12
hours of exposure to inhibited solution shows the relation of inhibition activity of inhibitors A and C with
time. This may be attributed to the fact that after longer exposure, the inhibitor molecules form
protective layers which shield the metal surface from further corrosion19. The reduction in current
density and the positive potential shift, in comparison to the measurements recorded after 1 hour
immersion (Figure 1), indicate that inhibition is caused by the sorption of the inhibitor molecules to the
active reaction sites on the corroding metal surface14-17. The inhibitor activity can be attributed either to
physical adsorption or chemisorption of the inhibitor molecules onto the substrate metal. Thus the
adsorbed molecules act as a barrier between the corroding steel surface and the corrosive medium.
Cyclic polarization measurements at sand-deposited surfaces
The cyclic voltammetry experiments were conducted to study the behaviour of the carbon steel
samples in inhibited media saturated with CO2. Figure 5 presents the anodic polarization scan from the
sample corroded under sand in the test solution with inhibitor A. The E-I transients of the first two scans
are presented. A steep increase in current density of the first scan is observed prior to the
corresponding potential value of -0.4 V vs Ag/AgCl. The reduction in current density of the second scan

44

in the anodic potential region can be ascribed to the electrochemical pre-treatment step applied to the
electrode before recording the voltammograms. A similar pre-treatment methodology has been
previously applied and the reasoning for the change in current density with the subsequent number of
scans has been reported elsewhere26. Further decrease in the current density values was also
observed with the increasing number of scans. No hysteresis loop was observed at the positive end of
the potential window in this measurement.
Figure 6 illustrates the voltammetric response from the surface corroded in test solution
containing inhibitor B. The hysteresis loop observed in the second scan can be attributed to the
localized attack proceeding at the polarized electrode surface25. Figure 7 shows the cyclic
voltammogram obtained from the surface covered with sand deposits in the corrosive solution with
inhibitor C. An opposite trend of gradual increase in the current density values with the increasing
number of scans was observed in the presence of inhibitor C. This change in the voltammetric profile
from other inhibitors studied can be related to the structural differences of the inhibitor compounds. The
hysteresis loop seen in both the first and second scan indicates the onset of localized corrosion and
formation of pits at the carbon steel surface under the sand layer. Previous investigations at surfaces
without inhibition revealed similar electrochemical behaviour26.
Potentiostatic polarization measurements with inhibitor A
The results of the potentiostatic experiments are shown in Figure 8. The variation in the nature
of curves obtained from the bare steel surface and the surface covered with sand is apparent. For the
samples corroded without sand deposit, the current density increased in the positive direction with time,
at the applied potential and stabilised at approximately 4x10-3 A/cm2. A similar trend in current density
change for non-inhbited system has been reported elsewhere27. When the samples under sanddeposits were polarized at same potential, the current density decreased with time. It decayed to a
constant value after a critical current density of 2x10-3 A/cm2.
Surface characterization using scanning electron microscopy
The surface analysis of the carbon steel samples exposed for 12 hours in the presence of 200
ppm concentration of inhibitor A was undertaken to supplement the electrochemical test results. It was
demonstrated that the sand deposits caused changes in the surface morphology of the corroded
carbon steel surfaces. The surfaces without a deposit were reported to have a different texture under
same testing conditions22. Figure 9a and 9b show the pre-corroded samples polarized at a constant
potential of -0.5 V vs Ag/AgCl under the described experimental conditions. It is evident from the
scanning electron micrographs that the samples polarized under sand exhibited greater corrosion
damage than the bare samples.
Figure 10a and 10b present the representative images of the samples following the immersion
for a period of 12 hours without sand and with sand respectively. These images were taken before the
samples were polarized. It is interesting to note that the bare sample surface has no significant
corrosion when compared to the surface which had been under the sand deposit. This indicates that
the inhibitor offers protection against corrosion for the carbon steel surfaces after 12 hours of exposure
to the corrosive test solution. Whereas the surface under sand shows the corroded structural features,
demonstrating that the sand layer hinders the activity of inhibitor. The insufficient inhibition under sand
deposits even at a high inhibitor concentration can be attributed to the adsorption losses of the active
inhibitor molecules to the sand particles. Previous studies have reported that large concentration of
corrosion inhibitors available to protect steel surfaces can be lost from bulk solution by adsorption onto
the sand particle surfaces13. The adsorption experiments carried out by Durnie et al. 6 illustrates that the
adsorption losses of the inhibitors to the sand particles leads to higher corrosion rates of the steel
samples investigated.
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Corrosion rate measurements
The weight loss of the carbon steel samples corroded in the test solution with inhibitor A for 15
days was measured. The mean weight loss of the bare carbon steel samples was 0.0103 g and that of
the sand-deposited samples was 0.0948 g. The corrosion rates calculated from the weight loss
measurements of bare surfaces and sand-deposited surfaces with inhibitor A were 0.0424 mm/y and
0.3907 mm/y respectively.
The corrosion rates were also calculated by Tafel extrapolation of the potentiodynamic
polarization curves of the samples corroded in test solution containing inhibitor A. The current density
values were calculated from the polarization plots obtained after 12 hours of sample immersion in the
presence and absence of sand layer (Figure 4). The corrosion rates of bare surfaces and sanddeposited surfaces with inhibitor A were 0.0654 mm/y and 0.2287 mm/y respectively. The corrosion
rates obtained from both the weight loss experiments and the Tafel analysis showed that higher
corrosion rate values result from corrosion at the sand-deposited surfaces, when compared to the
surfaces without deposits.
CONCLUSIONS
The performance of three corrosion inhibitors at sand-deposited carbon steel surfaces was
investigated using electrochemical methods and a surface analysis technique. The studied inhibitors
differed by their chemical composition. The inhibitor addition resulted in a lower corrosion current
density and provided effective inhibition of the CO2 corrosion in the absence of sand deposits.
However, the same inhibitors did not provide the same level of corrosion protection in the presence of a
sand layer at the steel surface. The results indicate that the inhibitor activity is diminished by the
presence of sand deposits thereby accelerating the corrosion processes under deposits. The
comparison of the potentiodynamic curves of the three inhibitors investigated showed that inhibitor C
exhibits higher activity than inhibitors A and B at sand-deposited surfaces, at the inhibitor concentration
evaluated. The differences in the inhibition efficiency can be related to the chemical nature and the
adsorption characteristics of the respective compound. To gain a better understanding on the inhibitory
action, further studies are being carried out to determine the adsorption behaviour of CO2 corrosion
inhibitors at sand-deposited surfaces.
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Figure 1: Potentiodynamic curves from surfaces with sand deposits without inhibitor and with
inhibitors A, B and C after 1 hour immersion.

0.01

1E-3

I (A cm-2)

1E-4

1E-5

No inhibitor
A
B
C

1E-6

1E-7

1E-8
-1.00

-0.75

-0.50

-0.25

E (V) vs. Ag/AgCl

Figure 2: Potentiodynamic curves from bare surfaces without inhibitor and with inhibitors A, B
and C after 1 hour immersion.
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Figure 3: Open circuit potential measurements for surfaces with sand deposits and with
inhibitors A, B and C.
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Figure 4: Potentiodynamic curves from surfaces with sand deposits without inhibitor and with
inhibitors A, B and C after 12 hours immersion.
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Figure 5: Cyclic voltammograms of surfaces with sand deposits and with inhibitor A. Scan 1-2.
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Figure 6: Cyclic voltammograms of surfaces with sand deposits and with inhibitor B. Scan 1-2.
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Figure 7: Cyclic voltammograms of surfaces with sand deposits and with inhibitor C. Scan 1-2.
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Figure 8: Potentiostatic transients at surfaces with and without sand deposits corroded at -0.5
V vs. Ag/AgCl. Inhibitor A present in the corrosive media.
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9a

9b

Figure 9: SEM images of carbon steel surfaces polarized in test solution with inhibitor A.
9a: bare sample surface; 9b: sample corroded under sand deposit.

10a

10b

Figure 10: SEM images of carbon steel surfaces exposed to test solution with inhibitor A for
12 hrs. 10a: bare sample surface; 10b: sample corroded under sand deposit.
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a b s t r a c t
The adsorption of four CO2 corrosion inhibitors on silica sand and their subsequent inhibition activity at
sand-deposited steel has been investigated. The presence of a sand deposit affects the performance of
inhibitors at carbon steel due to their competitive adsorption on sand. Sulfur-containing organic compounds show minimal adsorption on sand compared to pyridinium surfactants and provide the highest
inhibition efﬁciency at the sand-deposited steel. The extent of inhibitor adsorption onto sand is discussed
in relation to their chemical structures. The signiﬁcance of determining the adsorption afﬁnity to sand in
the selection of inhibitors to mitigate under-deposit corrosion is demonstrated.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
The CO2 corrosion of carbon steel pipelines used in oil and gas
production is exacerbated by the settling of deposits such as sand,
resulting in the phenomenon known as under-deposit corrosion
(UDC). UDC is often associated with localized attack and the formation of pits, which leads to severe corrosion problems in pipeline
operations [1–4].
To mitigate the internal CO2 corrosion of carbon steel structures, application of chemical inhibitors remains the most economical practice. Heterocyclic organic compounds containing one or
more N, O, P and S atoms are commonly employed as corrosion
inhibitors, among which the organic surfactants and S-containing
compounds are reported as very effective inhibitors against internal pipeline corrosion of carbon steel in CO2 environment [5–9].
The general inhibition principle is that the inhibitor molecules,
which have a strong tendency to adsorb at metal surfaces, form a
protective barrier against corrosion of steel. The inhibition efﬁciency depends on the chemical nature of the inhibitors.
An adequate quantity of a corrosion inhibitor is required at the
steel surface to achieve the desired level of protection. However,
inhibitors applied to the UDC-affected pipelines can adsorb to
the sand deposits before reaching the underlying steel surface
[10]. The inhibitor adsorption on sand, if not taken into account,
can result in misinterpretation of the inhibition efﬁciency and of
the corrosion rates of the sand-covered steel. In order to ensure
effective corrosion control in the presence of the sand deposits, it
⇑ Corresponding author. Tel.: +61 8 92667319; fax: +61 8 92662300.
E-mail address: K.Lepkova@curtin.edu.au (K. Lepková).

is necessary to quantify the inhibitor adsorption to sand and the
concentration remaining in the media for the protection of steel.
A number of chromatographic techniques such as highperformance liquid chromatography (HPLC), and thin layer chromatography (TLC) and spectroscopic techniques such as UV–Visible,
Fourier transform infra-red (FTIR), and Raman spectroscopy are
currently utilized for the quantitative analysis of inhibitor residuals in pipelines containing produced solids [11–16]. However, the
chromatographic methods are all expensive and technically
demanding compared to the UV–Visible spectroscopy, which has
been shown to be a simple yet effective method for determination
of corrosion inhibitor residuals in the oil ﬁeld ﬂuids [17–19].
The effect of sand deposits on the performance of corrosion
inhibitors has been previously investigated using a combination
of HPLC and UV–Visible spectroscopy [20,21]. It was established
that the chemical structure of the inhibitors affects the extent of
the adsorption on sand. The corrosion inhibitors which were not
retained in signiﬁcant quantity by the sand provided higher protection to the sand-deposited steel, as demonstrated by lower corrosion rates compared to the inhibitors highly-adsorbing on sand.
The aim of this study is to understand the extent of interaction
between the corrosion inhibitors and sand deposit under CO2 conditions. Corrosion inhibitors of different molecular structures, i.e.
pyridinium surfactants and S-containing organic compounds, are
investigated as they represent the main components of many
inhibitor mixtures applied to protect carbon steel pipelines. Sand
adsorption studies were performed using UV–Visible spectroscopy
prior to inhibitor evaluation experiments at sand-deposited steel.
The sand adsorption test results are compared with the corresponding corrosion rates obtained from electrochemical tests run
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under simulated oil ﬁeld conditions. Establishing a correlation between the adsorption values and the corrosion rates would facilitate the selection of corrosion inhibitors suitable for protecting
steel against under-deposit corrosion.

bottles were periodically shaken to ensure homogeneity. The volume of test solutions and the amount of sand were kept constant
in all experiments. At the end of the test duration, the inhibited
test solutions were centrifuged prior to the UV–Visible analysis
in order to avoid any interference in the spectra from suspended
sand particles. The UV absorbance of the test solutions was recorded every 24 h for a period of 96 h. No change occurred in the
absorbance intensity of any of the solutions after 72 h of contact
with sand.
The UV spectra of standard test solutions consisting of known
concentrations (5–200 ppm) of the corrosion inhibitors were recorded to generate calibration plots. The correlation coefﬁcient
(r) of the linear calibration plots was greater than 0.98 for all inhibited test solutions, which conﬁrms an acceptable calibration. The
remaining concentration of each corrosion inhibitor after the sand
adsorption experiments was calculated using the calibration data.

2. Experimental
2.1. Test materials
The test solutions were prepared in ultra-pure water (Mili-Q
system, resistivity 18.2 MX cm). The test brine solution (noninhibited) consisted of 3% sodium chloride (NaCl; Ajax Finechem,
analytical reagent, 99.9%) and 0.01% sodium hydrogen carbonate
(NaHCO3; Merck, 99.5%). The inhibited test solutions were prepared by adding the corrosion inhibitors in the concentration range
of 5–200 ppm (ppm by weight) to the test brine solution. The
chemical structures, names and abbreviations of the corrosion
inhibitors studied are given in Table 1. All corrosion inhibitors
were purchased from Sigma–Aldrich and used as received without
any further treatment. The test solutions were saturated with CO2
(oxygen content <10 ppb; pH-4.7) and used at temperature of 30 °C
in all experiments.
Silica sand (SiO2; Sigma–Aldrich) had the mean particle size of
303 lm (laser diffraction analysis) and speciﬁc surface area of
0.062 m2/g (BET analysis). The sand was acid-washed and dried
prior to use. The pH of the test solution was checked before and
after addition of sand to ensure that no pH changes occurred due
to the acid-wash procedure.
Carbon steel (1030 grade) had the following chemical composition by weight%: C (0.37%), Mn (0.80%), Si (0.282%), P (0.012%), S
(0.001%), Cr (0.089%), Ni (0.012%), Mo (0.004%), Sn (0.004%), Al
(0.01%), and Fe (balance). Carbon steel coupons with surface area
of 0.196 cm2 were embedded in epoxy resin, ground with SiC paper
to 1200 grit, rinsed with ethanol and ultra-pure water, dried with
nitrogen and placed into the test cell. Care was taken when handling the samples to minimize their exposure to air.

2.2.2. Electrochemical measurements
The electrochemical tests were performed using a working electrode (carbon steel coupon) placed at the bottom of glass cell and
covered with a layer of sand (sand deposit). In all experiments, 8 g
of sand was used ensuring a consistent height of 7.5 mm of the
sand deposit at the steel surface. The cell was de-aerated prior to
the addition of the CO2 saturated test solutions. The reference
and counter electrodes were Ag/AgCl (3.5 M) and Hastelloy C,
respectively. A Luggin capillary was used with the reference electrode to minimize the IR drop. The same distance between the reference and working electrode was maintained for all experiments.
The carbon steel coupons were left to stabilize in the test solutions
prior to the electrochemical analysis. All electrochemical measurements were run at 30 °C under stagnant conditions and ambient
CO2 pressure.
The potentiodynamic polarization tests were carried out in the
potential range of ±0.25 V vs. open circuit potential (OCP) at a scan
rate of 0.6 V/h using the Gamry Reference 600 potentiostat (Gamry
Instruments, USA). The stabilization periods before potentiodynamic measurements were 1 h and 72 h, during which the OCP
was continuously recorded. The corrosion rates (tcor) in mm y1
were calculated from the estimated current densities (icorr) obtained from the intercept of the two linear segments of the respective Tafel plots using the following equation [22]:

2.2. Test methods
2.2.1. UV–Visible spectrophotometry
The quantitative analysis of corrosion inhibitors was conducted
by UV–Visible spectrophotometry using a Hewlett Packard 8452A
diode array spectrophotometer (wavelength range 190–820 nm).
The amount of inhibitor adsorbing on sand was determined by
measuring the concentration of inhibitor in the test solutions before and after contact with sand.
8 g of silica sand was added to 100 mL of inhibited test solutions
(10, 50 and 100 ppm) in glass bottles at 30 °C for an adsorption
period of 96 h. The continuously CO2 purged solutions in glass

tcor ¼ 3:27  icorr 

M

ð1Þ

q

where icorr is the corrosion current density in lA cm2, M is the molar mass of 1030 carbon steel in g mol1, q is the density in g cm3of
1030 carbon steel.
The % inhibition efﬁciency (g) from potentiodynamic test results was determined using the following equation:

Table 1
Chemical formulas and structures of corrosion inhibitors.
Corrosion inhibitor

Chemical formula

Cetylpyridinium chloride monohydrate (CPC)

C21H38ClN  H2O

1-Dodecylpyridinium chloride hydrate (DPC)

C17H30ClN  H2O

2-Mercaptopyrimidine (MPY)

C4H4N2S

Thiobenzamide (TB)

C6H5CSNH2
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i
i
g ¼ corrðbrineÞ corrðinhibitorÞ  100
icorrðbrineÞ

where Rct(brine) and Rct(inhibitor) are the charge transfer resistances in
X cm2 from the non-inhibited and inhibitor-containing test solution, respectively.

tions before sand addition were 10, 50 and 100 ppm (mg/L) in a
100 mL test solution volume.
It can be seen that inhibitor CPC (Fig. 2A) undergoes a more signiﬁcant concentration decrease due to sand addition, as compared
to the rest of the inhibitors studied, and attains a steady value after
72 h. The concentration of DPC (Fig. 2B) decreases to a lesser extent
compared to CPC. The major concentration decrease is observed in
the ﬁrst 24 h. It is to be noted that the critical micelle concentration (cmc) determined for CPC in the test electrolyte (3% NaCl)
was <2 ppm and the concentration range studied always gives
micellar solutions. Whereas the inhibitor DPC has a higher cmc value (60 ppm) such that the studied concentration range includes
both solutions below and above the cmc.
Only a minimal effect of sand, indicated by a negligible decrease
in the inhibitor concentration, is observed for the S-containing
compounds MPY and TB, irrespective of their initial concentrations.
Steady concentration values are established within 24 h of the test
duration for both the MPY (Fig. 2C) and TB (Fig. 2D).
The concentration decrease from the bulk solution represents
the quantity of the inhibitor adsorbed (qads) on sand. The qads values are determined using the following equation [23]:

3. Results and discussion

qads ¼

ð2Þ

where icorr(brine) and icorr(inhibitor) are the corrosion current densities
in lA cm2 from the non-inhibited and inhibitor-containing test
solution, respectively.
The electrochemical impedance spectroscopy (EIS) measurements were performed using the Gamry Reference 600 potentiostat. The stabilization period before EIS measurements was 1 h at
OCP. The AC excitation amplitude of 10 mV over a frequency range
of 10 kHz to 0.01 Hz at 10 points per decade was applied and the
impedance spectra were analyzed using ZView software (Scribner
Associates Inc.) to determine the corrosion rates. The % inhibition
efﬁciency (gz) from EIS measurements was determined using the
following equation:

gz ¼



RctðinhibitorÞ  RctðbrineÞ
 100
RctðinhibitorÞ

ð3Þ

3.1. Evaluation of adsorption of corrosion inhibitors on sand
The UV spectra showing the wavelength of maximum absorption
(kmax) of different inhibitors (initial concentration Ci = 100 ppm)
after 24 h contact with sand are presented in Fig. 1. The absorbance
intensities (A) at the marked wavelengths (kmax) were used to determine the ﬁnal inhibitor concentrations (Cf) remaining in the
solutions after the adsorption on sand. It is noteworthy that commercial inhibitor formulations often contain a mixture of several
components. Fig. 1 shows that each inhibitor species does have a unique spectrum, and it is clear that advanced numerical methods
could be applied to deconvolute the spectra of mixtures – however
this would depend on the speciﬁc properties of each inhibitor
component, and is beyond the scope of the present investigation.
3.1.1. Effect of contact time and initial inhibitor concentration
Fig. 2 shows the residual inhibitor concentration as a function of
time (duration of contact with sand) calculated from the UV–Visible analysis (A at kmax). The initial corrosion inhibitor concentra-

Fig. 1. UV absorbance spectra of CO2 saturated inhibited test solutions at 30 °C after
24 h contact with sand, showing the absorption maxima of each corrosion inhibitor.
Concentration of inhibitors before sand addition (Ci) is 100 ppm.

ððci  cf Þ  VÞ
M

ð4Þ

where qads is the amount of corrosion inhibitor adsorbed in mg/g of
sand, Ci is the initial inhibitor concentration before sand addition in
ppm (mg/L), Cf is the ﬁnal inhibitor concentration remaining in
solution in ppm (mg/L), V is the volume of test solutions in L, M is
the mass of adsorbent (sand) in g. The concentration values and
the calculated qads are summarized in Table 2 for all the corrosion
inhibitors studied.
The data for CPC (Table 2) reveal that the amount adsorbed
(qads) on sand is dependent on the initial concentration (Ci) and increases with the increase in Ci. When Ci is raised from 10 to
100 ppm, the amount adsorbed increases from 0.07 to 1.14 mg/g
respectively. This can be related to a greater number of molecules
being available for the adsorption on the sand surface at the high Ci
that subsequently results in higher qads. The DPC data show that
there is a comparatively large quantity of DPC retained in the solution phase at each concentration after the test period of 72 h, compared to CPC, despite their similar molecular structure. The DPC
does not show signiﬁcant adsorption on sand compared to CPC at
the higher Ci as can be seen from its adsorption amount at Ci of
50 and 100 ppm. At Ci of 10 ppm, the qads of CPC and DPC are closely similar. In contrast to CPC and DPC, it is apparent from the
qads < 0.03 mg/g that initial concentration of the corrosion inhibitor
has minimal inﬂuence on the adsorption of the two S-containing
compounds, MPY and TB. The adsorption data were tested using
Langmuir, Temkin and Freundlich isotherms, but no linear ﬁt to
these isotherms could be obtained for the sand-deposited steels
in the concentration range studied.
The primary focus of this investigation is in determining the extent of adsorption of inhibitors on sand with respect to the chemical structure of the inhibitor. The mechanism of adsorption and
the molecular orientation of the inhibitors at sand/steel surface
are not addressed in detail. Nonetheless the differences in the
adsorption behavior of the corrosion inhibitors used in this study
can be attributed to the structural/molecular properties of the
respective compounds. Previous studies showed that charged organic inhibitor molecules can adsorb on oppositely charged solid
substrates (silica sand) by electrostatic interaction [23,24]. Hence,
it is probable that the positive charge of the cationic-surfactant
inhibitors CPC and DPC has an inﬂuence on the sand adsorption
levels of these inhibitors. The hydrophilic quaternary ammonium
head group of CPC and DPC are electrostatically attracted by the
high density of acquired negative charges at the sand surface in
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Fig. 2. Change in inhibitor concentration with time in CO2 saturated inhibited test solutions containing different initial inhibitor concentrations due to sand adsorption; (A)
CPC; (B) DPC; (C) MPY; and (D) TB.

Table 2
Amount of corrosion inhibitor adsorbed on sand after 72 h determined by UV–Visible
analysis for different initial inhibitor concentrations in CO2 saturated test solutions at
30 °C.
Inhibitors

Ci ppm (mg/L)

CPC

10
50
100

Cf ppm (mg/L)
3.7
6.2
8.6

qads mg/g
0.07
0.54
1.14

DPC

10
50
100

4.4
41.4
88.4

0.06
0.10
0.14

MPY

10
50
100

9.0
49.0
97.7

<0.02

TB

10
50
100

8.3
47.3
98.2

<0.03

aqueous solution. The fact that the surfactants’ adsorption on sand
predominantly involves electrostatic interactions is supported by
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our adsorption experiments carried out in aerated test solutions
(dissolved oxygen content 8.69 ppm) without any CO2 (graphs
not shown). The amount of inhibitor adsorbed on sand (qads) from
aerated test solutions of pH  7.58 were less than 0.03 mg/g for all
the corrosion inhibitors tested. Comparing this to the qads values in
Table 2 obtained from CO2-saturated test solutions (pH  4.7), it
can be seen that the higher inhibitor adsorption on sand occurred
under the CO2 conditions (acidic pH range).
However, variation in the level of adsorption between CPC and
DPC is observed, showing that CPC interacted more strongly with
sand compared to DPC. This can be a reﬂection of the difference
in the length of their alkyl chains. CPC possesses high hydrophobicity due to its longer alkyl chain, thus greater afﬁnity for active sites
on sand [25–29]. Thus, the inhibitor CPC with longer hydrophobic
chain adsorbs more on sand than the shorter alkyl chain compound
DPC, thereby the amount adsorbed is higher for CPC compared to
DPC as demonstrated by the data in Table 2.
By contrast, the amounts of MPY and TB adsorbed on sand are
signiﬁcantly lower compared to the cationic-surfactants, CPC and
DPC. The MPY and TB are polar molecules with the S- and N-atom
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being the negative and positive end of the dipole, respectively. The
strongly electronegative sulfur atom which is the adsorption centre of the two S-containing compounds exhibits less attraction to
the negatively charged silica sand, hence the long persistence in
the solution phase [20]. This suggests that MPY and TB at the concentration studied are good candidates for corrosion protection of
steel underneath the sand deposit.
3.2. Effect of sand deposit on the CI performance on steel
3.2.1. Corrosion potential measurements
The open circuit potential (OCP) was monitored continuously
for 72 h at the carbon steel samples under a sand deposit in CO2
saturated test brine solution (non-inhibited) and inhibited test
solution containing 100 ppm corrosion inhibitors, in order to
determine the effect of the sand on the electrochemical potential
of the underlying steel surface (Fig. 3). The exposure time of 72 h
corresponds to the time needed for saturation of sand with the
inhibitor as determined by sand adsorption (UV–Visible analysis)
experiments (Fig. 2). The OCP reaches stable values after approximately 1 h exposure time and then remains constant in all tests except for that carried out with the CPC. Stable OCP values indicate
that the formation of inhibitor ﬁlm on the steel surface is causing
the corrosion reactions to stabilize. The OCP of TB is more positive
and that of CPC is more negative in respect to the non-inhibited
sample, suggesting that TB offers superior protection among the
corrosion inhibitors studied. The potential of sand-deposited steels
in all the inhibited test solutions shifted towards the cathodic
direction with respect to the non-inhibited sample. This indicates
that the tested inhibitors could be regarded as mixed-type inhibitors, predominantly suppressing the cathodic reactions.

parameters obtained from all potentiodynamic tests are summarized in Table 3.
The results show that the overall corrosion current densities decreased in inhibited test solutions, with respect to test brine solution (non-inhibited), at both steel with and without sand deposit.
At the steel surface with sand deposit (Fig. 4A, 1 h exposure
time), the inhibitors CPC and DPC were found to have a moderate
effect on corrosion mitigation, ascertained from the small decrease
in icorr in respect to the non-inhibited carbon steel. On the other
hand, regardless of the sand deposit on the surface, the compounds
MPY and TB were effective in corrosion inhibition as demonstrated
by a considerable icorr decrease in their presence. This can be ascribed to blockage of corroding sites on the metal surface by the
MPY and TB molecules, thereby reducing the access to the corrosive species from the test solution [30]. The inhibition performance
at steel surface with sand deposit is in the sequence
MPY  TB > DPC > CPC.
At steel surfaces without sand deposit (Fig. 4B, 1 h exposure
time), introducing the inhibitors resulted in lower general corrosion rates depicted by a shift in potential with respect to noninhibited surface. The observed anodic current densities of steels
without sand were steeper which can be attributed to the active
dissolution of the bare steel surface compared to sand-deposited

3.2.2. Polarization measurements
The effectiveness of corrosion inhibitors on the steel surfaces
with and without sand deposit was evaluated after 1 h exposure
to the inhibited (100 ppm inhibitor concentration) and noninhibited test solutions using the potentiodynamic polarization
technique. The results are presented graphically in Fig. 4. At
sand-deposited surfaces, the potentiodynamic tests were also
carried out after 72 h exposure to the test solutions, to evaluate
the inﬂuence of exposure time on the inhibitor performance
(curves not shown).
The corrosion potential (Ecorr), corrosion current density (icorr)
and Tafel constants (ba, bc) were estimated from the Tafel extrapolation of the polarization curves in Fig. 4. The electrochemical

Fig. 3. OCP measurements of steel covered with a sand deposit in CO2 saturated
non-inhibited and inhibited test solutions for 72 h at 30 °C.

Fig. 4. Potentiodynamic polarization curves recorded at steel surfaces; (A) with
sand deposit; (B) without sand deposit after 1 h exposure in CO2 saturated noninhibited (test brine) and inhibited test solutions at 30 °C.
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–
21.8
52.7
96.6
95.2
0.36
0.43
0.17
0.012
0.017
31.53 ± 0.04
38.42 ± 0.07
14.91 ± 0.07
1.05 ± 0.03
1.51 ± 0.03
0.621
0.750
0.687
0.665
0.657
–
6.2
55.8
97.4
95.3
0.474
0.324
0.308
0.146
0.158
0.106
0.103
0.088
0.056
0.063
45.87 ± 0.05
43.01 ± 0.07
20.28 ± 0.05
1.33 ± 0.04
2.15 ± 0.03
0.675
0.710
0.697
0.691
0.699
–
78.6
87.3
96.9
97.0
0.52
0.11
0.07
0.016
0.015
0.025
0.031
0.037
0.057
0.042

3.3. Electrochemical impedance measurements
To conﬁrm the observed corrosion behavior, EIS measurements
were recorded at the steel samples with and without sand deposit
(after 1 h at OCP) exposed to CO2 saturated inhibited (100 ppm
inhibitor concentration) and non-inhibited test solutions.
Fig. 5A and B shows the Nyquist plots of carbon steel with sand
deposit in all test solutions and the inset shows the equivalent circuit used to ﬁt the impedance data. As can be seen, a single depressed semicircle equivalent to charge transfer resistance (Rct) is
observed indicating that the corrosion reactions at both non-inhibited and inhibited solutions are charge transfer controlled. The Rct
increases in the sequence MPY  TB > DPC > CPC, the same order as
obtained from the potentiodynamic polarization results. The corresponding Bode plots are shown in Fig. 5C and it is evident that the
impedance increased for all the inhibited steels when compared to
the non-inhibited steel. The phase shift observed in the high

No inhibitor
CPC
DPC
MPY
TB

0.616
0.603
0.598
0.665
0.549

46.43 ± 0.07
9.92 ± 0.04
5.87 ± 0.04
1.42 ± 0.02
1.39 ± 0.03

0.393
0.261
0.399
0.120
0.363

%
mm y1

113

steels. The polarization curves from the CPC and DPC-containing
test solutions are identical on the cathodic domain and a slight
shift in the Ecorr in respect to the non-inhibited carbon steel was
observed. There is no appreciable difference in their Tafel slopes,
suggesting that the inhibition activity against the corrosion reactions is similar for both CPC and DPC [30]. The greatest inhibition
performance is observed from S-containing compounds MPY and
TB. Even though the current density decreases in both anodic
and cathodic domains of the polarization curve of MPY, the negative shift in the Ecorr observed at the MPY inhibited steel, in respect
to the non-inhibited steel can be related to the suppression of the
cathodic corrosion reaction primarily. It is evident from Fig. 4B that
the compounds MPY and TB afford superior protection to the steel
surface without sand deposit compared to rest of the inhibitors.
The corrosion control performance of the inhibited steels without
sand is in the same sequence as sand-deposited steels.
Comparing the electrochemical parameters obtained both from
steel with and without a sand deposit after 1 h exposure (Table 3),
the corrosion rates are higher at surfaces with sand deposit, indicating that the sand has a negative impact on the inhibitor performance. Similar observations for inhibited systems with sand have
been reported previously [20,31–35] and the behavior was attributed to the sand deposit which inﬂuences the corrosion inhibitor
activity at the steel by competing for adsorption sites. The data
presented in Table 3 shows that the S-containing compounds
MPY and TB imparts an inhibition efﬁciency >95% in the tests both
with and without sand deposit, which is apparently greater than
that of the cationic-surfactants, CPC and DPC. Among the cationic-surfactants, the inhibitor efﬁciency of DPC (55.8%) is signiﬁcantly higher than that of CPC (6.2%) at steel with a sand deposit.
The inhibitor most impacted by the sand is CPC, for which efﬁciency is reduced by a factor of 12 in the presence of sand deposit
at the surface. This substantial difference in the inhibitor efﬁciencies at steel with and without a sand deposit can be associated
with the possible afﬁnity of CPC to sand preferred to the steel surface underneath.
The results from the potentiodynamic polarization tests carried
out at the sand-deposited surfaces after 72 h exposure of the steel
to the test solutions (Table 3) showed that the efﬁciency of the CPC
decreased over time. CPC was found to provide no inhibition to the
corrosion reactions of the steel surface after 72 h exposure. In contrast, no signiﬁcant changes in the corrosion rates were observed in
tests with DPC, MPY and TB after 72 h compared to that from 1 h
exposure time. The saturation of the sand deposit with the
inhibitor led to only a slight reduction in the corrosion rates
and the inhibition efﬁciency at surfaces with sand deposit after
72 h follows the similar trend as observed after 1 h exposure
(MPY  TB > DPC > CPC).

0.52
0.49
0.23
0.015
0.024

%
mm y1

mcor

icorr
lA cm2
Ecorr
V vs. Ag/AgCl
%
mm y1

After 72 h exposure

g
mcor
bc

ba
V dec1
icorr
lA cm2
Ecorr
V vs. Ag/AgCl

g
mcor
bc

ba
V dec1
icorr
lA cm2
Ecorr
V vs. Ag/AgCl

After 1 h exposure

With sand deposit
Without sand deposit after 1 h exposure

Table 3
Electrochemical parameters derived from potentiodynamic polarization measurements of carbon steel with and without sand deposit in CO2 saturated non-inhibited (test brine) and inhibited test solutions at 30 °C.

g
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Fig. 5. Impedance spectra of steel surfaces with sand deposit after 1 h exposure in CO2 saturated test solutions at 30 °C; (A) Nyquist plots for steels in solution containing no
inhibitor, CPC and DPC; (B) Nyquist plots for steels in solutions containing MPY and TB; and (C) Bode plots from all test solutions; Fig. Inset – Randle’s equivalent circuit model
used to ﬁt impedance data.

frequency domain for inhibited surfaces with respect to non-inhibited steel seen from the Bode phase plot indicates that the studied
inhibitors protect the underlying steel surface.
Fig. 6A and B displays the Nyquist plots of carbon steel without
sand deposit in all test solutions. The plots of MPY and TB in Fig. 6B
are similar to those observed from steel with sand deposit seen in
Fig. 5B; whereas the Rct of CPC and DPC inhibited steel increased
with respect to steel with sand deposit (Fig. 5). This indicates that
the resistance to corrosion, and hence the effectiveness of the
inhibitors is higher if there is no sand present. The corresponding
Bode plots from steels without sand deposit are presented in
Fig. 6C.
From Fig. 6B, it can be seen that the Nyquist plots from steels
without sand in test solutions containing MPY and TB shows a
poorly deﬁned second time constant, which cannot be discriminated clearly from the Bode plot in Fig. 6C as well. Interestingly,
the second time constant is much less pronounced in the presence of sand deposit at the steel surface (Fig. 5A–C). However,
this feature does not affect the interpretation of the results in

the way that they have been used, but it may suggest the formation of a strongly adsorbed inhibitor ﬁlm on the bare steel surfaces without sand.
The calculated parameters from the equivalent circuit ﬁt of
the impedance data to Randle’s circuit are shown in Table 4.
The circuit elements are as follows: the solution resistance (Rs),
the charge-transfer resistance (Rct), and constant phase element
(CPE) representing the interfacial capacitance [36,37]. The CPE
was used instead of a pure capacitor because of the non-ideal
frequency response seen from the Nyquist plots. This behavior
can be ascribed to the non-homogeneities at the steel surface,
arising due to surface roughness or pores in the sand deposit
layer, which is typical for sand-covered steel. The obtained Rct
values were used to calculate the corrosion rates and inhibition
efﬁciencies from EIS measurements and are summarized in
Table 4.
The comparison of the four corrosion inhibitors investigated
shows that the resistance offered by MPY and TB is much higher
(8 times) than that by the CPC and DPC to steel under a sand
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Fig. 6. Impedance spectra of steel surfaces without sand (bare steel) after 1 h exposure in CO2 saturated test solutions at 30 °C; (A) Nyquist plots for steels in solution
containing no inhibitor, CPC and DPC; (B) Nyquist plots for steels in solution containing MPY and TB; and (C) Bode plots from all test solutions; Fig. Inset – Randle’s equivalent
circuit model used to ﬁt impedance data.

Table 4
Electrochemical parameters derived from impedance analysis of carbon steel with and without sand deposit in CO2 saturated non-inhibited (test brine) and inhibited test
solutions at 30 °C.

*

EIS recorded after 1 h exposure

Rs X cm2

Rct X cm2

Error %

n*

icorr lA cm2

mcor mm y1

gz %

With sand deposit
No inhibitor
CPC
DPC
MPY
TB

9.87
0.44
12.92
54.83
52.64

395.3
261.9
445.6
16,499
15,983

0.83
1.70
0.84
0.76
0.68

0.81
0.87
0.79
0.82
0.81

65.77
46.4
22.4
1.08
1.23

0.74
0.52
0.25
0.01
0.01

–
–
11.29
97.60
97.53

Without sand deposit
No inhibitor
CPC
DPC
MPY
TB

4.2
4.25
15.18
16.37
15.03

345.3
1243
2155
15,358
15,779

0.96
0.68
1.19
1.55
1.76

0.91
0.83
0.87
0.93
0.90

36.03
9.79
6.88
1.09
1.04

0.41
0.11
0.08
0.01
0.01

–
72.22
83.98
97.75
97.81

n is the exponent for constant phase element in the equivalent circuit used to ﬁt impedance data.

deposit. This indicates that the CPC and DPC quantities in the test
solutions are insufﬁcient to inhibit the corrosion of steel surface
under sand deposit. The EIS results are consistent with those from
the potentiodynamic tests.
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3.4. Correlation of adsorption on sand and inhibition efﬁciency at steel
The primary objective of this study is to investigate the relationship between the adsorption afﬁnity of corrosion inhibitors to sand
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and their effectiveness in providing protection to the steel surfaces
deposited with sand.
The sand adsorption experiments have established that the
amount adsorbed on sand varies for each corrosion inhibitor
depending on its chemical nature, with cationic-surfactant inhibitors susceptible to adsorb in larger quantities compared to the Scontaining inhibitors. The following sequence was obtained for
the adsorbed amount (Table 2) of inhibitor on sand (qads):
CPC > DPC > MPY  TB. According to the proposed hypothesis, the
preferential adsorption of inhibitors on sand would decrease the
amount of the corrosion inhibitor available for the protection of
the steels deposited with sand and result in enhanced corrosion
rates. Thus, in this study the CPC was expected to have the lowest
inhibition efﬁciency among the studied compounds. The cationicsurfactant CPC molecules that are bound to the sand presumably
cannot diffuse to the active sites on steel surface and may be
unavailable for any inhibition process at the steel interface. This
can account for the high corrosion rates at sand-deposited steel applied with CPC as inhibitor.
The electrochemical tests (Section 3.2) showed that all the studied corrosion inhibitors provide protection to the steel surfaces
without sand deposit with the g > 75% and that the sand deposit
increases the corrosion rates observed in the presence of inhibitors.
The corrosion rate of CPC increased from 0.11 to 0.48 mm y1 due
to the sand addition. For DPC there was an increase in corrosion
rate from 0.07 to 0.23 mm y1. The MPY and TB inhibit corrosion
to an acceptable extent, seen from their corrosion rates (0.015
and 0.024 mm y1) despite the presence of sand. The sequence of
corrosion protection afforded by the inhibitors for steel covered
with sand deposit is MPY  TB > DPC > CPC.
The electrochemical test results are consistent with the sand
adsorption analysis data demonstrating that the corrosion inhibitor (CPC) which experienced maximum adsorption at sand possessed minimum inhibition efﬁciency at the sand-deposited
carbon steel surface. Likewise, the inhibitors (MPY and TB) with
the lesser adsorption on sand were more efﬁcient at the sanddeposited carbon steel surface. This can be attributed to less afﬁnity for sand, and consequently more inhibitor molecules available
at the steel surface. The data obtained from the UV–Visible spectroscopy and electrochemical tests conﬁrm that the inhibitor
adsorption on sand alters their protection efﬁciency at sanddeposited steel and the effect is dependent on the chemical nature
of the corrosion inhibitor.

4. Conclusions
The effectiveness of a corrosion inhibitor to control UDC is
affected by its afﬁnity for the sand deposit and the sequence of
afﬁnity of studied corrosion inhibitors for sand is: CPC >
DPC > TB  MPY. The adsorption on sand results in the inhibitor
not being available at the steel surface beneath.
Sand adsorption experiments showed that the chemical nature
of corrosion inhibitors greatly inﬂuenced their tendency to preferentially adsorb on a sand deposit. Both the cationic surfactant type
inhibitors adsorbed on silica sand to a relatively large extent due to
charge attraction and alkyl group interactions under CO2 saturated
conditions. Conversely, the S-containing inhibitors adsorbed on
sand to a lesser degree.
The observed relationship between the degree of adsorption
and inhibitor properties was further supported by electrochemical
studies. The corrosion rates of carbon steel in inhibited test solutions increases in the presence of sand deposit in the sequence
CPC > DPC > TB  MPY, consistent with the sand adsorption results.
The most effective inhibitors at the sand-deposited steel were the
S-containing compounds (MPY and TB).

The results suggest that a clear understanding of the inhibitor
interaction with sand is necessary to predict its inhibition behavior
at sand-deposited steel.
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The inhibition performance of thiobenzamide (TB) against the under-deposit corrosion of carbon steel in CO2 -saturated, chloridecontaining environment has been investigated. TB concentrations were varied from 10 – 200 ppm and temperatures from 30◦ C to
60◦ C were tested. TB effectively inhibits corrosion at carbon steel surfaces with and without sand deposits, reducing the general
corrosion rates below 0.1 mm y−1 in all cases studied. Electrochemical test results suggest that inhibition occurs via adsorption at the
steel surface through the S atom of the TB molecule. Potentiodynamic polarization measurements show that the inhibition mechanism
differs at surfaces with and without sand deposits with temperature change over the range of 30◦ C to 60◦ C. Surface analysis of the
corroded steels showed that general corrosion takes place at surfaces without sand deposits, whereas localized corrosion proceeds at
the surfaces underneath a sand deposit, both in the presence and absence of thiobenzamide.
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Organic corrosion inhibitors are widely employed in the oil and gas
industries as an effective and economical solution to protect carbon
steel pipelines from CO2 corrosion.1–6 Numerous studies have been
made on the use of corrosion inhibitors in a fluid phase in contact
with steel,1–6 but the under-deposit corrosion (UDC) of steel, caused
by accumulated sand-deposits, necessitates attention as the deposits
can interfere with the performance of corrosion inhibitors. Previous
investigations have reported insufficient inhibition of steel beneath
the sand-deposits.7,8 The settled sand-deposits have been blamed for
localized corrosion of the carbon steel pipelines and the reduction in
efficiency of the applied CO2 corrosion inhibitors. The intention of
applying inhibitors is ultimately not successful if they do not reach
the steel surface due to interaction with sand-deposits present in the
transported fluids. Thus, the identification and development of appropriate inhibitors specific to UDC application is crucial for ensuring
protection of sand-deposited pipelines.
Under-deposit corrosion has been related to the galvanic effect between deposit-covered and uncovered areas of the steel surfaces.9,10
Han et al. proposed that galvanic corrosion takes place between the
bare steel surface (cathode) and the steel surface covered with deposits
(anode).11 The initiation of localized corrosion has been attributed to
the large cathode to anode ratio. Pedersen et al. also showed that
galvanic effect might cause localized corrosion attack on the sanddeposited surfaces.12 Other studies have examined the corrosion behavior of steel surfaces completely covered with deposits and found
significant differences compared to deposit-free surfaces.13–17
The application of thiobenzamide (TB) to inhibit the UDC of
1030 carbon steel with and without sand deposit in a CO2 saturated
test environment has been investigated in this study. The choice of TB
was based on our preliminary studies18,19 conducted at sand-deposited
carbon steel surfaces, in which higher inhibition efficiencies were
obtained by employing thiobenzamide compared to other inhibitor
compounds tested. Also, the molecular structure of thiobenzamide,
consisting of a benzene ring, along with N and S atoms, is reported to
facilitate adsorption on the steel surface, thus effectively mitigating
corrosion of mild steel in acidic environments, with reported inhibition
efficiencies of about 95%.20–25
The effect of TB concentration (10 to 200 ppm) and temperature (30◦ C – 60◦ C) on its protective performance against UDC has
been evaluated using electrochemical polarization measurements and
surface characterization techniques. The inhibition activity of the
thiobenzamide against uniform CO2 corrosion of carbon steel with
and without a sand-deposit was estimated from electrochemical tests.
Surface analysis is utilized to evaluate the inhibitor effectiveness with
respect to general versus localized corrosion.

z

Table I. Chemical composition (weight%) of 1030 carbon steel.
C

Mn

Si

P

S

Cr

Ni

Mo

Sn

Al

Fe

0.37 0.80 0.282 0.012 0.001 0.089 0.012 0.004 0.004 0.01 balance

Experimental
Test materials.— 1030 carbon steel samples with an exposed surface area of 0.196 cm2 , embedded in epoxy resin, were used as working electrodes. The chemical composition of carbon steel is given in
Table I. The carbon steel used had a ferritic-perlitic microstructure.
The test brine (non-inhibited solution) consisting of 3% sodium chloride (NaCl; Ajax Finechem, analytical reagent, 99.9%) and 0.01%
sodium bicarbonate (NaHCO3 ; Merck, 99.5%) was prepared in ultrapure water (resistivity – 18.2 M.cm). The inhibited test solutions
containing thiobenzamide (Figure 1) (C6 H5 CSNH2 ; Sigma-Aldrich,
98%) were prepared in the concentration range of 10–200 ppm (ppm
by weight) using test brine.
Prior to each experiment, the working electrode was ground with
1200 grit abrasive paper, rinsed thoroughly with ethanol and ultra-pure
water, dried in nitrogen and immediately inserted into the de-aerated
test cell. The test solutions were CO2 saturated by pre-sparging for 2 h
and the pH of CO2 -saturated solution was 4.7. The saturated solution
was then pumped into the test cell, which was continuously purged
with CO2 at ambient pressure during the experiments. All the experiments were conducted under stagnant conditions, at temperatures of
30◦ C, 40◦ C and 60◦ C.
Silica sand (Sigma-Aldrich) with average particle size of 303 μm
and specific surface area of 0.062 m2 /g was used as a deposit. Prior to
use, the sand was acid-washed, dried and the pH of the solution was
checked to ensure that it remained unaltered.
Electrochemical studies.— The experiments were carried out
in a standard three electrode electrochemical cell setup described
elsewhere.18 Separate measurements were carried out at steel samples
with and without a sand deposit. In all tests with a sand deposit at the
steel surface, 8 g of sand was used to ensure a consistent sand layer
height of ∼7.5 mm above the steel surface. The amount of sand (8 g)
was obtained from the sand volume and the known dry density of sand
used. The Ag/AgCl (3.5 M) reference electrode was held in a Luggin

Figure 1. Chemical structure of thiobenzamide.

E-mail: K.Lepkova@curtin.edu.au

Downloaded on 2013-07-10 to IP 134.7.248.130 address. Redistribution subject to ECS license or copyright; see ecsdl.org/site/terms_use

65

Journal of The Electrochemical Society, 160 (9) C432-C440 (2013)
capillary and the tip of the capillary was placed in close proximity to
the steel surface within the sand layer in order to minimize errors due
to iR drop. The electrolyte concentration used is high (30000 ppm
of chloride) so the solution resistance within the sand layer will be
minimized due to the high conductivity of the electrolyte. Hastelloy
C was used as the counter electrode.
Linear Polarization Resistance (LPR) measurements were performed for 12 h under a CO2 environment. After 100 minutes of
pre-corrosion of the samples in test brine solution, required concentration of thiobenzamide solution was added to the test solution. LPR
tests were conducted in the potential range of ±10 mV with respect
to the open circuit potential (OCP), with a scan rate of 0.1667 mV/s
using a Gill Potentiostat (ACM Instruments, UK). The corrosion rates
from LPR measurements were calculated assuming the Stern-Geary
constant of 26 mV.
Potentiodynamic polarization tests were conducted after 1 h exposure of the working electrode to the test solution in the potential
range of ±0.25 V vs. OCP at a sweep rate of 0.1667 mV/s using
Solartron SI 1287 potentiostat (Solartron Analytical, UK). The corrosion rates (CR) and inhibition efficiencies were calculated from the
corrosion current densities (icorr ) estimated by Tafel extrapolation of
the polarization curves.
The % inhibition efficiency (η) from the potentiodynamic tests at
surfaces without sand deposit was determined using Eq. 1,


i corr (brine) − i corr (inhibitor )
η=
× 100
[1]
i corr (brine)

C433

Figure 2. Corrosion rates of steels with and without sand deposits, before and
after thiobenzamide addition to the CO2 saturated test brine, obtained from
LPR measurements at 30◦ C.

As an effect of inhibitor introduction, an immediate decrease in
corrosion rate can be observed at the surfaces without sand. This
can be attributed to the surface coverage by the inhibitor molecules
forming a film on the surface.26 The corrosion rates decrease below
0.1 mm y−1 within 2 h after the inhibitor addition demonstrating the
efficiency of thiobenzamide to inhibit corrosion even at the lowest
concentration supplied.
At the surfaces covered with sand deposit, the corrosion rates do
not decrease immediately upon inhibitor addition and remain almost
stable for approximately 1 h. This indicates that the sand-deposited
steel surface is still not accessible to the inhibitor which does not
provide corrosion protection at this time. Subsequently, the corrosion rates decreased gradually and stabilized at a final value below
0.1 mm y−1 after about 3.5 h (after the inhibitor addition) at all applied
concentrations of thiobenzamide. A rapid decrease in the corrosion
rates in the period of about 1 h (time 3-4 h in Figure 2) was observed for the TB concentrations of 50 and 200 ppm. This suggests
that the duration of 1 h is sufficient for significant transport of the
inhibitor through the sand deposit and for establishment of a protective layer at the underlying steel surface. The presence of a sand
layer did not significantly decrease the amount of inhibitor available
for the film-formation at the steel. This behavior can be attributed to
the diffusion of inhibitor from the solution to steel surface being the
transport mechanism through the deposit layer. It has been reported
that thiobenzamide adsorbs at sand particles only in minimal amounts
(<0.05 mg/g).19 Since the adsorption process is influenced by the surface charge, the electrostatic repulsion between the negatively charged
silica sand particles and the thiobenzamide molecule’s electronegative adsorption center favors inhibitor diffusion through the deposit to
reach an active site at the steel surface.
There is an apparent effect of the inhibitor concentration on the corrosion rates of sand-deposited steels, with the inhibition accomplished
in shorter duration when treated with 50 and 200 ppm thiobenzamide
concentration than with 10 ppm. However, it is clear that a sufficient
inhibition is provided by thiobenzamide to the steels, both with and
without sand deposits at all concentrations examined.

where icorr (brine) and icorr (inhibitor) are the corrosion current densities in
μA cm−2 from the non-inhibited and thiobenzamide-containing test
solution, respectively.
At sand-deposited steels, % inhibition efficiency (ηs ) was determined using Eq. 2,


i corr (brine) sand − i corr (inhibitor ) sand
× 100
[2]
ηs =
i corr (brine) sand
where icorr (brine)sand and icorr (inhibitor)sand are the corrosion current densities in μA cm−2 from sand-deposited steels in the non-inhibited and
thiobenzamide-containing test solution, respectively.
The electrochemical tests were carried out in triplicate to ensure
reproducible results. No significant variation was found between the
test repeats.
Surface analysis.— Steel samples of exposed surface area 1 cm2
were subjected to immersion in the test brine and 200 ppm
thiobenzamide-containing test solution for 29 days at 30◦ C. Separate
immersion tests with and without sand deposits on the steel surface
were conducted. After the immersion test period, the sand deposit was
removed from those samples, the samples were dried with nitrogen
gas and kept under vacuum until further analysis. The surface analysis
of steels corroded in the immersion test was carried out using the Zeiss
(Neon) field emission scanning electron microscope (FESEM) with
an energy dispersive X-ray detector (EDS).
Visible-light microscopy was employed for the surface analysis of
steels corroded by the potentiodynamic polarization tests using the
Infinite Focus Microscope (Alicona Instruments, Austria). The samples after potentiodynamic polarization tests were dried in nitrogen
gas and the visible-light micrographs of the surface, root mean square
roughness parameter (Rq) and pit profiles on the entire sample surface
area were acquired with the Alicona Infinite Focus 3.5 software.

Potentiodynamic polarization measurements.— Figure 3 shows
the potentiodynamic polarization curves of steels with and without
sand deposits measured after 1 h exposure to non-inhibited (test
brine) and inhibited test solutions containing different concentrations of thiobenzamide. The electrochemical parameters estimated
by the Tafel extrapolation of the polarization curves are presented in
Table II.

Results and Discussion
Linear polarization measurements.— Figure 2 shows the corrosion rates from steel surfaces with and without sand deposit in CO2
saturated test brine and solutions containing thiobenzamide at various
concentrations.
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Also, a negative shift in corrosion potential (Ecorr ) of steel with sand
deposit compared to steel without sand indicated that the cathodic
reaction is predominantly suppressed in the presence of deposit at
the surface. This corrosion behavior is attributed to the deposit layer
acting as a diffusion barrier resulting in lower uniform dissolution of
the sand-deposited steel.27
The potentiodynamic curves show apparent similarities between
the surfaces with and without sand deposit in the inhibited test solutions. The corrosion potentials and corrosion current densities follow
the same decreasing trend with increasing concentration of thiobenzamide at surfaces with and without sand deposit. Furthermore, the Tafel
slope (ba and bc ) values are similar for both surfaces at a given inhibitor
concentration, implying that the inhibition principle of thiobenzamide
is the same in presence/absence of sand deposit.
It was found that thiobenzamide concentration influences the corrosion rates as well as the type of inhibition effect. The corrosion
rates decreased below 0.01 mm y−1 at both bare and sand-deposited
surfaces with 200 ppm thiobenzamide concentration. The inhibition
efficiencies as seen from Table II are greater than 90% in all cases
studied, which is in agreement with the LPR test results. At all applied
TB concentrations, the sharp reduction in both cathodic and anodic
current densities compared to the non-inhibited surfaces is evident,
indicating that TB inhibits both cathodic and anodic corrosion reactions. Simultaneous inhibition of both reactions is observed at the
surfaces without sand deposit in the solution of 50 ppm thiobenzamide (Figure 3b where there is no shift in the Ecorr ) in respect to
the non-inhibited surface. The remaining measurements with 10 and
50 ppm of TB showed a negative shift in Ecorr which means that
thiobenzamide has a predominant inhibition effect on the cathodic reaction. The Ecorr shift and the Tafel slopes indicate that the inhibiting
action at 10 and 50 ppm concentration is by a geometric blocking
effect of inhibitor molecules, reducing the surface area available for
cathodic reaction.3,5,26 The anodic reaction of the corrosion process is
predominantly affected in solutions with 200 ppm TB where the Ecorr
shifts in positive direction in respect to non-inhibited surface. The
observed differences in corrosion potentials can be attributed to the
fact that at lower concentrations, when there is not enough inhibitor
molecules to block the steel surface, metal dissolution proceeds at the
active sites on the steel. Whereas at higher concentration (200 ppm),
the inhibition action can be related to the adsorption of TB molecules
at most of the anodic sites on steel, forming a protective inhibitor film
which reduces further dissolution.26
A comparison of polarization curves in Figure 3a and 3b suggests
that thiobenzamide adsorbs at the steel surfaces and that the inhibition

Figure 3. Polarization curves of steels in CO2 saturated test brine and solutions with different concentrations of thiobenzamide at 30◦ C, a) with and
b) without sand deposit.

The polarization curves under non-inhibited conditions (Figure 3)
show that the corrosion current density (icorr ) of steel with sand deposit
is lower than that of steel without sand. This indicates that the coverage
of surface by deposit layer minimizes the uniform dissolution of steel.

Table II. Electrochemical parameters of the carbon steel surfaces derived from potentiodynamic polarization measurements in Figure 3.
(a) With sand deposit
ba

-bc

Ecorr

icorr

CR

ηs *

TB concentration
ppm

mV dec−1

mV dec−1

V

μA cm−2

mm y−1

%

0
10
50
200

113 ± 19
128 ± 7
63 ± 1
33 ± 2

369 ± 41
145 ± 14
133 ± 5
122 ± 7

−0.675 ± 0.002
−0.751 ± 0.006
−0.706 ± 0.001
−0.607 ± 0.002

45.87 ± 1.10
3.53 ± 0.12
3.79 ± 0.08
0.30 ± 0.10

0.52

−

<0.05

> 91

<0.01

99.3

(b) Without sand deposit

0
10
50
200

ba

-bc

Ecorr

icorr

CR

η

mV dec−1

mV dec−1

V

μA cm−2

mm y−1

%

40 ± 9
111 ± 17
62 ± 23
30 ± 5

728 ± 39
133 ± 3
122 ± 2
119 ± 66

−0.664 ± 0.005
−0.707 ± 0.010
−0.667 ± 0.005
−0.561 ± 0.012

68.71 ± 0.87
1.66 ± 0.04
0.96 ± 0.11
0.06 ± 0.07

0.77

−

<0.02

>97

*Inhibitor efficiencies calculated with respect to current densities of non-inhibited surface (0 ppm TB in Table II) with and without sand deposit using
Eq. 1 and Eq. 2.
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Figure 4. Corrosion rates of steels with and without sand deposits by Tafel
analysis at various temperatures.

principle is similar for surfaces with and without sand deposit since
no significant inhibitor loss to sand deposit occurred.
Effect of temperature.— Figure 4 presents the carbon steel corrosion rates in non-inhibited (test brine) and inhibited test solutions at
different concentrations of TB over the temperature range of 30◦ C –
60◦ C. The corrosion rate values were derived from potentiodynamic
polarization measurements conducted at steels with and without sand
deposit.
At non-inhibited surfaces, the corrosion rates increase with increasing temperature for steels without sand, but the opposite trend
is observed at the sand-deposited surfaces. This decrease in corrosion
rate of sand-deposited steel with increasing temperature may be related to the variations in the composition and morphology of corrosion
products formed at each temperature.28
In the absence of inhibitor, the steel with sand deposit exhibits
lower general corrosion rates compared to steel without sand. This can
be attributed to the sand deposit, which hinders the corrosion process
by acting as a diffusion barrier for corrosive species in the test brine.
The presence of sand-deposit at the surface also reduces the active
surface area of steel available for corrosion, thereby reducing both
anodic and cathodic corrosion current densities. The lower uniform
corrosion rate of steel covered with sand deposit compared to steel
without sand in the non-inhibited solution was also observed from the
LPR test results at 30◦ C (see Figure 2).
The addition of thiobenzamide results in corrosion rates
<0.1 mm y−1 at all studied concentrations, temperatures and surfaces
(with and without sand). It clearly shows the ability of thiobenzamide to inhibit the CO2 corrosion under these conditions. At surfaces
without sand, the corrosion rates decrease with increase in inhibitor
concentration at each individual temperature. Also, the corrosion rate
increases with increasing temperature (at the same concentration of
thiobenzamide). At the inhibited sand-deposited surfaces, the corrosion rates increase with increasing the temperature from 30◦ C to 40◦ C,
but no further increase was observed at 60◦ C. This shows that the corrosion rates of the inhibited surfaces were independent of the applied
inhibitor concentration. Interestingly, at 60◦ C, very similar corrosion
rates were recorded regardless of the inhibitor concentration at the
sand-deposited steel surfaces. This indicates that the general corrosion
was inhibited sufficiently at the lowest concentration (10 ppm) and
further concentration increase did not improve the inhibition behavior
of thiobenzamide at sand-deposited steel at 60◦ C. It is also worth noting that only at 60◦ C are the corrosion rates from the sand-deposited
inhibited surfaces lower than those from the surfaces without sand, at
all concentrations.

Figure 5. Polarization curves of steels in CO2 saturated test brine and solutions with different concentrations of thiobenzamide at 60◦ C, a) with and
b) without sand deposit.

To illustrate the inhibition activity of thiobenzamide at 60◦ C, the
potentiodynamic curves from surfaces with and without sand deposit
are plotted in Figure 5 and the corresponding Tafel parameters are
presented in Table III. It can be seen in Figure 5a that inhibitor addition shifts Ecorr to negative values, but the increase in concentration
over the range from 10 to 200 ppm does not affect the corrosion reactions at sand-deposited surfaces. This can be related to the inhibitor
effect. This was concluded to be geometric blocking at the concentrations of 10 and 50 ppm at low temperature (30◦ C), changing to
complete chemisorption at 60◦ C, since the temperature increase accelerates the diffusion of the inhibitor species. At surfaces without sand
(Figure 5b), the addition of thiobenzamide results in a slight increase
of Ecorr toward positive values, suggesting that a different inhibition
mechanism takes place (compared to the surfaces with sand). This is
also apparent from the differences in Tafel slopes (mainly bc ) from
the surfaces with and without sand.
The results in Figure 5 suggest that the inhibition mechanism of
thiobenzamide is not the same for surfaces with and without sand at
60◦ C. This is in contrast to the results obtained at 30◦ C where the
same inhibition mechanism was shown for both surfaces with and
without sand deposit (Figure 3). At 60◦ C, accelerated precipitation of
iron carbonate and other corrosion products is expected to proceed.29
It is reasonable to assume that the type and amount of the corrosion
products differ for the two surfaces studied, due to the presence of a
sand deposit. The corrosion product layers formed then influence the
transport and adsorption of thiobenzamide at the steel surfaces. This
could be the reason for the differences in the corrosion mechanism
and the corrosion rates observed with increasing temperatures at the
surfaces with and without sand deposits (Table II and III).
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Table III. Electrochemical parameters of the carbon steel surfaces derived from potentiodynamic polarization measurements in Figure 5.
ba

−bc

Ecorr

icorr

CR

TB concentration
ppm

mV dec−1

mV dec−1

V

μA cm−2

mm y−1

0
10
50
200

68 ± 4
53 ± 38
43 ± 2
49 ± 5

237 ± 6
166 ± 1
171 ± 1
175 ± 14

(a) With sand deposit
−0.726 ± 0.010
−0.767 ± 0.007
−0.775 ± 0.004
−0.771 ± 0.007

27.31 ± 0.09
4.01 ± 0.13
3.7 ± 0.04
3.69 ± 0.08

0.31
< 0.05

0
10
50
200

42 ± 8
40 ± 11
57 ± 14
57 ± 17

581 ± 46
99 ± 28
106 ± 22
104 ± 9

(b) Without sand deposit
−0.699 ± 0.003
−0.678 ± 0.013
−0.700 ± 0.018
−0.697 ± 0.006

180.12 ± 1.01
8.44 ± 0.11
6.55 ± 0.18
5.73 ± 0.18

2.03
0.09
0.07
0.06

Galvanic corrosion effect.— The polarization curves shown in
Figures 3 and 5 can be used to estimate a worst case scenario for
possible galvanic corrosion of the steel surface beneath a sand deposit
galvanically connected to the bare steel. In the worst case, it is assumed that the sand-deposited steel is fully polarized to the potential
exhibited by the isolated bare steel. In fact, the effect should be substantially mitigated due to contributions from the polarization of the
bare steel when coupled, and from the electrical resistance of the sand
layer. Table IV presents the estimated galvanic current calculated by
extrapolating the linear part of the anodic curve for the sand covered
steel to the corrosion potential of the bare steel, for various concentrations of inhibitor. It is seen that a low level of galvanic corrosion may
result because the bare steel is more noble than the sand-deposited
steel. Nonetheless, the calculated rate of corrosion under the sand
is still lowered (i.e. inhibited) compared to the corrosion rate with
no inhibitor. The (maximum calculated) galvanic corrosion rate is
suppressed compared to the non-inhibited system, but the level of inhibition is lower than for the corrosion of the bare and sand-deposited
steel as measured (Table IV).

where icorr (brine) and icorr (inhibitor) are the corrosion current densities
obtained from the polarization tests of steels exposed to non-inhibited
(test brine) and thiobenzamide-containing test solution, respectively.
To demonstrate the adsorption phenomena, the experimental values were evaluated by fitting to Langmuir, Freundlich and Temkin
isotherms. The Temkin isotherm provided the best linear regression
fit for the surface coverage data at the steel surface without sand and
is plotted in Figure 6. The correlation coefficient (r) is greater than
0.98 for all the plots which confirms the validity of this approach. It
can be seen that the surface coverage increases with TB concentration
at all the studied temperatures.
Since the adsorption data follows Temkin’s isotherm, the slope
(m) and the intercept (c) of the isotherm allow for calculating the
thermodynamic properties using the Eq. 4 and Eq. 530


−RT
ln K ads C
θ=
[4]
Hads
[5]
G ads = −RT ln K ads
where θ is the fractional surface coverage, R is the universal gas
constant in kJ K−1 mol−1 , T is the temperature in K, Hads is the enthalpy of adsorption in kJ mol−1 , ln Kads is the adsorption equilibrium
constant in L mg−1 , C is the molar concentration of thiobenzamide
and Gads is the free energy of adsorption (kJ mol−1 ). The estimated
thermodynamic data are presented in Table V.
In general, an adsorption process can either be physical or chemical
depending on the nature of the corrosion inhibitor and the test environment to which the steel is exposed. A positive Hads value is associated with an endothermic chemical adsorption process and a negative

Adsorption studies.— The electrochemical results were fitted to
adsorption isotherms to better understand the inhibition action of
thiobenzamide on steel. The degree of surface coverage θ by the
thiobenzamide molecules on the steel was calculated using Eq. 3

θ=

i corr (brine) − i corr (inhibitor )
i corr (brine)


[3]

Table IV. Estimated maximum galvanic corrosion current
densities of the sand-deposited carbon steel surfaces derived from
potentiodynamic polarization measurements.
TB
T concentration (Ecorr )sand (Ecorr )bare (icorr)sand (icorr )bare igalvanic
◦C
ppm
V
V
μA cm−2 μA cm−2 μA cm−2
30

40

60

0
10
50
200
0
10
50
200
0
10
50
200

−0.675
−0.751
−0.706
−0.607
−0.709
−0.753
−0.710
−0.687
−0.726
−0.767
−0.775
−0.771

−0.664
−0.707
−0.667
−0.561
−0.690
−0.715
−0.661
−0.648
−0.699
−0.678
−0.700
−0.697

45.87
3.53
3.79
0.304
38.3
7.87
3.14
2.99
27.31
4.01
3.72
3.69

68.71
1.66
0.96
0.058
135.28
3.38
2.30
0.96
180.06
8.44
6.55
5.73

72.40
5.56
5.03
1.79
68.63
7.34
7.10
2.94
63.81
15.46
9.39
6.44

Figure 6. Temkin adsorption isotherms at different temperatures for thiobenzamide sorption at a steel surface without sand deposit, from polarization
analysis.
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the steel surface (Fe atoms) and does not have any affinity for the
sand deposit (SiO2 molecule), making it an effective inhibitor for
under-deposit corrosion control.19

Table V. Adsorption parameters from Temkin isotherm for
thiobenzamide onto carbon steel surface.
Temperature◦ C
30
40
60

ln Kads

=

1.04
1.03
1.00

c/m

Hads kJ mol−1

Gads kJ mol−1

17.3
15.7
14.5

−2.62
−2.68
−2.78
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Surface analysis.— Previous investigations on under-deposit corrosion have reported that steel surfaces beneath the sand deposit are
susceptible to localized corrosion.12,31 To assess the effectiveness of
thiobenzamide in this regard, surface examination of the carbon steels
corroded by both electrochemical and immersion tests was conducted.

Hads value involves an exothermic adsorption process which may be
either physisorption or chemisorption or both simultaneously.14 The
positive Hads values of thiobenzamide obtained in this study indicate
that the adsorption is endothermic and is in accordance with the mode
of thiobenzamide chemisorption onto a steel substrate proposed in the
literature.24
The negative Gads values indicate spontaneous adsorption of
inhibitor on steel, which can be interpreted by the S atoms (soft bases)
of thiobenzamide sharing electrons with the Fe atoms (soft acids) on
steel surface, eventually leading to chemical bonding between them,
based on the hard and soft acid-bases concept.21 Chemisorption is
characterized by monolayer adsorption, which is consistent with the
theoretical prediction that the adsorption is through the S atom of
thiobenzamide. Hence, the isotherm supports the findings of both
theoretical and electrochemical data that the TB molecules are held to
the steel surface by a chemical bond that effectively retards corrosion.
For the steel surfaces covered with sand deposit, although thiobenzamide affords the desired level of protection as evidenced from the
polarization curves, the adsorption data tested with different isotherm
models were not linear at any of the conditions studied, over the range
of thiobenzamide concentration from 10 – 200 ppm. The correlation
coefficient values for the isotherm models to fit inhibitor concentration and fractional surface coverage were less than 0.8, hence further
details of the fitting are not presented.
However, it can be considered that chemisorption takes place at
surfaces with sand deposit at 30◦ C, since the corrosion mechanism
appears to be the same as for the surfaces without deposit, based on
the obtained electrochemical data.
In general, chemisorption is a highly specific and an irreversible
process which involves the chemical bonding between specific molecular species. Thus, the mode of adsorption being chemisorption explains why the TB molecules (via S atoms) selectively adsorbs on

Visible light microscopy.— The optical micrographs of steel surfaces without sand (a, b) and with sand deposit (c, d) that were potentiodynamically polarized after 1 h immersion in CO2 saturated test
solution (samples from Figure 3) are shown in Figures 7 and 8.
It can be seen from Figure 7 that steels without sand deposit (a, b)
exhibited uniformly corroded surface morphology both in the presence
and absence of inhibitor and no localized attack could be detected.
The inhibited surface without sand (b) appeared almost free from
corrosion and the grinding marks were visible even after polarization.
By contrast, at the steel surfaces covered with the sand deposit (c, d),
numerous pits were noticed. This indicates that the presence of sand
at steel surface promotes localized attack beneath the deposit.
Higher magnification micrographs of the corroded surfaces
(Figure 8) show that the roughness (Rq) of the non-inhibited samples
treated in test brine (a, c) is higher than that of the inhibited surfaces
(b, d) due to higher metal dissolution in the absence of inhibitor.
The very low roughness due to inhibition activity of thiobenzamide
suggests that the corrosion damage is considerably reduced by its
adsorption at the active sites on the steel surface.
The pit depths measured from different areas on the non-inhibited
surface with sand deposit ranged from ∼8 to 15 μm. The inhibited
surface with sand deposit also exhibited localized defects, however,
the pits were relatively less deep ranging from ∼1.5 to 3 μm in depth.
Also, the number of pits found at the inhibited surface was less than
the non-inhibited surface, and the lower Rq value indicates that the
surface is partially protected by thiobenzamide, even underneath the
sand deposit.
It is evident from the optical micrographs that the susceptibility of
the sand-deposited steels to both uniform and localized decreases in
the presence of thiobenzamide.

Figure 7. Visible light microscopy images (magnification 5x) of steels after potentiodynamic polarization test in a) test brine (non-inhibited) and b)
200 ppm thiobenzamide-containing solution without sand deposit; c) test brine (non-inhibited) and
d) 200 ppm thiobenzamide-containing solution with
sand deposit.
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Figure 8. Visible light microscopy images (magnification 50x) of steels after potentiodynamic polarization test in a) test brine (non-inhibited) and b)
200 ppm thiobenzamide-containing solution without sand deposit; c) test brine (non-inhibited) and
d) 200 ppm thiobenzamide-containing solution with
sand deposit.

plexes as a result of corrosion reactions. The iron carbonates, hydroxides and oxyhydroxides have been proposed in the literature as possible corrosion products under CO2 environment at low temperatures.28
The EDS analysis of the inhibited surface showed the presence of a
sulfur peak, indicating that inhibitor film is present at the surface. The
C and O peaks were absent in the EDS spectrum from the inhibited
steel surface indicating that few corrosion products were present. This
can be attributed to the inhibitor adsorption resulting in a surface that
is resistant to both general and localized corrosion.
The corroded steel surface in the presence of the sand deposit (c,
d) shows grain boundaries due to dissolved crystallite phases suggesting that greater metal dissolution has occurred than in the absence of
sand deposit. The micrographs also show pit formation at both noninhibited and inhibited surfaces, with larger pits at the non-inhibited

Scanning electron microscopy.— The FESEM/EDS analysis was
performed to evaluate the localized corrosion susceptibility of the
steels corroded with and without sand deposit, in the presence and
absence of thiobenzamide. Figure 9 shows the scanning electron micrographs of the steels treated by long-term immersion (29 days) in
the test brine and thiobenzamide-containing test solutions.
At the surfaces without sand deposit (a, b), the corrosion process results in severe metal dissolution at the non-inhibited surface
(Figure 9a), which is significantly suppressed in the presence of inhibitor thiobenzamide (Figure 9b). No localized attack was observed
at these surfaces, indicating that uniform corrosion proceeds in the
sand-free environment.
The qualitative EDS analysis of the non-inhibited surface gave Fe,
C and O peaks in the spectra, suggesting the formation of iron com-

Figure 9. FESEM images of steels after 29 days
immersion at 30◦ C in a) test brine (non-inhibited)
and b) 200 ppm thiobenzamide-containing solution
without sand deposit; c) test brine (non-inhibited)
and d) 200 ppm thiobenzamide-containing solution
with sand deposit.
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Figure 10. FESEM images of steel with sand deposit after 29 days immersion in inhibited test solution at 30◦ C a) an area of the inhibited surface with a
pit, b) an area of the surface with adsorbed inhibitor.

r The effectiveness of thiobenzamide increases with increase of
its concentration and its adsorption follows the Temkin isotherm at
surfaces without sand deposit. Thermodynamic parameters show that
the adsorption process is spontaneous and endothermic. The mode of
inhibition was found to be chemisorption at the active sites on steel,
which is supported by high inhibition efficiencies observed even at
low concentrations of thiobenzamide.
r Surface analysis using visible light and electron microscopy
revealed the differences in the morphology of steel corroded with
or without sand deposit (both in a spontaneous immersion and in
an electrochemically accelerated test). The sand-deposited surfaces
are susceptible to localized corrosion. Surface roughness of inhibited steels was very low in comparison with the non-inhibited steel,
indicating that adsorbed thiobenzamide film protected the surface.
r Thiobenzamide provided high inhibition (> 90%) to general
CO2 corrosion of carbon steel surfaces both with and without sand
deposit. The results have demonstrated that thiobenzamide can be
applied for inhibition of the under-deposit corrosion caused by sand
deposit in aqueous CO2 environment.

surface (Figure 9c) compared to the pits at the inhibited surface
(Figure 9d). The localized attack was seen on steel surfaces covered with sand deposits and not on the steel without sand. This can be
related to the steel beneath the deposit layer being exposed to subtly
different micro-environment, thereby localized corrosion takes place
in presence of sand. We have also observed that the ferritic phase corroded preferentially resulting in the accumulation of undissolved iron
carbide at the sand-deposited surfaces. The galvanic contact between
the iron carbide and adjacent steel has been attributed to localized
corrosion under deposits by accelerating the cathodic reaction of the
corrosion process.8 As seen in Figure 9c, the non-inhibited surface
was covered with cubic crystalline corrosion products while no characteristic corrosion products were noticeable at the inhibited surface
(Figure 9d). This is supported by the EDS analysis that showed the
presence of Fe, C and O peaks at the non-inhibited surface and only Fe
and S at the inhibited surface with sand deposit. The presence of the
element sulfur suggests that thiobenzamide is adsorbed at the sanddeposited surface. Because of the semi-qualitative nature of the EDS,
the elements present were not quantified, however, it was clear from
the absence of C and O peaks for the inhibited steels that thiobenzamide inhibited corrosion.
Figure 10 presents the higher magnification FESEM images of
sand-deposited steel surfaces corroded in thiobenzamide-containing
solutions. The image (a) shows the area with a pit at the inhibited steel
surface. Image (b) shows the inhibitor adsorbed at the area outside the
surface indents.
The surface analysis results have demonstrated that thiobenzamide
adsorbs at the steel regardless of the presence of the sand deposit,
which correlates well with the low corrosion rates obtained from the
electrochemical tests from the inhibited surfaces. However, the surface
analysis results also show that localized corrosion takes place at the
surfaces with sand deposits, even when inhibitor thiobenzamide is
used.
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Chukanovite (Fe2(OH)2CO3) identified as corrosion product at sanddeposited carbon steel in CO2-saturated brine
Abstract
Chukanovite (Fe2(OH)2CO3) has been identified by synchrotron-sourced infrared
microspectroscopy as the main corrosion product at sand-deposited carbon steel
corroded in CO2-saturated brine at 80 °C. Siderite has been shown as a minor
corrosion product at the sand-deposited steel, and the only product at the sand-free
steel. Sand-deposited steels have similar general corrosion rates as the sand-free
steels, but were susceptible to localized corrosion. These differences are related to
the presence of the sand-deposit at the surface that influences the local microenvironment and promotes the formation of the mixed layer of corrosion products
(chukanovite and siderite) at the carbon steel.

Keywords: A. Carbon steel, B. IR spectroscopy, B. FESEM, B. Polarization.

1. Introduction
CO2 corrosion of carbon steel in the presence of deposits such as sand has often been
associated with localized corrosion taking place in the presence and absence of
corrosion inhibitors at the sand-deposited steels [1-3]. Sand deposit reduces the
active surface area of the steel and also acts as a diffusion barrier for corrosive
species in the solution resulting in differences in the micro-environment at the
deposit-covered steels compared to the deposit-free steels [4,5]. Previous studies
have established that the sand-deposited steels show lower general corrosion rates
compared to steels without deposits but are more susceptible to the localized attack
[5,6]. This can be attributed to the type of corrosion products that form at the sanddeposited steels and are different from those at the sand-free surfaces. The type of
corrosion products and the properties of the surface layer, such as thickness, porosity
and uniformity are related to the protectiveness against corrosion [7,8].
The characterization of corrosion products on the heterogeneous surface of carbon
steel is often limited by the low sensitivity of the analytical techniques. Synchrotronsourced techniques with the very intense radiation allow identification of thin
75

corrosion product layers at the carbon steel surface as demonstrated in previous
studies [9-11].
The main objective of this study is to identify the corrosion products formed at sanddeposited carbon steel surface corroded under CO2-saturated environment. The
surface morphology has been reported to differ for carbon steels corroded with and
without sand deposit [3,5], but the composition of the surface layers formed under
the sand have not been identified. Corrosion products expected to form on carbon
steel corroded in CO2-saturated brines are iron carbonates, oxides, hydroxides and
oxyhydroxides [7,8]. In addition, ferrous hydroxy carbonate (Fe2(OH)2CO3) also
referred to as chukanovite was detected at carbon steel surface under CO 2 conditions
by synchrotron X-ray diffraction technique as a precursor for the formation of
siderite [9,10].
In this study, we used synchrotron-sourced infrared microspectroscopy and fieldemission scanning electron microscopy to identify the corrosion products and to
determine the morphology of the corrosion layers on carbon steels with and without
sand deposits in CO2-saturated brine at 80 °C. Electrochemical techniques were
employed to assess the impact of the corrosion products on the corrosion rates.
Determining the composition of the corrosion product layers and evaluating their
effect on the corrosion processes advances the understanding of the under deposit
corrosion (UDC) phenomena. This can potentially improve the UDC mitigation as
the corrosion products are expected to either enhance or hinder the corrosion
inhibitor performance depending on the inhibitors’ adsorption on the corrosion
products [12,13].

2. Experimental
2.1 Test materials
1030 carbon steel samples embedded in epoxy resin were ground with SiC paper
upto 1200 grit, rinsed with ethanol and ultra-pure water and dried in nitrogen gas
prior to use. The test solution consisted of 3 wt% sodium chloride (NaCl; Ajax
Finechem; 99.9%), 0.01 wt% sodium hydrogen carbonate (NaHCO3; Merck; 99.5%)
and 56 ppm of 1-dodecyl pyridiniumchloride hydrate (DPC) prepared in ultra-pure
water (resistivity 18.2 MΩ.cm). The inhibitor-containing test solution was saturated
with CO2 gas for 2 h prior to each experiment. The composition of this test solution
closely resembles oilfield brines [14,15].
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The deposit used was silica sand (SiO2 ; Sigma-Aldrich) with average particle size of
303 μm (laser diffraction analysis) and specific surface area of 0.062 m²g -1 (BET
analysis). The sand was acid-washed, dried and the pH of the solution was checked
to ensure that it remained unaltered.
2.2 Immersion tests
The carbon steel samples of 1 cm2 exposed surface area were subjected to immersion
in the CO2-saturated test solution at 80 °C for 24 h. The immersion tests of steels
with and without sand deposit were conducted separately. After the test period, the
corroded steel samples were dried in nitrogen and kept under vacuum until surface
analysis. The sand was removed from the sample surface before performing the
surface analysis. Care was taken in handling the samples at all times to minimize
their exposure to air.
2.3 Synchrotron Fourier-transform infrared microspectroscopy (FTIR)
Infrared spectroscopy was performed at the Australian Synchrotron, Infrared
microspectroscopy beamline, using a Brüker Vertex 80v FTIR spectrometer with
Hyperion 2000 microscope. The spectral analysis was performed using Opus 7
software (Brüker optics). The FTIR spectra were recorded using a germanium crystal
in the Attenuated Total Reflectance (ATR) accessory at a resolution of 4 cm-1,
aperture size of 10 x 10 µm and a liquid nitrogen-cooled MCT detector. For each
spectrum, 256 scans were collected in the wavenumber range of 3900-700 cm-1. A
total of 256 background scans were collected on untreated (non-corroded) steel
surface followed by 256 scans on the test samples (corroded steel). Both the sample
and the background were placed into an enclosed compartment surrounding the
infrared microscope assembly. The compartment was continuously purged with
nitrogen gas in order to reduce the atmospheric water vapour and carbon dioxide in
the FTIR spectra. All the spectra presented are baseline corrected.
2.4 Field emission scanning electron microscopy (FESEM) and visible-light
microscopy
The FESEM analysis was performed using a Zeiss Neon EsB focused ion beam
scanning electron microscope (FIBSEM) with a field emission electron gun. The
images were obtained at 5 kV accelerating voltage using the secondary electron and
in-lens detectors in a 50%:50% ratio. The cross-sectional view of steel surface was
obtained by milling using the focused ion beam (FIB).
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Visible-light microscopy using an Infinite Focus Microscope (Alicona Instruments,
Austria) was utilized to obtain the maximum pit depth value on the steel surface after
cyclic voltammetry measurement.
2.5 Electrochemical measurements
Three electrochemical methods, namely linear polarization resistance (LPR),
potentiodynamic polarization and cyclic voltammetry, were used to assess the steel
surfaces for both general and localized corrosion. Each electrochemical method was
applied separately (not in a sequence with other electrochemical methods) using a
polished and cleaned carbon steel sample.
A three-electrode cell described by us previously [14] was used for all
electrochemical measurements at steels with and without sand-deposits in CO2saturated test solution at 80 °C.
LPR measurements were performed for 24 h in the potential range of ±10 mV in
respect to the open circuit potential (OCP), with a scan rate of 0.1667 mV/s using a
Gill Potentiostat (ACM Instruments, UK). The corrosion rates from LPR
measurements were calculated assuming the Stern-Geary constant of 26 mV.
Potentiodyanamic polarization measurements using a Solartron SI 1287 Potentiostat
(Solartron Analytical, UK) were performed after 24 h immersion of the working
electrode in the test solution in the potential range of ±0.25 V vs. OCP at a scan rate
of 0.1667 mV/s.
Cyclic voltammetry measurements using a Solartron SI 1287 Potentiostat (Solartron
Analytical, UK) were conducted at 10 mV/s scan rate. The working electrode was
held at a potential of -1.2 V vs. Ag/AgCl reference electrode for 30 s. The electrode
was then left to stabilize at OCP for 300 s prior to cyclic voltammetry measurement.
The electrochemical pre-treatment was applied to the working electrode in order to
remove any oxide layer from the electrode surface and to ensure the same starting
conditions for all experiments.

3. Results and discussion
3.1 Synchrotron FTIR characterization
Fig. 1 shows a microscope image of the corroded steel surface. The steel was
corroded in the presence of sand-deposit, which was removed prior to the surface
analysis. The analysis points (10 x 10 µm) were randomly selected across the
surface.
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Fig. 1. Microscope image of steel surface after corrosion (corroded in the presence
of sand deposit). Analysis point size is 10x10 µm.

Fig. 2 shows infrared spectra from the untreated (non-corroded) steel used as a
background (spectrum a) and from steel corroded in the presence of sand-deposit
(spectrum b). No background contamination giving rise to any spectral features was
observed at spectrum a. The position of absorption bands in the infrared spectra
obtained from different measurement points at the steel surface (Fig. 1) were
identical to those shown in Fig. 2 (spectrum b). The assignment of the absorption
bands is summarized in Table 1.

Fig. 2. Synchrotron ATR spectra of a) untreated (non-corroded) steel and b)
corroded steel (corroded with sand deposit) after immersion in CO2-saturated test
solution at 80 °C for 24 h.
The absorption bands in the regions below 1700 cm−1 and above 3000 cm−1 are
assigned to chukanovite (Fe2(OH)2CO3). These absorption bands are an exact match
to the chukanovite spectra published in literature [9,16,17]. The results show that
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chukanovite is the dominant corrosion product formed at the sand-deposited steel
surfaces. However, the presence of iron carbonate (siderite) typically formed at
carbon steels in CO2-saturated brines cannot be excluded. The absorption band
characteristic of iron carbonate near 1420 cm-1 (antisymmetric stretching of CO32-)
could be overlapped by the intense absorption bands in the 1405-1515 cm-1 region.
The two less intense absorption bands at 2926 cm-1 and 2855 cm-1 characteristic of
the CH2-symmetric and antisymmetric stretching vibrations are ascribed to the
aliphatic chain of the corrosion inhibitor, 1-dodecyl pyridiniumchloride hydrate
(DPC), present in the test solution and adsorbing at the corrosion products/steel
surface [19].

Table 1. Band assignments of chukanovite (Fe2(OH)2CO3) and 1dodecylpyridinium chloride hydrate (DPC) *
Wavenumber (cm-1)

Band assignment

840

CO32− bending vibrations

954

OH- deformation vibrations

1068

CO32− symmetric stretching vibrations

1367, 1405, 1515

CO32− antisymmetric stretching vibrations

2855*

CH2 symmetric stretching vibrations

2926*

CH2 antisymmetric stretching vibrations

3324, 3473

OH- stretching vibrations

Fig. 3 shows infrared spectra from the untreated (non-corroded) steel used as a
background (spectrum a) and from steel corroded without sand deposit (spectrum b).
The spectrum from the corroded steel exhibits a single intense band at 1410 cm-1
(CO32− antisymmetric stretching vibrations) and a low intensity band at 896 cm-1
(CO32− bending vibrations), both corresponding to siderite (FeCO3) [18]. This is in
good agreement with studies showing siderite as the main corrosion product on steel
corroded in a CO2 environment [7,8]. The weak absorption bands at 2926 cm-1 and
2854 cm-1 (Fig. 3 inset) are again assigned to DPC adsorbed at the corrosion
products/steel surface. The results show that siderite is the main corrosion product at
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the steel corroded without sand deposit and no absorption bands characteristic of
chukanovite were recorded in the infrared spectra.

Fig. 3. Synchrotron ATR spectra of a) untreated (non-corroded) steel and b)
corroded steel (corroded without sand) after immersion in CO2-saturated test solution
at 80 °C for 24 h.

The formation of corrosion products on carbon steel in CO2 media is related to the
interfacial concentrations of dissolved ions in the solution. The chemical reactions
involving the formation of the Fe2+, HCO3−/CO32− and OH- ions in oil field brines
under CO2-saturated conditions and their equilibrium constants have been well
documented elsewhere [15]. These ions originate from iron dissolution (Fe2+),
dissociation of bicarbonate ion/carbonic acid (HCO3−/CO32−) and direct reduction of
water (OH-) [15].
The corrosion process of carbon steel at high temperatures under CO2-saturated
conditions is generally regarded as the precipitation of iron carbonate (siderite) at the
surface [7], which is a pH-dependent electrochemical process [15].
Fe2++CO32- → FeCO3
At carbon steel surface in CO2-saturated brine, chukanovite forms via the corrosion
reactions [10],
2 Fe(s) + 2H2O(l) → 2Fe(OH)+(aq) + 2H+(aq) + 4e2 Fe(OH)+(aq) + CO32-(aq) → Fe2(OH)2CO3 (s)
The presence of both chukanovite and siderite, and the transformation of
chukanovite to siderite have been reported for CO2-saturated brines [10] and
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carbonate-containing media [17,21]. The formation of chukanovite is controlled by
the amount of iron and carbonate species in the solution and is promoted by the
excess of either of these ions [17,22]. Preferential formation of chukanovite over
siderite occurs at elevated pH, as the formation of siderite is hindered by alkaline
conditions (excess of OH -) [21,22].
Sand deposits at the steel surface act as a diffusion barrier for the transport of ions to
and from the surface [4], resulting in changes in the micro-environment underneath
the sand and giving rise to a local modification of pH at the interface. Furthermore,
the transport of iron species between the steel surface and the electrolyte is restricted
by the sand leading to iron-ion excess at the surface. Such conditions promote the
observed formation of chukanovite at the sand-deposited surfaces in CO2-saturated
brine. It should also be considered that the presence and stability of the chukanovite
layer at the sand-deposited surface in this work is likely to be influenced by the sand
itself. Si-species have been shown to improve the stability of corrosion products
(green rust) by interacting with its lateral faces thus influencing the transformation of
iron oxidation products [23].
3.2 FESEM analysis
Fig. 4 presents FESEM images of a steel surface after corrosion in the presence of a
sand-deposit. It can be seen that the surface is completely covered with corrosion
products (Fig. 4a) dominated by needle-like, acicular to fibrous crystals
characteristic of chukanovite (Fig. 4b) [16,17]. In addition, cubic iron carbonate
crystals can also be found at the surface. Fig. 4c shows the association of
chukanovite crystals into an iron carbonate crystal. This observation indicates the
possibility of transformation of chukanovite to iron carbonate [10,21].
a

b

c

Fig. 4. FESEM images of corroded steel (corroded with sand deposit) after
immersion in CO2-saturated test solution at 80 °C for 24 h a) mixture of corrosion
products, chukanovite and siderite; b) chukanovite crystals; c) transformation of
chukanovite to siderite.
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Fig. 5 shows FESEM images of the steel surface corroded without a sand deposit.
The surface is uniformly corroded (Fig. 5a) and exhibits siderite morphology (Fig.
5b). Siderite precipitates at carbon steel surfaces when the ratio of dissolved ions
exceeds the local super-saturation limit within the adjacent solution [7]. No
morphology indicative of chukanovite can be seen at the surface corroded without a
sand deposit, confirming that siderite is the main corrosion product in the absence of
sand.
a

b

Fig. 5. FESEM images of corroded steel (corroded without sand deposit) after
immersion in CO2-saturated test solution at 80 °C for 24 h a) magnification 200x; b)
magnification 3000x.
3.3 Electrochemical measurements
Electrochemical measurements were conducted to investigate the impact of the
corrosion products and the sand deposit on the corrosion rates. General corrosion
rates were shown to be lower at sand-deposited steels compared to deposit-free steels
at low temperatures (less than 60 °C) in CO2-saturated brines, which was related to
the presence of the sand-deposit [5]. At 80 °C used in this study, it is expected that
the corrosion rates will be further influenced by the protective corrosion products
typically formed in CO2-saturated brines at elevated temperatures [7].
3.3.1 Linear polarization resistance measurements
Fig. 6 shows the corrosion rates obtained from steels corroded with and without sand
deposit for 24 h. At sand-deposited steel, the initial corrosion rate is lower than at the
steel without sand due to the deposit layer reducing the active surface area of the
steel and/or acting as a diffusion barrier to the transport of corrosive ions. Similar
corrosion behaviour has been observed at sand-deposited steels at low temperature
(30 °C) [5]. The initial corrosion rate of 1.2 mm y-1 decreased to 0.6 mm y-1 at the
end of 24 h. This final corrosion rate is likely a result of the combined effect of the
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sand deposit and the mixed layer of corrosion products (chukanovite and siderite)
formed at the surface. The protectiveness of chukanovite against corrosion has been
reported previously for mild steel and iron surfaces in CO2 and carbonatebicarbonate environments [24,25].
At steel without a sand deposit, the corrosion rate is high compared to sanddeposited steel for the initial 5 hours of exposure. This can be related to faster
dissolution of active surface sites on the steel without sand. From about 5 h of
exposure, the corrosion rates started to decrease and reached the final value of 0.8
mm y-1 at 24 h of test duration. The reduction of corrosion rates at temperatures
above 60 °C is associated with the precipitation of siderite at the surface which
forms a protective layer [7,8]. The presence of inhibitor DPC in the test solution (56
ppm) did not significantly influence the corrosion rates when compared to the values
without inhibitor. The respective corrosion rates of sand-free steels recorded from
solutions with and without DPC were 0.77 mm y-1 and 0.81 mm y-1. This is
consistent with previous study at low temperature (30 °C) which showed that a
concentration of 100 ppm DPC was required to provide significant reduction in
corrosion rate under CO2 environment [14].

Fig. 6. Corrosion rates of steels with and without sand deposit immersed in CO 2saturated test solution at 80 °C for 24 h from LPR measurements.

3.3.2 Potentiodyanamic polarization measurements
Fig. 7 shows the potentiodynamic polarization curves of steels with and without sand
deposits measured after 24 h immersion in the test solution. The electrochemical
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parameters obtained from Tafel extrapolation of the polarization curves are
summarized in Table 2.
The results show that the corrosion current density (icorr) is lower at the sanddeposited steel and the corrosion potential (Ecorr) shifts in a negative direction
compared to the steel without a deposit. The negative shift in Ecorr of sand-deposited
steel with respect to the sand-free steel can be associated with the cathodic reaction
being predominantly suppressed in the presence of sand-deposit. This can be
attributed to the sand-deposit and the corrosion products blocking the cathodic sites
at the surface. The general corrosion rates (νcorr) are similar for both steels with and
without sand deposit, which is in agreement with the linear polarization
measurements.

Fig. 7. Potentiodyanamic polarization curves from steels with and without sand
deposit after 24 h immersion in CO2-saturated test solution at 80 °C.
Table 2. Electrochemical parameters derived from potentiodynamic polarization
analysis of carbon steel with and without sand deposit in CO2-saturated test solution
at 80 °C.
With sand deposit

Without sand deposit

Ecorr

icorr

βa

-βc

νcorr

Ecorr

icorr

βa

-βc

νcorr

V vs. Ag/AgCl

µA cm-2

V dec-1

V dec-1

mm
y-1

V vs. Ag/AgCl

µA cm-2

V dec-1

V dec-1

mm
y-1

-0.775

51.4±1.9

0.101

0.183

0.58

-0.678

54.7±2.6

0.060

0.162

0.61
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3.3.3 Cyclic voltammetry measurements
Fig. 8 shows the cyclic voltammograms recorded from steels with and without sand
deposits. The measurements were carried out to assess the susceptibility of the steels
to the localized corrosion that has been reported to occur beneath the sand-deposits
and regarded as the most severe form of corrosion [15].

Fig. 8. Cyclic voltammograms after 300 s immersion in CO2-saturated test solution
at 80 °C from steels a) with and b) without sand deposit.

The cyclic voltammogram from steel with a sand deposit (Fig. 8a) exhibits a positive
hysteresis loop at lower potentials indicating localized corrosion process at the
surface [26]. The positive hysteresis loop is characterized by current densities that
are higher in the reverse scan than in the forward scan, at the same potential. This
response is indicative of an active electrochemical behaviour of the steel surface that
impedes repassivation of an existing pit. No characteristics of localized attack were
visible at the steel surface without sand (Fig. 8b), where the forward and reverse
scans were almost identical in the potential window studied.
The susceptibility of the sand-deposited steel to localized corrosion can be attributed
to the morphology and composition of the corrosion products formed at the surface.
Defects in the corrosion product layers due to non-uniform growth have been shown
to induce pitting [27]. The FESEM analysis (Fig. 4) revealed a mixed layer of
corrosion products (chukanovite and siderite) at the sand-deposited surfaces. The
layer consists mainly of chukanovite which can transform into siderite during the
corrosion process. The mixed layer of corrosion products is likely to result in
potential differences across the surface and hence promote the localized corrosion.
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Conversely, a homogeneous layer of siderite formed at the steel surface corroded
without a sand deposit (Fig. 5) did not induce localised corrosion.
Localized corrosion at the sand-deposited steel surface after the cyclic voltammetry
measurement was further examined by milling the steel surface with focused ion
beam (FIB) and imaged with FESEM. Fig. 9a shows the FESEM image of the pitted
surface covered with corrosion products before the FIB milling. The maximum pit
depth at this surface measured with visible-light microscopy was 5.6 µm. The
localized corrosion observed at the surface corroded with sand deposit (Fig. 9a) is
consistent with the cyclic voltammetry results (Fig. 8a) that showed positive
hysteresis loop in the voltammogram. The cross-sectional FESEM image (Fig. 9b)
shows a layer of corrosion products at the pitted area of the surface, confirming that
localized attack proceeds underneath the corrosion products.
a

b

pit

Fig. 9. FESEM images of corroded steel (corroded with sand deposit) in CO2saturated test solution at 80 °C a) glancing-angle view of pitted steel surface with
corrosion products; b) cross-section of pit covered with corrosion product layer.

4. Conclusions
Corrosion products at steels corroded with and without a sand-deposit in CO2saturated brines at 80 °C were characterized using synchrotron infrared
microspectroscopy and scanning electron microscopy. Chukanovite (Fe2(OH)2CO3)
and siderite (FeCO3) were identified as the main corrosion products at sanddeposited and sand-free steels, respectively. Siderite was also found at the sanddeposited steel as a minor corrosion product formed by the transformation of
chukanovite. Both sand-deposited and sand-free steels exhibited similar general
corrosion rates ascribed to the sand-deposit and the corrosion products layers. Sanddeposited steels were susceptible to localized corrosion which has been attributed to
the sand influencing the local micro-environment at the surface. A mixed layer of
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corrosion products (chukanovite and siderite) is formed at the sand-deposited steel
which promotes localised corrosion.
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Adsorption of Corrosion Inhibitor 1-dodecylpyridinium chloride on
Carbon Steel Studied by in-situ AFM and Electrochemical Methods
ABSTRACT
Corrosion rates are influenced by the formation of inhibitor aggregates at the steel
surface. In-situ atomic force microscopy (AFM) was used to investigate the adsorbed
structures of cationic surfactant, 1-dodecylpyridinium chloride (DPC) at a carbon
steel surface in relation to its performance as a CO2-corrosion inhibitor. An increase
in the water contact-angle in the presence of DPC indicated its adsorption at the steel
and in-situ AFM visualization confirmed the formation of DPC aggregates. The
aggregates changed from hemispherical to cylindrical shape with increasing DPC
concentration in CO2-saturated brine, resulting in a decrease in corrosion rates as
determined by electrochemical measurements. For comparison to the aggressive CO2
environment, the inhibition behavior of DPC was monitored in less corrosive N2saturated solutions. Formation of cylindrical aggregates was quicker, and a lower
corrosion rate was observed in brine saturated with N2 compared to CO2.
KEYWORDS: Carbon steel, Surfactant, Adsorption, AFM, Polarization, EIS

92

1. INTRODUCTION
Organic corrosion inhibitors are extensively used in the oil and gas industry to
protect carbon steel pipelines against CO2 corrosion.1-4 The surfactant-type organic
compounds inhibit corrosion by adsorbing as micelles at the steel-solution interface
above a certain inhibitor concentration termed the critical micelle concentration
(CMC).5 The three main micellar shapes reported to form above the CMC in bulk
surfactant solutions and at interfaces between the aqueous phase/solid substrate are
spherical, cylindrical, and bilayers, based on the micelle curvature.5,6 As surfactants
are added in a majority of industrial CO2 corrosion inhibitor formulations, it is
valuable to characterize their adsorption behavior at steel surfaces for their
successful application as inhibitors.
In-situ atomic force microscopy (AFM) and scanning tunneling microscopy
(STM) are widely used for surfactant adsorption and thin surface layer studies, since
the analysis can be performed directly at the substrate-solution interface with
molecular level resolution.7,8 Several in-situ AFM studies of surfactant adsorption at
model substrates such as mica, quartz, copper and iron have been reported.9-15 In
contrast, only a few ex-situ and in-situ AFM investigations on real pipeline material,
carbon steel, are available.16-20 This is because carbon steel is a very reactive
substrate that changes rapidly (typically in a time scale of seconds) under corrosive
conditions. This causes difficulties in monitoring the surface processes on carbon
steel by AFM where the time required to capture one image can be in the order of
minutes.21 Moreover, unlike the atomically smooth model surfaces, the roughness of
carbon steel surface is very high which can affect the resolution of the AFM
measurements of thin inhibitor layers forming at carbon steel. Thus, most of the
AFM inhibitor adsorption research has been performed at homogeneous model
surfaces under mildly corrosive conditions, whereas the carbon steel surfaces under
severe corrosion conditions typical for oil and gas fields have largely not been
investigated by in-situ AFM.
Adsorbed inhibitor structures are highly substrate-dependent.22 Surface properties
such as charge density, chemical composition, hydrophilicity/hydrophobicity, etc.
differ for each substrate, both for model surfaces and between different alloys of
steel. Hence examining the adsorption behavior at model substrates may not
accurately predict an inhibitor’s performance under field conditions. Furthermore,
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AFM investigations at model surfaces do not accurately allow correlation between
the adsorption activity at the surface and the corrosion rates.
The present study investigates the application of in-situ AFM on a carbon steel
surface that is solution-deposited with a corrosion inhibitor, 1-dodecylpyridinium
chloride hydrate (DPC) in CO2-saturated brine. DPC is a surfactant-type organic
compound that inhibits corrosion by forming a protective film at the steel surface.
Our in-situ AFM experimental arrangement was equipped with a flow-through liquid
cell assembly and an environmental chamber continuously purged with CO2. This
arrangement facilitated imaging of the inhibitor activity at a carbon steel surface in a
controlled test environment closely resembling field conditions for the first time. The
AFM analysis in combination with electrochemical and contact angle measurements
is utilized to elucidate the adsorption behavior of DPC at a carbon steel surface.

2. MATERIALS AND METHODS
2.1 Substrate. 1030 carbon steel samples embedded in epoxy resin with an
exposed surface area of 0.196 cm2 were used as the substrate material. The chemical
composition of carbon steel (weight %) was C (0.37), Mn (0.80), Si (0.282), P
(0.012), S (0.001), Cr (0.089), Ni (0.012), Mo (0.004), Sn (0.004), Al (0.01), and Fe
(balance). The steel samples were polished to < 1 μm surface finish using diamond
suspensions, ultrasonically cleaned with ethanol for 1 min, rinsed with ultrapure
water and dried in nitrogen gas before being mounted on the AFM liquid cell holder.
The polishing procedure ensured a uniform and reproducible surface preparation for
the inhibitor adsorption study at different concentrations. In addition, the sensitivity
of the AFM technique requires a flat surface with submicrometer roughness.10 The
root-mean-square roughness determined by AFM of the untreated (bare) steel surface
before contact with test solution was ~30 nm (at 10x10 μm2 sample area).
2.2 Test Solutions. The tests were performed using standard brine solution with
30 g/L sodium chloride (NaCl; Ajax Finechem, 99.9%) and 0.1 g/L sodium
hydrogen carbonate (NaHCO3; Merck, 99.5%) prepared in ultrapure water
(resistivity - 18.2 MΩ cm). The inhibitor investigated was a cationic surfactant, 1dodecylpyridinium chloride monohydrate (C17H30ClN.H2O; Sigma Aldrich; 98%)
shown in Figure 1. The inhibitor DPC was used as received without further
treatment.
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Figure 1. Chemical structure of 1-dodecylpyridinium chloride monohydrate.

The test solutions were saturated with the respective gases (CO2 or N2) by
presparging for 2 h. This ensured that the dissolved oxygen level in the solutions was
less than 20 ppb. The pH of the CO2-saturated solution was 4.7 and that of N2saturated solution was 7.5. The saturated solutions were then pumped into the test
cell which was continuously purged with CO2 or N2 at ambient pressure during the
experiments.
The critical micelle concentration (CMC) of DPC in CO2-saturated brine solution
(pH 4.7) at room temperature (23 °C) was determined from surface tension
measurements. The surface tension of aqueous DPC solutions in the concentration
range of 5 to 100 ppm (ppm by weight) was measured using the pendant drop
method (using KSV CAM 200 goniometer).23 The CMC value for DPC determined
from the surface tension versus concentration plot was 55.8 ppm.
2.3 Contact Angles on Steel Surfaces. Water contact angle measurements were
conducted at steel surfaces corroded in CO2-saturated brine in the presence and
absence of DPC for 4 h at 23 °C. The treated steels were then dried with nitrogen
gas, and the advancing contact angle of a drop of water on steel was measured by
static sessile drop method.24 A goniometer (KSV CAM 200) with image processing
software was used to calculate the mean contact angle (θ) of three measurements to
an accuracy of ±1°. No significant change in the water contact angles was observed
after 4 h immersion period.
2.4 In-situ AFM Imaging. The in-situ AFM measurements were performed using
the commercial Agilent Picoplus Scanning Probe Microscope system (Agilent
Technologies, USA) held in a vibration isolation stage (Figure 2). A silicon nitride
cantilever with a spring constant of 0.3 N m−1 was used and operated in soft contact
mode. In soft contact mode, the tip is scanned over the substrate with an imaging
force below the force required for breaking the adsorbed inhibitor ﬁlm.5 The
standard environmental chamber was used to maintain the test apparatus in an
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oxygen-free, controlled environment by purging the high purity (99.99 %) saturation
gases (CO2 or N2) before and throughout the experiments.
The freshly polished and dried steel sample was placed in the sample holder of
the flow-through liquid cell (Figure 3), and the untreated surface was scanned by
AFM to assess the bare surface before contact with test solution. The test solution
was then pumped through the capillary tube to the liquid cell. The photodetector of
the AFM was readjusted and scanning of the steel sample in the test solution was
started. The flow-through liquid cell allows for continuous recirculation of the test
solution at a slow rate during the experiment. This minimizes any concentration
polarization effect and ensures that the test solution does not evaporate over the
course of time. The AFM topography and deflection images were recorded at
512x512 pixels resolution.

Figure 2. Experimental arrangement of in-situ AFM setup.

Figure 3. Schematic of the in-situ flow-through AFM liquid cell assembly.

Duplicate experiments were carried out for each test condition at 23 °C, and
different areas on each sample were profiled to ensure reproducibility of the
measurements reported. The sequence of representative AFM images recorded for a
period of 4 h is shown for all the experiments. The test duration of 4 h corresponds to
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the time sufficient to obtain a stable surface structure which remained unchanged
thereafter.
2.5 Electrochemical Measurements. The steel surfaces were evaluated using
linear polarization resistance (LPR) and electrochemical impedance spectroscopy
(EIS) measurements conducted in a standard three electrode setup described
elsewhere.4 The carbon steel working electrodes were ground up to 1200 grit
abrasive paper, ethanol-cleaned, rinsed with ultrapure water, and dried prior to use.
Hastelloy C and saturated Ag/AgCl (3.5 M KCl) with a Luggin capillary were used
as counter and reference electrodes, respectively. All electrochemical tests were
conducted at 23 °C under stagnant conditions.
LPR measurements were conducted for 5 h in the potential range of ±10 mV with
respect to the open circuit potential (OCP), at a scan rate of 0.1667 mV/s using an
ACM Gill Potentiostat (ACM Instruments, UK).
EIS measurements were performed at applied AC excitation amplitude of 10 mV
over a frequency range of 10 kHz to 0.01 Hz using Gamry Reference 600
Potentiostat (Gamry Instruments, USA). The impedance spectra were recorded after
the steel samples were stabilized at the OCP for 4 h in the test solutions. The
electrochemical parameters, charge transfer resistance (Rct), solution resistance (Rs)
and corrosion rate (ν) were estimated from the Nyquist plots fitted to the Randle’s
equivalent circuit using ZView software (Scribner Associates Inc.).

3. RESULTS AND DISCUSSION
3.1 Contact Angle Measurements. The contact angle of water on carbon steel
corroded in the presence and absence of DPC was measured to evaluate its
adsorption at the surface. Figure 4 shows the contact angle of a water drop on steel
surfaces corroded in CO2-saturated test solutions for 4 h.

Figure 4. Contact angle of water at steel surfaces after 4 h immersion in CO 2saturated solutions: a) uninhibited brine b) DPC in brine at CMC, and c) DPC in
brine at 500 ppm.
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It can be seen from Figure 4a that the water contact angle on the steel in
uninhibited brine was low (20.84°) indicating that the corroded steel surface has
strong affinity for water. This can be attributed to the presence of hydrophilic
corrosion products at the uninhibited steel surface, which causes spreading of the
water drop.24
Figures 4b and 4c show the water contact angles of the steels immersed in test
solutions with DPC at the CMC (56 ppm) and 500 ppm concentrations, respectively.
The contact angle of water drop on the inhibited steels was high (> 80°) compared to
the uninhibited steel surface. When a drop of water is dispensed at the steel surface,
molecules already adsorbed on the surface influence the adsorption of water
molecules, depending on the hydrophilic/hydrophobic nature of the adsorbed layer
present.24 The observed increase in contact angle of inhibited steels thus indicates
that the surface has become hydrophobic, which can be ascribed to DPC molecules
adsorbing at the steel. Hence the water drop has less affinity for inhibited steel
compared to the uninhibited surface. In addition, the contact angle increased with an
increase in DPC concentration. This implies that hydrophobicity of the steel surface
is influenced by the concentration of the inhibitor, where an increase in the inhibitor
concentration increases the hydrophobic nature of the substrate.25 From the contact
angle observations, it is evident that the presence of inhibitor DPC in test solution
has altered the surface wettability of steel by adsorbing at the steel surface.
3.2 Carbon Steel in CO2-saturated Uninhibited Brine. Figure 5 shows the
sequence of AFM 3D topography images obtained from the steel surface (10x10 µm2
area) immersed in uninhibited brine. Figure 5a shows the image of untreated steel
substrate before contacting the solution. Figure 5b is the topography after 5 min
immersion in uninhibited brine. It can be seen that the steel surface immediately
shows a rough texture indicating metal dissolution due to corrosion in the
uninhibited brine. With prolonged immersion, the surface topography revealed the
dissolved structure with grain boundaries (Figure 5d). The difference in surface
structure before and after contact with uninhibited brine solution clearly shows that
the carbon steel corrodes substantially under these conditions.
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Figure 5. In-situ AFM topography of carbon steel in uninhibited brine. Sequence
shows (a) untreated bare steel before immersion; and after immersion for (b) 5 min,
(c) 30 min, and (d) 4 h.
3.3 Carbon Steel in CO2-saturated Brine with DPC at the CMC. The timedependent topography change of steel surface immersed in brine with inhibitor DPC
at its CMC is presented in Figure 6. After 5 min of immersion (Figure 6b),
hemispherical globules appear as projections on the surface. This can be attributed to
DPC forming a surface layer at carbon steel instantly after contact with the inhibited
test

solution.

The

hemispherical

shaped

aggregates

represent

the

most

thermodynamically stable (low energy) micellar shape, and the formation of
hemispherical interfacial aggregates on various substrates in contact with surfactant
solutions has been reported previously.6,7,9 The growth of the inhibitor aggregates
with immersion time can be seen from Figures 6c and 6d, while the hemispherical
shape is maintained.
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Figure 6. In-situ AFM topography of carbon steel in brine with DPC at the CMC.
Sequence shows (a) untreated bare steel before immersion; and after immersion for
(b) 5 min, (c) 30 min, and (d) 4 h.
It is evident from Figures 5 and 6 that the corroded surface structure under
uninhibited condition is different from the aggregate structure formed at steel in the
presence of DPC at the CMC. The difference can be ascribed to DPC in the test
solution spontaneously forming aggregates at the steel surface.
3.4 Carbon Steel in CO2-saturated Brine with DPC at 500 ppm. Figure 7
displays the topography images of steel immersed in brine with DPC at 500 ppm
concentration. Figure 7a is the untreated steel surface. Within 5 min after the
introduction of test solution, a thin layer of cylindrically shaped aggregates was
observed at the surface (Figure 7b) with grinding marks remaining visible
underneath the layer. This shows that inhibitor DPC adsorbs as cylindrical
aggregates at higher concentration. With an increase in immersion time, the
aggregate layer became dense (Figure 7c) and eventually the aggregates overlapped
forming a relatively homogeneous film covering the surface (Figure 7d).
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The increase in DPC concentration above the CMC resulted in the formation of
cylindrical aggregates at the carbon steel surface (Figure 7), rather than
hemispherical aggregates observed at the CMC concentration (Figure 6). With
increasing DPC concentration, the number of inhibitor molecules associating to form
aggregates increases (increase in aggregation number). Furthermore, the number of
aggregates formed at the surface will be higher due to the compression of electrical
double layer surrounding the ionic head groups. The aggregate structure aims to
accommodate maximum number of inhibitor molecules into the interfacial layer.
This leads to the formation of larger size aggregates, whereby DPC forms cylindrical
shaped aggregates.
Patrick et al. showed the formation of cylindrical aggregates on a mica substrate
immersed in an aqueous solution of a cationic surfactant at concentrations above
CMC.7 The transition of spherical surfactant aggregates to cylindrical shaped
aggregates with an increase in surfactant concentration has been reported at different
substrates.7,13 Comparison of Figures 6 and 7 clearly suggests that the morphology of
the inhibitor film formed is influenced by the inhibitor concentration applied.
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Figure 7. In-situ AFM topography of carbon steel in brine with DPC at 500 ppm.
Sequence shows (a) untreated bare steel before immersion; and after immersion for
(b) 5 min, (c) 30 min, and (d) 4 h.

High magnification imaging was conducted for the detailed visualization of
inhibitor aggregates at the steel surface. The 2D deflection images obtained from
steel immersed in brine with 500 ppm DPC recorded at a higher magnification
(sample area reduced to 1x1 µm2) is shown in Figure 8. The inhibitor adsorption is
apparent after 5 min immersion (Figure 8b). The number of inhibitor aggregates
increases with immersion time, along with the previously formed aggregates
growing in size.
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Figure 8. In-situ AFM deflection images of carbon steel in brine with DPC at 500
ppm. Sequence shows (a) untreated bare steel before immersion; and after immersion
for (b) 5 min, (c) 30 min, and (d) 4 h.
3.5 Carbon Steel in N2-saturated Brine with DPC at 500 ppm. In order to
examine the effect of CO2 on the inhibitor adsorption process, the carbon steel
surface was investigated in N2-saturated brine with DPC at 500 ppm concentration.
The image sequence is shown in Figure 9.
Cylindrical inhibitor aggregates were readily seen at the surface in the N2saturated test solution (Figure 9b) and a stable adsorbed structure formed within 30
min of immersion (Figure 9c) compared to the 4 h required for complete film
formation under CO2 environment. At the same DPC concentration, this difference
in adsorption behavior in N2-saturated brine compared to CO2-saturated brine can be
attributed to the pH effect.26 The pH of the test solution saturated with N2 and CO2
was 7.5 and 4.7, respectively. The higher pH in the N2-saturated test solution means
that the steel surface acquires a negative charge due to preferential adsorption of Clions at steel. The surface charge of mild steel and solution pH has been shown to be
determining factors in simple amine inhibitor adsorption.17 Therefore, the positively
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charged cationic inhibitor aggregates spontaneously adsorb at the surface due to
electrostatic interactions. The higher pH also minimizes the repulsion between
adjacent aggregates, hence a stable, closely packed structure is formed in a shorter
period of time than in the CO2 environment. Whereas in the CO2 media with a high
density of H+ ions at the surface the inhibitor adsorption is relatively slow. Previous
investigations on adsorbed surfactant structures formed on model substrates have
shown that surface charge of the substrate is one of the factors influencing the
adsorption process.22,26 When a cationic surfactant inhibitor is applied to a substrate
of negative surface charge (such as carbon steel in a N2 environment), the inhibitor
adsorbs at the cathodic sites due to electrostatic attractions. Similarly, when there are
counterions such as H+ (such as carbon steel in a CO2 environment) the adsorption of
the cationic inhibitor is limited by the repulsive forces between the ions.

Figure 9. In-situ AFM topography of carbon steel in N2-saturated brine with DPC at
500 ppm. Sequence shows (a) untreated bare steel before immersion; and after
immersion for (b) 5 min, (c) 30 min, and (d) 4 h.
3.6 Influence of the Structure of Inhibitor Film on the Corrosion Rates. The
electrochemical measurements at carbon steel surfaces were conducted to determine
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if any correlation exists between inhibition performance of DPC at steel with the
type of aggregates formed at the interface. The electrochemical tests were run under
the same conditions as used in the in-situ AFM analysis.
3.6.1 LPR Measurements. Corrosion rates obtained from LPR measurements are
presented in Figure 10. The curve (a) in Figure 10 of the steel in CO2-saturated
uninhibited brine exhibits a high corrosion rate as expected. This correlates well with
AFM images taken at steel immersed in uninhibited solution where a dissolved steel
structure was observed (Figure 5).
The curve (b) obtained from steel immersed in CO 2-saturated brine with DPC at
CMC concentration shows a decrease in corrosion rate in respect to the uninhibited
condition (curve (a)). This decrease is attributed to the adsorption of inhibitor
molecules at the steel surface which prevents the corrosion reactions occurring on
the underlying steel, as the protective iron carbonate film does not form at the
temperatures studied in this work.27 Hence, the observed lower corrosion rate in the
presence of the inhibitor indicates DPC aggregation at the steel surface as shown by
the AFM measurements (Figure 6).
The curve (c) corresponds to the corrosion rate of steel in CO2-saturated brine
with DPC at 500 ppm (concentration greater than CMC). The corrosion rate
decreases rapidly for 30 min after immersion followed by a gradual decrease for a
period of 2 h. The rapid decrease in the corrosion rate for the initial 30 min can be
related to the inhibitor molecules diffusing from the bulk and adsorbing as
cylindrical aggregates at the steel surface as seen from AFM topography (Figure 7).
The subsequent gradual decrease in the corrosion rate can be associated to the
duration for the adsorbed aggregates to grow and form a dense stable film. A final
corrosion rate value less than 0.2 mm y-1 was attained within 4 h after immersion,
and it remained reasonably constant thereafter. This can be ascribed to formation of a
high-density adsorbed structure in 4 h, which effectively inhibits the steel surface
from further corrosion. The corrosion rate trend is consistent with the changes in the
surface topography of steel observed by AFM where the image sequence changed for
4 h, ascribable for the formation of cylindrical aggregates until the inhibitor
aggregate structure was stable. Further immersion in solution after 4 h did not
change the adsorbed structure, and consequently the corrosion rate can be expected
to remain essentially constant, as was observed.
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Comparing curves (b) and (c), the corrosion rate decreases considerably with an
increase in DPC concentration from 55.8 ppm (CMC) to 500 ppm. This indicates
that the adsorbed inhibitor film is more protective and the adsorption time for
complete coverage is shorter when a higher DPC concentration is used. Relating
these differences in the electrochemical behavior to the AFM observation, it can be
supposed that the adsorbed structure composed of cylindrical aggregates (Figure 7)
formed with 500 ppm DPC is more protective than the hemispherical aggregates
observed with DPC at CMC (Figure 6). This can be related to the spherical aggregate
structure allowing more access of corrosive ions to the steel surface due to its higher
surface curvature morphology than a cylindrical aggregate layer would. Rabinovich
et al. determined that when the surfactant aggregate structure changes from spherical
to cylindrical shape, the mechanical properties such as elastic modulus, yield stress,
etc. of surfactant aggregates formed are doubled.28 Hence the very low corrosion rate
(enhanced inhibition activity) with DPC at 500 ppm can be ascribed to the adsorbed
structure impacting the corrosion behavior of the steel.
Curve (d) shows the corrosion rate of steel in N2-saturated uninhibited brine. The
corrosion rate can be seen to be much lower than in CO2-saturated brine (curve (a)).
This is attributed to the change in solution chemistry (less corrosive) when sparging
with N2. The curve (e) shows the corrosion rate of steel in N 2-saturated brine with
500 ppm DPC. The reduction in corrosion rate seen from curve (e) compared to the
uninhibited condition (curve (d)) can be related to inhibitor activity at the steel
surface.
At the same applied inhibitor concentration of 500 ppm, curve (e) shows a lower
corrosion rate with respect to the CO2 environment (curve (c)) and stabilizes in less
than 1 h after immersion. The corresponding AFM images under the N2 environment
(Figure 9) demonstrated that adsorption is faster than under the CO2 environment
(Figure 7) where cylindrical aggregates appeared on the steel surface immediately
after immersion. The entire steel surface was covered with a dense layer of inhibitor
aggregates forming a protective barrier against corrosive ions (Figure 9). This
improved inhibitor performance under N2 conditions can be ascribed to the bare steel
surface immersed in the N2-saturated test solution exhibiting negative surface charge
density, which electrostatically strongly interacts with the cationic surfactant DPC to
form a protective film against corrosion.
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Figure 10. Corrosion rates from carbon steels immersed in CO2-saturated brine a)
uninhibited, b) with DPC at CMC, and c) with 500 ppm DPC and steels immersed in
N2-saturated brine d) uninhibited e) with 500 ppm DPC.
3.6.2 EIS Measurements. The corrosion behavior of carbon steel was further
studied using EIS conducted after stabilization of the steel samples at the OCP for 4
h. Figure 11a shows the Nyquist plots of carbon steel surfaces immersed in CO2saturated brine in the presence and absence of DPC. Figure 11b presents the plot
obtained from the steel surface immersed in N2-saturated brine in the presence and
absence of 500 ppm DPC. The calculated electrochemical parameters are shown in
Table 1.

Figure 11. EIS Nyquist plots from carbon steels after 4 h immersion in a) CO 2saturated brine with 500 ppm DPC (inset: uninhibited brine and DPC at the CMC)
and b) N2-saturated brine with 500 ppm DPC (inset: uninhibited brine).

107

Table 1. Estimated Corrosion Parameters from EIS Analysis of Carbon Steel
Rs
Saturation gas

CO2

Rct

Error icorr = 26/Rct

ν

Test solution
Ω cm2 Ω cm2

%

µA cm-2

mm y-1

Uninhibited brine

14.25

410

4.5

63.38

0.72

DPC in brine at CMC

11.07

1414

3.4

18.39

0.20

DPC in brine at 500 ppm

2.98

7037

3.1

3.69

0.04

Uninhibited brine

2.44

1741

4.6

14.93

0.17

DPC in brine at 500 ppm

10.96

23613

7.1

1.10

0.01

N2

It can be seen from the impedance plots under CO2-saturated conditions (Figure
11a) that Rct is low for steel in uninhibited brine, and it increases with an increase in
DPC concentration. This indicates inhibitor adsorption at steel resists the corrosive
ions from reaching the steel surface, thus lowering the corrosion rate in the presence
of DPC. At 500 ppm DPC concentration, Rct increases significantly due to the
enhanced adsorption of DPC at the steel surface at a concentration above the CMC.
The decrease in solution resistance (Rs) with an increase in DPC concentration is
attributed to the increase in ion concentration in the solution. The magnitude of Rct is
substantially higher for both inhibited and uninhibited N2-saturated conditions
(Figure 11b) with respect to the CO2-saturated conditions due to less corrosion
proceeding in the N2 environment, consistent with both the LPR and AFM
measurements.
The differences in the corrosion resistances observed under each test condition
can be interpreted as a reflection of the morphological changes of adsorbed structure
which in turn alters the surface coverage by inhibitor. The EIS results support the
finding that a strong correlation exists between the corrosion rate and the adsorbed
structure of inhibitor film formed at the surface.

4. CONCLUSIONS
The adsorption of corrosion inhibitor 1-dodecylpyridinium chloride (DPC) at the
carbon steel surface has been confirmed by in-situ AFM, and the type of DPC
aggregates influence the corrosion rates.
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It was found that DPC adsorption increased the hydrophobicity of the steel
surface, indicated by the increase in water contact angle from 20.84° to 105.8° upon
addition of 500 ppm DPC to CO2-saturated brine. The in-situ AFM revealed the
formation of hemispherical and cylindrical aggregates in CO2-saturated brine with
55.8 ppm (CMC) and 500 ppm DPC, respectively. The formation of cylindrical
aggregates is enhanced under N2-saturated conditions (high pH) compared to CO2saturated conditions (low pH).
The in-situ AFM results correlate well with the electrochemical measurements
providing a relationship between the type of adsorbed aggregates and the corrosion
rate of the steel. The corrosion rates decrease with increasing DPC concentration,
which is relevant to the observation of hemispherical and cylindrical aggregates at
low and high DPC concentrations, respectively. The enhanced formation of the
cylindrical aggregates under N2-saturated conditions (compared to CO2) corresponds
to lower corrosion rates observed in the N2 environment.
The combination of in-situ AFM and electrochemical tests demonstrated that
DPC adsorbs on the steel surface and its inhibition performance is dependent on the
structure of the aggregates formed.
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Investigation of generic inhibitors for general and localized
corrosion of sand-deposited carbon steel surfaces under CO2saturated conditions
Abstract
The effectiveness of inhibitors to mitigate corrosion of carbon steel under sanddeposits in a CO2-saturated environment was investigated. Sulphur-containing
inhibitor showed excellent inhibition performance against both general and localized
corrosion at sand-deposited steels. Quaternary ammonium inhibitors were less
effective compared to the sulphur-containing inhibitor and the results revealed
localized attack at the sand-deposited steels in their presence. Inhibition failure at
surface sites on steel inaccessible to the inhibitor due to its adsorption to sanddeposits is supposed to promote localized corrosion.

Keywords: Carbon-dioxide, Carbon steel, Corrosion inhibitor, Sand-deposit,
Polarization.

1. Introduction
CO2 corrosion of the carbon steel pipelines is enhanced in the presence of sanddeposits causing under-deposit corrosion [1]. The sand-deposits are also a limiting
factor for the performance of corrosion inhibitors applied to protect the steel surface
[2-5]. In our previous study, it was found that the efficiency of corrosion inhibitors at
sand-deposited steels was dependent on their adsorption affinity to sand-deposits [6].
Reduced inhibition effect at the steel surface was observed as a consequence of the
adsorption loss to sand and was found to be dependent on the chemical structure of
the inhibitors [6,7]. However, these results relate to the inhibition of general
corrosion, while the primary concern in the presence of sand-deposits has been
reported to be localized corrosion [8-10]. Therefore, it is important to assess the risk
of localized corrosion while evaluating the effectiveness of corrosion inhibitors for
under-deposit corrosion.
This study presents the activity of four generic inhibitors against both general and
localized corrosion of carbon steel under CO2-saturated conditions. The organic
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inhibitors investigated were three quaternary ammonium compounds (surfactants)
and a sulphur-containing compound. The selection of inhibitors was based on our
previous studies which showed that these compounds provide sufficient inhibition to
carbon steels against general CO2 corrosion [6,11]. Immersion and electrochemical
tests were conducted to determine the inhibitor performance at steels, followed by
field emission scanning electron and visible-light microscopy analysis of the surface
morphology. The study is expected to determine the inhibitors that can be used for
both general as well as localized corrosion mitigation under sand-deposits.

2. Experimental
Test solutions consisted of 3 wt% sodium chloride (NaCl; Ajax Finechem; 99.9%)
and 0.01 wt% sodium hydrogen carbonate (NaHCO3; Merck; 99.5%) prepared in
ultra-pure water (Milli-Q system, resistivity 18.2 MΩ.cm) and respective inhibitors
at 200 ppm concentration. Table 1 shows the corrosion inhibitors evaluated in this
study. The test solutions were CO2-saturated at atmospheric pressure and the
solution pH was 4.7. All the experiments were carried out at 30±1 °C under stagnant
conditions.

Table 1. Generic corrosion inhibitors, their chemical formulas and structures.
Inhibitor

Chemical
formula

1-dodecylpyridinium chloride
hydrate (DPC)

C17H30ClN·H2O

Cetylpyridinium chloride
monohydrate (CPC)

C21H38ClN·H2O

Benzyl dimethyl hexadecyl
ammonium chloride (BDHAC)

C25H46NCl

2-mercaptopyrimidine (MPY)

C4H4N2S

Chemical structure

The composition of carbon steel was (wt %), C (0.37%), Mn (0.80%), Si (0.28%), P
(0.01%), S (0.001%), Cr (0.08%), Ni (0.01%), Mo (0.004%), Sn (0.004%), Al
(0.01%) and Fe (balance). Carbon steel samples were embedded in epoxy resin and
the exposed surface area was 0.196 cm2. Prior to the tests, samples were ground up
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to 1200 grit SiC paper, washed in ethanol and ultra-pure water and dried in nitrogen
gas.
Silica sand (SiO2; Sigma-Aldrich) with the mean particle size of 303 μm and specific
surface area of 0.062 m² g-1 was used as a deposit.
A three-electrode glass cell setup [11] was used to perform the electrochemical
measurements (using a Gill Potentiostat, ACM Instruments, UK) at steels with and
without sand-deposit.
Linear polarization resistance (LPR) measurements were conducted for 24 h in the
potential range of ±0.01 V in respect to the open circuit potential (OCP).
Potentiodynamic polarization measurements were conducted at steels stabilized at
OCP for 24 h in the potential range of ±0.25 V vs. OCP at 10 mV min-1 sweep rate.
Cyclic voltammetry measurements (using a Solartron 1287 Potentiostat, Solartron
Analytical, UK) were performed at 10 mV s-1 sweep rate after the steels were left to
stabilise at OCP for 24 h. Electrochemical pre-treatment procedure was applied to
the steels before the cyclic voltammetry measurements to ensure the same starting
conditions of the surfaces and is described elsewhere [11].
Surface morphology of the steels after the cyclic voltammetry measurements, pit
depth and root mean square surface roughness parameter (Rq) were analysed using
visible-light microscopy (Alicona Infinite Focus Instruments, Austria).
Weight loss measurements were conducted at steels (exposed surface area 2.5 cm2)
after immersion for a period of 15 days. After the test period, the corrosion rates
were determined as per the ASTM standard G1 [12].
Immersion tests were performed for a period of 29 days and the sample surfaces after
immersion were examined using the Zeiss (Neon) field emission scanning electron
microscopy (FESEM). Samples for FESEM analysis were not chemically cleaned to
ensure that the surface remained unchanged.

3. Results and discussion
3.1 Linear polarization resistance measurements
The variation in general corrosion rates of uninhibited and inhibited steels with and
without sand-deposit is shown in Fig.1. Table 2 presents the corrosion rates at 24 h
test period.
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Fig. 1. Corrosion rates of steels in CO2-saturated uninhibited and inhibited test
solutions for 24 h at 30 °C, a) without sand-deposit and b) with sand-deposit,
obtained from LPR measurements.

Table 2. Corrosion rates obtained from LPR measurements at 24 h.
Corrosion rate
(mm y-1)

Uninhibited

DPC

CPC

BDHAC

MPY

Without sand-deposit

1.53

0.47

0.08

0.11

0.01

With sand-deposit

0.44

1.01

1.03

0.37

0.08

At steels without sand-deposit (Fig. 1a), the corrosion rate under uninhibited
condition was high due to the dissolution of steel in the corrosive test environment.
With the application of CPC, BDHAC and MPY, the corrosion rates decreased
below 0.11 mm y-1 showing that these compounds sufficiently inhibited corrosion
processes. In the presence of DPC, the corrosion rate remained relatively high (0.47
mm y-1) compared to the rest of the inhibitors.
At steels with sand-deposit (Fig. 1b), the corrosion rate under uninhibited condition
was lower than that observed at the steel without sand-deposit. This is attributed to
the sand reducing the active surface area on steel and/or act as a diffusion barrier for
the corrosive ions in the test solution [9]. With the application of MPY, considerable
decrease in the corrosion rate was observed, irrespective of the deposit presence.
However, with inhibitors DPC and CPC, the corrosion rates increased with respect to
the uninhibited condition. In the presence of inhibitor BDHAC, the corrosion rate
was similar to the uninhibited condition.
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It has been reported that the cationic head group of the quaternary ammonium
compounds have a strong affinity for sand-deposits, while sulphur-containing
compounds have lesser affinity [6]. This is consistent with the observation in Fig. 1a
in the present study, confirming that the sulphur-containing inhibitor MPY
effectively inhibits general corrosion of the sand-deposited steel. The reduced
inhibition performance of the quaternary ammonium inhibitors CPC, DPC and
BDHAC compared to MPY is ascribable to their concentration loss to sand-deposits.
The inhibition performance of quaternary ammonium compounds was in the
sequence BDHAC > CPC > DPC. The better performance exhibited by BDHAC can
be attributed to its chemical structure with a long alkyl chain. In the homologous
series of quaternary ammonium compounds, an increase in chain length has been
related to better surface coverage and corrosion inhibition [13].

Weight loss measurements were conducted at steels with and without sand-deposit to
verify the inhibitor performance determined by the LPR measurements. The
corrosion rates obtained from weight loss tests conducted for 15 days are shown in
Table 3. The presence of inhibitor MPY results in very low corrosion rates of both
steels with and without sand-deposit compared to the uninhibited condition. With the
inhibitors DPC, CPC and BDHAC, the corrosion rates of steels with sand-deposit
were higher than the steels without sand. This shows that the corrosion rate trend
from weight-loss measurements is in good agreement with the LPR data.

Table 3. Corrosion rates obtained from weight loss measurements after 15 days.
Corrosion rate
(mm y-1)

Uninhibited

DPC

CPC

BDHAC

MPY

Without sand-deposit

0.88

0.08

0.06

0.06

0.02

With sand-deposit

0.52

0.26

0.29

0.21

0.02

3.2 Potentiodynamic polarization measurements
Potentiodynamic polarization curves recorded from steels with and without sanddeposit after 24 h immersion (at OCP) in uninhibited and inhibited test solutions are
shown

in

Fig.

2. The electrochemical parameters calculated

potentiodyanamic curves (Fig. 2) are summarized in Table 4.
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Fig. 2. Potentiodynamic curves of steels in CO2-saturated uninhibited and inhibited
test solutions after 24 h immersion at OCP at 30 °C, a) without sand-deposit and b)
with sand-deposit.

Table 4. Electrochemical parameters of carbon steel surfaces derived from
potentiodynamic polarization measurements in Fig. 2.
(a) Without sand-deposit
Uninhibited
DPC
CPC
BDHAC
MPY
(b) With sand-deposit
Uninhibited
DPC
CPC
BDHAC
MPY

Ecorr
ba
-bc
icorr
νcor
-1
-1
-2
V vs. Ag/AgCl mV dec
mV dec
µA cm mm y-1
-0.676
62
475
100.50
1.13
-0.614
44
354
22.20
0.25
-0.711
66
570
14.70
0.16
-0.708
126
172
3.75
0.04
-0.712
161
104
3.54
0.03
Ecorr
ba
-bc
icorr
νcor
V vs. Ag/AgCl mV dec-1 mV dec-1 µA cm-2 mm y-1
-0.740
126
481
30.36
0.34
-0.675
55
446
92.78
1.04
-0.684
64
561
49.36
0.56
-0.748
141
329
31.82
0.35
-0.687
58
243
3.76
0.04
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θ
0.69
0.72
0.92
0.98
θ
0.33
0.38
0.75
0.94

At steels without sand-deposit (Fig. 2a), the corrosion current densities (icorr)
decreased in the presence of the inhibitors, with respect to the uninhibited condition.
The sequence of the corrosion protection trend was MPY > BDHAC > CPC > DPC,
similar to that obtained from the LPR measurements in Fig. 1.
At steels with sand-deposit (Fig. 2b), the corrosion current densities increased in the
presence of inhibitors DPC, CPC and BDHAC with respect to the uninhibited
condition. Among these three inhibitors, BDHAC possessed higher inhibition effect,
same as determined from the LPR measurements. This suggests that the long alkyl
chain of BDHAC may be responsible for its improved inhibition action. In the
presence of inhibitor MPY, the corrosion current density decreased considerably
compared to the other three inhibitors. The observed decrease in both cathodic and
anodic current densities suggests that MPY inhibits both the cathodic and anodic
corrosion processes.
From the corrosion current densities of uninhibited and inhibited steels, the surface
coverage (θ) by the inhibitor was determined (Table 4). It can be seen that the
surface coverage of the steels without sand-deposit by all four inhibitors is higher
compared to the sand-deposited steels. At steels with sand-deposit, the surface
coverage by MPY is the highest and for the quaternary ammonium inhibitors surface
coverage increases with increase in alkyl chain length (BDHAC > CPC > DPC).
This implies that the amount of quaternary ammonium inhibitors that reached the
steel surface through the deposit layer was insufficient and can be related to the
adsorption loss to the sand-deposits. Hence they afford less corrosion protection to
the steel surface.

3.3 Field emission scanning electron microscopy (FESEM) analysis
The representative FESEM images of steels with and without sand-deposit, after 29
days immersion in uninhibited and inhibited test solutions are shown in Fig. 3.
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b) With sand-deposit

BDHAC

CPC

DPC

Uninhibited

a) Without sand-deposit
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MPY
Fig. 3. FESEM images of steels in CO2-saturated uninhibited and inhibited test
solutions after 29 days immersion at 30 °C, a) without sand-deposit and b) with
sand-deposit.

Dissolved surface morphology due to corrosion attack was observed under
uninhibited conditions at both sand-free (Fig. 3a) and sand-deposited steels (Fig. 3b),
with the corrosion products visible at the steel surface without sand-deposit.
At steels without sand-deposit (Fig. 3a), the inhibitors DPC, BDHAC and MPY offer
good corrosion protection as seen from the grinding marks still visible at the
inhibited steels. However, the CPC-inhibited steel shows a homogenously corroded
surface indicating that CPC did not inhibit the steel to the same level as the other
three compounds tested.
At steels with sand-deposit (Fig. 3b), a more-corroded surface structure compared to
the steels without sand can be observed in the presence of all four inhibitors. This
suggests that the inhibitor adsorption at steel beneath sand was hindered by the
deposit layer and/or the adsorbed inhibitor film was less protective than that formed
at steels without sand. The CPC and DPC-inhibited steels were corroded to a greater
extent and corrosion products were visible at the surfaces. In contrast, the BDHAC
and MPY-inhibited steels showed minimal general corrosion attack with preferential
α-Fe dissolution leaving behind the iron carbide (Fe3C) phase of the original steel.
Accumulation of Fe3C on the steel surface resulting in a decrease in corrosion rate
due to physically restricted access of the corrosive ions to the steel surface has been
reported for ferritic-pearlitic steels [14]. However, enhanced corrosion due to
galvanic coupling between Fe3C and the adjacent steel surface has also been shown
[15].
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3.4 Localized corrosion susceptibility
3.4.1 Cyclic voltammetry measurements
The cyclic voltammetry curves of steels with and without sand-deposit in uninhibited
and inhibited test solutions are shown in Fig. 4. The curve from DPC-inhibited steel
is displayed as a representative of the three quaternary ammonium compounds. The
cyclic voltammetry curves from the other two quaternary ammonium compounds
(CPC and BDHAC) showed similar E-i response in terms of localized corrosion
evaluation to that obtained from the DPC-inhibited steels.
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Fig. 4. Cyclic voltammetry curves of steels in CO2 -saturated uninhibited and
inhibited test solutions recorded after 24 h immersion at OCP at 30 °C.

At steels without sand-deposit under uninhibited conditions, the electrode behaviour
is typical of uniform corrosion process with the formation of corrosion products at
the surface [7]. In the presence of inhibitors, the oxidation and the reduction current
peaks diminished compared to the uninhibited condition. This indicates the
suppression of corrosion reactions by the inhibitor film formed at the steel surface.
Among the tested compounds, the lowest anodic current density was observed for
the MPY-inhibited steel. This shows that the film formed by MPY has a more
compact structure than the rest of the inhibitors, hence is more protective.
At steels with sand-deposit, the uninhibited surface revealed a positive hysteresis
loop where the anodic current density is greater during the reverse scan than that
observed in the forward scan. A positive hysteresis loop indicates localized attack at
the surface [16]. However, no hysteresis loop was observed at the MPY-inhibited
steel in the reverse scan. This indicates that localized corrosion does not proceed at
the steel surface inhibited with MPY, irrespective of the presence of sand-deposits.
In contrast to MPY, a positive hysteresis loop was observed in the reverse scan of
sand-deposited steels inhibited with all three quaternary ammonium compounds
indicating localized corrosion and formation of pits. This can be attributed to the
presence of sand-deposit altering the inhibitor film formation and/or reducing the
film repassivation. The repassivation potential (Er) represents the potential in the
reverse scan, below which the pit growth will stop [16]. The more positive Er, the
124

less likely it is that localized corrosion will occur. The Er values from the cyclic
voltammetry curves of sand-deposited steels are shown in Table 5. It should be noted
that the Er values are relevant to the measurement parameters and may vary with the
applied scan rate. According to the Er values, the sequence of resistance to localized
corrosion offered by the quaternary ammonium compounds is BDHAC ≈ CPC >
DPC.
Table 5. Repassivation potential (Er) from cyclic voltammetry measurements in
Fig.4.
Steels with sand-deposit
Uninhibited
DPC
CPC
BDHAC
MPY

Er
V vs. Ag/AgCl
-0.490
-0.456
-0.438
-0.437
-

3.4.2 Visible-light microscopy analysis
The visible-light microscopy images of uninhibited and inhibited steels with and
without sand-deposit after the cyclic voltammetry measurements (Fig. 4) are shown
in Fig. 5. Similar surface morphology was observed for the three quaternary
ammonium compounds tested and only DPC-inhibited surfaces are shown.

DPC

Uninhibited

a) Without sand-deposit b) With sand-deposit
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MPY
Fig. 5. Visible-light microscopy images of steels after cyclic voltammetry
measurements in Fig. 4, a) without sand-deposit and b) with sand-deposit;
magnification 5x.

At steels without sand-deposit (Fig. 5a) under uninhibited condition, the surface was
covered with a dark film consistent with corrosion product formation. All the
inhibited steels without sand-deposit exhibited uniformly corroded surface
morphology. The surface roughness Rq of the untreated (non-corroded) steel surface
was 1.5 µm. Compared to the non-corroded steel, the Rq of the uninhibited steel
increased to 2.6 µm while that of the inhibited steels decreased to an average value
of 1.4 µm. This indicates that the inhibitors form a protective film on the surface
which mitigates corrosion and in turn reduces the surface roughness. No localized
attack could be observed at the steels without sand-deposit both in the presence and
absence of inhibitors.
At steels with sand-deposit (Fig. 5b) locally corroded areas (pits) were visible at
uninhibited surface as well as surfaces inhibited with all three quaternary ammonium
compounds. It is supposed that the presence of sand-deposits restricts the access of
inhibitor molecules to the steel, resulting in the difference between the surface sites
where the inhibitor molecules formed a film and the sites without inhibitor, thus
promoting localized corrosion. The observed localized attack can be ascribed to the
deposit layer hindering further transport of dissolved ions into the pits to repassivate.
However, no localized corrosion at the sand-deposited steels was detected in the
presence of MPY, suggesting that it is an effective inhibitor for carbon steel under
sand-deposits.
Among the three quaternary ammonium compounds tested, the most significant
localized damage was observed at the steel surface inhibited with DPC. Fig. 6 shows
the area with the deepest pit observed on the DPC-inhibited surface and the crosssectional pit profile. The estimated maximum pit depth values from the sand126

deposited steel surfaces are given in Table 6. It can be seen that the maximum pit
depth decreased with increase in alkyl chain length of the inhibitor’s structure. This
is consistent with the inhibition performance of quaternary ammonium compounds
increasing in the sequence BDHAC > CPC > DPC as determined by the
electrochemical measurements.
a

b

Fig. 6. Visible-light microscopy image of a) area with a pit at the DPC-inhibited
sand-deposited steel surface; and b) pit depth profile.

Table 6. Estimated maximum pit depth at steel surfaces from visible-light
microscopy analysis.
Steels with sand-deposit
Uninhibited
DPC
CPC
BDHAC
MPY
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Maximum pit depth
μm
13.2
22.5
15.3
11.9
-

Conclusions
CO2 corrosion inhibitors, a sulphur-containing compound (2-mercaptorpyrimidine,
MPY) and three quaternary ammonium compounds were assessed for their
performance to mitigate both general and localized corrosion at the sand-deposited
carbon steel surfaces.
The effectiveness of a corrosion inhibitor at sand-deposited steels was related to its
chemical structure and the extent of surface coverage by the inhibitor. MPY was
found to effectively inhibit the general and localized corrosion of steels, regardless
of the presence of the sand-deposit. The inhibition performance of the quaternary
ammonium compounds at the sand-deposited steels was found to increase with
increasing alkyl-chain length in the inhibitor’s structure. Localized corrosion
proceeded at the sand-deposited carbon steels inhibited with all quaternary
ammonium compounds tested, but the susceptibility to the localized attack decreased
with increasing alkyl-chain length.
The results contribute to the understanding of the inhibitor selection for underdeposit corrosion and show that corrosion at sand-deposited steels can be minimized
by using an appropriate inhibitor.
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Abstract
CO2 corrosion of carbon steel pipelines is a universal problem faced by the oil and
gas industry and numerous investigations have been carried out to understand the
corrosion process in order to develop effective inhibition measures.
This study presents the application of in-situ electrochemical atomic force
microscopy (ECAFM) to examine the CO2 corrosion process at carbon steel surface
exposed to pH-stabilized sodium chloride solution at 60 °C. The experiments were
conducted using temperature-controlled liquid-cell in a CO2-saturated environment
that resembled the field conditions.
The ECAFM technique allowed the simultaneous determination of the corrosion
rates and direct observation of the steel-solution interface with molecular-level
precision. The complimentary scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) investigations of the corroded surface confirmed that
iron carbonate (FeCO3) forms as the main corrosion product.
The results demonstrate that the ECAFM is applicable to real-time monitoring of the
corroding steel surfaces and thus improves the understanding of the corrosion
process.

Keywords: carbon dioxide, carbon steel, corrosion products, electrochemical atomic
force microscopy
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1. INTRODUCTION
CO2 corrosion of carbon steel pipelines is one of the major corrosion problems faced
by oil and gas industry1. Depending upon the operating conditions, the corrosion
process and the nature of corrosion products formed at the steel surfaces varies
substantially2,3. Hence, it is essential to characterize the steel surface in order to
understand the severity of a corrosive environment and in turn device appropriate
control measures.
Many of the techniques widely used to investigate corroded metal surfaces are exsitu methods i.e. only the surface structure before and after exposure to corrosive
environment can be examined. Whereas, in-situ analysis methods allow for the direct
observation of the corroding metal-solution interface during the corrosion process.
The present study describes the application of in-situ electrochemical atomic force
microscopy (ECAFM), which is a combination of electrochemical and atomic force
microscopy (AFM) techniques, to evaluate the corrosion of carbon steel surface in
CO2 environment.
The AFM is one of the scanning probe microscopy techniques that operate by
scanning an extremely sensitive probe (containing a sharp tip at the end of a
cantilever) across the substrate surface under investigation4. The forces acting
between the tip and the substrate are measured as the cantilever deflects according to
the changes in surface topography. The cantilever displacement is detected via the
beam deflection method, where a laser is focussed onto the back of the cantilever
and reflected onto a photo detector. During scanning, the cantilever deflection and
thus the contact force between probe and sample is maintained constant by the
electronic feedback of the system and a three-dimensional surface profile of the
substrate is obtained. Essentially, the working principle of in-situ AFM is same as
that of ex-situ AFM, except that the scanning of substrate immersed in the test
electrolyte is conducted directly. The benefit of in-situ AFM is that it can be
performed in the desired environment such as carbon-dioxide media and at
controlled temperatures resembling the actual field conditions. There is no
requirement for the sample to be transferred between the test media and the AFM
chamber for surface analysis.
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In this study, the surface of 1030 carbon steel exposed to pH-stabilized sodium
chloride solution at 60 °C has been investigated in-situ using the ECAFM technique.
The objective is to demonstrate the applicability of the ECAFM technique to monitor
the corrosion process of carbon steel surface in real-time.

2. EXPERIMENTAL
2.1 Test materials and apparatus
The experimental conditions are presented in Table 1. The 0.5 M brine consisted of
3% sodium chloride (NaCl; Ajax Finechem, analytical reagent, 99.9%) and 0.01%
sodium hydrogen carbonate (NaHCO3; Merck, 99.5%) prepared in ultra-pure water
(resistivity 18.2 MΩ.cm) and with 30 mg/L of ferrous ions added as iron salt. The
test solution was saturated with CO2 and pH stabilized to 8 using a concentrated
amine.
Table 1 Test conditions
Material

1030 carbon steel

Test solution

0.5 M brine

pH

8

Temperature

60 °C

Saturation gas

CO2 (1 bar)

Figure 1a shows the in-situ ECAFM experimental arrangement and the three
electrode setup mounted on the standard AFM sample plate is shown in Figure 1b.
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a)

AFM
apparatus
Test
solution

Potentiostat for electrochemical
measurements

b)

Working electrode
Reference
electrode
Counter electrode

Figure 1 a) in-situ ECAFM experimental arrangement b) sample mounted on the
AFM sample plate with heating stage and liquid cell
The 1030 carbon steel rods were used as working and counter electrodes and
embedded in epoxy resin with the electrical connections drawn using thin copper
wires. The Pt wire was used as pseudo-reference electrode. The surface area of the
working electrode was 0.196 cm2 and it was polished to < 1 µm using diamond
suspension (Struers TegraPol). The polished sample was ultrasonically cleaned,
rinsed with ultra-pure water and dried in nitrogen gas prior to analysis. The Pt
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pseudo-reference (connected through the sample stage plate) was wound circularly
and positioned in close proximity to the sample surface without any direct contact.
2.2 Preliminary electrochemical measurements
The Linear polarisation resistance (LPR) technique was applied to monitor the
corrosion rates using ACM Gill potentiostat (ACM instruments, UK) in the potential
range of ±10 mV in respect to open circuit potential (OCP), at a scan rate of 0.1667
mV/s and the detailed test procedure is described elsewhere5.
2.3 In-situ ECAFM measurements
In the ECAFM experiments, the sequence of consecutive AFM images from a 10x10
µm area of the steel surface were recorded simultaneously with the potential of the
surface being monitored using a potentiostat. AFM analysis was performed with a
silicon nitride contact mode probe with a spring constant of 0.3 N/m (type DNP,
Bruker) using an Agilent Picoplus Scanning Probe Microscope system (Agilent
Technologies, USA) operating in contact mode. The temperature of the liquid cell
with heating stage was maintained at 60 °C using the autotuning temperature
controller of the SPM system (Lakeshore, USA). The test solution was circulated
through the liquid cell at a constant flow rate during the experiment. Electrochemical
measurements were conducted at ± 10 mV vs. OCP at a scan rate of 0.1667 mV/s
using Gamry Ref 600 potentiostat (Gamry Instruments, USA). The results presented
are from duplicate experiments and local AFM observations at different areas on the
sample were also conducted to verify the homogeneity of the surface structure.
2.4 Iron count analysis
The test solution after the ECAFM experiment was analysed to determine the
amount of soluble iron with standard FerroVer reagent using the Hach DR 3900
Benchtop Spectrophotometer (measured at 510 nm).
2.5 SEM/EDS surface analysis
The scanning electron microscope (SEM) (Zeiss, Evo) with an energy dispersive xray detector (EDS) was used to characterize the sample surface. The corroded steel
samples (after ECAFM measurement) were dried in nitrogen and stored under
vacuum until the SEM/EDS analysis.

3. RESULTS AND DISCUSSION
3.1 Preliminary electrochemical measurements
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Prior to ECAFM tests, electrochemical measurements were conducted to determine
the corrosion rates of carbon steel during the corrosion process under the test
conditions shown in Table 1. Figure 2 shows the corrosion rates derived from linear
polarization resistance (LPR) measurements carried out for 15 h at the carbon steel
surface.
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Figure 2 Corrosion rate of carbon steel surface exposed to CO2 saturated test brine
solution at 60 °C, from LPR measurements

As can be seen from Figure 2, the relatively high initial corrosion rate started to
decrease gradually for a period of 6 h and stabilized at values less than 0.05 mm/yr at
the end of 8 h exposure to the corrosive test solution. The observed trend in
corrosion rate can be related to metal dissolution followed by precipitation of
corrosion products at the surface when the iron ions exceed the saturation level in the
test environment. The iron count at the end of 15 h from the spectrophotometric
analysis of the test solution was 2.1 mg/L compared to the 30 mg/L at the beginning
of the test. The considerable decrease in iron count and the corresponding low
corrosion rates (below 0.05 mm/yr) can be related to the formation of protective iron
carbonate film at the steel surface, which efficiently restricts further corrosion
reactions. It is consistent with previous studies carried out at elevated temperatures
and alkaline pH that have attributed the decrease in corrosion rate to the protective
iron carbonate film formation under CO2 saturated conditions6,7.
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3.2 In-situ ECAFM analysis
The corrosion process proceeding at carbon steel surface exposed to CO2 saturated
test brine solution is illustrated in the sequence of in-situ AFM topography images in
Figure 3.

a

0 min

b

5 min

3h

g

5h

1h

e

d

2h

c

f

4h

h

i

7h

6h

Figure 3 In-situ topography images of carbon steel surface exposed to CO2 saturated
test brine solution at 60 °C; (a) bare steel before contact with test solution; (b) to (i)
steel after contact with test solution showing corrosion product formation

The image (a) shows the unexposed steel surface before contacting the test solution.
After the test solution was introduced, there was no considerable change observed at
the surface (image b) during the first hour. Subsequently, surface features began to
appear at the image (c) recorded after 1 h exposure to the test solution. The surface
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topography changed over time and spiky projections became apparent at the surface
which can be associated to the formation of crystalline corrosion product(s). With
further increasing exposure time, larger surface structures became visible at the
surface, but there was no significant change in the images obtained after 6 h period.
The linear polarization resistance (LPR) measurements were run simultaneously with
the in-situ AFM analysis. The corrosion rates derived from the LPR data are shown
in Figure 4.
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Figure 4 Corrosion rates of carbon steel surface exposed to CO2 saturated test brine
solution at 60 °C, from LPR measurements

The decrease in corrosion rate with time supports the AFM observation and confirms
the formation of protective corrosion product film at the steel. Consistent with the
preliminary electrochemical measurements (Figure 2), the in-situ ECAFM
demonstrated the corrosion product formation under the studied conditions.
Investigations on iron corrosion products have reported the formation of iron
carbonate as major corrosion product under similar test conditions3.
The amount of iron ions determined spectrophotometrically in the test solution after
15 h test duration was 4.7 mg/L. The decrease in soluble iron count by a factor of 6
from the initial value of 30 mg/L in the test solution can be ascribed to the
precipitation of iron carbonate at the steel surface, consequently reduced level of
dissolved iron ions in the solution.
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3.3 SEM/EDS analysis
Figure 5a shows SEM image of the surface morphology of the corroded steel (after
the ECAFM experiment) and Figure 5b shows the EDS spectrum obtained from the
corroded steel.

keV

Figure 5 a) Representative SEM image from carbon steel surface exposed to CO2
saturated test brine solution at 60 °C; b) EDS spectrum from the steel surface

As can be seen from Figure 5, iron carbonate (FeCO3) was identified by the
SEM/EDS analysis to be the dominant corrosion product at the steel surface under
the studied test conditions. Iron carbonate has been previously reported as the
predominant iron corrosion product in high pH CO2 environment and its formation
has been related to the decrease in solubility of iron8. However, formation of other
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iron complexes as minor corrosion products can also be expected under the CO2
saturated conditions.
From Figure 5a, it can be seen that the highly crystalline stacks of iron carbonate
formed are closely-packed and adherent to the surface. Since the structure of the
corrosion product film influences the corrosion process, it can be inferred that the
adherent iron carbonate film formed under the studied conditions, hindered the
corrosion reactions resulting in the decrease in corrosion rates.

4. SUMMARY
In-situ ECAFM technique was utilized to investigate the 1030 carbon steel surface
exposed to pH-stabilized sodium chloride solution under CO2 saturated conditions at
60 °C, a corrosive test environment closely resembling actual field conditions. The
technique enabled the real-time visualization of corrosion product formation at the
steel surface and simultaneous evaluation of the corrosion rates. The results showed
the topographic changes at the steel surface during the corrosion process, indicating
the formation of crystalline corrosion products. The observed decrease in corrosion
rates is attributed to the protective nature of the formed surface film. The SEM/EDS
characterization was complementary to ECAFM results and iron carbonate was
identified as the major corrosion product formed at the steel surface.
The ECAFM technique was found suitable for in-situ investigations of the corroding
carbon steel surfaces.
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a b s t r a c t
The performance of organic surfactants as corrosion inhibitors is inﬂuenced by the mechanism of
adsorption and the resulting molecular orientation on the substrate. The molecular orientation of 1dodecylpyridinium chloride (DPC) deposited on non-corroded 1030 mild steel and after corrosion in a
carbon dioxide environment has been investigated using synchrotron infrared microspectroscopy. DPC
mitigates the corrosion process by adsorbing at the steel surface and forming a protective layer.
Infrared spectra analogous to polarized grazing angle spectra were obtained from a microscopically
rough surface using a synchrotron source. The appearance of negative and positive absorption bands
in the spectra, when using synchrotron radiation, is discussed in terms of the optical system used. The
presence of the DPC surfactant at the steel surface is shown by the CH2 and CH3 infrared absorption
bands of the aliphatic chain of the DPC molecule. The infrared spectra provide direct evidence on the
orientation of DPC at the steel substrate. The aliphatic chain of the surfactant is tilted orthogonally, but
not perpendicular to the substrate plane. The absence of signiﬁcant absorption bands characteristic of
the pyridinium ring of DPC indicates its orientation parallel to the substrate plane, and an adsorption
mechanism involving -bonding with the steel.
This study demonstrates the applicability of synchrotron infrared microspectroscopy to the investigations of thin organic ﬁlms on microscopically rough steel surfaces, and can facilitate further investigations
of thin ﬁlms on metallic surfaces and monolayer studies in general.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Organic surfactants which adsorb on a variety of substrates have
been used in numerous applications, such as ore ﬂotation, stabilization of foams and emulsions, wetting control and corrosion
inhibition [1,2]. In corrosion inhibition, organic surfactants are used
to mitigate corrosion reactions by adsorbing on the metallic substrates and forming a protective layer. The performance of organic
surfactants as corrosion inhibitors depends on their bonding and
molecular orientation towards the substrate. It has been suggested,
for example, that chemisorbed organic surfactants are more persistent than physisorbed organic surfactants, and are therefore
preferred as batch-treatment corrosion inhibitors [3].
Reﬂection-absorption infrared spectroscopy is a suitable
technique for determining the molecular orientation of organic
compounds on metallic substrates. Previous studies have established that at high angles of incidence thin surface layers
exhibit high absorption of infrared radiation that is polarized

∗ Corresponding author at: Department of Chemistry, Curtin University, G.P.O.
Box U1987, Perth, WA 6845, Australia. Tel.: +61 892667319, fax: +61 892662300.
E-mail address: k.lepkova@curtin.edu.au (K. Lepková).

perpendicular to the reﬂection plane (metallic substrate). In this
arrangement, with application of the metal surface selection rule,
only molecular vibrations perpendicular to the reﬂection plane
absorb the infrared light and thus appear in the spectra. Since the
recorded absorption bands are related to the different parts of the
organic compound, the molecular orientation at the surface can
be determined [4–6].
Detailed information on the nature of the surface layers is
required in order to elucidate the exact mechanisms of the
corrosion inhibition. However, when examining organic layers
at corroded metallic substrates, determining the absorption of
infrared radiation is often complicated due to the topography of
the corrosion-roughened surface, and the limited thickness and
heterogeneity of the surface layer.
To test the applicability of synchrotron-sourced infrared
microspectroscopy to analyze such complex surfaces, we have
studied a carbon steel surface that had been immersed in a 1dodecylpyridinium chloride (DPC) solutions in nitrogen or carbon
dioxide saturated media. Many oil and gas systems operate in
carbon dioxide environments where corrosion is caused by carbonic acid. Pyridinium-based surfactant molecules with a long alkyl
chain, such as DPC, are used as oil-well corrosion inhibitors [3],
and pyridinium compounds efﬁciently inhibit corrosion reactions

0924-2031/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.vibspec.2013.08.002
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at iron surfaces in acidic media [7]. It has been proposed that DPC
adsorbs at a metal surface through the aromatic ring, with the
hydrophobic aliphatic chain oriented into the solution [3,8]. However, no direct evidence of the molecular orientation of DPC has
been presented and the exact mechanism of the DPC adsorption is
unknown.
A complementary method for studying the orientation and
absorption mechanism of pyridine and pyridinium compounds on
surfaces is surface enhanced Raman spectroscopy (SERS). SERS
studies of pyridine/pyridinium adsorption at non-modiﬁed steel
surfaces (iron–carbon alloys with original crystalline structure)
have not been performed as the modiﬁcation of the substrate
(surface roughness) is required for quality SER spectra. Furthermore, the SERS technique is not sensitive to -bonded organic
compounds and can only detect pyridinium compounds that are
bonded to the substrate through the nitrogen atom [9]. Hence,
infrared spectroscopy can provide additional information on the
surface orientation of the organic compounds. From SERS data of
pyridine and pyridinium compounds adsorbed on iron-deposited
silver substrates two different adsorption mechanisms were proposed: (1) coordination bonding between the nitrogen atom of
the aromatic ring and the metal (-bond) resulting in non-parallel
orientation of the aromatic ring at the substrate [10,11], and (2)
-electron interaction between the aromatic ring and the metallic substrate, which results in parallel orientation of the aromatic
ring at the substrate. The -electrostatic interaction can be inﬂuenced by the presence of halide ions that pre-adsorb at the surface
[10–12]. It has also been proposed that an individual compound
can adsorb through both of the mechanisms, depending on the
nature of the substrate and the composition of the corrosive solution [12].
In this study, we use a strongly polarized synchrotron source
infrared beam and a Cassegrain objective to record infrared spectra
without a polarizer in the beam that are equivalent to those obtainable from ﬂat metallic and non-conductor surfaces when a polarizer
is used. The data allow the surface orientation of the organic surfactant to be determined. If the pyridinium ring and aliphatic chain
of the DPC molecule are oriented non-parallel with respect to the
steel surface then both parts of the molecule would interact with
infrared radiation. This would be indicative of the -bonding of
the pyridinium ring at the substrate through the nitrogen atom.
On the other hand, parallel orientation of the pyridinium ring to
the steel surface would not result in its interaction with infrared
radiation. Therefore, the absence of the in-plane ring absorption
bands in the infrared spectra would be indicative of -bonding of
the pyridinium ring at the substrate.

The testing solutions were (1) 500 ppm of 1-dodecylpyridinium
chloride hydrate (C17 H30 ClN.xH2 O; Sigma–Aldrich, 98%)
in deionised ultra-pure water saturated with nitrogen;
and (2) 500 ppm of 1-dodecylpyridinium chloride hydrate
(C17 H30 ClN.xH2 O; Sigma–Aldrich, 98%) in brine, consisting of
0.5 M sodium chloride (NaCl; Ajax Finechem, 99.9%) and 1 × 10−3 M
sodium hydrogen carbonate (NaHCO3 ; Merck, 99.5%), saturated
with high-purity carbon dioxide (99.99%) before and during the
experiments. The chemical structure of the DPC molecule is given
in Fig. 1.
Two types of samples are used in this study and differ by the
degree of corrosion. The non-corroded samples were prepared by
immersion into solution (1) at ambient temperature (20 ◦ C) for
20 min. These conditions were expected to have little effect on the
surface properties of the steel, such as roughness and reﬂectivity.
Therefore these samples are referred to as non-corroded for the
purpose of this study. The corroded samples were prepared in solution (2) at 60 ◦ C for 24 h, i.e. the corrosion took place in the presence
of the inhibitor, as it would in its industrial environment.
The DPC-treated steel samples and untreated (plain) steel, used
for a background measurement, were placed into an enclosed compartment surrounding the infrared microscope assembly, which
was continuously purged with dry nitrogen. After positioning
the sample, the atmosphere inside the compartment was left
to stabilize for 30 min. before the infrared analysis. This procedure minimized the amount of water vapour and carbon dioxide
appearing in the recorded spectra.
The infrared spectrum of the DPC powder was recorded using
Attenuated Total Reﬂectance and a Perkin-Elmer Spectrum 100
spectrometer. The DPC powder was used as received.
The corroded samples were also analyzed with a Hyperion 3000
microscope with a Focal Plane Array (FPA) detector and conventional infrared source. The aperture size was 100 m × 100 m.
The untreated (plain) steel was used as a background for the FPA
analysis.

2. Materials and methods

The coverage of the corroded steel surface with DPC was determined from corrosion rates obtained from linear polarization
resistance (LPR) analysis. A standard three-electrode system and
solution (2) with and without DPC were used, and the steel samples were polarized in the potential range of ±10 mV vs. open circuit
potential in a sweep rate of 0.6 V h−1 using a Gill Potentiostat (ACM
Instruments, UK). The corrosion rates from the LPR measurements
were calculated according to the standard procedure given elsewhere [13].

2.1. Materials
The carbon steel studied had the following elemental composition (wt%): C 0.37, Mn 0.80, Si 0.28, Cr 0.09, P 0.01, Ni 0.01, Fe
balance. Steel samples (20 mm diameter) were ground with SiC
paper to 1200 grit and then polished to a surface ﬁnish of 1 m
using diamond suspensions. This polishing method consistently
results in carbon steel surfaces with average surface roughness
(root mean square, Rq ) of ∼ 0.4 m, conﬁrmed with visible light
microscopy using an Alicona Inﬁnite Focus (Alicona Imaging GmbH,
Austria). The polished samples were cleaned with methanol and
ultra-pure deionised water and dried with nitrogen prior to immersion in the test solution. The samples were dried with nitrogen after
the test and stored under vacuum until further analysis. Care was
taken when handling the samples to minimize their exposure to
air.
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2.2. Atomic force microscopy (AFM) measurement and analysis
In situ AFM analysis was carried out using an Agilent Picoplus
AFM Multimode apparatus in a soft contact mode. A silicon nitride
cantilever (type DNP) with a spring constant of 0.32 Nm−1 was
used. The samples were mounted on the AFM liquid cell holder
and the test solution (1) was continuously recirculated through the
cell during the experiment.
2.3. Surface coverage measurement

2.4. Corroded steel roughness measurement
The roughness of the corroded steel surfaces was measured
using an Alicona Inﬁnite Focus visible light microscope (Alicona
Imaging GmbH, Austria) with 50× magniﬁcation objective. A surface roughness parameter Rq (root mean square) was calculated
from the surface heights using the Alicona IFM 3.5 software. The
samples were brieﬂy exposed to air during the surface roughness
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Fig. 1. Chemical structure of 1-dodecylpyridinium chloride hydrate.

measurements, which followed the infrared spectroscopy analysis.
2.5. Synchrotron infrared spectral measurement and analysis
Infrared spectroscopy was performed on the infrared
microspectroscopy beamline at the Australian Synchrotron
using a Brüker Hyperion 2000 microscope coupled to a Vertex
V80v FTIR spectrometer. A Cassegrain objective with 36× magniﬁcation was used and the aperture of the microscope was set at
20 m × 20 m. Spectra acquisition and processing was performed
using Opus 6.5 software (Brüker optics).
The FTIR spectra were recorded in reﬂectance mode with a
resolution of 4 cm−1 , using a liquid nitrogen-cooled MCT detector. For each spectrum, 256 scans were collected in the range of
3800–800 cm−1 . A total of 256 background scans were collected
on untreated (plain) steel of the same elemental composition as
the test samples. 256 scans were also collected using a gold mirror to obtain an absorbance spectrum of the untreated steel. The
untreated steel and gold mirror were placed in the nitrogen-purged
compartment at the same time as the test samples to ensure identical environmental conditions for collection of the background and
the sample spectra. The spectra are presented in terms of −log (I/I0 ),
where I and I0 are the absorption intensities in the single channel spectra obtained from the test sample and the untreated steel,
respectively.
2.5.1. Optical parameters
The Australian Synchrotron IR microscope beamline uses only
the bending magnet radiation. The polarization ellipse of this
radiation is not signiﬁcantly affected by the optical path of the
microscope [14]. Infrared spectra were acquired with a predominantly p-polarized synchrotron beam (parallel (p): perpendicular
(s) ∼4:1), but without a polarizer in the beam. A reverse Cassegrain
objective was used and hence the polarized synchrotron infrared
beam’s incidence angle approaching the surface changes within the
hollow cone, which is approximately 30◦ , i.e. the incident beam
will have both a p and an s component relative to the microscope
plane. Infrared spectroscopy with a synchrotron source applied
in polarization studies, particularly in transmission mode showed
that orientation information could be obtained with the use of the
intrinsic synchrotron source and without a polarizer [15,16].
At optically ﬂat metallic surfaces that are reﬂective (conductors),
p-polarization has non-zero strength and interacts with vibrations
perpendicular to and at the surface, whereas s-polarization has zero
ﬁeld strength and does not interact. The intensity of the absorption
bands from thin surface ﬁlms at metallic substrates increases with
increasing angle of incidence, with maximum absorbance obtained
at a grazing angle of 88◦ [17]. At low angles of incidence, such
as used in this work, the surface enhancement of the adsorbed
molecules on the steel surface is not achieved however absorption
bands with lower intensity to those recorded at the optimum

grazing angles can be observed [17,18]. The position and shape of
the absorption bands recorded from thin surface ﬁlms are expected
to be independent of the angle of incidence and sensitive to the
substrate orientation on the metal surface [17]. In the case of the
pyridinium compound with aliphatic chain (1-dodecylpyridinium
chloride) used in this study, only vibrations non-parallel to the
steel surface are expected to be detected in the infrared spectra.
For a rough surface, the polarization of the beam and the angle
of incidence in relation to a particular surface facet cannot be established. A schematic presentation of the reverse Cassegrain optical
path used in this study and applied in analysis of a topographically uneven (corrosion-roughened) steel surface is given in Fig. 2.
The angle of incidence will vary due to the local topography of the
surface and may be anywhere between 0◦ and 90◦ . Therefore, it is
reasonable to assume that both polarizations of the beam, parallel
(p) and perpendicular (s) are encountered in the course of the analysis (with multiple measurement points over a large surface area)
and that there will be instances where a p or s component of the
polarized beam relative to the surface facet is dominant.
The formation of corrosion products at steel surface and the
consequent increased roughness results in decreased reﬂectivity of
the surface. Corroded metallic surfaces are at best semi-reﬂective
and behave as semiconductors or non-conductors in terms of
the reﬂection-absorption spectroscopy. At the semi-reﬂective and
non-conductor surfaces, both s and p-polarizations have non-zero
components in the electric ﬁeld and vibrations in any direction (x,
y, z) in respect to the surface can be detected. The optimal sensitivity of the absorption bands is observed at incidence angles
of 60–80◦ (p-polarization) and close to the surface normal (spolarization). Furthermore, both positive and negative absorption
bands can occur in the infrared spectra from a semiconductor or
non-conductor, depending on the angle of the incidence beam
with respect to the Brewster angle. With p-polarization, a maximum positive absorbance occurs just below the Brewster angle
and maximum negative absorbance just above the Brewster angle.
For s-polarization only negative absorbance occurs and is at a maximum at the normal angle of incidence. The presence of the positive
or negative absorption bands in the spectra can provide information
on the orientation of molecules in thin surface ﬁlms [17].
3. Results and discussion
Atomic force microscopy (AFM) was used to investigate the
adsorption of DPC at the steel surface. Fig. 3 shows images of the
untreated (plain) steel (A) and DPC-treated steel (B) with a surface
ﬁlm of a well-deﬁned structure. It should be noted that the roughness of the untreated steel is approximately 0.45 m. This may
have implications for the infrared analysis as the surface roughness
affects the local incidence angle of the infrared beam, as discussed
previously.
The formation of the surface layer began immediately after
immersion of the steel to the DPC-containing solution (1). The layer
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Fig. 2. Schematic presentation of reverse Cassegrain design objective used in analysis of topographically rough steel surface. The surface shown is a representative version
of the highly complex corroded surface.

was fully formed after approximately 3 h exposure (shown in Fig. 3)
and no further changes in its structure were observed. The AFM
results clearly demonstrate that DPC adsorbs at the steel surface
and that the surface ﬁlm can be prepared by solution-deposition.
The presence of DPC at the steel surface is further conﬁrmed by
linear polarization resistance analysis carried out in the presence
and absence of the DPC in the corrosive testing solution (2). The
respective corrosion rates measured in the presence and absence
of DPC after 3 h exposure (consistent with the AFM data) were
1.9 and 4.9 mm y−1 , equivalent to 61% surface coverage with DPC.
After 24 h immersion, the surface coverage increased to ﬁnal value
of 72%, calculated from the stabilized corrosion rates of 1.1 and
3.9 mm y−1 .

3.1. Infrared spectral analysis of DPC-deposited non-corroded
steel
Fig. 4 shows infrared spectra from the untreated (plain) steel,
bulk DPC powder and DPC-deposited non-corroded steel. Spectrum A is from the untreated steel and it is used as a background
spectrum. It clearly shows that background contamination does not
give rise to any spectral features. Spectrum B represents bulk powder of 1-dodecylpyridinium chloride hydrate (DPC). The absorption
bands below 1650 cm−1 and in the region 3100–3010 cm−1 can
be assigned to vibrations of the pyridinium ring and the aliphatic
chain in the DPC molecule. The pyridinium ring C H stretches occur
between 3086 cm−1 and 3008 cm−1 and have medium intensity.

Fig. 3. AFM images of untreated (plain) steel (A) and DPC-deposited non-corroded steel (B).
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Fig. 4. Synchrotron infrared reﬂectance spectra of untreated steel (background
spectrum, (A)), DPC powder (B) and DPC-deposited non-corroded steel (C). Band
assignments are given in Table 1. Spectra are off-set for clarity.

The strong absorption bands at 2915 cm−1 and 2848 cm−1 represent C H antisymmetric and symmetric stretching vibrations of
the CH2 groups of the aliphatic chain, respectively. The less intense
absorption band at 2952 cm−1 is assigned to antisymmetric stretching of the CH3 group of the aliphatic chain. The 3370 cm−1 band
can be attributed to the O-H stretch of the water of crystallization of the hydrated form of DPC used [19]. A detailed assignment
of the absorption bands of the DPC molecule below 1650 cm−1 is
included in Table 1. Spectrum C is obtained from the DPC-deposited
non-corroded steel. All the spectra obtained at more than 50 randomly selected measurement points at non-corroded steel and
non-corroded areas of corroded samples were near identical in
positions and relative intensities of the main absorption bands, suggesting that the micro-roughness of the surface did not inﬂuence
these spectra. The most intense absorption bands are characteristic of CH2 antisymmetric and symmetric stretching (2920 cm−1
and 2850 cm−1 ) of the aliphatic chain of the DPC molecule. The
CH3 antisymmetric stretching (2954 cm−1 ) is also evident. Much
less intense absorption bands (inset in Fig. 4) were found below
1800 cm−1 . The band at 1466 cm−1 is attributed to aliphatic chain
Table 1
Assignment of absorption bands shown in Fig. 4 from 1-dodecylpyridinium chloride
hydrate (DPC) powder (spectrum B) and DPC-deposited non-corroded steel (marked
with “*”) (spectrum C) [19,20].
Wavenumber (cm−1 )

Band assignment

1178, 1211

Pyridine ring C H deformation vibrations
(in-plane)
Aliphatic chain C H symmetric deformation
vibrations
Aliphatic chain C H antisymmetric deformation
vibrations Aliphatic chain CH2 scissor vibration
band
Pyridine ring stretching vibrations (C C and C N)
Aliphatic chain CH2 scissor vibration band
Pyridine ring stretching vibrations (in plane, C C
and C N)
C O stretching vibrations of carbonic acid (H2 CO3 )
and/or bicarbonate ion (HCO3 − )
Aliphatic chain C H symmetric stretching of CH2
group
Aliphatic chain C H antisymmetric stretching of
CH2 group
Aliphatic chain C H antisymmetric stretching of
CH3 group
Pyridine ring C H stretching vibrations
O H stretching, water of crystallization

1325, 1377
1466*

1471–1506
1585, 1636
1733*
2848 (2850*)
2915 (2920*)
2952 (2954*)
3008–3086
3370

C H deformation vibrations (antisymmetric) and/or CH2 scissor
vibrations [19]. The absorption band at 1733 cm−1 was detected at
non-corroded areas of corroded samples and is attributed to C O
stretching vibrations of carbonic acid (H2 CO3 ) and/or bicarbonate
(HCO3 − ) [20] adsorbed at the steel surface treated in CO2 media
[21]. Overall, the absorption bands in spectrum C are attributed to
the DPC molecule and conﬁrm its presence at the steel surface. It
is important to note that the C H stretching vibrations of the pyridine ring in the DPC molecule, typically found in the wavelength
region 3100–3000 cm−1 , were not observed in spectrum C from the
DPC-deposited non-corroded steel. The C C and C N stretches of
the ring at 1636 cm−1 and 1585 cm−1 were also not observed. As
s-polarization has zero electric ﬁeld intensity at a conductor surface, the positive absorbance bands observed in spectrum C are
due to incident p-polarization radiation interacting with a molecule
adsorbed on steel.
It is worth noting that we have been unable to obtain meaningful
spectra using a conventional (glow bar) infrared source and grazing angle accessory. Presumably because over to 25 mm × 50 mm
area used in those attempts the samples are either too rough or
not sufﬁciently ﬂat, or both, or the source has insufﬁcient intensity.
These are not an issue with a 20 m × 20 m microscope aperture
and ∼8 m synchrotron beam. A focal plane array FTIR microscope
with aperture size of 100 m × 100 m and a conventional infrared
source allowed detection of the absorption bands at the corroded
steel surface. The spectral features obtained from these measurements were analogous to those shown in spectrum C in Fig. 4 and
conﬁrmed the presence of DPC at the surface.
3.1.1. Proposed orientation of DPC molecules at the steel surface
The spectrum of the DPC-deposited non-corroded substrate
(Fig. 4C) was compared to that obtained from the bulk DPC compound (Fig. 4B) in order to determine the orientation of DPC at the
steel surface. The absorption bands of the pyridinium ring would
be expected in the regions below 1650 cm−1 and above 3010 cm−1 .
However, the absorption bands detected in the region studied
(3800–800 cm−1 ) at the DPC-deposited steel surface are solely
due to the aliphatic chain and out-of-plane C H ring vibrations
of the DPC molecule. The absence of absorption bands characteristic of in-plane vibrations of the pyridinium ring indicates
that this part of the molecule is oriented ﬂat (face-on/parallel) to
the steel surface. In such an arrangement, the dipole transition
moments of the aromatic C H and pyridine ring stretches are parallel to the steel substrate, in which case no infrared absorption is
observed.
The adsorption mechanism, resulting in a ﬂat orientation of the
pyridinium ring at the substrate, can be explained by -electron
interaction between the aromatic ring and the iron substrate and/or
by -electrostatic interaction of the negatively charged steel surface and positively charged pyridinium ion, that can be enhanced
by halide ions pre-adsorbed at the substrate [10–12]. The proposed orientation of the aromatic ring of the DPC molecule at
the steel substrate is consistent with literature published on the
adsorption mechanism and orientation of pyridine and pyridinium
compounds at modiﬁed metallic surfaces under similar conditions,
mainly investigated with SERS [10–12,22].
The data in Fig. 4 also provides information on the orientation
of the aliphatic chain of the DPC molecule in relation to the steel
substrate. The presence and intensity of both the CH2 symmetric
and antisymmetric stretching vibrations in the spectra indicates
that the aliphatic chain is tilted upwards from the steel substrate
but is not perpendicular to it because a perpendicular aliphatic
chain (in relation to the substrate) would result in absorption by
the antisymmetrical C H stretching only [23]. The weak band at
1466 cm−1 (Fig. 4C) appears due to some parts of the chain giving
a CH2 deformation dipole change normal to the surface.
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Additional information on the tilt angle between the aliphatic
chain axis and the steel (and therefore the pyridinium ring oriented
parallel to the substrate) can be derived from a comparison of the
absorbance intensities of the aliphatic chain bands. A constant relative ratio of the absorption intensities of the aliphatic chain bands
would imply a speciﬁc orientation of the aliphatic chain within the
adsorbed layer relative to the steel surface [23,24]. In the current
work, the ratio of the intensities of the CH2 antisymmetric and symmetric vibrations were almost identical at all measurement points.
The absorption bands and their relative intensities were also found
to be almost identical to the spectra of the pure DPC compound
(Fig. 4B). This suggests that there is a similar orientation of the
aliphatic chain within the adsorbed layer on this microscopically
rough surface as in DPC crystals. The crystallography of the pure
DPC compound shows that the structure relationship between the
planes of aromatic rings and the aliphatic chain is 79.16◦ , with a
mean deviation of 0.005 Å [25]. This orientation of the chains is thus
most likely to be the one that occurs in the DPC layer adsorbed at
the steel substrate (Fig. 5).
3.2. Infrared spectral analysis of DPC-deposited corroded steel
Fig. 6 shows a microscope image of the DPC-deposited steel
corroded in CO2 -saturated brine and the corresponding infrared
spectra recorded at the analysis points indicated on the image.
The surface is heterogeneous as a result of dissolution of the metal
and/or the formation of the corrosion products, in addition to the
DPC-deposition at the surface. More extensive corrosion appears at
the darker area (surface inclusion) of the image (around measurement points 1–4) which is generally associated with high surface
roughness. The roughness values (Rq ) were approximately 0.53 m
at the less corroded areas and up to 1.28 m at the more corroded
areas (surface inclusions). The number, position and intensity ratios
of the absorption bands from the corroded steel are essentially
identical to those recorded from the non-corroded steel (Fig. 4C).
The absorption bands at 2954, 2920 and 2850 cm−1 (Fig. 6) are
therefore again assigned to the DPC molecule at the steel surface.
These results also suggest that the orientation of the DPC molecule
at the surface is relatively unaffected by the degree of corrosion
and that the proposed orientation, involving -interaction between
the pyridinium ring and the surface, applies to the DPC-deposited
corroded steels.
The data in Fig. 6 show that the amount of adsorbed DPC varies
across the studied surface. The higher absorbances recorded at the

Fig. 5. Schematic presentation of the proposed orientation
dodecylpyridinium chloride molecule at the steel substrate.

of

the

1-

more corroded analysis areas (1–4) are indicative of a greater DPC
adsorption than that which occurs on the less corroded analysis
area (5–9). The greater DPC adsorption can be associated with the
higher surface roughness and/or the preferable adsorption of DPC
to corrosion products at the more corroded areas. The formation of
iron oxide/hydroxide/carbonate species can be expected in carbon
dioxide media [26,27] but in this study no absorption bands characteristic of corrosion products are evident in the spectra in Fig. 6
nor observed in the 1800–800 cm−1 region. More interestingly, one
of the spectra (4) in Fig. 6 showed negative absorbance bands.
Polarization of the infrared beam and its angle of incidence with
respect to the Brewster angle deﬁne whether positive or negative spectra are observed. The effect of surface topography and

Fig. 6. Microscope image of DPC-deposited corroded steel with marked analysis points (20 m × 20 m) and the corresponding infrared reﬂectance spectra. Spectra are
shown as recorded.
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Fig. 7. Microscope image of DPC-deposited corroded steel with marked analysis points (20 m × 20 m) and the corresponding infrared reﬂectance spectra, positive (1, 4,
6) and negative (2, 3, 5). Spectra are off-set for clarity.

reﬂectivity on the appearance of the positive or negative absorption bands is further demonstrated in Fig. 7, which shows the grid
map of analysis points of a larger area of the DPC-deposited corroded steel compared to that in Fig. 6. It was found that positive
spectra (analysis points 1, 4 and 6) are recorded across almost the
entire surface irrespective of the degree of corrosion, whereas the
negative spectra (analysis points 2, 3 and 5) are speciﬁc to the
more corroded areas (surface inclusions) or their close proximity.
The appearance of both the positive and negative spectra at the
more corroded areas can be explained by a combined effect of having both conductor (steel) and non-conductor (corrosion products)
and a wider variation in the local angle of incidence as a function
of increased roughness. The positive bands arise from the interaction of the p-polarized radiation with DPC adsorbed at a steel
(conducting surface). The negative bands arise from the interaction of p-polarized radiation at angles greater than the Brewster
angle, or s-polarized radiation, with DPC adsorbed on corrosion
products (non-conducting). As we did not observe any in-plane
C H stretches nor in-plane pyridine ring vibrations it suggests that
the negative bands arise from p-polarized radiation.
The observation of negative and positive infrared bands for
corroded steel surfaces is analogous to variable angle polarized
infrared beam measurements with a plane surface. In this instance
it deﬁnitively conﬁrms the -bonded adsorption orientation of DPC
on steel indicated by the non-corroded surface data. This orientation most probably also occurs on the corrosion products.
4. Conclusions
Synchrotron infrared microspectroscopy has been applied to
study the adsorption of 1-dodecylpyridinium chloride (DPC) on
non-corroded mild steel and mild steel corroded in carbon dioxide media. These complex surfaces represent real-life systems and
are used to demonstrate the applicability of the infrared method to
the analysis of organic ﬁlm at a microscopically rough metal surface. Infrared spectra, analogous to polarized grazing angle spectra
at varying angles of incidence were recorded. Positive and negative
absorption intensities are observed at different measurement locations. These intensity changes are interpreted in terms of optical
effects, their variation due to the uneven topography of the surface
and a change from conductor to non-conductor substrates.
The presence of DPC at the steel surface is conﬁrmed by the C H
stretching vibrations of the CH2 and CH3 groups of the aliphatic
chain in the infrared spectra. The proposed surface orientation of
DPC is derived from the presence and absence of absorption bands

characteristic of the aliphatic chain and pyridinium ring, respectively, in the infrared spectra. The pyridinium ring of the DPC
molecule is oriented ﬂat at the surface and its aliphatic chain is
tilted upwards from the substrate at ∼79◦ , i.e. not perpendicular to
it. The DPC adsorption mechanism proposed involves -electron
interaction between the aromatic ring and the steel substrate.
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