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Corrosion is a subject of interest to interdisciplinary research communities, combining fields of materials science,

chemistry, physics, metallurgy and chemical engineering. In order to understand mechanisms of corrosion and

the function of corrosion inhibitors, the reactions at the interfaces between the corrosive electrolyte and a steel

surface, particularly at the initial stages of the corrosion process, need to be described. Naturally, these reactions

are strongly affected by the nature and properties of the steel surfaces. It is however seen that the majority of

recent corrosion and corrosion-inhibition investigations are limited to electrochemical testing, with ex situ

analysis of the treated steels (post-exposure analysis). The characterization of materials and their surface

properties, such as texture and morphology, are not being considered in most studies. Similarly, in situ

investigations of the initial stages of the corrosion reactions using advanced surface characterization

techniques are scarce. In this review, attention is brought to the importance of surface features of carbon

steels, such as texture and surface energy, along with defects dislocation related to mechanical processing of

carbon steels. This work is extended to a critical review of surface analytical techniques used for

characterization of carbon steels in corrosive media with particular focus on examining steel surfaces treated

with corrosion inhibitors. Further, emerging surface analysis techniques and their applicability to analyse

carbon steels in corrosive media are discussed. The importance of surface properties is commonly addressed

by surface scientists as well as researchers in other chemistry fields such as nanotechnology, fuel cells, and

catalysis. This article is expected to appeal to a broad scientific community, including but not limited to

corrosion scientists, material chemists, analytical chemists, metal physicists, corrosion and materials engineers.
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MSc in chemical engineering

from the University of Chemistry

and Technology Prague and

completed a PhD in physical

chemistry (electrochemistry) in

the Materials and Surface

Science Institute at the Univer-

sity of Limerick. She was awar-

ded an Early Career Research

Fellowship at Curtin University

in 2009. She is currently

a Research Fellow at the Curtin

Corrosion Engineering Industry Centre where she leads corrosion

inhibition research through several PhD projects. Her research

interests are focused on understanding of the mechanisms of

carbon steel corrosion and its inhibition for applications in the oil

and gas industry and mining sector.

Cite this: RSC Adv., 2017, 7, 4580

Received 11th October 2016
Accepted 22nd November 2016

DOI: 10.1039/c6ra25094g

www.rsc.org/advances

4580 | RSC Adv., 2017, 7, 4580–4610 This journal is © The Royal Society of Chemistry 2017

RSC Advances

REVIEW

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 J

an
u
ar

y
 2

0
1
7
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
1
/2

0
2
2
 1

0
:3

6
:5

8
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra25094g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007008


1. Introduction

The high cost of corrosion affects numerous industries,

domestic applications and public sectors worldwide and high-

lights the need for improved corrosion measures. Effective

corrosion inhibition has a high economic value as the annual

corrosion cost is estimated to reach 3–4% GDP in developed

countries.1 In the oil, gas and chemical industries alone,

corrosion is one of the most challenging tasks, and it is

assumed that it costs 170 billion USD per year.2,3 It is not only

the high cost of corrosion, but also the health and environ-

mental risks associated with potential failure of the oil and gas

equipment that drive the developments of corrosion resistant

materials and improved corrosion mitigation strategies

worldwide.

Low-cost carbon steels are used as the preferred construction

material across industries and are considered the more

economical option than the costly corrosion-resistant alloys.

Carbon steels typically contain less than 1.5% carbon content

along with the minute presence of Mn, Si, P and S. Based on the

percentage of carbon, the classication is further divided into

three forms, namely low carbon steels (<0.25% C), medium

carbon steels (0.25–0.70% C) and high carbon steels (0.70–

1.05% C). Variation of the percentage of carbon content allows

to attain different mechanical properties such as strength,

ductility, hardness, etc. Based on the steel properties, related to

carbon content, plain carbon steels are further divided into

certain grades, such as grade 1008 (0.08 wt% C), which is good

for forming and has good ductility; grade 1018 (0.18 wt% C),

useful for general application and good for welding; grade 1030

(0.30 wt% C), which has low hardenability; grade 1045 (0.45

wt% C), which has applications in power transmission and

shaing; and X-65, which is a seamless grade and weldable.

Carbon steels are used in a wide range of applications, such

as structural components, industrial pipes, and kitchen appli-

ances. With regards to applications in the oil and gas industry,

the two major forms of corrosion are carbon dioxide (CO2)

corrosion, which is also known as sweet corrosion, and

hydrogen sulphide (H2S) corrosion, which is most commonly

known as sour corrosion.4 Among these two, CO2 corrosion

brought a lot of attention to researchers since 1949 because oil

wells normally contain CO2.
5,6

In this review, we discuss carbon steel as the most employ-

able material for construction of pipelines that supply gas and

oil.7 Most of the corrosion issues occurring in the oil and gas

industries are related to pipelines and the conditions of expo-

sure of the carbon steel that dene the selection of the suitable

type of carbon steel. For example, minutely added alloying

elements such as Cr and Ni in carbon steels are sometimes used

in the oil and gas sector. Based on the chemical composition

and manufacturing procedures, different properties are gained

for the steels such as texture (hot rolled texture, cold rolled

texture), defects, grain sizes, dislocation densities, etc. that

affect the limits for applications of the selected material.

Carbon steels in general are susceptible to corrosion under

the conditions at industrial operations and high levels of

corrosion inhibition are important for safe and cost-effective

operations that extent the limits of use of carbon steels alone.

In oil and gas industries, corrosion inhibition can occur natu-

rally through crude oils due to the presence of certain chemical

species such as nitrogen, sulphur, aromatic resins, etc.8,9 The

most utilized corrosion inhibition measure is however the use

of organic or inorganic inhibitors that protect the steel surface

by forming a protective lm of a passive nature.10 Corrosion

inhibitors typically contain nitrogen, sulphur and oxygen, and

hydrophobic hydrocarbon chains in their structures. Corrosion

inhibitors adsorb on the steel surface (either through physical

or chemical adsorption) and change the surface and interface

free energies. It is postulated from earlier studies that inhibitors

alter the wettability of a surface.11 Physical adsorption is an

electrostatic change whereas chemical adsorption occurs

through a bond formation by sharing an electron.

As the use of inhibitors for preventing corrosion of carbon

steels is oen the most economical option, it is of signicant

interest to the industry to dene the application limits of lm-

forming corrosion inhibitors. Commercial inhibitor formula-

tions virtually never use a single molecule due to observed

synergistic effects that enhance their performance. However,

there is no clear explanation in the open literature as to how

chemical components of the corrosion inhibitor formulations

self-assemble on metal surfaces to protect synergistically

against corrosion. Most importantly, the formation of

corrosion-protective lms is expected to be strongly affected by

the nature of the metallic substrate, i.e. carbon steel. It is clear

that a denition of limits and potential extension of the use of

carbon steels in different corrosive environments is only

achievable with a detailed understanding of the mechanisms of

carbon steel corrosion and its inhibition.

This review therefore focuses on the importance of texture,

surface morphology, surface energy and defects for the corro-

sion of carbon steels. We discuss in detail the methods of

analysis of carbon steel surfaces under corrosive conditions,

and in the absence and presence of corrosion inhibitors. In

particular, we assess the applicability and limitations of
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analytical methods that have been utilized on carbon steels; and

those that have been applied to other metallic substrates, but

could have potential applications for studies at carbon steel

substrates. Furthermore, the corrosion inhibitor compounds that

are presently being used by the oil and gas sector or which could

be the prominent emerging candidates for corrosion inhibition

(such as green inhibitors) are reviewed, including those specic

to internal pipeline corrosion under carbon dioxide conditions.

2. Role of texture in corrosion of
carbon steels

Surface texture, also addressed as preferred orientations, is one

of the important parameters investigated in relation to corro-

sion. Surface texture develops in alloys and metals during their

mechanical deformation such as rolling, forging, drawing, etc.

and the established preferred orientations can introduce

signicant changes to the material properties, including

changes in friction and wear properties. Besides mechanical

deformation, texture development can occur also during phase

transformation, recrystallization, grain growth, etc.12,13 Surface

texture can also be associated with special morphology and

roughness of the surface, but this review uses the term surface

texture with relation to crystallographic orientation.

The importance of texture in corrosion investigations lies in

its relation to corrosion resistivity of the materials. It is an

established fact that the activation energy for dissolution of

a densely packed surface is higher than that of a loosely packed

surface. The opposite effect is known for surface energy; with

a dense plane having a lower surface energy than a loosely

packed surface. It is expected that dense planes dissolve at

relatively slow rates compared to the low dense (loose) planes.14

It has been established that crystals oriented towards low

surface energy (i.e. highly dense planes) can result in increase in

corrosion resistance.15

Texture is also important for welded structures as crystallo-

graphic orientation and crystallite interface are strongly corre-

lated with corrosion resistance. The microstructural difference in

the weld nugget and the surrounding area, due to precipitation,

affects the texture of the steel through microstructural gradient

generation. As many failures in the industry are related to the

corrosion at welded areas, it is highly desirable to understand

and examine the texture at weldments in corrosion investiga-

tions.16,17 Similarly, texture is an important parameter in surface

chemical reactions as highly textured crystal faces promote the

solid–liquid interfacial reactions.18–20 The signicance of texture

in corrosion has been proven by numerous researchers. This

review focuses on establishing the role of texture in corrosion

behaviour of plain carbon steels in corrosive environments.

Kandeil et al.21 offered a way to classify the surface parame-

ters such as (a) amplitude parameters (peak and valley on

surface), (b) spacing parameter (spacing between irregularities

in surface) and (c) hybrid parameters (combination of (a) and

(b)). It is an established fact that corrosion behaviour is mostly

related to the amplitude parameter.

Bateni et al.22 investigated the effect of carbon-steel texture

on the corrosion process. Under corrosive conditions, the {111}

<011> bre texture and {001}<110> cube texture developed,

which was different to the texture developed in dry wear test, i.e.

<016><100> goss texture and {111} gamma bre. In a corrosive

environment, NaCl behaved as a lubricant and developed

a different orientation distribution function (ODF) by reducing

the metallic contact. It is noticed that the same load (9.6 N)

applied for dry wear test and the test under corrosive media

depicted different ODF. It was stated that shear stress reduction

leads to less shear texture formation and resulted in the

disappearance of goss and brass texture in corrosion wear

situation. This is due to NaCl acting as a lubricant and reducing

frictional force. It was also observed that the weight loss rate

under corrosive wear condition was lower than the dry wear

condition because of the same lubrication formation by NaCl.

Venegas et al.23 studied the role of texture in hydrogen-

induced corrosion of pipeline steel and observed that the steel

with {111} ND bre texture developed through warm texture

offered good resistance against hydrogen induced corrosion,

whereas {000} ND and random texture caused hydrogen

induced corrosion. This study concludes the importance of

crystallographic texture and grain boundary engineering,

showing that low angle grain boundary and {111} ND texture

provide good corrosion resistance. The role of grain boundary

was further investigated by Aran et al.24 The authors observed

that intergranular stress corrosion cracking depends on texture

and grain boundary. High angle grain boundaries are prone to

corrosion but sometimes cracks might be getting arrested at

high angle grain boundaries. The association of the crack

boundary with {100}//RP texture in this work provides evidence

for the link between crack boundary and texture, and highlights

the importance of texture in material failure investigations.

Recently, Baik et al.25 studied sulphide stress corrosion

cracking of carbon steels with the help of strain rate measure-

ment and found strong correlation between sulphide stress

corrosion cracking and strain rate test results, which is indi-

rectly related to the surface texture. This is because the move-

ment of dislocations is easier at a certain plane of crystals,

known as dense pack plane ((111) for FCC metals with high

atomic density) in BCC iron. This is in agreement with an earlier

study showing that pit initiation occurs in sequence of (110) >

(100) > (111) whereas pit propagation takes place in the

following order (100) > (110) > (111).24

Shkatulyak et al.26 studied the role of crystallographic texture

in corrosion of carbon steel, which were produced through hot

rolling and observed double cylindrical axial texture, i.e. <100>

and <110>. They illustrated the importance of carbon content as

well as texture for anisotropy of electro-chemical corrosion. The

study concluded that medium and high carbon content in steels

affects the structural texture and invites the anisotropy in

electrochemical corrosion. In low carbon steels, the rate of

dissolution of facets, such as {100} and {110} was different and

this highlights the importance of surface energy of crystals

(alloys or metals), which will be discussed later.27 Similarly, the

importance of mechanical processing of metals or alloys with

respect to texture, which is further related to corrosion

4582 | RSC Adv., 2017, 7, 4580–4610 This journal is © The Royal Society of Chemistry 2017
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inhibition or corrosion resistance has been shown by Hallen

et al.28 Steel samples with the same morphology, but different

textures were analysed and warm rolled/recrystallized steels had

higher resistance for hydrogen induced corrosion (HIC) than

cold and hot rolled steels. This observation was linked to grain

boundary distribution and texture. Warm rolling offered {111}

ND/{112} ND bre texture with signicant amount of low angle

grain boundary which is highly resistive for HIC. HRB (hot

rolled with 50% thickness reduction, 1000 �C rolling tempera-

ture) exhibited signicant fraction of low angle boundaries with

{001} ND grain orientation, which reduced the resistance of this

sample to hydrogen induced cracking and supported inter-

granular crack propagation along {001} cleavage plane. This

phenomenon illustrated the importance of texture in rolled

pipes as far as the durability and mechanical performance of

pipes are concerned, whereas CRA (cold rolled with 50%

thickness reduction, 27 �C rolling temperature) and HRA (hot

rolled with 75% thickness reduction, 1040 �C rolling tempera-

ture) showed isotropic texture, which was completely different

to that of HRB and warm rolled samples (WRA – with 75%

thickness reduction, 800 �C rolling temperature, WRB – with

75% thickness reduction, 600 �C rolling temperature).

Texture generation can be inuenced by numerous factors,

such as impurities, stacking fault, inherently stored deforma-

tion energy, casting and rolling conditions, grain size and

shape, grain boundary angle, shear bending, precipitation.

Rabbe et al.27 observed cube type bre orientation in low carbon

steels and showed that active slip system steel which got hot

rolled in the austenitic regime shows random austenitic texture

and texture gradient across the thickness, and undergoes

recrystallization due to low stacking fault energy. It has been

observed that Si and Cr affect the texture in terms of the

generation of alpha bre.

Park et al.29 investigated corrosion of steels samples, alloyed

with Cu and Sb, under aggressive corrosion environment (16.9

vol% H2SO4 and 0.35 vol% HCl at 60 �C, pH 0.3). The authors

compared corrosion properties of the steels formed by hot

rolling and cold rolling. The interesting facts revealed by this

study were that the corrosion rate of cold rolled steel was

higher than the hot rolled steel (Fig. 1). This study again

proved the importance of mechanical deformation in

corrosion behaviour of steels as well as alloys. This was linked

closely with the texture of steel as in cold rolled steel the

grain renement and orientation were the key factors for

corrosion.28 It was observed that a large number of grains

were oriented with {001} along with {101} and {111} in cold

rolled steel whereas in case of hot rolled steel {111}

crystallographic orientation was found dominant along with

{101} and {001}. Lower corrosion resistance of cold rolled steel

compared to hot rolled steel is related to the high surface

energy in {100} direction as low surface energy plane offers

slow dissolution rate of atoms due to its closed atomic

packing and results in high corrosion resistance.

It has been demonstrated that deformation conditions, such

as hot rolling and cold rolling parameters affect the texture

development in steel. Rolling schedule, rolling temperature,

reheating time and temperature, etc. are some of the important

parameters to consider for texture development. Texture varies

over the entire thickness of the specimen. For example hot

rolled ultra-low carbon steels exhibit diffused texture due to the

dynamic recrystallization and phase transformation from

austenite to alpha phase. Shear texture ({225}<554>) appears at

the close vicinity of the surface, whereas a weak texture ({001}

<110>) is found towards the mid-section.30

Cold rolled low carbon steel was studied by Xu et al.31 with

four different microstructures, namely ferritic, acicular

ferritic, coarse polygonal ferritic and bainitic. All specimens

were cold rolled and annealed in the range of 853–953 K.

Polygonal ferrite exhibited string texture along {223}<110>,

similarly acicular and bainitic showed string texture along

{001}<110> and during annealing all samples exhibited

brous texture ({111}<uvw>) (with 70–90 reduction). This

study elucidated the importance of microstructure and

deformation condition with texture.

The deformation procedure affects corrosion such as cold

rolled steel, showing low corrosion resistance due to exter-

nally applied tension as well as due to texture. Cold defor-

mation oen introduces deformation twinning and

dislocation arrays, which are accepted as one-dimensional

crystal defects. The defects generated on the surface during

cold deformations may be more important than texture for

cold rolled steels. Cold worked stainless steel (316 type)

Fig. 1 (a) Comparison of the corrosion rates of cold and hot rolled steel by weight loss (WL), potentiodynamic polarization (PD) and electro-
chemical impedance spectroscopy (EIS) measurements; (b) comparison of weight loss measurements for cold and hot rolled steel after 6 h
immersion in 16.9 vol% H2SO4 and 0.35 vol% HCl solution at 60 �C (pH-0.3).29 Reprinted from ref. 29 with permission of Springer. Pleiades
Publishing, Ltd., 2014.
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exhibits high diffusivity for Cr and easy carbide nucleation by

offering low free energy barrier. Earlier explanations in this

section already established the relation between the defor-

mation process with texture and corrosion resistance.32

Deformation conditions also affect stacking fault energy.

This is responsible for the change in the phase stability and

phase transformation. Volume fraction and distribution of

phases are other specic parameters that affect corrosion

properties of steels.

The importance of phases in the structure of carbon steels is

further highlighted by their effect on the inhibitor applications

for enhanced corrosion resistance. Oblonsky et al.33 explained

the importance of phases in the inhibitor molecules attachment

to carbon steel, showing that octadecyldimethyl benzylammo-

nium chloride (ODBAC) attached to ferritic–pearlitic micro-

structures through physical adsorption, but did not adsorb to

the martensitic phase in the carbon steel.

Naderi et al.34 studied the effect of inhibitors on differently

heat treated steels and found slightly lower corrosion in pearl-

itic steel due to the protective oxide lm formation compared to

martensitic steel in 1 M HCl solution, whereas in the presence

of inhibitors N,N'-ortho-phenylen acetyle acetone imine (S1) and

4-[(3-{[1-(2-hydroxy phenyl)methylidene]amino}propyl)ethane-

midol]-1,3-benzenediol (S2), pearlitic steel exhibited better

adsorption of inhibitors than martensitic steel. This study high-

lights the importance of microstructure for corrosion inhibitor

applications and proves the signicance of the substrate's micro-

structure for the corrosion inhibition phenomenon.

The effect of texture on inhibitor adsorption could be very

useful to study in the near future as Herrera et al.35 have

shown that heat treatment affects texture evolution. It was

observed that cold rolling with large thickness reduction

changed the texture of steel (SAE 1050) such as gamma

<111>//ND, alpha <110>//RD and gamma prime <223>//ND,

whereas aer annealing with 50 and 80% reduction,

gamma and gamma prime were completely invisible. As

explained earlier, heat treatment affects corrosion resistance

and this could be related to texture evolution and the

adsorption of inhibitors might be inuenced by certain

specic textures. This highlights the need for extensive

investigations in this area in order to get deep insights into

the mechanism of corrosion inhibitor adsorption.

Kandeil et al.36 investigated the effect of surface texture on

corrosion behaviour of carbon steel and developed a regression

equation for corrosion potential and polarization potential,

correlating the corrosion rate, corrosion potential and polari-

zation potential with surface properties.

In the assessment of texture and its role in corrosion, one

needs to consider dislocation effects. Dislocations are consid-

ered as one dimensional defects in materials and are closely

related to the texture development as high dislocation density

introduced by tensile deformation causes weakening of the

crystallographic orientation. This phenomenon is closely

related to corrosion as high corrosion rates were obtained at

sites where dislocations intersect the surface.

3. Effects of surface energy and
morphology on corrosion of carbon
steels

In the previous section, we have described the importance of

texture for corrosion of carbon steels and also proposed the

ways through which texture could be controlled. There are

however other parameters such as microstructure, chemical

composition, defects (e.g. stacking fault energy, dislocation,

precipitates, point defects) and surface energy of crystal planes,

etc. that also affect the corrosion properties of steel. Section 2

(ref. 29 and 33) addressed the relationship of texture with

microstructure, phase composition and the relation of texture

with stacking fault and defects. Passive lms contain a number

of point defects such as interstitial cations (donors) and oxygen

vacancies (donor) and/or cation vacancies (acceptor). Movement

of cations through the oxide lm contribute to the formation of

a passive lm and increased oxygen leads to an incompact

passive lm. An interstitial cation can render a metal more

easily dissolvable, resulting in decreasing corrosion resis-

tance.37,38 Corrosion, texture and surface energy are interrelated

as shown in case of aluminium alloys, where Al (110) surface

energy was at maximum when low corrosion resistance was

observed.39 Crystallographic planes with high surface energy

offer adsorption sites for atoms and thus assist with the devel-

opment of surface lms. Film formation could occur due to the

effect of the surface energy or through variations in the surface

texture as shown by Perlovich et al.40 It has been observed that

texture-induced stress results in formation of a lm on the steel

substrate. A high surface energy (low atomic density) crystallo-

graphic plane offers sites for water adsorption or proton

adsorption and causes hydrogen evolution (hydrogen reaction

process), whereas a low surface energy plane (high atomic

density) presents a site for hydrogen-reduction reaction.41

Adsorption of hydrogen in a high surface energy plane causes

corrosion with dissolution of atoms in that plane. Also, the

evolution of hydrogen leads to development of pores on surface,

which is detrimental for corrosion resistance of the steel

substrate. Calculations done by Song et al.42 have proven that

adsorption of hydrogen in bcc and fcc iron stabilizes its {100}

facets by lowering the surface energy of {100}. Similarly, an

increase in the carbon content in grain boundary increases the

chances of cleavage fracture by increasing the surface energy.

The surface energy of pure austenite was found higher than that

of pure ferrite, whereas in the case of a hydrogen-containing

system, a decrease in surface energy was observed for both

austenite and ferritic phases (Fig. 2a). This study described the

role of chemical constituents of steel in the surface energy as

well as the durability of a steel's relation with the surface energy

as incorporation of carbon in austenitic steel widely affected its

surface energy, but had lesser effect on ferritic steel (Fig. 2b).

Surface energy can be altered by alteration of texture, as

discussed earlier, which in turn inuences the corrosion resis-

tivity of the steel substrate. Another aspect of addressing surface

energy is hydrophobicity. A well-established concept of hydro-

phobicity is very important for corrosion studies of metals or

4584 | RSC Adv., 2017, 7, 4580–4610 This journal is © The Royal Society of Chemistry 2017
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alloys. It is proven that high hydrophobicity prevents liquid

from staying on the solid surface for an extended period of time

and leads to less exposure of solid surface with liquid by

decreasing the contact area between them. Therefore, it is

required to understand the surface energy and morphology

effects for corrosion studies. Hydrophobicity is related to

surface energy as high hydrophobicity requires low surface

energy.43 It is however important to understand that low surface

energy alone cannot be considered as the deciding factor for

a super-hydrophobic surface. There are other factors, such as

surface morphology, including hierarchical morphology as

described earlier in this section,43–45 surface roughness as

increasing surface roughness causes high hydrophobic surface

generation.46,47

For corrosion protection, it is necessary that a steel surface

has little contact with corrosive media and a surface must have

hydrophobic characteristics that can be developed either by

increasing the roughness of a surface, which has low surface

energy or by low surface energy material coatings on a rough

surface. However, a study by Yu et al.48 showed that super-

hydrophobic surfaces cannot always prevent corrosion.

Certain rolling characteristics should be maintained. Rolling is

a mechanical deformation process, which is a well-known

process for texture development of materials as discussed in

previous section, but its relation to surface energy in terms of

hydrophobicity has not been largely addressed.

The development of a hydrophobic surface lm using lm-

forming corrosion inhibitors is nowadays rather a conven-

tional way of increasing resistivity of carbon steel surfaces. An

important emerging alternative to the conventional formation

of corrosion-protective surface lms is morphological modi-

cation of the steel and the consequent development of hierar-

chical morphology generation. Zhang et al.49 developed a super-

hydrophobic surface in steel by texturing with the help of

a hydrogen uoride (HF) and a hydrogen peroxide (H2O2)

solution mixture and the super-hydrophobicity was examined

by contact angle measurements (Fig. 3), which depicts the

transformation of hydrophilic bare steel surface to hydrophobic

surface. Morphological observation through scanning electron

microscopy (Fig. 4) revealed that the surface contained islands

Fig. 2 (a) Comparison of ferrite and austenite surface energy under hydrogen and hydrogen free condition, exhibiting hydrogen addition caused
reduction on surface energy for both ferrite and austenite; (b) computed surface energy of ferrite and austenite [under pure (metallic form) and
hydrogen, carbon containing system] exhibited lower surface energy for hydrogen containing system for ferrite and austenite than Fe and Fe–C
system.42 Reprinted with permission from ref. 42. Copyright 2013, Elsevier B. V.

Fig. 3 Contact angle measurements on (a) the bare steel, (b) the
textured steel, (c) themodified bare steel, and (d) themodified textured
steel. Modification of textured steel depicted its hydrophobic nature.49

Reprinted with permission from ref. 49. Copyright 2015, Elsevier B. V.

Fig. 4 Morphological images recorded via SEM clearly elucidate the
differences for (a) the bare steel and (b) the textured steel surface. (c
and d) Magnified images of (b).49 Reprinted with permission from ref.
49. Copyright 2015, Elsevier B. V.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 4580–4610 | 4585

Review RSC Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 J

an
u
ar

y
 2

0
1
7
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
1
/2

0
2
2
 1

0
:3

6
:5

8
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra25094g


covered with nanoakes that lead to the hierarchical-surface

generation, which is very important for securing hydrophobic

nature of the surface. A hierarchical surface is a surface of

multiple roughness, which is the origin for the observed

hydrophobicity of this surface (Fig. 5). Aer 24 hour immersion

of textured (modied) steel in 3.5% NaCl solution, the contact

angle was not signicantly changed (158� to 154�) (Fig. 6a),

which suggested stability of the surface for long duration, while

Fig. 6b shows high corrosion resistance of modied steel

surface due to the “cushion” and capillarity effect. Super

hydrophobic textured steel does not allow water and Cl� to

reach the bare steel surface.

A similar approach, involving a template and chemical

etching of the substrate was adopted by Yuan et al.50 This study

is beyond the scope of this review as it dealt with iron, but is

highly signicant as it establishes chemical etching as an

important technique for the development of hydrophobic

surfaces. It has been observed that the hydrophobic surface had

a hierarchical structure.49

Wu et al.51 protected mild steel by a one-step electrodeposi-

tion process of a SiO2 lm, which was hydrophobic in nature.

Deposition was done through sol–gel process with tetra-ethoxy

silane and dodecyltriethoxysilane precursors. A rough surface

with low surface energy was achieved and this study brought

attention towards the importance of surface roughness in

corrosion science. Atomic force microscopy is a technique

suitable for identication of the surface roughness, which is

further discussed in this review.

The importance of morphology of the protective surface layer

as well as its hydrophobicity have been established. A surface

layer with signicant roughness and less surface energy that is

hierarchically structured can increase the corrosion resistivity

of the steel. The adherence of the surface lm to the substrate

(an alloy or metal) also plays a signicant role as low adherence

of the surface lm to the steel substrate always causes high

interface energy and thus provides instability of the interface.

This highlights the importance of understanding the interface

behaviour in terms of adherence of lm to the substrate, anal-

ysis of which, using atomic force microscopy, is addressed later

in this review.

Ramachandran et al.52 investigated corrosion resistive

properties of a super-hydrophobic surface of cast iron and

identied the relation between surface energy and electric

potential by application of the Lippmann law of electro-wetting

and Lechatelier principle. This study described the behaviour of

a hydrophobic surface in terms of corrosion potential as

a decreasing corrosion potential for hydrophobic surfaces was

observed. The methodology could be adopted for plane carbon

steels when investigating the behaviour of a hydrophobic

surface in terms of corrosion potential.

Fig. 5 Surface profile variations in (a) the bare steel and (b) the textured steel surface.49 Reprinted with permission from ref. 49. Copyright 2015,
Elsevier B. V.

Fig. 6 (a) Establishing relationship between the contact angle and sliding angle of the superhydrophobic surface with the immersion time (3.5%
NaCl solution); (b) exhibited the effect of surface modification on polarization behaviour as polarization curves for the bare steel, the textured
steel, the modified bare steel, and the modified textured steel are found different.49 Reprinted with permission from ref. 49. Copyright 2015,
Elsevier B. V.
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As far as the mechanism of corrosion prevention through

hydrophobic surface formation is concerned, it has been

documented that a super-hydrophobic surface can trap air in its

structure, due to its hierarchical nature. This leads to improved

corrosion protection of the underneath surface through

restricting the corrosive ions to strike the surface of the steel

substrate.53 Similarly, corrosion prevention can be achieved

through the capillary effect due to the Laplace pressure, as

a super-hydrophobic surface (>150�) of a magnesium alloy was

shown to remain resistant to sea water.54

Along with various experimental surface studies, signicant

theoretical investigations have also been carried out in order to

examine surface characteristics and morphology of carbon

steels. This has been done either through specic surface

morphological studies or through inhibitor's adsorption

investigations (see for example Durnie et al.55 or Shahabi

et al.56). Similarly, the performance of corrosion inhibitors 1,3-

thiazole (TA), 2-amine-1,3-thiazole (2-ATA) and 4-amine-1,3-

thiazole (4-ATA) on mild steel in acidic medium was investi-

gated by theoretical analysis of corrosion inhibitors by Guo

et al.57 Inhibitor properties were analysed through DFT, whereas

adsorption properties were studied by molecular dynamic

simulation. Besides dening the preferred corrosion inhibitor

based on comparison of reactivity of the studied compounds,

the authors also calculated surface energy of Fe crystal and

showed that the (110) surface has low surface energy.

Further, (Z)-5-(4-Chlorobenzylidene)-3-(benzo[d]thiozol-2-yl)-

2-(4-methoxyphenyl)thiazolidine-4-one (CBTMT) and (Z)-5-(4-

methoxybenzylidene)-3-(benzo[d]thiazol-2-yl)-2-(4-methoxy-

phenyl)thiazolidine-4-one (MBTMT) inhibition performances

were checked both theoretically and experimentally. Higher

efficiency of MBTMTwas observed over CBTMT because of a low

band gap energy and the high dipole moment contributes to

adsorption on the mild steel surface.58

Khaled et al.59 performed theoretical studies using Monte

Carlo simulation and molecular dynamics to investigate

adsorption of Z-(p-toluidinylmethyl)-5-methylfuron (Inh A), 2-(p-

toluidinyl methyl)-5-nitro furon (Inh B) and 2-(p-toluidinyl

methyl)-5-bromo furan (Inh C) on mild steel. Monte Carlo

simulations identied various adsorption sites on mild steel

through selection of the preferential low energy adsorption

sites, whereas MD simulation was shown useful for the simu-

lation of the inhibitor adsorption onmild steel. Ethyl 3-hydroxy-

8-methyl-4-oxo-6-phenyl-2-(p-toly)-4,6-dihydroprrimido-[2,1-6][1,3]-

thiazine-7-carboxylate (PT) was used as a corrosion inhibitor for

carbon steel corrosion prevention by Larouj et al.60 in HCl

media. It is an established fact that low DE(Elumo � Ehomo)

causes high efficiency of an inhibitor. The Monte Carlo simu-

lation technique was also adopted by Tan et al.61 for 3-indobu-

tyric acid (IBA) inhibitor for mild steel in H2SO4 solution with Fe

(110) surface. It was observed that with the increasing number

of IBA molecules the adsorption energy increases, resulting in

high surface coverage and good contact with the mild steel

surface through parallel orientation of the IBA molecules at the

steel surface.

The review of the open literature currently available reveals

that extensive research has not been carried out to establish the

mechanism of corrosion inhibition through formation of

hydrophobic surfaces. It is certainly an emerging eld in

corrosion science to determine the behaviour of carbon steel

morphology and texture with respect to both the surface energy

and interface energy. Furthermore, we realize that a clear rela-

tionship between the hydrophobicity and rolling texture of

carbon steels has not been established. As discussed earlier in

this review, hydrophobicity of the steel substrate does not

prevent corrosion as a sole factor. We observe from the litera-

ture that hierarchical morphology of surface lms improves

corrosion resistance due to the multiple-roughness structure.

Hierarchical structures can be developed through residue62 or

particle deposition. Another method of generating hierarchical

structures is to modify the steel surface, which is typically

achieved through etching.63 It is also important to note that the

mechanical stability and phase stability of the lms and struc-

tures have not been investigated, but are of signicance to the

mechanistic studies on corrosion inhibition of carbon steels.

Mechanical stability of hierarchical lms or morphology could

be determined using atomic force microscopy (AFM), where the

force required to remove surface lm with the AFM tip is

measured (scratch test), whereas phase stability could be

determined through X-ray diffraction spectroscopy (XRD) or

high-temperature XRD.

Another area which is yet to be investigated is the effect of

the metallic, non-metallic inclusions and intermetallic phases

on the hierarchical structure development. These areas demand

extensive investigation as far as carbon steel corrosion is

considered. Furthermore, the mechanistic investigations into

the formations of the hierarchical structures at steel surfaces

and their corrosion-inhibition properties should consider other

inuencing factors, such as porosity and surface roughness,

already described for development of surface lms (of non-

hierarchical structure) at carbon steels. It has been shown for

example that the formation of iron carbonate layer at carbon

steel exposed to carbon dioxide media is affected by the velocity

of the carbon dioxide gas. This in effect changes the porosity of

the iron carbonate surface lm and its protectiveness against

corrosion.64 This study shows the importance of gas media

velocity (such as for example CO2) in the development of surface

morphology of lm with signicant amount of porosity. Future

developments of hydrophobic carbon steel surfaces and the

mechanistic studies on their formations and modications will

require advanced investigations that consider the properties of

carbon steel structures addressed in this review. Such advanced

studies combined with the competent theoretical techniques

could reveal the mechanisms involved in the process of corro-

sion of carbon steels.

4. Surface characterization
techniques

This section of the article discusses the use of surface analytical

techniques for the characterization of carbon steel surfaces with

and without treatments (e.g. corrosion inhibitors) under corrosive

conditions. The factors inuencing the applicability of certain

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 4580–4610 | 4587
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techniques to the carbon–steel corrosion studies, such as for

example high surface roughness under corrosive conditions, are

considered in the discussions. The techniques are also classied

by the mode of their applications, i.e. ex situ vs. in situ studies; and

techniques using conventional vs. synchrotron-sourced signals.

The importance of surface morphology, texture, surface

energy and surface defects (including stacking fault, dislocation

and point defects) and their signicant contributions to the

corrosion of carbon steels has been discussed in the previous

section. To determine the effects that these parameters impose,

the use of surface characterization analytical tools is essential. It

has been discussed earlier in this work that the considerable

surface roughness of corroded carbon steels oen hinders the

investigations of thin surface lms on these substrates. In the

following section, we describe analytical methods available to

determine surface structure and the chemical nature of the

surface lms. This part is divided into two parts, dedicated to (1)

analytical techniques that have been applied in corrosion

science more commonly, and (2) emerging analytical tech-

niques, some of which are yet to be applied on carbon steels.

4.1. Conventional characterization techniques

4.1.1. Atomic force microscopy (AFM). Atomic force

microscopy allows for analysis of surface topography, including

surface roughness measurements. It has always been difficult to

comment on the adherence of the inhibitor lm or corrosive

lm on the substrate (base metal or alloys) by only recording the

topographical images. In addition, recording of topographical

images can be difficult due to the rough lm formation.

Therefore, AFM current images and force vs. distance curves are

also being utilized and provide the additional information on

properties of the surface lms, for example on the adhesion of

corrosion inhibitors and coatings.65,66 AFM provides the

advantage to operate in liquid conditions and allows surface

monitoring under corrosive environments in realtime.67,68

Majid Sababi et al.69 established the importance of AFM phase

imaging for determining densely packed lms in their study on

composite lm of B mussel adhesive protein with CeO2 nano-

particles at carbon steel. Topography and line prole measure-

ments demonstrated the formation of a lm with nanoparticles

(20–40 nm), and phase imaging indicated a densely packed

nanostructure. Ji et al.70 used AFM to obtain molecular infor-

mation, i.e. surface topography, defects and local surface

roughness on carbon steel with a green inhibitor, “Musa para-

disiaca”. Numerous studies have utilized AFM to determine the

nature of the surface lm formed on carbon steel surfaces, which

can be related to its protectiveness of the metal substrate against

corrosion. Jevremovíc et al.71 investigated inhibitor lm forma-

tion of tall oil diethylenetriamine imidazoline (20 ppm) on mild

steel under the CO2 saturated NaCl solution (3% NaCl) and

observed self-assembly of the inhibitor molecules on mild steel.

Similarly, imaging of surface lms and their characterization,

including force mapping can be applied to the analysis of bio-

lms. Chen et al.72 utilized atomic force microscopy for investi-

gation of the effect of dodecylamine on carbon steel and observed

a signicant decrease in the conductivity of carbon steel due to

the adsorption of dodecyl amine on carbon steel with the help of

AFM current images. At the same time, the nature of the lm was

revealed with the help of AFM force measurements. The thick-

ness of the lm can also be measured using the AFM.73 It was

shown that the difference in force vs. distance curve can be used

to measure thickness of liquid layer on ice and the study sug-

gested application of the AFM for lm thickness measurement.

From a corrosion science point of view, not only the nature of

the lm, but also the mechanical properties of corrosion-

protective lms are very important as they are closely related

to the persistency of the protective lm under specic condi-

tions of exposure to corrosive media. AFM can be used to

measure the force required to penetrate a surface lm. This

knowledge on the penetration force can be correlated with the

sustainability of the lm under certain mechanical loading and

can assist in designing surface lms for specic applications.

Xiong et al.74 observed that removal of a bi-layer lm of tall oil

fatty acid (TOFA) imidazolium chloride required more force

compared to a monolayer. AFM lateral force microscopy was

used to determine the shear force required to remove the

surface lm. The study concluded that 50–100 MPa shear stress

is required to remove lm from the surface and the authors

agreed that a corrosion-inhibitor lm could not be removed

from mild steel pipe walls due to uid ow because uid ow

velocity in the pipeline is <1 kPa even under severe hydrody-

namic conditions. It was also noticed that the lateral force

required to remove a lm from a substrate is independent of the

lm thickness. Film removal depends on the force between the

hydrophilic head group in the inhibitor molecule and the

substrate. This study investigated mica, gold and X-65 steel as

substrates, exposed to deionised water and the corrosion

inhibitor. Shear force measurements may be useful for

removing the corrosion-product lm on the substrate, but the

uncertainty regarding the contact area of the AFM probe with

the sample can lead to an error in the shear stress calculation.

Corrosion research considers in situ studies as a popular

choice that eliminate possible erroneous measurements caused

by the exposure to a different environment when samples are

treated ex situ. This was shown in a study by Zhang et al.75 where

mussel adhesive protein lms on carbon steel were studied

using in situ AFM. The study showed ake shape protein

aggregates, whereas ex situ AFM analysis exhibited a compact

lm (multilayer), which could be stabilized in NaCl solution

through cross linking. The in situ AFM study identied visible

holes present in the protein lm. The degree of aggregation and

multilayer lm formation of protein molecules depending on

the pH has also been established and the study elucidated that

maximum adsorption was attained faster at pH 9 than at lower

pH.

In situ AFM provides high spatial resolution and is therefore

used for inhibitor lm formation studies. Phase shi and

adhesion enhanced contrast can be achieved by tapping mode

AFM.76–78 A more complex approach has been introduced by

Paulson et al.79 who carried out in situ AFM investigation of

localized and general corrosion at carbon steel. It was observed

that size and location of pitting affect the electrochemical signal

and the role of inclusion is signicant. A similar approach has

4588 | RSC Adv., 2017, 7, 4580–4610 This journal is © The Royal Society of Chemistry 2017

RSC Advances Review

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 J

an
u
ar

y
 2

0
1
7
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
1
/2

0
2
2
 1

0
:3

6
:5

8
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra25094g


been adopted by Li et al.80 with solvent generated alkyd

composite coating (with nano-clay) and nano-clay dispersion.

Local aggregation was observed on the surface of the carbon

steel with the help of AFM imaging while in situ AFM analysis

conrmed the stability of coating, also detecting pin holes and

defects, through which water and other corrosive media could

reach to the parent metal or alloy and cause corrosion.81,82

For corrosion scientists it is always benecial to see the

simultaneous changes in the morphology of the inhibitor lm

on the surface of the substrate, along with electrochemical

observations that provide information on the rates of corrosion.

Pandarinathan et al.83 provided a correlation between the

morphology of the surface lms of a corrosion inhibitor, namely

1-dodecylpyridinium chloride (DPC), acquired with in situ AFM

and their protectiveness against corrosion, which was derived

from electrochemical measurements. The formation of hemi-

spherical and cylindrical structures of the DPC inhibitor formed

at carbon steel are shown in Fig. 7 and the electrochemical

response associated with these formation processes is shown in

Fig. 8. In this study, however, the in situ AFM and electro-

chemical measurements were not conducted simultaneously

within one test cell. Such methodology for in situ AFM and

electrochemical measurements is required for kinetic studies of

the lm-formation processes. The methodology has been

developed for corrosion environment, carbon-dioxide saturated

brine solution mimicking conditions in oil and gas industry,

but corrosion inhibition is yet to be investigated with this test

method.

The in situ electrochemical study was further performed by Li

et al.84 on acrylic composite coatings with CeO2 nanoparticles

for corrosion protection of carbon steel. Cerium based inhibi-

tors are considered as green inhibitors and in situ AFM analysis

revealed precipitation of the CeO2 particles through ejection

from the coating. It was also observed that the inhibition effect

of CeO2 nanoparticles originates from the nanoparticles stabi-

lization through acetic acid. Recently, Li et al.85 utilized in situ

AFM, intermodulation AFM and electrochemical controlled

AFM with combination of cyclic voltammetry, FTIR etc. in order

to investigate the mechanism of self-healing properties of

a composite coating, PTSA (P-toluene sulfonic acid) doped with

polyaniline (PANI) (Fig. 9).

The continuous progress in the developments and applica-

tions of the AFM analysis, particularly in situ AFM to carbon

steel surfaces conrms the signicance of this method in

corrosion studies. The identied gaps in the currently available

Fig. 7 In situ AFM topographical images of (a) untreated (bare) carbon
steel before immersion, and in brine containing DPC (500 ppm) after
(b) 5 min, (c) 30 min, and (d) 4 h immersion.83 Reprinted with
permission from ref. 83. Copyright 2014, American Chemical Society.

Fig. 8 Electrochemical impedance spectroscopy Nyquist plots for (a) CO2-saturated brine with 500 ppm DPC (inset: uninhibited brine and DPC
at the CMC) and (b) N2-saturated brine with 500 ppm DPC for carbon steel after 4 h immersion.83 Reprinted with permission from ref. 83.
Copyright 2014, American Chemical Society.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 4580–4610 | 4589

Review RSC Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 J

an
u
ar

y
 2

0
1
7
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
1
/2

0
2
2
 1

0
:3

6
:5

8
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra25094g


Fig. 9 AFMmapping of reference coating and composite coating showing 2D and 3Dmorphology (a1) and (b1) respectively, phase mapping (a2)
and (b2) and force curves (solid lines) between the tip and the reference (a3 and b3) with DMT model fitting (dotted lines) along with adhesion
force (a4 and b4) and effective elastic modulus measurements (a5 and b5). Adhesion force vs. distance curve has been plotted for reference (a7)
and composite coating (b7) along with the effective elastic modulus (E*) vs. distance curve for reference (a7) and composite (b7). (c) Represents
conservative and dissipative work as the function of oscillation amplitude (measured at marked areas in (b2)).85 Reprinted with permission from
ref. 85. Copyright 2016, Royal Society of Chemistry.
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methodology are the unavailability of accurate lateral shear

force measurements applied to carbon steels under corrosive

media as well as a methodology for simultaneous (a single-cell

system) in situ AFM and electrochemical analysis of thin lms of

corrosion inhibitors on carbon steels.

4.1.2. X-ray diffraction spectroscopy (synchrotron-

sourced). It has been documented that grazing-angle X-ray

diffraction spectroscopy (GI-XRD) allows examining the

surface chemistry of a solid–liquid interface. The conventional

GI-XRD however generates a poor signal to noise ratio, which

could lead to misleading information on the phase formation.

The use of conventional GI-XRD on carbon steels is particularly

limited for investigations of thin lms, such as corrosion-

inhibitor lms, due to the increased surface roughness of

carbon steels under corrosive conditions, and the consequent

low signal detected with the GI-XRD. Synchrotron-sourced XRD

overcomes the issue of the GI-XRD with a conventional source,

as it provides sufficient signal to noise ratio for examining lm

formations on carbon steels under corrosive conditions.

Synchrotron radiation XRD (SR-XRD) is popular among the

crystallographers as it gives good resolution with the help of

a parallel beam that assists to eliminate low-angle peak

broadening, a result of the focussing geometry. Other advan-

tages include the availability of high brightness, high intensity,

high collimation, high polarization and low emittance. It is also

important to consider the changes which corrosion products

can undergo under different conditions and perform corrosion

experiments in situ.86 It has been observed, for example, that

under CO2 conditions (oxygen-free conditions) carbon steel

produces iron carbonate as a corrosion product. While exposed

to atmospheric conditions (oxygenated conditions), iron

carbonate may undergo oxidation.

Combination of in situ SR-GI-XRD with other electro-

chemical techniques such as cyclic voltammetry, electro-

chemical impedance spectroscopy, etc. has been shown suitable

for mechanistic studies of electrochemical processes on copper

surfaces.87,88

The rst study combining in situ SR-XRD analysis and elec-

trochemical measurements on carbon steel was performed by

De Marco et al.89 under carbon-dioxide conditions and corro-

sion products of Fe2(OH)2CO3, Fe2O2(CO3), Fe6(OH)12(CO3) and

Fe6(OH)12(CO3)$2H2O were identied. It was shown that the

surface lms had sufficient thickness but due to their porosity

corrosion continued by the ingression of electrolyte. This study

revealed the importance of SR-XRD as a powerful in situ tech-

nique that allows to determine the appearance of a corrosion

product at specic sites of the steel surface, either anodic or

cathodic. De Marco et al.90 later utilized SR-GI-XRD (Si (111)

monochromator with 0.6� incidence angle) in combination with

electrochemical impedance spectroscopy to study CO2 corro-

sion of mild steel in the presence of acetate (Fig. 10 and 11). A

wavelength of 1.00 Å was selected for reducing attenuation in air

and electrolyte. It was observed that the absence of acetate led to

the formation of thick scale during CO2 corrosion of mild steel.

The study concludes that acetate assists the formation of

a passive lm, i.e. corrosion protection on mild steel.

Ingham et al.91 examined carbon steel during CO2 corrosion

in a chlorinated solution at 90 �C with in situ SR-XRD. The scale

formed on the surface of the carbon steel with a majority of

siderite phase. The crystallite size and thickness of scale

decreased with temperature, amino trimethylene phosphonic

acid (ATMPA) was included in some tests. Siderite was observed

as major corrosion product and an increased scale formation

rate with increased temperature was noticed. High concentra-

tion of ATMPA inhibits the nucleation of siderite and prevents

formation of spherical siderite, leading to development of

a smooth scale. Further, Ingham et al.92 performed experiments

with NaCl and MgCl2 solution at 80 �C for CO2 corrosion of

carbon steel and observed FeCO3 phase in NaCl solution

whereas FeCO3 and Fe(OH)2CO3 formed in MgCl2 solution. This

means that MgCl2 solution imposed higher precipitation than

NaCl solution by offering low critical supersaturation for

precipitation. A signicant effect of Mg2+ and Ca2+ ion was

noted whereas no carbonate species of these ions were observed

in the phase analysis. Ko et al.93 extended this work by investi-

gating two scale inhibitors, amino trimethylene phosphonic

acid and polyethyleneimine, in CO2 corrosion of carbon steel

using SR-GI-XRD. The study depicted the effect of inhibitor on

Fig. 10 In situ SR-GIXRD results for a polished mild steel electrode immersed in 3% (w/v) NaCl saturated with high purity carbon dioxide (at
atmospheric pressure (adjusted to pH 4.75)) without (a) and with acetic acid (b) 200 mg L�1 of acetic acid.90 Reprinted with permission from ref.
90. Copyright 2007, Elsevier B. V.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 4580–4610 | 4591
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the nucleation and growth of siderite. The development of cubic

crystals of siderite was dependent on the partial pressure of the

CO2 and this proved the importance of partial pressure of CO2

in the corrosion product morphology evolution. The corrosion

rate was found lower at high temperature (80–100 �C) whereas it

was signicantly higher at 60 �C because the networking of the

cubic crystal morphology of siderite was not fully developed. Ko

et al.94 also applied in situ SR-XRD in CO2 corrosion of pipeline

steel (carbon steel) and observed a signicant effect of rough-

ness and microstructure of the steel on the corrosion process. It

was shown that during CO2 corrosion scale starts nucleating on

the surface, which consists of siderite and chukanovite phases.

Changes in pH and local conditions dene the growth of chu-

kanovite. It was also noticed that the siderite phase had grown

faster in steel containing higher carbon (0.25 wt% C) than the

steel containing low carbon (0.06 wt% C). The study elucidated

the importance of siderite, which acted as the nuclei for chu-

kanovite and growth rates of siderite and chukanovite are

interlinked with each other. Local precipitation of siderite was

strongly dependent on the microstructural variation (variation

of different Cr containing phases).

The few available studies presented in this section have

conrmed the applicability of the SR-XRD to corrosion investi-

gations at carbon steels. Future studies could follow the inves-

tigations conducted by De Macro et al.95 who combined SR-XRD

studies with AFM for ion selective electrode surface character-

ization. Such an approach could be adopted for surface char-

acterization of carbon steels along with their phase analysis.

Furthermore, the use of SR-XRD data in correlation with Raman

spectroscopy and X-ray absorption techniques could be inter-

esting to study the simultaneous compositional variation in the

phase formations.

4.1.3. X-ray photoelectron spectroscopy (XPS). XPS is

considered a quantitative spectroscopic technique which

provides information about the elemental composition, in parts

per thousand level, based on the elemental electronic and

chemical state of the studied surface.

This technique has been widely adopted by corrosion

scientists for surface composition characterization, especially

for corrosion product analysis. This has for example been

demonstrated on carbon steel exposed to sea-water.96 A 3-

dimensional structure of a lm was studied. Since an iron peak

was absent at the spectrum, it was suggested that substrate was

fully covered with corrosion products. The presence of iron in

metallic state, and iron in oxidized state was related to the oxide

formation and was further conrmed by other techniques such

as Raman spectroscopy and X-ray diffraction spectroscopy.

Similarly, qualitative analysis of surface lms and analysis of

corrosion products, further related to the protectiveness of the

lm against corrosion has been determined by employing XPS.

These studies include the formation of iron carbonate on

carbon steel surfaces,97 and a study on the presence of OH� in

the lm which could be useful for investigating compactness of

surface lm and evaluation of its protective properties.98

Furthermore, the compositional evaluation using XPS can be

used in mechanistic studies. Galicia et al.99 studied 1018 carbon

steel surface composition exposed to alkaline medium (NaCN)

as a function of immersion time and conrmed lm formation

on the steel surface through XPS quantitative analysis of the

atoms of oxygen, iron and carbon. XPS was also used to study

lm purity as C was present in the lm as impurity (C–H) and its

counts decreased with increasing immersion time, due to the

reduced gas trapping in the lm with increased time of

exposure.

The formation and quantitative analysis of iron carbonate at

carbon steel in respect to the structure of the carbon steel has

been evaluated by XPS in the study by Ochoa et al.,100 who

examined CO2 corrosion resistance of carbon steel with 0.5 M

NaCl, loaded with CO2 with four different microstructures:

banded, normalized, quenched and tempered, and annealed.

XPS study showed that the annealed sample contained FeCO3 in

much larger quantity than the other samples, which corre-

sponded to the highest corrosion resistance observed for the

annealed sample, whereas lowest resistance was found for the

banded structure. Precipitation of siderite was strongly depen-

dent on the local pH and the corrosion rate was affected by the

distribution and morphology of cementite, which controls the

galvanic coupling between ferrite and pearlite. The lowest

corrosion rate was observed for annealed steel due to abundant

siderite formation whereas high corrosion rates were found for

Fig. 11 In situ (a) EIS Bode phase angle and (b) complex-plane impedance plots data for a polished mild steel electrode immersed in 3% (w/v)
NaCl saturatedwith high purity carbon dioxide at atmospheric pressure (adjusted to pH 4.75).90 Reprintedwith permission from ref. 90. Copyright
2007, Elsevier B. V.
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banded steel. This is because in banded steel, siderite forms in

the outer part of the cementite structure which is distinct from

the metal. The surface composition and microstructures are

presented in Fig. 12 and 13.

The importance of XPS for corrosion inhibition mechanism

identication of carbon steel is clearly evident. Additional

studies to those presented in detail in this work, involving XPS

characterizations of carbon and stainless steel, demonstrate the

importance of the XPS as a surface characterization tool in the

present era.101–105

XPS applied to corrosion inhibition on carbon steels is

typically used to study the adsorption mechanisms of the

inhibitor molecules, and the XPS data are oen combined with

electrochemical measurements that provide information on the

protectiveness of the inhibitor lm against corrosion, and with

thermodynamic calculations. Tourabi et al.106 utilized XPS for

the study of 3,5-bis(2-thienylmethyl)-4-amino-1,2,4-triazole

corrosion inhibitor for carbon steel in HCl medium and

included electrochemical studies such as electrochemical

impedance spectroscopy and polarization techniques. XPS

concluded the chemisorption of inhibitor molecules with the

presence of nitrogen species on carbon steel surface and these

results were consistent with thermodynamic calculation. This

study highlighted XPS as an important tool for investigation of

adsorption of the inhibitor molecules and composition evalu-

ation of the formed surface lm. XPS was also used to investi-

gate the inhibitor performance, from the point of view of the

surface structure, of ternary inhibitor containing N,N-

bis(phosphono methyl)glycine (BPMG), Zn ion and citrate ion.

XPS conrmed the presence of chemical species and hydroxide,

which contributes to deriving a possible mechanism of corro-

sion inhibition.107 Carbon steel was exposed to HCl solvent with

3,6-bis(3-pyridyl)pyridazine inhibitor by Bentiss et al.108 and XPS

results along with the electrochemical studies allowed to

determine the corrosion inhibition mechanism. Zarrok et al.109

used XPS study for corrosion control of carbon steel in phos-

phoric atmosphere, which is present in the fertilizer industry.

They combined XPS with EIS and electrostatic adsorption of

purplad (4-amino-3 hydrazino-5-mercapto-1,2,4-triazole)

(AHMT) on carbon steel was conrmed through XPS which

was further supported using thermodynamic calculations.

Lopez et al.110 utilized XPS to study corrosion layers on carbon

steel corroded with deoxygenated NaCl (5%) at pH 6 and under

CO2-saturated conditions. Benzimidazol was used as an inhib-

itor and the authors aimed to detect the inhibitor molecules on

the corroded sample, but could not detect FeCO3 due to the

chemisorption of water or oxygen.

One of the advantages of XPS is that it can be used for lm

thickness measurements when metal is detected in the spectra.

But due to sputtering with heavy ion such as Ar+, the surface

may undergo chemical and compositional changes, which may

result in roughening etc. XPS can also provide information

about the oxidation state of elements but one needs to be

careful as sputtering causes a decrease in the oxidation state of

elements in oxides (Fe, Cu and Nb, etc.).111 Angle resolved XPS

analysis is difficult for corrosion products because these

Fig. 12 Presence of C, O and Fe has been confirmed due to the appearance of C 1s, O 1s and Fe 2p regions in XPS high resolution spectra
recorded from corroded steel surfaces with different microstructures.100 Reprinted with permission from ref. 100. Copyright 2015, Elsevier B. V.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 4580–4610 | 4593
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products are oen associated with roughness, large variation in

the cluster size and shape and inhomogeneity, which makes

data interpretation complicated as the angle-resolved XPS

(ARXPS) peak intensity depends on these factors. However,

conventional XPS can also provide information through

inelastic loss structure analysis.112

The signicance of in situ investigations of corrosion

processes has been highlighted in the previous sections of this

work, as it provides valuable information on the kinetics of

adsorption and composition of the initial corrosion-product

lms that can differ from those detected at later stages of the

corrosion processes. Despite the wide use of XPS in corrosion

and corrosion-inhibition studies at carbon steel surfaces, in situ

XPS is yet to be applied in this eld. In situ XPS has been

limitedly used in other research areas.113

4.1.4. Raman spectroscopy. Raman spectroscopy has been

established as an important surface characterization tool for

corrosion studies, and can be used for either single layer or

multi-layer surface characteristics evaluation. Raman spectros-

copy provides information about the surface bonds (vibrational

information) and thus reveals structural information about the

interface between a corrosion inhibitor and the metal. The

changes in vibrational information can be used to assess phase

transformation. There are only few techniques available which

are sensitive enough to characterize surface-inhibitor interac-

tion directly.114

The importance of Raman spectroscopy for studying the

products of carbon steel corrosion was highlighted by Fabis

et al.115 His team studied weathering corrosion products on

steels and compared the Raman results with infrared spec-

troscopy. They described Raman spectroscopy as a comple-

mentary technique to XRD and electron based diffraction

techniques without any compulsion of crystalline product

formation as Raman spectroscopy could also be used for

amorphous products analysis. Nie et al.116 used Raman spec-

troscopy for the characterization of corrosion products on

carbon steel and established the surprising fact that carbon

steel, which was corroded through soil containing 10 wt% water

has shown high corrosion rate with localized nature and

promoted the formation of FeOOH, Fe2O3 and Fe3O4 thin layer,

whereas solids containing 20 wt% and 34 wt% water led to non-

localized corrosion with formation of alpha-FeOOH. Corrosion

of carbon steel under aerobic conditions was studied by Sherar

et al.117 and the composition of the corrosion product layer was

determined by Raman spectroscopy along with energy disper-

sive spectroscopy (EDS). Raman spectroscopy conrmed the

presence of goethite (alpha-FeOOH) and magnetite. Choi

et al.118 investigated the carbon steel corrosion in CO2 saturated

water and water-saturated CO2 to mimic the conditions of CO2

gas pipeline. The Raman spectroscopy data supported the

hypothesis that H2SO4 was produced due to the acid regenera-

tion that in turn caused a high corrosion rate. Molchan et al.119

studied three different corrosion inhibitor molecules, such as 1-

alkyl-3-methylimidazolium tricynanomethanide (TCM) ionic

liquid (where alkyl ¼ ethyl, butyl and hexyl) for mild steel

corrosion and utilized micro Raman spectroscopy to determine

the formation of corrosion products that were magnetite and

magnemite ferrites, developed due to the dissolution of MnS

inclusion inherently present in mild steel.

Raman spectroscopy was utilized to understand the corro-

sion product formation in atmospheric corrosion and natural

weathering of carbon steel. In a study by Kui et al.,120 carbon

steel was exposed to open atmosphere and lepidocrocite,

goethite and maghemite formation was conrmed using

Raman spectroscopy. Similarly, natural weathering of carbon

steel was investigated using Raman spectroscopy by Antunes

et al.121 who conrmed the presence of lepidocrocite, goethite

and magnetite. Li et al.122 further exposed carbon steel to

a marine atmosphere and utilized micro-Raman spectroscopy

which provided layer by layer information of the formed

corrosion products. The presence of lepidocrocite, goethite and

akaganeite were observed due to the presence of Cl�. It was

noticed that aer the saturation of akganeite, Cl� contributed to

the increasing corrosion rate which could be considered as an

important unit step for the process of corrosion as delayed

saturation with akaganeite delays corrosion.

Mendili et al.123 brought attention to the use of Raman

spectroscopy to qualitatively dene crystallinity of the phases.

Using micro Raman spectroscopy for the determination of the

Fig. 13 Appearance ofmorphological differences after corrosion (with
hold time of 6 h in 0.5 M NaCl solution saturated with CO2) of banded
(B), normalized (N), quenched and tempered (Q & T) and annealed (A)
steels shown by SEM morphological images with two different
magnifications.100 Reprinted with permission from ref. 100. Copyright
2015, Elsevier B. V.
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mechanism of carbon steel corrosion in aerobic and anaerobic

conditions, the authors identied magnetite aer one week of

the exposure of steel to corrosive media. The poor resolution of

the obtained spectrum was related to the poor crystallinity of

maghemite phase. Magnetite and maghemite were observed as

major corrosion products under aerobic condition whereas

mackinawite and pyrrhotite were observed under anaerobic

condition.

Raman spectroscopy can also be used to study phase trans-

formation of corrosion products. Hematite to magnetite phase

transformation was observed in a microbial corrosion study

conducted on carbon steel used in a re-water distribution

system. Raman spectroscopy showed the presence of lep-

idocrocite, goethite, magnetite and hematite, and allowed for

establishing the importance of dissolved oxygen in water as

a key parameter in this corrosion study.124 Qualitative infor-

mation about the texture of the formed phases on the carbon

steel surface can be obtained using Raman spectroscopy as

shown by Genchev et al.125 The authors have shown that

mackinawite (corrosion product) was highly textured along

(001) and therefore Egmode was absent in the Raman spectrum,

which was in agreement with the texture of this corrosion

product (Fig. 14 and 15). FeS appeared with sharp intense peak.

The advances in Raman spectroscopy now allow for in situ

Raman analysis of carbon steel surfaces. Zhang et al.126 exposed

carbon steel to a SO4
2� and Cl� containing solution and observed

a double layer of corrosion products, containing lepidocrocite

and magnetite. It was shown that the presence of SO4
2� and Cl�

in the test solutions promoted formation of lepidocrocite.

Conventional Raman analysis applied to thin lms on

metallic substrates can give low signal which can be overcome by

using surface enhanced Raman spectroscopy (SERS). SERS can

generally be considered for the analysis of metal-inhibitor inter-

actions on metallic substrates as it provides information about

the chemical identity, bonding nature and structure of species on

the metal–liquid (electrolyte) interface.127 Following the use of

SERS on metallic substrates, Oblonsky et al.128 applied SERS on

stainless steel to study pyridine adsorption. It has been noticed

that intensity is a function of the thickness of the lm, but the

drawback of this technique could be the need of thin substrates

(such as thin stainless steel substrate). Utilization of thin

substrates could not replicate the real world scenario as thin

substrates contain different texture, microstructure and also

possess a different defect density compared to the bulk metal.

Another aspect is the type of organic molecule on the substrate as

p-bonded organic molecules are not sensitive for SERS. Appli-

cation of SERS is limited as pyridinium compounds that are only

bonded through nitrogen atom with the substrate can be iden-

tied through SERS, which limits our understanding as far as

adsorption mechanism of inhibitor molecules are concerned.129

Fig. 14 Shows images of (a) bare metal before exposure to saline H2S saturated acetic solution, (b) area of exposure after anodic polarization for
44 h at 200mV above Ecorr, with Raman spectrum (b'); and (c) corrosion products after aging in air for 90 d, with Raman spectrum (c'), along with
the reference Raman spectrum for mackinawite (d').125 Reproduced by permission of The Electrochemical Society.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 4580–4610 | 4595
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Fig. 15 Confocal microscopic images of substrate surface before (a) and after (b) introducing the H2S saturated electrolyte, (c) substrate surface
after starting the electrochemical treatment with corresponding Raman spectrum (c'); and (d) surface after polarization termination, with
respective Raman spectrum (d'). (e) Shows corrosion products on substrate after removing from in situ cell and drying with nitrogen stream and
(e') gives corresponding Raman spectrum.125 Reproduced by permission of The Electrochemical Society.
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An earlier proposed mechanism of adsorption suggested that

aromatic ring's nitrogen and metal bonding leads to a non-

parallel orientation of aromatic ring at the surface, whereas in

another study the aromatic ring was found to be parallel to the

substrate and the proposed mechanism was based on the p-

electron interaction (metal substrate and aromatic ring).130–132

Gu et al.133 investigated the adsorption of pyridine on iron

substrate in acidied KCl solution and addressed the effect of

surface roughening on the SERS analysis. Surface roughness

increases surface area and causes a weak SERS effect. The study

suggested that pyridine adsorbed through nitrogen bonds with

iron. This study highlighted the importance of surface pre-

treatment for SERS.

The use of Raman spectroscopy for surface analysis in terms

of phase formation and phase transformation has been

demonstrated in this section. Raman spectroscopy allows

qualitative evaluation of surface lms and their crystallinity.

The surface enhanced Raman spectroscopy could be a potential

technique for solid–liquid interaction behaviour evaluation.

Developments in the applications of in situ Raman spectroscopy

could bring novel insights into the mechanisms of interaction

between the corrosion-inhibitor molecules and carbon steel.

4.1.5. Fourier transform infrared spectroscopy (FTIR).

Based on the absorption and transmission of infrared radiation,

unique nger prints of molecules can be generated. Quality and

amount of specic components in samples (mixtures) can be

identied through FTIR. Infrared spectroscopy (IR) known as

dispersive IR technique was utilized in earlier studies. Nowa-

days, FTIR is extensively used as it offers several advantages,

such as precise measurement, fast data collection, high sensi-

tivity, non-destructive, no external calibration required, etc.

Conventional FTIR, typically studied in mid-IR wavelength

region has been successfully applied in investigations of surface

lms on carbon steel surfaces. The presence and/or absence of

certain bands of the corrosion inhibitor molecule is related to

the orientation of the molecule on the steel surface and/or

within the inhibitor lm. This allows to gain insight into the

mechanisms of adsorption of the corrosion inhibitors on steel

surfaces. For example, Alaneme et al.134 studied mild steel

corrosion with Hunteria umbellata seed husk extract as an

inhibitor and utilized FTIR to determine chemical nature of the

inhibited surface, concluding that O–H, C–N and unsaturated

C]C were related to the observed corrosion inhibition effect.

They conrmed the interaction of extract and mild steel by

observing a change in the spectra aer immersing mild steel in

extract-containing HCl solution. Awe et al.135 studied the

inhibitive property of Boscia senegalensis on mild steel in HCl

medium. The FTIR study revealed that C–N and C]O bonds

were responsible for the inhibitor interaction with the surface of

mild steel as those bonds were missing in the spectra. Similarly,

a signicant shi was observed for OH� and N–H which sug-

gested interaction between mild steel and inhibitor. A study

performed by Sangeetha et al.136 used hydroxyl propyl alginate

as inhibitor in acidic medium for mild steel corrosion and

observed clear shis in FTIR spectra in case of OH, CO and

carboxylate, which suggested adsorption of this inhibitor

through these functional groups. Oguzie et al.137 used the

extracts of piper guineense as an inhibitor for mild steel in acidic

medium and investigated the role of O–H, C–N and C]O in

metal-inhibitor interaction with the help of FTIR. Similarly,

Michelia alba leaves extract (MALE) was investigated as an

inhibitor for carbon steel, iron and stainless steel. Differences

were observed, in terms of disappearance of vibration,

including shiing bands in the FTIR spectrum, which could be

due to the Fe2+-MALE complex formation. Major functional

groups were O–H, C]O, C–N, C–O and C]C including epoxy

group.138

A common approach in applications of FTIR is to dene

corrosion products on carbon steel surfaces. Perez et al.139

investigated the effect of bi-carbonate solution in carbon steel

corrosion and applied FTIR technique to dene that the type of

corrosion product formed depends on the bi-carbonate

concentration, and includes FeCO3 (with 0.5–1.0 mol L�1)

Fe6(OH)12CO3 (with 0.02–0.05 mol L�1) and Fe2(OH)2CO3 (with

0.01–0.2 mol L�1). The FTIR correlated well with XRD analyses

and also contributed to the conclusion that bicarbonate affects

anodic dissolution of the carbon steel substrate. The effect of

different corrosive conditions has been studied by Kumar

et al.140 by exposing mild steel to three different corrosive media

such as SO2, 3% NaCl and distilled water. Gamma-FeOOH has

been identied as corrosion product which was further

conrmed through conversion electron Mössbauer spectros-

copy (CEMS). Corrosion products of carbon steel (A-36) and

weathering steels (A-588 and COR 420) were analysed for

atmospheric corrosion through FTIR by Jaen et al.141 The

authors conrmed the presence of gamma and alpha-FeOOH,

which has been further conrmed through other analytical

techniques, such as XRD and Mössbauer spectroscopy.

Recently, Chong et al.142 used the synergistic effect of imidazo-

linium and 4-hydroxycinnamate (organic salt) for corrosion

inhibition of mild steel in 0.1 M NaCl and FTIR analysis

conrmed the interaction between mild steel surface and 4-

hydroxycinnamate. This interaction resulted in formation of

a corrosion-protective layer.

The use of FTIR in polymer science has been demonstrated

for example by Baskar et al.143 who used photo-crosslinked

polymers poly((E)-(1-(5-(4-(3-(4-chlorophenyl)-3-oxoprop-1-enyl)

phenoxy)pentyl)-1H-1,2,3-triazol-4-yl)methyl acrylate) (Cl-5) and

poly((E)-(1-(5-(4-(3-(4-chlorophenyl)-3-oxoprop-1-enyl)phenoxy)

decyl)-1H-1,2,3-triazol-4-yl)methyl acrylate) (Cl-10) as corrosion

inhibitors for mild steel. It was observed that C1-5 had a higher

inhibition efficiency than C1-10.

The use of FTIR to obtain qualitative insight into crystallinity

of the inhibitor lm formed on the substrate and in depth

understanding of mechanism of the inhibition reaction was

presented by Atta et al.,144 who used crosslinked poly(sodium

acrylate)-coated magnetite nanoparticles as an inhibitor for

carbon steel and used FTIR to characterize the chemical struc-

ture of the composites. A band shi was observed for Fe–O

which could be due to the breaking of a large number of bonds

at the surface. The oleic band was shied towards the lower

frequency due to the hydrocarbon chain in monolayer, which

was surrounded by Fe nanoparticles and maintained the closely

packed crystallinity.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 4580–4610 | 4597

Review RSC Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 J

an
u
ar

y
 2

0
1
7
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
1
/2

0
2
2
 1

0
:3

6
:5

8
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra25094g


The use of FTIR on carbon steel surfaces can be limited in

case of thin surface lms adsorbed on carbon steels that

undergo increased roughening upon exposure to corrosive

media. Synchrotron-sourced FTIR provides a better signal to

noise ratio compared to conventional FTIR instruments. Lep-

kova et al.145 studied an organic surfactant, namely 1-dode-

cylpyridinium chloride (DPC), on carbon steel in CO2-saturated

brine. Using the synchrotron-sourced FTIR, the authors detec-

ted the adsorbed inhibitor lm on the carbon steel, which was

not possible with conventional FTIR. Furthermore, the orien-

tation of the DPC molecule was dened as parallel to the steel

surface, and absence of the pyridinium ring suggested the p-

bonding of DPC with steel. Pandarinathan et al.146 used

synchrotron-sourced infrared micro-spectroscopy to identify

corrosion products formed underneath silica sand layers

deposited on carbon steel surfaces in CO2-saturated brine. It

was shown that chukanovite (Fe2(OH)2CO3) is the prevalent

corrosion product formed on the sand-deposited carbon steel

whereas iron carbonate (FeCO3) is the main product on deposit-

free carbon steel. The differences in corrosion products iden-

tied by FTIR combined with electrochemical measurements

showed that the presence of chukanovite is related to the

susceptibility of sand-deposited steel to localized corrosion.

FTIR studies in the far-infrared region have not been widely

applied in corrosion science despite the theoretical possibility

of identication of the absorption bands characteristic for

corrosion products or corrosion inhibitors. Lepkova et al.147

utilized synchrotron-sourced far-infrared spectroscopy to study

carbon steel exposed to CO2-saturated brine in the presence and

absence of a corrosion inhibitor, 2-mercaptopyrimidine (MPY).

The study used variable grazing angle of incidence to optimize

the experimental settings suitable for analysis of thin lms on

corrosion-roughened carbon steels. The selection of a grazing

angle of incidence that is suitable for analysis of inhibitor-free

steels with high surface roughness, and of inhibited steels

with low surface roughness allowed the authors to detect

corrosion products and inhibitor lms. This study demon-

strated the applicability of the synchrotron-sourced far-infrared

spectroscopy in investigation corrosion at carbon steels.

We have discussed conventional FTIR along with the

synchrotron-sourced infrared spectroscopy. There are areas

which need to be addressed, such as the in situ use of this

techniques along with the other surface analytical methods, for

example synchrotron XRD, AFM, etc. which could provide good

mechanistic insight into corrosion-product formation, along

with the surface features (such as morphology and phases).

4.2. Emerging future techniques for surface characterization

4.2.1. Kelvin probe force microscopy (KPFM). KPFM has

been established as an important tool for the characterization

of the local potential on metallic surfaces, but lack of repeat-

ability of results, accuracy and limited spatial resolution limits

its application. This technique depends on contact potential

measurement and work function in the nanometre regime.

Amplitude modulation KPFM and frequency modulation KPFM

are two types of detection techniques, which are based on the

detection of electric force and electric force gradient.148

The majority of studies have been performed at surfaces of

alloys, but are presented here as they have relevance to potential

studies at carbon steel surfaces. Apachitei et al.149 has utilized

tapping mode for collecting topographical image and li mode

(with 100 nm height) for Volta potential measurements and

found large differences for Al–Mn–Fe intermetallic. Since the

observed difference was positive, it suggested formation of

noble particles with respect to matrix. The studied alloy system

contained Ca, Sn and Sr, which suppressed the formation of

Mg17Al12 and Al–Ca(Sn,Sr) particles elucidated lower Volta

potential difference with matrix compared to the Volta potential

difference between Mg17Al12-matrix. The KPFM topographic

image exhibited larger height differences for Al–Mn–Fe parti-

cles (322 nm) than Al–Ca(Sn,Sr) particles (98 nm). This study

opens a new door for investigating the intermetallic effect of

carbon steel on corrosion resistance. As described earlier in this

review, alloying elements such as Cr etc. could affect corrosion

rate. Schmutz et al.150 utilized KPFM at AA 2024-T3 alloy, and

predicted that localized corrosion can be caused by the inter-

metallic particles. Similar studies could be designed for carbon

steels to see the behaviour of various alloying element's effect

on localized corrosion. Interested readers could follow the

respective paper for an elaborative description.150 The authors

further extended their study to the AA 2024 T3 alloy–solvent

interaction and observed that along with the surface composi-

tions, other factors are also involved for generating Volta

potential as the intermetallic phase was identied as a major

source of Volta potential. SEM-EDS analysis also suggested the

presence of intermetallic phase and investigation concluded

association of higher potential of intermetallic phases.151 The

study described the behaviour at the solid–liquid interface in

terms of generation of Volta potential, which could lead to

corrosion. Similar experiments could be useful for carbon steels

too and could describe mechanisms of localized corrosion and

its inuencing factors. Intermetallics observed during experi-

ments were Al–Cu–Mg containing particles (less spherical) and

Al–Cu–Mn–Fe containing particles (irregular shape). The Al–

Cu–Mg containing particles offer low Volta potential, which

describes high reactivity of the particles. The difference in Volta

potential among the various phases leads to the corrosion and

KPFM can be effectively utilized for localized corrosion exami-

nation along with the identication of intermetallics in alloys.

Kim et al.152 applied KPFM on carbon steel to study the effect

of surface roughness on the electrochemical behaviour of the

steel. It was found that corrosion resistance of carbon steel

decreases with increasing surface roughness, which is caused

by the micro-galvanic effect generated between surface sites

with different Volta potentials, i.e. the high (valley) and low

(peak) Volta potential sites. At a rough surface, a surface site

with lower Volta potential (peak) acts as an anode and is more

susceptible to corrosion (Fig. 16 and 17).

There is a scarcity of literature as far as the application of

KPFM for the carbon steel corrosion is concerned and there is

ample opportunity to collaborate this study with various elec-

trochemical techniques in order to get an advanced view of

4598 | RSC Adv., 2017, 7, 4580–4610 This journal is © The Royal Society of Chemistry 2017
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corrosion mechanisms. Establishment of a collaborative

instrumental approach with the help use of KPFM to study the

solid (base alloy or metal)–liquid (corrosive media) interface

could be useful for corrosion scientists as well as theoreticians

as the interface properties can be utilized in various aspects of

mass transfer.

Fig. 16 KPFM image representing topography and Volta potential with different average roughness; (a) Ra 108.0 nm, (b) Ra 39.3 nm, and (c) Ra
16.7 nm.152 Reprinted from ref. 152 with permission of Springer. Springer Science + Business Media Dordrecht 2013.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 4580–4610 | 4599
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4.2.2. Scanning tunnelling microscopy (STM). Local

dissolution and electrochemical behaviour can be investigated

with scanning tunnelling microscopy (STM). Therefore it has

been considered as an important technique that provides

information with atomic resolution and can be applied in

corrosion research.153,154 The advantage of the STM technique is

that it can operate in air, vacuum and in liquid (electrochemical

study), which makes this instrument very popular for obtaining

topographical and spectroscopic data from steel surfaces.155,156

The advantage of STM over scanning electron microscope

(SEM), for example is that it can give information about the

change in depth with potential change, which is not applicable

for SEM.157

Sekine et al.158 studied the corrosion behaviour of mild steel

with various hydroxyl acid solutions and used STM for the

analysis of surface topography. As the bias voltage was applied,

a shi was observed in glycolic acid with a step structure,

whereas no shi was observed in malic acid solution. It was

shown that the corrosion rate of mild steel by malic acid was

higher than for tartaric acid, lactic acid and glycolic acid,

respectively.

Zhou et al.159 studied intergranular corrosion of mild steel in

combined NaNO2 and CO2media with the application of STM to

visualize the corroded grain boundary as well as to estimate the

size of the dissolved grain (Fig. 18).

Topography of nano-coating of polyelectrolytes on mild steel

with 1 mM benzotriazole inhibitor was studied by Sabbaghi

et al.,160 who showed a uniform nature of coating. Higher

corrosion potentials were observed for the coated sample

compared to the uncoated sample, and the corrosion potential

increased with number of layers of the coating material on steel.

Presently, in situ STM is developed and represents a powerful

technique for surface analysis of metallic substrates. Martinez-

Lombardia et al.161 studied grain dependent corrosion in

microcrystalline copper. This material is out of scope of this

review but will assist in understanding the multi-dimensional

usage of STM. With the help of electrochemical STM

(ECSTM), the authors showed the importance of surface defects

in corrosion. Orientation of grains affects corrosion resistance

and grains with large step linear density dissolve faster than the

other grains and elucidate low corrosion resistance. The study

concludes that the {111} plane has higher reactivity and

dissolves quicker than the {001} plane. This is a very exciting

observation as for FCC structures the {111} plane is observed as

close packed structure and should be stable, but due to the large

grain misorientation with respect to terraces developed low

coordination atoms. The analysis was combined with EBSD and

texture analysis was combined with STM topography. This study

established the importance of STM technique for fundamental

and mechanistic corrosion study. Another scope of in situ STM

Fig. 17 Image shows line diagram (cross sectional) between roughness and Volta potential with average roughness of (a) Ra 108.0 nm, (b) Ra
39.3 nm, (c) Ra 16.7 nm. (d) Shows Volta potential difference between peak and valley with respective average roughness.152 Reprinted from ref.
152 with permission of Springer. Springer Science + Business Media Dordrecht 2013.
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application was dened by Lu et al.,162 who studied the corro-

sion behaviour of Cu-20 Zr lm in HCl media and observed that

due to the pitting corrosion and electron tunnelling Zr atoms

dissolve, which leads to surface diffusion of Cu and generates

defects. Although the study used Cu-20 Zr alloy deposited on

a glass substrate, the outcome of the study demonstrates the

possibilities of the surface investigations using in situ STM that

could possibly be applicable to carbon steel surfaces. Carbon

steels can contain certain alloying elements, such as Mo or Cr

and be susceptible to corrosion due to the selective dissolution

of elements at certain regions at the surface. Such a corrosion

phenomenon could be studied using STM. Zamborini et al.163

coated n-alkane thiol–Au (111) and naked Au (111) to study

surface corrosion in CN� medium. The authors observed that

the potential, not time, is the critical parameter dening the

rate of corrosion. This study involved the use of electrochemical

STM (ECSTM) and highlights the importance of the use of

ECSTM as a characterizing tool for corrosion processes.

The reviewed literature elucidated that corrosion of carbon

steel has not been extensively studied with STM or ECSTM. In

fact, no studies have utilized these techniques in situ on carbon

steels to date. STM analysis can however provide valuable

information on the properties of the steel surfaces, as demon-

strated for other alloys. STM thus represents a eld of surface

analysis that is yet to be explored for carbon steel substrates.

4.2.3. Scanning electrochemical microscopy (SECM).

Scanning electrochemical microscopy can provide information

about the interfacial phenomenon as well as mass transport at

a solid–liquid interface. It is also a very important character-

ization tool for corrosion as it allows simultaneous measure-

ment of chemical reactivity and electrochemical properties

along with the surface kinetic properties.160,161 SECM can

potentially identify the preferential sites for corrosion along

with the information about the concentration of active species

for corrosion, and thus can be applied to investigations of

localized corrosion that occurs at specic sites. Interested

readers could follow a review published by Szunerits et al.164

New developments in SECM such as alternating current SECM

allow measurement of electrochemical impedance between the

solid–liquid interface.

Electrochemical microscopy has only scarcely been applied

in carbon steel corrosion investigations and the majority of

studies involve corrosion of stainless steel or iron substrate.

These include publications by Lister et al.,165 who studied

sulphur dissolution in stainless steel with SECM. Fushimi

et al.166 investigated dissolution of Fe2+ or Fe3+ in a poly-crystal

iron electrode and showed that dissolution of ferrous iron from

a thick lm region was slower than the thinner lm region.

Similarly, localized corrosion of 316 LN stainless steel was

observed through electrochemical microscopy by Tanabe

et al.167

The only study involving application of SECM at carbon steel

was presented by Völker et al.168 The authors studied Fe2+ at low

carbon steel coated with tin and epoxy resin. This study

Fig. 18 SEM morphologies and STM topographies of mild steel polarized at (a) �300 mV vs. SCE, (b) �150 mV vs. SCE, (c) �150 mV vs. SCE, (d)
100mV vs. SCE, (e)�100mV vs. SCE, (f)�100mV vs. SCE, (g) 0mV vs. SCE, (h) 600mV vs. SCE, (i) 1000mV vs. SCE, (j) 600mV vs. SCE, (k) 600mV
vs. SCE, (l) 1000 mV vs. SCE (in CO2 + NaNO2 solution).159 Reprinted with permission from ref. 159. Copyright 2015, Elsevier B. V.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 4580–4610 | 4601
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established SECM as a powerful technique for localized corro-

sion detection with high lateral resolution. Fe(OH2)6
2+ detection

was difficult due to its oxidation product's limited solubility.

This was one of the important limitations of experiment which

restricted experimental conditions below pH 3 (Fig. 19 and 20).

The tin plate is composed as 200 mm Fe/1–2 mm Sn/9–15 mm

epoxyphenolic coating. A line scan was performed in a direction

perpendicular to the scratch (Fig. 19 inset) and the tip current

increased as the tip crossed over the scratch. In Fig. 20, colour

scale indicates tip current and numbers local concentrations.

5. Inhibitors for plain carbon steels

Carbon steel is the preferred material for many applications,

including the oil and gas industry, where corrosion protection

of carbon steels exposed to acidic conditions is a continuously

developing eld, aiming for improved performance of carbon

steels that provide a more economical option compared to other

alloys. Previous sections of this review discussed the impor-

tance of the properties of the carbon steels and the method-

ology applied or available for applications to thin lms on

carbon steel surfaces. It is however also important to consider

the chemical composition of the corrosion inhibitors that are

efficient in inhibiting carbon steel corrosion under specic

conditions. This section focusses on summarizing the latest

developments in inhibition of carbon steel corrosion under

acidic conditions, such as HCl-containing media. A specic

focus is given to carbon dioxide corrosion, a type of acid

corrosion that is the major issue in the oil and gas industry.

Most equipment in the industry operations is exposed to an

acidic atmosphere that results for example in corrosion of

pipelines, casing and tanks leakage.169,170 Acidizing is however

an important procedure in which high pressure acid is inserted

into the rock through its pores and allows it to chemically

attack, resulting in the dissolution of rocks and generating

channels for ow.171

In order to prevent corrosion, corrosion inhibitors are

employed. It has been noticed that absence of corrosion

inhibitors leads to an exponential increase in corrosion rate.172

Corrosion inhibitors can either be a single component (organic)

Fig. 19 SECM image of tinplate with a line scratch immersed in 10 mM
H2SO4. The current increase above the scratch shows the oxidation of
Fe2+ to Fe3+. Etip ¼ +600 mV, Esample ¼ OCP (about 520 mV), SECM Pt
tip radius: 10 mm.168 Reprinted with permission from ref. 168. Copyright
2006, Elsevier B. V.

Fig. 20 SECM contour plot exhibiting defect in tin plate which was immersed in 10 mM H2SO4. Etip ¼ +600 mV, Esample ¼ OCP (about 520 mV),
SECM Pt tip radius ¼ 10 mm.168 Reprinted with permission from ref. 168. Copyright 2006, Elsevier B. V.
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or a mixture of solvents and compound, compound-surfactant

or compound-co-solvents.173 Usually, mixtures are known as

corrosion inhibitor formulation (CIF) or corrosion inhibitor

package (CIP).174,175 Surfactants are basically used for making

emulsion with inhibitors as it increases the dispersibility of

inhibitors in solution (incl. acids),176 but some of the surfac-

tants also help controlling corrosion. Design of a surfactant

molecule is an important aspect as far as performance of

inhibitors is concerned. Studied surfactants are cationic

surfactants such as ammonium salts and amines, which can

perform at low pH.177

Another important aspect of a corrosion inhibition package

is the solvent. Solvents provide stability to the formulations or

mixtures. Some important solvents are glycols, formic acids,

dimethylsulphoxide etc.178,179 In order to select a solvent, one

should be aware of its ammability as well as its cost. Flam-

mability is occasionally important for oil and gas industries.

Nasr-El-Din et al.180 and W. Durnie et al.181 studied the joint

application of alcohol–ether as a solvent and found all combi-

nations generated a better acid penetration and clean-up. It is

also noted that formic acid also serves as intensier (inhibitor

acid). Intensiers help to protect steel (plain carbon steel) at

high temperature.

Developments of novel corrosion inhibition measures are

the focus of many research groups in the eld of corrosion

science. The research is generally conducted on carbon steels of

different material properties. Few authors have addressed the

performance of corrosion inhibitors in respect to the type of

carbon steel used. For example, Tkachenko et al.182 observed

a good corrosion resistance with AGMIB (a commercial agent)

in sulphuric acid solution (20%) for carbon steels. A compar-

ison was made among some other additives such as thiourea,

KPI, AGMIB, APB, PB, katapin and cetylpyridine, etc., by keeping

the inhibitor amount constant (3 g L�1). Hydrogen embrittle-

ment leads to brittle fractures and ductility loss in plastically

deformed steel. This problem becomes severe in acidic corro-

sion media and therefore this study was designed to investigate

the durability of plastically deformed steel. Sherif et al.183

utilized aminophenyl tetrazole (APTA) as corrosion inhibitor for

maraging steel in 2 M H2SO4 solution and suggested that it has

a good corrosion inhibition property for maraging steel in acid

pickling condition and could be a potential future candidate for

efficiency modication.

Corrosion inhibition research of carbon steels under acidic

conditions focuses on utilizing alternative compounds to the

organics typically used in the industrial applications. These

alternative methods oen offer more ecological value and can

provide better protection to the steel. The latest developments

in the main streams in the selection of alternative corrosion-

inhibitive compounds are further discussed in detail, and

include the modication or synthesis of novel compounds, the

use of biopolymers and so called ‘green’ corrosion inhibitors.

Alternating the chemical structure of the inhibitor molecules

and thus improving their corrosion-inhibition efficiencies has

been successful in many instances. The recent focus is mainly

on, but not limited to, the synthesis of novel azole-based

inhibitors. For example, 2-amino-4-methyl thiazole was

utilized as a corrosion inhibitor for mild steel in acidic medium.

The study concluded that a strong adsorption lm formation on

mild steel offers good corrosion resistance. Formations of

feedback bond and dipole–dipole interactions were named as

important factors for lm formation on mild steels.184,185 Yildiz

et al.186 investigated corrosion inhibition properties of mild

steel with 2-pyridinecarbonitrile (2-PCN) in acidic medium.

Langmuir isotherm was the key feature for adsorption of 2-PCN

onmild steel. Mert et al. investigated 2-amino-4-methyl pyridine

(AMP) inhibitor for mild steel in 0.5 M HCl solution. An inter-

esting outcome was the relation of inhibition efficiency with

frontier orbital's energy band gap i.e. 5.357 eV for neutral and

6.490 eV for protonated AMP.187 2-Amino-5-mercapto-1,3,4-

thiodiazole (2A5MT) and 2-mercapto-thiazoline (2MT) were

investigated for carbon steel corrosion in 1 M H2SO4. The

presence of deep holes and pores in mild steel surface was

conrmed through SEM analysis. It was shown that the surface

became smooth (low surface roughness) upon contact with the

corrosion inhibitor. AFM depicted 329 nm as mean roughness

of mild steel surface, whereas 18 nm with 10 mM 2A5MT and

35 nm with 2 MT inhibitor. The AFM analysis conrmed

adsorption of inhibitor molecules.188 2,5-Bis(n-pyridyl)-1,3,4-

thiadiazole was used as a corrosion inhibitor for carbon steel

in 1 M perchloric acid (HClO4) media. FTIR conrmed the Fe(II)

complex (Fe(ClO4)2$6H2O) on steel. However, the phenomenon

of 2-PTH deterioration in HClO4 solution by precipitation of

CuS was observed, indicated by a broad S peak in the FTIR

spectrum. Higher efficiency (88.2%) was observed for 3-PTH (12

� 10�4 M) than for 2-PTH (12 � 10�4 M).189 SEM was used

extensively in the surface examination of inhibitor lm forma-

tion. 3-Pyridine carbozalde thio semicarbazone (3-PCT)190 (89%

efficiency (25 �C) (1.5 mmol)), rhodanine-N-acetic acid (R-NA)212

(efficiency 98% (1.0 � 10�2 M in 0.1 M HCl corrosive media));

4,4-dimethyl-3-oxo-2-(1,2,4)-triazol-1-yl-pentanethionic acid

phenylamide (DTP),191 5-((E)-4-phenylbuta-1,3-dienylidene-

amino)-1,3,4-thiadiazole-2-thiol192 and 4-{[((1Z)-2-chloroquinolin-3-yl)

methylene]amino}phenol (CAP)193 (efficiency 97% in 1 M HCl

corrosive media). The corrosion inhibitor lms were examined

using SEM and all studies exhibited a decrease in roughness of

the steel surface aer inhibitor exposure. The 1,3-diocta decy-

limidazolium bromide and N-octadecyl pyridinium bromide

lm was studied through XRD, EDS and Mössbauer spectros-

copy.194 SEM shows a at lm formation, while EDS conrmed

the presence of Fe and Cl. The XRD analysis provided infor-

mation about mixed goethite, melanterite and rozenite phases.

The application of bio-polymers has recently been studied by

Tawk et al.195 This study established various alginate-derived

bio-polymer as an efficient inhibitor for corrosion of carbon

steel in acidic medium (1 M HCl). It was observed that alginate

molecules do not affect the reaction mechanism, but block the

reaction sites on the surface of carbon steel. The efficiency was

entirely based on the adsorption of alginate molecules on

carbon steels and it followed the Langmuir isotherm for

adsorption. Highest efficiency (95.51%) was observed with 5 �

10�3M concentration of alginate derivatives. He et al.196 studied

the corrosion of carbon steel in re-circulating cooling water with

polyaspartic acid. Polyepoxysuccinic acid, polyamino poly ether

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 4580–4610 | 4603
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methylene phosphonate and sodium gluconate were used in

combination and such mixture could be considered

a composite. The resulting corrosion inhibition efficiency of

this composite was 97.32% at low dosage (30 mg L�1) with low P

content. Nam et al.197 studied 4-carboxyphenylboronic acid

(CPBA) (0.12 mM, 0.60 mM and 2.41 mM) as a corrosion

inhibitor for CO2 corrosion in 0.01 M NaCl solution. It was

suggested that the organic lm formation prevented the inward

diffusion of Cl� and outward diffusion of Fe ions and inhibition

performance was increased with increasing concentration of

CPBA.

Similarly, the use of rare-earth metal based compounds has

been shown to effectively inhibit corrosion of carbon steel

under acidic conditions (carbon dioxide corrosion). Nguyen

et al.198 synthesized cerium 4-hydroxycinnamate (Ce(4OHCin)3),

lanthanum 4-hydroxycinnamate (La(4OHCin)3) and praseo-

dymium 4-hydroxycinnamate (Pr(4OHCin)3) and used them as

inhibitor molecules (0.0, 0.02, 0.16 and 0.63 mM, respectively)

for CO2 corrosion in 0.01 M NaCl solution at room temperature.

Highest efficiency was observed at 0.63 mM concentration of

rare earth compounds and the most efficient inhibitor was

praseodymium 4-hydroxycinnamate (Pr(4OHCin)3 (0.063 mM).

It was concluded that the lm formation on the surface of steel

was the reason for the effective corrosion inhibition observed.

Green corrosion inhibitors are an important alternative for

the use of organic corrosion inhibitors. Azadirachta indica,

commonly known as “Neem tree”, has been used as a corrosion

inhibitor not only for plain carbon steel but also for aluminium

and tin based systems.199 Methanol extract of Ligularia scheri

was investigated as corrosion inhibitor for carbon steel in 1 M

HCl corrosive solution and reached 92% inhibition efficiency at

500 ppm of Ligularia scheri. The study found that Ligularia

scheri acted as a mixed corrosion inhibitor.200 Similarly meth-

anolic, aqueous methanolic and water extracts of Anthemis

pseudocotula were utilized for mild steel corrosion inhibition in

1 M HCl corrosive media. The highest inhibition competency

was observed for methanoic extract.201

Plant-extracted inhibitors have also been employed by

several researchers for plain carbon steels.202 Carica papaya

(leaves, seed, heart wood and bark) was also used for corrosion

inhibition of carbon steels in 1 M H2SO4 corrosive media.

Concentrations of inhibitors were varied as 0.1, 0.2, 0.5, 1.0 and

2.0 g L�1 and the highest efficiency was observed for leaves and

the lowest for barks. It was noticed that inhibition efficiency was

increased with extract concentration, but decreased with

increasing temperature.203 Medicago sative proved as a good

corrosion inhibitor for carbon steel in corrosive media of 2 M

H2SO4 containing 10% EtOH and it was shown that inhibition

was achieved through charge transfer.204 Cyamopsis tetragona-

loba was utilized as a carbon steel inhibitor with 92% efficiency

whereas the highest efficiency was observed for Ocimum

sanctum, Aegle marmelos and Solanum trilobatum with 99%

efficiency for carbon steels.205,206 The use of plant based inhib-

itors has recently been reviewed by Singh et al.207 Mourya et al.208

studied the mild steel corrosion with Tagetes erecta (Marigold

ower) as a corrosion inhibitor. In 0.5 M H2SO4 solution, the

authors observed that performance of the inhibitor could be

increased through adsorption of protonated Lutein than Lutein.

It was noticed that the performance increased with marigold

extract concentration and adsorption behaviour was found as

Langmuir isotherm. Chidiebere et al.209 utilized phytic acid as

an inhibitor for corrosion on mild steel (Q 235) in 0.5 M H2SO4

medium. In addition to this, iodide additives were used to

support the inhibition properties of phytic acid.209,210 The use of

phytic acid has certain advantages as it is nontoxic as well as

soluble in water. Musa paradisica peel extract is another green

inhibitor utilized for mild steel application.211 Zhang et al.212

used halogen substituted imidazoline derivative as 2-(2-

triuoromethyl-4,5-dihydro-imidazol-1-yl)-ethylamine (1.1 M)

and 2-(2-trichloromethyl-4,5-dihydro-amidazole-1-yl)ethylamine

(2.1 M) for mild steel in HCl (0.5 M) solution and observed

better efficiency in chloride substituted compounds than uoride

one. The compound 4-6-diamino-2-pyrimidinethiol (4D2P) was

also utilized for the mild steel corrosion inhibition in acidic

(0.1 M HCl) medium.213

Another approach in selecting ‘green’ compounds for

corrosion inhibition is to utilize pharmaceutical-based

compounds (drugs). Penicillins,214,215 which belong to the

beta-lactom group of antibiotics were shown important in

corrosion inhibition studies, including penicillin G (commonly

used for septic arthritis), ampiciline (used for urinary tract

infection), penicillin V (commonly used for skin infection).216,217

Interested readers can refer to a review published by Gece et al.

on the use of drugs as corrosion inhibitors.218 Vitamin B1 was

also utilized as a corrosion inhibitor for mild steel in 0.5 M HCl

solution. It was observed that vitamin B1 protects carbon steel

through formation of passive lm by physical and chemical

interaction.217 Another interesting approach was to use a keto-

sulfone drug for mild steel under 1MHClmedium. Ketosulfone

is considered as a mixed corrosion inhibitor.219,220

Similarly, in acidic solution (1 M HCl), cationic 1-dodecyl-1-

methyl-1H-benzo[d]-(1,2,3)-triazole-1-ium bromide (1-DMBT)

was investigated as a potential corrosion inhibitor in 1 M HCl

corrosive media for carbon steel. It was observed that 1-DMBT

behaved as a mixed-type inhibitor and offers good corrosion

inhibition efficiency (91.2% at 25 �C with 5 � 10�3 M).220

Recently, pyrazol derivatives such as 2-(3-amino-5-oxo-4,5-

dihydro-1H-pyrazol-1-yl), (P-toly)(methyl)malononitrile (P21)

and 2-((3-amino-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)(phenyl)methyl)

malononitrite (P22) were utilized for corrosion prevention of

N80 steel in 15% HCl medium. The study concluded that P21

was better than P22 as far as corrosion inhibition is concerned.

It should be mentioned that both P21 and P22 can be proton-

ated.221 Further, indigo carmine was shown to provide 95%

inhibition efficiency when combined with benzyl trimethyl

ammonium bromide. Other inhibitors incorporated in this

study were triethanolamine and cetyltrimethyl ammonium

bromide.222 Other drugs applied as corrosion inhibitors are

torsemide and furosemide, that were studied in 1 M HCl solu-

tion. Inhibition efficiency of torsemide was higher than the

furosemide because of its high electron density which supports

the inhibitor adsorption.222

CO2 corrosion represents a specic type of acid corrosion

encountered in the oil and gas industry. Inhibition of CO2

4604 | RSC Adv., 2017, 7, 4580–4610 This journal is © The Royal Society of Chemistry 2017
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corrosion can be performed in two ways, either directly through

crude oil or through use of corrosion inhibitor molecules. The

former method involves two major phenomena known as

wettability through constituents of crude oil. Sometimes crude

oil does not allow water to encounter the steel surface and thus

prevents corrosion. Nesic et al.223 studied the effect of aromatic

resin, saturates, nitrogen and sulphur, etc. Another approach to

CO2 corrosion inhibition is the application of corrosion inhib-

itors. Corrosion inhibitors are mostly organic compounds that

adsorb on the metallic substrate (through changing the inter-

facial free energy) with the help of the active part of their

molecule, characterized as hydrophilic head and hydrophobic

tail. The adsorption occurs through the hydrophilic head

whereas the hydrophobic tail helps in forming a hydrophobic

barrier through self-assembly.224 The adsorption of inhibitor

molecules changes the wettability of steel along with the oil

water interfacial tension. Adsorption of inhibitors can be cate-

gorized as physical adsorption (electric force) or chemical

adsorption (chemical bonding) as described earlier in this

review (see also Durnie et al.181).

Chemical compounds that are widely used as CO2 corrosion

inhibitors in oil and gas industries are listed in Table 1.

6. Conclusions and outlook

This article addresses the importance of material properties,

such as surface texture, energy, morphology and defects in

carbon steels used under corrosive conditions, and provides

a critical review of the current state of surface analytical

methods available for the carbon steel surfaces. As carbon steel

continues to be the preferred construction material across

industry elds, understanding the corrosion mechanisms and

the function of corrosion inhibitors, involving the reactions at

the interfaces between the corrosive electrolyte and a steel

surface, particularly at the initial stages of the corrosion process

are required. Naturally, these reactions are strongly affected by

the nature and properties of the steel surfaces. It is however

noted that the majority of recent corrosion and corrosion-

inhibition investigations are limited to electrochemical

testing, with ex situ analysis of the treated steels (post-exposure

analysis). The characterization of materials and their surface

properties, such as texture, energy and morphology, are not

being considered in most studies. One of the gaps in surface

investigations pointed out in this review is the fact that a low

surface energy and hydrophobicity of the steel surface are not

the only factors in the corrosion prevention and mechanistic

studies into the understanding corrosion processes are

required. Furthermore, the mechanism of surface chemical

composition, surface texture and hierarchical surface behaviour

in terms of hydrophobicity has not been extensively studied and

the corrosion prevention mechanism of hydrophobic surface of

carbon steels has not been universalized to date, to the best of

our knowledge. Similarly, in situ investigations of the initial

stages of the corrosion reactions using advanced surface char-

acterization techniques are scarce. Existing surface character-

ization techniques need to be combined with various

electrochemical methods in order to achieve deeper

mechanistic insights. For example, the use of electrochemical

microscopy and magnetic force microscopy in the corrosion of

carbon steels and their combination with electrochemical

methods such as cyclic voltammetry, electrochemical imped-

ance spectroscopy, etc. could advance the investigations of the

localized chemical behaviour of carbon steels.

Expanding corrosion studies on carbon steel surfaces with

the currently used and the emerging surface analytical

methods, and their combinations as identied in this review

could ll the gaps in understanding corrosion and corrosion-

inhibition mechanisms. Such knowledge is necessary for the

development of novel corrosion inhibition measures and

synthesis of corrosion inhibitors that are non-toxic, environ-

mentally friendly, inexpensive and provide adequate inhibition

against corrosion. These investigations and surface analytical

studies of thin lms, such as those of lm-forming corrosion

inhibitors, on carbon steels can be extended to corrosion

studies on other metallic and non-metallic substrates and

mono-layer studies in general.
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