
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
13

. D
ow

nl
oa

de
d 

on
 1

/1
7/

20
26

 1
:2

1:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
aCorrosion and Protection Centre, School of

Manchester, M13 9PL, UK. E-mail: igor.mol
bDivision of Physical Chemistry, Institute

Processes, Nanotechnology and Microsystem

10 Aghia Paraskevi Attikis, Athens, Greece. E
cIOLITEC, Ionic Liquids Technologies Gmb

Germany

† Electronic supplementary informa
10.1039/c3ra45872e

Cite this: RSC Adv., 2014, 4, 5300

Received 16th October 2013
Accepted 6th December 2013

DOI: 10.1039/c3ra45872e

www.rsc.org/advances

5300 | RSC Adv., 2014, 4, 5300–5311
Corrosion behaviour of mild steel in 1-alkyl-3-
methylimidazolium tricyanomethanide ionic liquids
for CO2 capture applications†

Igor S. Molchan,*a George E. Thompson,b Robert Lindsay,a Peter Skeldon,a

Vlassis Likodimos,*b George Em. Romanos,b Polycarpos Falaras,b Gabriela Adamova,c

Boyan Ilievc and Thomas J. S. Schubertc

The corrosion behaviour of mild steel (MS) was systematically investigated as a function of the alkyl chain

length in the cation of 1-alkyl-3-methylimidazolium tricyanomethanide ([Cnmim]TCM, n ¼ 2, 4, 6 and 8)

ionic liquids (ILs) with respect to their potential application as a structural material and solvents for CO2

capture plants respectively. The surface of MS was examined by scanning electron microscopy, energy

dispersive X-ray spectroscopy and micro-Raman mapping before and after immersion testing at

temperatures of 70 and 80 �C for durations varying from 1 hour to 10 days. Corrosion initiates at the

sites of MnS inclusions on the surface of MS, resulting in the formation of cavities due to the MnS

dissolution, which may be surrounded by corrosion products containing magnetite (Fe3O4) and

maghemite (g-Fe2O3). The amount of the corrosion products generated around the inclusion sites

decreased with the increase of the cation alkyl chain length, following the order [C2mim]TCM > [C4mim]

TCM > [C6mim]TCM z [C8mim]TCM. This was attributed to the corrosion inhibition effect of the ILs

through adsorption on the metal surface and blocking active sites, with the inhibition efficiency

increasing with the alkyl chain length. The underlying mechanism was associated with corrosion

processes at active sites on the MS surface, such as sulphide inclusions, in the presence of residual water

and oxygen in the IL. It was shown that increase of the water content in the ILs to about 50 000 ppm

resulted in faster dissolution of the MnS inclusions. Finally, it was demonstrated that removal of oxygen

from the IL significantly reduced the corrosion rate.
Introduction

Ionic liquids have become a subject of extensive study in the last
decade due to their unique properties and potential for diverse
technological applications, including utilisation for the capture
of CO2 generated during fossil fuel combustion in industrial
processes.1 Amongst the enormous number of possible IL
structures interacting physically with CO2, the ideal IL solvent
should exhibit a plethora of benecial physicochemical and
thermodynamic properties, including high thermal stability
and CO2 capture capacity, low viscosity and fast binary CO2/IL
diffusion, together with high solubility and chemical stability in
water. These properties must further be supplemented by the
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ease of synthesis/purication and competitive cost. Applied in a
typical CO2 scrubbing process, ILs may offer distinct advantages
compared with conventional amine-based solvents, in partic-
ular (i) elimination of evaporative losses, (ii) sustainability in
the presence of acidic gases and oxygen and (iii) minimisation
of energy dissipation required for regeneration, whichmay have
tremendous environmental and economical impacts in the CO2

capture process. On the other hand, the practical deployment of
physically absorbing ILs is severely impaired by their reduced
CO2 capture capacity and rate, both arising from the inherently
different mechanisms underlying CO2 capture compared with
amine solvents, e.g. chemisorption compared with phys-
isorption. In this respect, ILs may compete with amine solvents
only if the size of the scrubber increases or if scrubbing occurs
at elevated pressure. Both these parameters may signicantly
increase the capital cost of installation. Thus, the selection of
materials for construction of the CO2 capture plant to minimise
the cost and to ensure integrity of the plant facilities is of great
importance.

Current and potential industrial applications of ILs require
understanding of their interactions with metallic materials.
Corrosion is particularly important where ILs are in contact
This journal is © The Royal Society of Chemistry 2014
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with metallic components such as pipes, valves, vessels and
reaction chambers. However, despite numerous publications
dedicated to the physicochemical properties and application
aspects of ILs,13 corrosion of metals and alloys in ILs is not
widely covered, while detailed investigations of the underlying
corrosion mechanisms remain the subject of discussion.

Since metallic materials are considered as the main
construction materials for IL-operated installations, the
corrosion behaviour of metals and alloys in ILs attracts
particular attention. Corrosion of steels, nickel alloys, brass,
aluminium and magnesium alloys in a number of ILs is an
area of growing interest. The corrosion of the alloys in the ILs
depends on the nature of the cation and anion of the IL and
testing conditions, e.g. temperature, applied potential and
impurities. Table 1 lists selected studies on the corrosivity of
ILs toward widely used alloys. Corrosion is a severe issue for
conventional monoethanol amine (MEA) operated CO2

capture plants, due to the corrosive nature of CO2.14 Corrosion
testing at a pilot plant under MEA operation revealed that
Table 1 List of selected studies on corrosivity of ILs

Subject Materials

Formation of protective coating by
immersion in ILs

Pure magnesium, AZ31
magnesium alloy

Fundamental and applied study of
corrosion of magnesium alloys in ILs

AZ91D magnesium alloy

Study of ILs corrosivity in ow
systems

Carbon steel, stainless steel (eq
(304)), nickel-based alloy, CuZn
brass, copper, AlMg3 aluminiu
alloy

Study of room-temperature corrosion
in ILs

Nickel, copper, 316 stainless st

Application of so X-ray SEM,
combined with micro-spot X-ray
absorption spectroscopy and X-ray
uorescence spectroscopy for in-situ
investigation of corrosion in ILs

Nickel

Study of the relationship between
corrosion rate and structure of the ILs

1018 carbon steel

Corrosion study of ILs with potential
lubricant properties

CuSn8P bronze, 100Cr6 steel

Corrosion study at elevated
temperature (70–325 �C)

Copper, nickel, 1018 carbon ste
brass, Inconel 600

Corrosion study at high temperature
(220 �C) for applications in thermal
circuits

304 stainless steel and 1018
carbon steel

Corrosion study of potential lubricant
ILs for aluminium alloys

AA6061, AA7075 and AA2011
aluminium alloys

Corrosion behaviour in
alkanolamine/IL emulsions for CO2

capture

1020 carbon steel

This journal is © The Royal Society of Chemistry 2014
stainless steel generally exhibited a good performance with the
corrosion rate not exceeding several mm per year in certain
locations of the plant.15 On the other hand, the corrosion rate
of MS varied widely from 1 mm per year to over several mm per
year depending on the location. MS typically contains 0.05 to
0.25% carbon and, due to relatively low cost, it is used where
large amounts of steel are required, for example, in
construction, cars, fences and domestic goods. Hence, the use
of MS is preferred for building CO2 capture IL-operated
installations to reduce material costs if corrosion processes
are effectively alleviated. Further, an increasing number of
publications report on the inhibiting properties of ILs in
aggressive environments. The addition of relatively small
amounts of selected ILs to hydrochloric or sulphuric acid
solutions, typically of the order of tens of mmol l�1 or hundred
ppm, results in an increased inhibition efficiency of mild steel
against corrosion to a value above 90% due to chemisorption
or physisorption of the ILs on the alloy surface and the
blocking of active sites.16,17
Ionic liquids Ref.

Tri(hexyl)
tetradecylphosphoniumbis(triuoromethanesulfonyl)
amide; trihexyl(tetradecyl)phosphonium-bis-2,4,4-
trimethylpentylphosphinate

2

[C4mim]triuoromethylsulfonate; [C4mim]bis
(triuoromethylsulfonyl)

3

n
40
m

[C2mim]ethylsulphate; [C4mim]octylsulphate; C4mim]
Cl; 1,3-dimethyl-imidazolium dimethylphosphate;
(C12–C18) alkylpoly-(3)oxyethyldihydroxy-ethylmethyl-
ammonium methylsulphate); cocosaklylpentaethoxi
methyl ammonium methylsulphate

4

eel Mixture of AlCl3 and [C2mim]Cl 5

1-Butyl-1-methyl-
pyrrolidiniumbis(triuoromethylsulfonyl)amide

6

([C4mim]Cl; [C6mim]PF6; [C8mim]PF6; [C4mim] bis-
(triuoromethanesulfonyl)imide

7

Cholinebis(triuoromethyl-sulfonyl)imide; choline
methanesulfonate; butyl-trimethyl-ammonium
bis(triuoromethyl-sulfonyl)imide

8

el, [C4mim]bis-(triuoromethanesulfonyl)imide 9

[C6mim]tri(pentauoroethyl)triuorophosphate;
1-butyl-1-methylpyrrolidinium
triuoromethanesulfonate; ethyl-dimethyl-propyl-
ammonium bis(triuoromethylsulphonyl)imide;
1-butyl-1-methylpyrrolidinium bis
(triuoromethylsulphonyl)imide

10

[Cnmim]X (X ¼ BF4, n ¼ 2, 6 and 8. X ¼ CF3SO3,
n ¼ 2. X ¼ (4-CH3C6H4SO3), n ¼ 2. X ¼ PF6,
n ¼ 6. 1-butyl-3-methylpyridinium
bis(triuoromethylsulfonyl)imide

11

[C4mim]BF4, [C2mim]BF4, [C2mim]
triuoromethanesulfonate

12

RSC Adv., 2014, 4, 5300–5311 | 5301
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ILs with tricyanomethanide (TCM) anion possess several
benecial properties, including low viscosity, lowmelting point,
high thermal stability and electrical conductivity, with the
ability of scale-up production.18 The ILs with the TCM anion are
not widely investigated and have been mainly explored for the
development of non-volatile, “solvent-free” electrolytes for
dye-sensitised solar cells.19,20 Very recently, evaluation of the
CO2 capture capacity of [Cnmim]TCM ILs in the form of liquid
solvents as well as upon imbibition in ceramic porous supports
has shown that TCM-based ILs, apart from their intrinsically
low viscosity, afford signicant CO2 solubility and selectivity
which is higher than that of uorinated ILs such as [Cnmim]PF6
(Fig. 1a and b).21 Most importantly, recent studies carried out by
the authors have concluded that the CO2 absorption capacity
and diffusivity can be markedly enhanced in binary [Cnmim]
TCM/H2O systems in contrast to the commonly detrimental
inuence of water in most physically and chemically CO2

absorbing ILs (Fig. 1c and d).22

In this work, the corrosion properties of [Cnmim]TCM ILs
were investigated as a function of the alkyl chain length (n ¼ 2,
4, 6 and 8), using mild steel as reference substrate, a low-cost
building material in CO2 capture facilities. Systematic immer-
sion tests of MS have been performed at elevated temperatures,
70 and 80 �C, for durations from 1 h to 10 days and increased
Fig. 1 (a and b) Comparative CO2 absorption capacity between
[C4mim]TCM and [C4mim]PF6 at (a) low pressures and (b) high pres-
sures at different temperatures. (c and d) Enhancement effect of water
on the CO2 absorption capacity of the (c) [C8mim]TCM and (d)
[C4mim]TCM; the water molar fraction is shown in the legends.

5302 | RSC Adv., 2014, 4, 5300–5311
water contents up to 5 wt%. The surface characteristics of MS
before and aer corrosion tests were evaluated in detail by
scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX) and micro-Raman mapping allowing new
insights to the origin of the corrosion processes on the surface
of MS in the TCM-based ILs.

Experimental

Mild steel (0.13–0.18% C, max. 0.40% Si, 0.7–0.9% Mn, max.
0.05% S, max. 0.05% P and Fe balance) was supplied by RS
Components (UK) as a rod of 10 mm diameter. The rod was cut
into disks of approximately 4 mm thickness, which were
mechanically polished normal to the rolling direction using,
consecutively, P240, P600, P1200 and P4000 wet emery papers
followed by 3 and 1 mm diamond pastes on a velvet pad with a
polyethylene glycol-based lubricant. The resultant roughness,
Ra, measured by a Contour GT (Veeco) white light interferom-
eter, was approximately 8 nm.

The four types of ILs of purity over 98 mol% used for testing,
included the following: (i) 1-methyl-3-ethylimidazolium tricya-
nomethanide, [C2mim]TCM, (ii) 1-methyl-3-butylimidazolium
tricyanomethanide, [C4mim]TCM, (iii) 1-methyl-3-hexy-
limidazolium tricyanomethanide, [C6mim]TCM, and (iv)
1-methyl-3-octylimidazolium tricyanomethanide, [C8mim]TCM.
The 1-alkyl-3-methylimidazolium tricyanomethanide ionic
liquids were synthesised according to the experimental proce-
dures established at Iolitec. 1 mol of the corresponding
imidazolium-based ionic liquid chloride, [Cnmim]Cl (n¼ 2, 4, 6,
8) of purity over 98 mol% (Iolitec), was dissolved in 1.5 l of dry
dichloromethane. 1.05 mol of sodium tricyanomethanide was
added immediately to the dissolved chloride and the reaction
mixture was stirred for 48 h at room temperature. The mixture
was then ltered through celite; the mother liquor evaporated
under reduced pressure and the product dried under high
vacuum for 24 h at 40 �C. Ion chromatography showed that the
chloride content of all products was below 0.5 mol%. The
experimental yield of the reaction, i.e. the percentage of the
theoretical yield, in all cases exceeded 90%. The water contents
in the ILs measured using a C20 Coulometric Karl Fischer
Titrator (Mettler Toledo) were 1050, 980, 265 and 265 ppm for n
¼ 2, 4, 6 and 8 in [Cnmim]TCM respectively.

The MS specimens were sealed individually with each IL in
autoclavable plastic bottles in the ambient atmosphere. Addi-
tionally, in order to conrm the inuence of oxygen on IL's
corrosivity, the specimen of MS was sealed with [C4mim]TCM in
a nitrogen atmosphere. Prior to sealing, the IL was purged with
nitrogen for 3 hours to remove air, the origin of oxygen. 4 ml of
IL per specimen was used in the individual studies. The
immersion testing was carried out at 70 and 80 �C for durations
ranging from 1 h to 10 days, and at room temperature for 1 day.
The temperatures up to 80 �C were selected to ensure long-term
stability of the ILs. It was revealed that ILs change colour aer
keeping at 100 �C for 1 day that may be attributed to chemical
transformations in the ILs; in contrast, no signicant colour
change was observed at 80 �C. In order to study the effect of
water content in ILs on the IL corrosivity, [C2mim]TCM and
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Scanning electron micrographs of the surface of MS after
immersion in (a) [C2mim]TCM, (b) [C4mim]TCM, (c) [C6mim]TCM and
(d) [C8mim]TCM at 80 �C for 1 day.
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[C8mim]TCM with increased water contents were prepared by
adding eight droplets of water, with the approximate weight of
an individual droplet being 0.025 g, to 4 ml of each IL using a
pipette, followed by mixing at room temperature. The resultant
water contents, determined by Karl Fischer titration, were
48 900 and 53 900 ppm for [C2mim]TCM and [C8mim]TCM
respectively. The ILs used in the present study are miscible with
water to a certain extent,22 and mixing led to the formation of a
uniform liquid in several minutes.

A Zeiss Ultra-55 scanning electron microscope was employed
for examination of the surface and local chemistry of the
specimens. The microscope is equipped with SE1, BSE and EDX
detectors. Secondary electron images were recorded at acceler-
ating voltage varied from 2 to 15 kV. The acceleration voltage
was adjusted to 8 kV for EDX analysis.

Micro-Raman spectra were recorded in backscattering
conguration on a Renishaw inVia Reex microscope using an
Ar+ ion laser (l ¼ 514.5 nm, 2.41 eV) and a high-power near
infrared diode laser (l ¼ 785 nm, 1.58 eV) as excitation sources.
The laser beam was focused onto the specimens by means of a
100� (NA ¼ 0.85) objective at a laser power below 0.3 mW in
order to avoid local heating and phase transformation of the
iron oxides.23 Analysis of the scattered beamwas performed on a
250 mm focal length spectrometer along with a 1800 lines per
mm diffraction grating and a high-sensitivity CCD detector.
Raman mapping was implemented on a motorized feedback-
controlled XYZ mapping specimen stage that allowed area
mapping with a step size of 0.1 mm in the point-by-point mode.

Results and discussion
Immersion testing in as-received ILs

The specimens of MS were immersed in the four [Cnmim]TCM
ILs at 80 �C for 1, 3, 5 and 10 days. Fig. 2 shows representative
scanning electron micrographs of the MS specimens aer
immersion for 1 day. Aer immersion in [C2mim]TCM, the MS
surface reveals numerous craters (Fig. 2a).

Individual craters consist of a cavity of circular or elongated
shape and size up to �1 mm that is surrounded by a darker
region of dimensions up to 3 mm. Craters of similar shapes are
generated during immersion in [C4mim]TCM (Fig. 2b). The
number of craters per unit area is similar to that in [C2mim]
TCM and is of the order of 1 � 106 cm�2; however, the crater
dimensions are slightly reduced, with the maximum crater
dimensions generally not exceeding 2 mm. Likewise immersion
in [C2mim]TCM and [C4mim]TCM, craters are generated on the
surface of MS aer immersion in [C6mim]TCM (Fig. 2c).
However, the crater dimensions are signicantly smaller,
generally up to 1 mm, with most of the craters having dimen-
sions of several hundred nanometres. The appearance of the
craters generated in [C8mim]TCM is similar to those generated
in [C6mim]TCM (Fig. 2d). Most of the craters are of submicron
dimensions; however, the size of individual craters may reach
2 mm. The estimated numbers of craters per unit area generated
in the four ILs are approximately the same. The surface
appearance of the MS does not change signicantly with
increase of immersion duration to 10 days (Fig. S1 of ESI†).
This journal is © The Royal Society of Chemistry 2014
Craters of similar shapes and numbers are evident aer
increased immersion duration. It may be summarised that the
average dimensions of the craters generated in the ILs increases
in the order [C8mim]TCM z [C6mim]TCM < [C4mim]TCM <
[C2mim]TCM. Interestingly, the order also follows the increase
of the length of alkyl chain of the cation.

It is well known for both mild steel and stainless steel that
pits are initiated at sulphide inclusions, e.g. MnS.24,25 Sulphur
impurities are present in all steels and due to the low solubility
of sulphides, sulphide inclusions are formed. In carbon steels,
the attack initiates in the matrix close to the sulphide inclusion,
which is more noble than the matrix. Indeed, local EDX analysis
of the surface of the as-polished MS shown in Fig. 3a conrmed
the presence of manganese and sulphur in the inclusion sites of
darker appearance (Fig. 3b). The local EDX spectrum recorded
outside of the metal matrix area (Fig. 3c) exhibited only peaks of
iron and carbon corresponding to the alloy constituents
(hydrocarbon contamination on the surface may also contribute
to the carbon yield). Detailed EDX analysis within the typical
crater area of MS immersed in [C2mim]TCM for 10 days (Fig. 4a)
is displayed in Fig. 4b and c. The oxygen peak centred at
0.52 keV suggests the presence of corrosion products, e.g. iron
oxides or hydroxides, in the crater; no oxygen was detected
outside the crater, indicating that corrosion products are
conned within the crater area. A weak silicon peak in the EDX
spectra originates from the alloy constituents. Silicon is typi-
cally added to steel during the production process for the
purpose of deoxidisation and may be in the form of SiO2; thus,
SiO2 may also contribute to the oxygen peaks in the spectra. It
was shown elsewhere that sulphide inclusions may exist as
separate particles or shells surrounding an oxide core.26

Sulphides undergo dissolution during corrosion, whereas
RSC Adv., 2014, 4, 5300–5311 | 5303
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Fig. 3 (a) Scanning electron micrograph of as-polished mild steel and
local EDX spectra recorded in the (b) point A and (c) point B of the
micrograph.

Fig. 4 Scanning electron micrograph and related local EDX spectra of
MS after immersion in [C2mim]TCM at 80 �C for 10 days: (a) micro-
graph; (b) spectrum recorded in the cavity in the location marked A; (c)
spectrum recorded in the area surrounding the cavity marked B.

Fig. 5 Scanning electron micrographs of the surface of MS after
immersion in [C2mim]TCM at 80 �C for (a) 1 h and (b) 3 h.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
13

. D
ow

nl
oa

de
d 

on
 1

/1
7/

20
26

 1
:2

1:
02

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
oxides remain intact. Manganese and sulphur were not detected
in the craters, suggesting that theMnS inclusion was completely
dissolved. EDX analysis of individual craters generated in
[C6mim]TCM and [C8mim]TCM aer 10 days of immersion did
not reveal the presence of manganese and sulphur. No oxygen
was detected in most of the craters, suggesting that the rate of
corrosion product formation in [C6mim]TCM and [C8mim]TCM
is signicantly reduced compared with [C2mim]TCM. SEM/EDX
examination of MS aer immersion in ILs for 1, 3 and 5 days
revealed similar crater shapes and numbers per unit area
compared with those generated aer 10 days of immersion.
Manganese and sulphur were not detected in the analysed
craters aer immersion in [C2mim]TCM, [C4mim]TCM and
[C6mim]TCM. Thus, most MnS inclusions are dissolved within
1 day of immersion. A weak manganese peak was detected in
one of the craters generated in [C8mim]TCM aer one day of
immersion, possibly due to incomplete dissolution of the
inclusion.

Since the surface of MS was affected to a greater extent
during immersion in [C2mim]TCM compared with the three
other ILs, [C2mim]TCM was selected to carry out an immersion
test at 80 �C for a shorter immersion period to reveal the time
5304 | RSC Adv., 2014, 4, 5300–5311
necessary for complete dissolution of the MnS inclusions at this
temperature. The durations of the immersion tests varied from
1 to 8 h; Fig. 5 displays the surface appearance of MS aer 1 and
3 h of immersion. Corrosion products were identied around
the MnS inclusions immersed for 1 h, revealing oxygen peaks
in the related EDX spectra (Fig. 5a). MnS inclusions are located
in the centres of the craters. The narrow gaps separating
inclusions and the metallic matrix suggest that the inclusions
started to dissolve. Aer 3 h, most of the inclusions are partly
dissolved. The gap between the inclusion remnants and
metallic matrix is signicantly wider than aer 1 h; complete
dissolution may take place in the small craters, leaving cavities
of dimensions of several hundred nanometres (Fig. 5b). Further
increase of the immersion duration revealed that the inclusions
are totally dissolved in [C2mim]TCM within approximately 8 h
at 80 �C. It is well established that pit initiation may start at a
certain temperature that is reproducible.27 Immersion of MS in
[C2mim]TCM at room temperature for 1 day did not cause any
signicant changes on the surface; the surface appearance was
similar to that of the as-polished alloy (Fig. S2 of ESI†). Thus,
temperature plays an important role in increasing the rates of
dissolution of MnS inclusions and formation of corrosion
products in the selected ILs.

The chemical nature, phase composition and spatial distri-
bution of the corrosion products on the surfaces of MS aer
immersion in the [Cnmim]TCM ILs at 80 �C for 1 and 10 days
were subsequently investigated by micro-Raman spectroscopy
combined with local area mapping. Fig. 6 shows representative
Raman spectra at different points on the surface of MS aer
immersion in [C2mim]TCM for 1 and 10 days, using the 514.5
nm laser line. An intense Raman signal was systematically
detected in the numerous craters developed on the polished MS
surface aer immersion in [C2mim]TCM for both 1 and 10 days
that is consistent with the SEM/EDX analysis. Extended Raman
spectra acquired locally on the crater areas revealed the
presence of three asymmetric broad bands around 350, 535 and
672 cm�1 together with two higher frequency broad modes at
�1400 and �1600 cm�1 at excitation wavelength of 514.5 nm as
shown in Fig. 7a. These bands can be mainly attributed to the
presence of the iron-decient, inverse spinel phase of maghe-
mite (g-Fe2O3)28,29 that was further supported by direct
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 (a and c) Optical micrographs and (b and d) related micro-
Raman spectra at different points on the surface of MS after immersion
in [C2mim]TCM for (a and b) 1 and (c and d) 10 days at 80 �C; excitation
wavelength is 514.5 nm.
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comparison with the Raman spectra of representative reference
iron oxides (Fig. 7a), where the contribution of the parent
magnetite spinel (Fe3O4) to the observed Raman spectra is also
Fig. 7 (a) Comparison of the Raman spectra of corrosion products on
MS after immersion in [C2mim]TCM at 80 �C for 10 days with reference
samples of maghemite (g-Fe2O3), magnetite (Fe3O4), hematite
(a-Fe2O3) and goethite (a-FeOOH); excitation wavelength is 514.5 nm.
(b) Comparison of the Raman spectra of corrosion products onMS and
magnetite recorded at excitation wavelength of 785 nm.

This journal is © The Royal Society of Chemistry 2014
evidenced. Specically, the superposition of the most intense
A1g mode of magnetite at 669 cm�1,30 with the broadmaghemite
band at 720 cm�1, may account for the observed asymmetric
line shape that peaks at 672 cm�1 with a shoulder at higher
frequencies, while similar effects can be applied to rationalise
the broad line shapes and deviations of the observed peak
frequencies from the corresponding ones of single phase
maghemite or magnetite.29,31 This indicates that the phase
composition of the corrosion products on the MS surface can be
essentially attributed to a mixture of maghemite and magnetite
phases, although quantication of their relative amounts is
rather difficult due to the diverse electronic structures of the two
constituent iron oxides (semiconducting g-Fe2O3 compared
with semimetallic Fe3O4 at room temperature) and the
concomitant variation of their Raman scattering cross section
under 514.5 nm laser excitation.32 In fact, changing the excita-
tion wavelength from 514.5 to 785 nm, further from the
maghemite absorption edge at about 600 nm,33 resulted in a
Raman spectrum dominated by the bands of magnetite
(Fig. 7b), whose optical response varies only weakly in the cor-
responding wavelength range.34 This behaviour is characteristic
of the (near-) resonance Raman effect as the excitation energy at
514.5 nm (2.41 eV) approaches the bandgap of maghemite
(�2.0 eV), causing the enhancement of the Raman modes of
g-Fe2O3 over those of Fe3O4 that, however, prevail under non-
resonant excitation conditions at 785 nm.

Raman mapping of the integrated area of the most intense
mode at 672 cm�1 at excitation wavelength of 514.5 nm has
been subsequently employed to probe the spatial distribution of
the corrosion products on the MS surface aer immersion in
[C2mim]TCM for 10 days (Fig. 8). Comparison of the Raman
maps with the corresponding optical images revealed that the
maximum Raman intensity occurs around the craters as well as
at regions in-between neighbouring craters, reecting the
uneven iron oxide distribution around the craters in perfect
agreement with the EDX spatial analysis. Raman spectra were
accordingly acquired at different points on the MS surface aer
immersion in [C4mim]TCM for 1 and 10 days, at 514.5 nm
(Fig. S3 of ESI†). Likewise for [C2mim]TCM, the composite
Raman spectra of mixed g-Fe2O3/Fe3O4 spinels were identied
at regions in the dark areas surrounding the MS craters, whose
densities were similar to those upon [C2mim]TCM immersion.

However, spatial Raman analysis of the MS specimens aer
immersion in [C6mim]TCM and [C8mim]TCM, revealed a
signicant reduction in the extent of corrosion product forma-
tion (Fig. 9). The Raman spectra of the g-Fe2O3/Fe3O4 corrosion
products were progressively weaker on the considerably smaller
dark regions surrounding cavities on the MS surface for
[C6mim]TCM and [C8mim]TCM compared with those obtained
for [C2mim]TCM and [C4mim]TCM. Moreover, for many craters,
the Raman signal was markedly reduced or totally suppressed,
indicating that the growth of g-Fe2O3/Fe3O4 corrosion layers
was considerably impeded in the presence of [C6mim]TCM and
[C8mim]TCM that is in agreement with the EDX analysis. An
intensity of the iron oxides Raman peak associated with the
individual crater marked (6) in Fig. 9(b) is relatively high;
however, the intensities of the peaks of the most of the craters
RSC Adv., 2014, 4, 5300–5311 | 5305
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Fig. 8 Raman mapping of (a–d) single and (e–h) neighbouring craters
on the MS surface after immersion in [C2mim]TCM at 80 �C for 10
days: (a and e) optical images, (b and f) Raman maps of the integrated
area of the 672 cm�1 band, (c and g) superpositions of the optical and
Raman images and (d and h) Raman spectra corresponding to the
maximum (red) and minimum (black) signal on the Raman maps.
Excitation wavelength is 514.5 nm.

Fig. 9 Optical images and Raman spectra at different points on the
surface of MS after immersion in (a and b) [C6mim]TCM and (c and d)
[C8mim]TCM at 80 �C for 10 days; excitation wavelength is 514.5 nm.
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are signicantly reduced compared with those of [C2mim]TCM.
Comparative Raman maps of MS craters aer immersion in
[C4mim]TCM and [C8mim]TCM for 10 days (Fig. 10) veried
directly the marked decrease of the g-Fe2O3/Fe3O4 Raman
intensity, although the spatial distributions of the iron oxides
were similar for both cases. This behaviour conrmed that
corrosion product formation on MS is considerably hindered
for the less dense and more viscous [C6mim]TCM and [C8mim]
TCM ILs with the longer alkyl chain length of the cation.

Based on the SEM/EDX and micro-Raman analyses, it is
inferred that the main effect on the MS surface aer immersion
in the [Cnmim]TCM ILs for 1 h to 10 days at 80 �C is the
dissolution of sulphide inclusions (MnS), leading to cavity
formation without substantial dissolution of the surrounding
metal matrix. The process is accompanied by the generation of
g-Fe2O3/Fe3O4 corrosion products in the cavities and the
surrounding areas of the MnS inclusions that ceases as soon as
the inclusions are dissolved. The increase of the craters size as
5306 | RSC Adv., 2014, 4, 5300–5311
well as the formation of corrosion products were particularly
pronounced for [C2mim]TCM and [C4mim]TCM. On the other
hand, both the crater dimensions and the amount of corrosion
products were signicantly reduced for [C6mim]TCM and
[C8mim]TCM, unveiling a marked dependence of the [Cnmim]
TCM ILs corrosive ability on the cation alkyl chain length, which
largely determines their hydrophobicity; the increase of the
alkyl chain length increases hydrophobicity of the ILs.35 In fact,
the water contents measured by Karl Fischer titration decreased
with increase of the length of the cation alkyl chain, suggesting
that the progressive effectiveness of the [Cnmim]TCM ILs in the
dissolution of sulphide inclusions and the formation of corro-
sion products in MS may be associated with the presence of
small amounts of water in ILs and possibly dissolved oxygen.

Immersion tests in ILs with increased water content

In order to study the role of water in the dissolution of MnS
inclusions and the formation of corrosion products, immersion
tests of MS in the ILs with increased water contents were carried
out at 70 �C for two hours. The ILs with the highest and the
lowest corrosivities, [C2mim]TCM and [C8mim]TCM respec-
tively, with water contents of approximately 50 000 ppm were
selected. Fig. 11 compares the surface appearance of MS aer
immersion in [C2mim]TCM and [C8mim]TCM with and without
added water. Craters with cavities surrounded by corrosion
products of darker appearance are evident on the surface of MS
immersed in [C2mim]TCM (Fig. 11a and b). The majority of the
craters generated in the as-received [C2mim]TCM are lled with
This journal is © The Royal Society of Chemistry 2014
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Fig. 10 Raman mapping of the craters on the MS surface after
immersion in (a–c) [C4mim]TCMand (d–f) [C8mim]TCM at 80 �C for 10
days, at excitation wavelength of 514.5 nm: (a and d) optical image, (b
and e) Raman map of the integrated area of the 672 cm�1 band and (c
and f) Raman spectra corresponding to the maximum (red) and
minimum (black) signal on the Ramanmaps at the same intensity scale.

Fig. 11 Scanning electron micrographs of the surface of MS after
immersion at 70 �C for 2 h in: (a) as-received [C2mim]TCM, (b) [C2mim]
TCM with 48 900 ppm water, (c) as-received [C8mim]TCM and (d)
[C8mim]TCM with 53 900 ppm water.

Fig. 12 (a and c) Optical images and (b and d) Raman spectra at
different points on the surface of MS after immersion in (a and b) as-
received [C2mim]TCM and (c and d) [C2mim]TCM with 48 900 ppm
water at 70 �C for 2 h; excitation wavelength is 514.5 nm.
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inclusions. EDX analysis of several inclusions identied them
as MnS. Immersion in [C2mim]TCM with added water resulted
in complete dissolution of MnS inclusions in most craters.
Craters were not evident widely on the surface of MS aer
immersion in [C8mim]TCM (Fig. 11c); the MS surface appear-
ance was similar to the as-received alloy. Darker features on the
surface were identied as MnS by local EDX analyses. Similar to
[C2mim]TCM with 48 900 ppm water, immersion in [C8mim]
TCM with 53 900 ppm water led to the complete dissolution of
MnS inclusions in the majority of craters (Fig. 11d). Local EDX
analysis of several craters did not reveal the presence of oxygen,
thus, conrming that the amount of corrosion products
generated in [C8mim]TCM is insignicant. Weak sulphur peaks
were detected in a few craters suggesting that MnS inclusion
remnants remain in individual craters.

Fig. 12 shows representative Raman spectra on the MS
surface aer immersion in [C2mim]TCM with and without
added water at 70 �C for 2 h. In the case of the as-received
[C2mim]TCM, the formation of mixed g-Fe2O3/Fe3O4 corrosion
products was directly identied by the corresponding Raman
This journal is © The Royal Society of Chemistry 2014
spectra at the dark areas surrounding the MS craters. However,
a series of additional broad Raman bands at 217, 277, 317, 475
and 590 cm�1 were systematically detected at the regions of
brighter appearance in the craters centres, superimposed with
the iron oxide Raman spectra (Fig. 12a). These modes can be
primarily attributed to the inherently weak Raman spectra of
RSC Adv., 2014, 4, 5300–5311 | 5307
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the cubic MnS phase (alabandite), especially the broad band at
590 cm�1.36 The relatively intense bands at 277, and 317 cm�1

may indicate the contribution of wurtzite type Raman modes,
similar to buseckite (Fe, Zn, Mn)S sulphides, possibly due to the
partial dissolution/transformation of the MnS inclusions.37 On
the other hand, no evidence of sulphide inclusions was traced
by Raman mapping on the abundant craters covering the MS
surface aer immersion in [C2mim]TCM with 48 900 ppm water
(Fig. 12b), corroborating the total dissolution of MnS in the
presence of water. Furthermore, Raman analysis of MS aer
immersion in as-received [C8mim]TCM at 70 �C for 2 h revealed
the presence of the MnS inclusions in the few craters generated
on MS, together with the absence of any iron oxide products
(Fig. S4a and b of ESI†). Moreover, no sulphide inclusions or
corrosion products were identied on the MS craters aer
immersion in [C8mim]TCM with 53 900 ppm water by micro-
Raman (only an enhanced background signal) (Fig. S4c and d of
ESI†), providing further evidence for the total dissolution of
MnS upon increasing the ILs water content.
Corrosion mechanism

The molecules of the ILs used in the present study do not
contain oxygen atoms. Thus, the only way to form oxides in the
areas adjacent to the inclusions is through their interaction
with water–oxygen dissolved in the ILs during manufacture and
storage, with additional intake during immersion testing.
Visual observation of the IL droplet placed in the SEM chamber
through a built-in video camera during pumping down revealed
intense gas evolution from the droplet, providing a clear indi-
cation for the presence of dissolved air–water in the IL. There-
fore, it was assumed that corrosion events in the ILs proceed
similarly to those in water-containing media. The study of
corrosion of steels in moist media reviewed previously by
Wranglen24,25 was used for the explanation of MS corrosion in
the ILs. The sulphide inclusions were classied as active or non-
active with regard to pit initiation. It was proposed that the
active MnS inclusions are surrounded by a metallic matrix with
submicroscopic MnS precipitates, oen referred to as a
sulphur-infected matrix that was generated during the steel
production process. The sulphur-infected matrix near the MnS
inclusions is highly active due to the large contact area between
the ne precipitates and the iron; such regions form anodic
sites. MnS inclusions, ne MnS precipitates surrounding
inclusions and the non-infected metal matrix act as cathodes.
Fine precipitates have signicantly higher solubility compared
with the larger inclusions. Dissolution of the precipitates is
accompanied by the increase of acidity with the formation of
H2S and HS� ions that catalyse both anodic dissolution of iron
and hydrogen evolution at the cathodic sites. The large-area
metallic matrix, not contaminated by sulphides, serves as a
cathode, providing oxygen reduction. MnS inclusions and
surrounding precipitates also act as cathodic sites, however,
mainly for hydrogen evolution. Development of the acidity due
to hydrolysis of iron ions released at anodic areas facilitates
dissolution of the inclusions.
5308 | RSC Adv., 2014, 4, 5300–5311
Pure water is not corrosive to most metals. However,
dissolved gases, e.g., oxygen, carbon dioxide, sulfur dioxide and
impurities, e.g. chloride ions, can cause corrosion attack. In
many cases, pits initiate at physical or chemical inhomogenities
on the surface, such as inclusions, aws, second-phase inter-
metallic particles, grain boundaries, etc., and temperature may
be a critical factor.38 No corrosion was identied aer 1 day of
immersion in [C2mim]TCM at room temperature, suggesting
that the corrosion rate at room temperature is sufficiently low.
Considering that ILs contain up to 2 mol% impurities,
including up to 0.5 mol% chlorides, dissolved water and oxygen
that may cause corrosion events, it can be assumed that IL
adsorbed on the metal surface may act as a barrier to the
initiation of corrosion at room temperature. At elevated
temperature, probably aer reaching a certain value, iron starts
oxidising in the anodic areas, i.e. in the sulphur-infectedmatrix,
thus generating corrosion products. Indeed, aer 1 h of
immersion in [C2mim]TCM at 80 �C, corrosion products are
evident at the areas surrounding MnS inclusions. Since MnS is
easily dissolved in acidic media,25 inclusions start to dissolve
chemically due to the increase of the local acidity as a result of
the hydrolysis of metal ions. Addition of approximately 50 000
ppm water to [C2mim]TCM and [C8mim]TCM facilitates disso-
lution of the inclusions; complete dissolution of the majority of
the inclusions occurs within 2 h of immersion at 70 �C. The IL
probably assists in prevention of cavity development, i.e.
growth, propagation and coalescence of the neighbouring
cavities, by adsorption on the surface through chemisorption or
physisorption, depending on the value of the standard free
energy of adsorption. The adsorption is stronger for the IL with
increased length of the alkyl chain in the cation. The increase of
the inhibition effect with increase of the size of IL molecule was
reported elsewhere.16 The effect was attributed to the greater
surface coverage by the larger molecule during the chemisorp-
tion process. The rates of iron dissolution and corrosion
product formation in [C6mim]TCM and [C8mim]TCM are
signicantly reduced at the sites of MnS inclusions and
adjacent sulphur-infected matrix leading to reduced coverage
with corrosion products compared with those generated in
[C2mim]TCM and [C4mim]TCM.

Perissi et al.10 estimated the amount of the dissolved oxygen
in the ILs for solar collector applications, studying corrosion of
AISI 1018 and AISI 304 steels in several ILs at elevated temper-
atures. It was determined that the fraction of oxygen in the IL
may be three times larger than in water, which can affect
corrosion processes. In order to conrm that oxygen may be
responsible for corrosion initiation in the ILs with TCM anions,
the two MS specimens were individually sealed with the rela-
tively corrosive [C4mim]TCM IL in air and in nitrogen; in the
latter case, the IL was purged with nitrogen to ensure that most
dissolved air is removed. The sealed specimens were then
maintained at 80 �C for 1 h. Themicrographs of Fig. 13 show the
typical appearance of the craters generated under air and
nitrogen atmosphere. The MnS inclusion generated in air-
sealed conditions is surrounded by corrosion products of
darker appearance that was conrmed by local EDX analysis
(Fig. 13a). In contrast, no corrosion products are evident around
This journal is © The Royal Society of Chemistry 2014
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the MnS inclusion on the surface of MS aer immersion in
nitrogen atmosphere (Fig. 13b).

Thus, the main chemical and electrochemical reactions
involved in corrosion of MS in [Cnmim]TCM ILs may be as
follows. The anodic process proceeds through dissolution of
iron according to the reaction:

Fe / Fe2+ + 2e�. (1)

The main cathodic process occurs at the matrix regions that
are not contaminated by sulphur through reduction of oxygen
dissolved in the IL by electrons produced by the anodic
reaction:

O2 + 2H2O + 4e� / 4OH�. (2)

This process is accompanied by a further cathodic reaction
on MnS inclusions and the sulphur-infected matrix resulting in
localised generation of hydrogen:

2H+ + 2e� / H2. (3)

Dissolution of sulphides proceeds through the reaction:

MnS + 2H+ / H2S + Mn2+. (4)

FeOH2+ ions, formed aer subsequent hydrolysis and
oxidation of the Fe2+ ions, are nally precipitated as magnetite,
detected by Raman mapping:

2FeOH2+ + Fe2+ + 2H2O / Fe3O4 + 6H+. (5)

Further, Fe3O4 is partly oxidised to g-Fe2O3:

3Fe3O4 + 0.75O2 / 4.5g-Fe2O3. (6)

This may proceed through oxidation of the outer part of the
Fe3O4 layer, thus generating a two-layered oxide with a Fe3O4

inner layer and a g-Fe2O3 outer layer.39

Finally, it may be concluded that in the [Cnmim]TCM ILs,
corrosion products composed of magnetite and maghemite are
generated due to the interaction of iron with oxygen dissolved in
the ILs at the anodic sites in the presence of residual water. On
the other hand, the [Cnmim]TCM ILs are inferred to inhibit
Fig. 13 Scanning electron micrographs of the surface of MS after
immersion in [C2mim]TCM at 80 �C for 1 h: (a) sealed in air; (b) sealed in
nitrogen atmosphere after purging IL with nitrogen for 3 h.

This journal is © The Royal Society of Chemistry 2014
corrosion in MS by adsorption on the metal surface,40 with their
inhibition efficiency increasing markedly with the increase of
the of alkyl chain length in the cation and the concomitant
increase of hydrophobicity. Further, adsorption of the IL
molecules at active sites in MS prevents propagation of the
corrosion processes in the bulk of the alloy once the inclusion is
dissolved, supporting the potential use of MS for the
construction of low cost CO2 capture plant installations.

Conclusions

The corrosivity of 1-alkyl-3-methylimidazolium tricyanometha-
nide ILs, as promising solvents for CO2 capture, was investi-
gated as a function of the cation alkyl chain length using mild
steel, a relatively low cost metallic material, by immersion tests
at elevated temperatures. Detailed surface analysis by SEM/EDX
examination veried that the surface morphology of mild steel
changes in all [Cnmim]TCM (n ¼ 2, 4, 6 and 8) ILs at a
temperature of 80 �C during immersion from 1 to 10 days. The
morphological changes initiated in the areas adjacent to MnS
inclusions and were accompanied by the generation of craters
comprising cavities due to the dissolution of MnS inclusions,
surrounded by corrosion products of variable extents, depend-
ing on the specic IL. The phase composition of the corrosion
products was identied by micro-Raman mapping to be mixed
magnetite–maghemite oxides forming preferentially at the
areas surrounding the inclusion sites. Corrosion products in
[C2mim]TCM and [C4mim]TCM were generated within the rst
hour of immersion at 80 �C, whereas no signicant changes to
the surface morphology was observed aer immersion in
[C8mim]TCM for 2 h at 70 �C. The nding suggests that cations
with longer alkyl chains reduce signicantly the dissolution rate
of MnS inclusions. The crater densities and shapes did not
changed markedly with the increase of immersion time up to 10
days, conrming that corrosion processes become signicantly
slower aer the MnS precipitates and inclusions are dissolved.

The coverage of the mild steel surface with corrosion prod-
ucts dened as the craters dimensions increased in the order
[C8mim]TCM z [C6mim]TCM < [C4mim]TCM < [C2mim]TCM.
Further, themagnetite–maghemite Raman intensity was greater
for the denser and less viscous [C2mim]TCM and [C4mim]TCM
ILs compared with [C6mim]TCM and [C8mim]TCM ILs that
were signicantly less corrosive. Increase of the water contents
up to approximately 50 000 ppm in [C2mim]TCM and [C8mim]
TCM resulted in faster dissolution of the MnS inclusions.

Corrosion in MS by the [Cnmim]TCM ILs was concluded to
be driven by two processes, specically (i) corrosion initiation at
the MnS inclusion sites due to the interaction with dissolved
oxygen in the presence of residual water, accompanied by
dissolution of MnS and (ii) inhibition of corrosion by adsorp-
tion of the IL molecules at the active sites on the metal surface.
The corrosion inhibition efficiency was found to be signicantly
enhanced for the [Cnmim]TCM ILs with the longer length of
alkyl chain in the cation (n ¼ 6, 8). Increase of the alkyl chain
length in the cation in combination with oxygen-free environ-
ment may signicantly reduce corrosion attack and propagation
in MS, thus ensuring surface integrity and the preservation of
RSC Adv., 2014, 4, 5300–5311 | 5309
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the materials mechanical properties. This is specically
important for the selection of low cost structural materials for
CO2 plant installations.
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