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Ionic Liquids (ILs) are gaining attention in COz2 absorption, thanks to their favorable
selectivity towards CO2 and physical characteristics, yet their corrosion behavior towards
metallic equipment needs deeper evaluation, especially when approaching potential working
conditions. Here we investigate the behavior of carbon steel and stainless steel in imidazolium
based ILs with different alkyl chain lengths, mixed with various water contents. Oxygen

reduction is identified as cathodic process, with limiting current density affected by fluid
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viscosity, oxygen solubility and diffusivity. The effect of water on ILs corrosiveness changes
with its quantity and depends on the formation of a miscible solution or phase separation.
Moreover, dissociation of ILs anions releases fluoride ions in water phase, increasing

electrolyte aggressiveness.
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1 Introduction

COz absorption/stripping technology mostly relies on amine-based materials such as
monoethanolamine (MEA). [1,2] Despite of MEA’s popularity due to its advantageous
properties, such as rather high CO:z carrying capacity, fast reaction, low hydrocarbon
absorption and availability, [3] some drawbacks of MEA, including high energy demand for
absorption/regeneration cycles, high vapor pressure, production of fugitive species, and
corrosive interaction with metallic equipment when combined with CO2, [2,4,5] call for the
evaluation of new materials as absorption media. [6]

As new candidates, ionic liquids (ILs) which are physically selective towards CO2 have been
proposed as absorption media. With heats of absorption as low as -11 kJ mol’!, ILs can
dramatically reduce the energy demand for regeneration. [7] Ionic liquids can also
simultaneously serve to remove CO2 and SO2, which would be an additional benefit. [8,9]
Most studies on ILs are focused on finding new applications for this family of materials or
modifying the already found ones, such as chemical catalyst, [10,11] heat transfer medium,
[12,13] gas absorber, [8,9] lubricant, [14,15] medium for metal electrodeposition, [16-18] and
even as corrosion inhibitor. [19,20] However, there is not a conclusive and comprehensive
picture on compatibility of ionic liquids with metallic equipment and plant materials in real

operating conditions.
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Studies on corrosion properties of ILs are categorized based on different applications in
industry. In the case of solar absorbers, imidazolium-based cations with different alkyl chain
lengths and different anions such as CI, PF¢", and bis(trifluoromethylsulfonyl)imide (Tf2N)
have been studied in contact with AISI 1018 carbon steel and AISI 316 stainless steel. [21,22]
Aside from the case of ionic liquids containing CI°, the results showed a good compatibility
with steels, with a low corrosion rate (< 15 pm/a) in the case of carbon steel and passivity
behavior in the case of stainless steel. Perissi et al. [23] reported low corrosion current
densities for copper, nickel, brass, AISI 1018 carbon steel and Inconel 600 in presence of
T£2N anion at room temperature, while increasing temperature gave rise to increases in
corrosion current densities up to six times in the case of copper, where constituent elements of
ionic liquid were detected on the surface of the samples, implying the decomposition of ionic
liquids at temperatures higher than 225°C. [24]

Qu et al. [25] evaluated the corrosive effects of imidazolium and ammonium based ILs,
proposed as lubricants, [26] on AISI 52100 carbon steel and 6061-T6 aluminum alloy. Results
for both alloys showed the gradual passivation of the metal alloys. Generally, aluminum
alloys have shown good corrosion compatibility in neat alkylimidazolium based ionic liquids.
[27]

COz absorption is also a hot area, as already mentioned. Molchan et al. [28] found that in the
presence of alkylimidazolium/tricyanomethanide ionic liquids, surface MnS inclusions in
mild steel dissolve in the medium, accompanied by dissolution of surroundings. They also
observed lower corrosiveness in ILs having cations with longer chain length. Further studies
showed lower corrosiveness of ILs containing lower amounts of dissolved oxygen. [29]

The presence of water in ILs also affects the corrosion properties of ILs: while the addition of
small amounts of water up to 250 ppm to imidazolium and ammonium based ionic liquids

increases corrosion rates considerably, [30] using completely dehydrated ILs in contact with
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stainless steel can be detrimental, as in absence of water and oxygen the passive film may
gradually degrade. [7] In this sense, water content acquires a particularly important role, but
most of the studies performed up to this moment do not take this aspect into the necessary
consideration. This is particularly true for applications like carbon capture and storage (CCS),
where ionic liquids are not expected to work in a dehydrated environment, and therefore water
can play a major role.

In this work, which considers a previous screening work on different ILs corrosiveness as
starting point, [5] we evaluated the effect of IL water content on the corrosion behavior of
carbon steel and stainless steel in contact with three alkylimidazolium based ionic liquids,

with the same anion PF¢™ and different cationic alkyl chain lengths.

2 Materials and methods
Three imidazolium-based ionic liquids were purchased from lo.Li.Tec GmbH, with declared
purity higher than 99% and water content lower than 190 ppm:

- 1-butyl-3-methylimidazolium hexafluorophosphate [C4C1Im][PFs] (C4 hereon)

- 1-hexyl-3-methylimidazolium hexafluorophosphate [C6C1Im][PF¢] (C6 hereon)

- l-octyl-3-methylimidazolium hexafluorophosphate [C8C1Im][PFs] (C8 hereon)
The molecular structures and physical properties of ionic liquids are mentioned in the
previous work. [5] To study the effect of ILs water content on corrosion rate, tests were
performed in three conditions:

- “equilibrium condition”: after 24 hours of exposure to ambient atmosphere, during

which the ILs equilibrated their oxygen and humidity content with the surrounding
atmosphere; the water uptake was previously observed to depend on the IL anion

mostly, and the final water content was in the order of 1.5% by volume
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- “solubility limit condition”: with the addition of deionized water in quantity equal to
solubility limit of water in each selected IL at 60°C (Table 1)
- “excess of water” condition: a 1:3 volume ratio mixture of deionized water and IL was
prepared.

The solubility limits of water in ILs at 60°C were adopted from the work by Freire et al. [31]
Table 1 shows the corresponding volume percentage of deionized water added to each ionic
liquid.
The conductivity of the electrolytes in the different conditions of water content were
measured in laboratory and compared with those of both deionized water and tap water.
To evaluate the corrosion effect of ionic liquids, one carbon steel (CS) and one stainless steel
(SS) in the form of wire with diameters 1.5 and 1 mm, respectively, were tested. Table 2
shows the chemical composition of the two steels.
<Table 1>
<Table 2>
The corrosiveness of ILs was evaluated by performing anodic and cathodic potentiodynamic
polarization in the electrolytes of interest. Due to the high price of ILs and difficulty of
regeneration and purification of ILs after electrochemical tests, instead of ASTM G5
specifications, [32] a Pyrex cell with a volume in the order of milliliters (mini cell), with some
provisions for inlet and controlling apparatus, was used. To check the validity of the setup,
some pilot tests were run in both standard ASTM G5 and mini cell in 35 g I'! NaCl aqueous
solution (data not shown). All potentiodynamic tests on ionic liquids were performed at 60°C
as a representative temperature for CO2 capture processes. Heating was achieved by a Velp
Scientifica Arex heating magnetic stirrer. To achieve a more uniform heat distribution in the

cell, the baine marie method was utilized.
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To have a reliable control over the exposed surface area of the steel working electrodes (WE),
wires were cut into 15 cm-long pieces and coated with resin, in a way that only the metal tip
would be in contact with the electrolyte. Before each test, the WEs were ground, using
successively finer SiC abrasive papers up to 1200 grit. Then they were rinsed in deionized
water and dried. The polishing quality was studied under a Wild Heerbrugg M8
stereomicroscope and stereographs were obtained using a Leica DFC 290 imaging system.
Cathodic tests were performed using a platinum electrode as WE. The electrode is a glass tube
of diameter 6 mm, with a platinum sphere tip of 2.15 mm diameter.

As counter electrode (CE), | mm diameter wire of activated titanium was used. To measure
the potential difference between CE and WE, an Ag wire with pressed and sintered cylindrical
AgCl tip (diameter 1.5 mm, length 4 mm) purchased from A-M Systems was used as
reference electrode (RE). The reliability of this electrode readings was tested in a standard
cell, by comparing it with a standard Ag/AgCl/Saturated KCI reference electrode.

For anodic and cathodic potentiodynamic tests, a Metrohm Autolab PGSTAT30
potentiostat/galvanostat was used. Before the test, samples were immersed in the electrolyte
for one hour, during which the open circuit potential (OCP vs Ag/AgCl) was recorded. In all
cases, a negligible potential variation was reached at the end of this monitoring period, and
the test could then start. In anodic tests the scan started from -100 mV with respect to OCP,
and continued until +400 mV OCP, with 10 mV min™! scan rate. For this reason, anodic
curves may be displayed in slightly different ranges of potential, depending on the OCP
reading of each material and condition; yet, in all cases curves are shown in a potential
window representative of their behavior in the full range interest. Cathodic polarization tests
ranged from +100 mV OCP to the potential at which a vertical asymptote was reached, which

is representative of achieving a limiting current density of the cathodic process.
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A final stereoscope imaging was conducted after potentiodynamic test to check the samples
surfaces.

When clearly active conditions were observed, corrosion rate was calculated by linear
polarization resistance, with potential scan from -10 mV OCP up to +10 mV OCP with 10
mV min"' scan rate. To evaluate the corrosion rate of carbon steel in such condition, linear
polarization tests were also performed to measure polarization resistance, Rp. Corrosion rate

can be calculated as given below:

(m/a) 0.026 [V] (1
(a/m»)] " Rp [@m?] )

C.R[mm/a] = 1.17 |

where coefficients 1.17 and 0.026 V are the ratio of corrosion rate to current density and

Stern-Geary constant for active steel, respectively. [33]

3 Results

3.1 Conductivity measurements

Results of electrolyte conductivity analyses are reported in Table 3. The main consideration
emerging is an increase in conductivity with decreasing alkyl chain length. Moreover, in all
cases the addition of water increases conductivity to a relevant extent, especially that of the
least conductive electrolytes; when water solubility limit is reached and exceeded,
conductivity does not increase any more, since the further addition of water separates above
the IL, creating a two-phase mixture.

Finally, all electrolytes are more conductive than deionized water (DI) — at least one order of
magnitude higher — and to exhibit a conductivity close to, or in most cases higher than, tap
water. Therefore, no specific effect related to a relevant ohmic drop is expected to influence
potentiodynamic tests.

<Table 3>
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3.2 Potentiodynamic tests in equilibrium condition

3.2.1 Cathodic polarization tests

Potentiodynamic polarization tests were performed after a 1 h equilibration period of the
metal in the chosen solution, during which the metal open circuit potential (OCP) was
recorded. In all cases investigated, in the given time frame the metal acquired a stabilization
in potential that allowed to perform the test from a reliable starting value of OCP.

Figurel shows the results of cathodic potentiodynamic tests on Pt electrode in ionic liquids
from C4 to C8 subjected to atmospheric temperature and humidity (i.e. equilibrium
condition); a test performed in deionized (DI) water is also presented, for comparison. In all
cases, a limiting current density was reached, allowing to assume that a diffusion process is
the rate determining step in cathodic reactions in ILs, like in water. Therefore, oxygen
reduction was considered to be the cathodic process, and this assumption was checked by
calculating the expected limiting current density in ILs. As known, in stagnant conditions the
limiting current density of oxygen reduction, which determines the values of current observed

in the vertical asymptote of the cathodic curve, may be estimated as follows (Equation 2):

. 4FD[O
i, = 2 2)

where F is the Faraday constant (~96500 s A mol™!), D is oxygen diffusion coefficient (m? s
1, [O2] is oxygen concentration (mol m™), and J is the limiting diffusion layer thickness (m).
Oxygen diffusion coefficient in C4 at room temperature is reported to be 2.2x1071% m? s [34]
while that of water is 1.8x10 m? s™! at 20°C. [35] Oxygen solubility in C4 at 20°C is reported
as 3.6x107* M, [34] while oxygen molar fraction in fresh water at 20°C is in the order of 107.
According to Equation 2 and oxygen solubility and diffusion coefficient values discussed, the
limiting current density of oxygen in ILs should be 1 to 2 orders of magnitude higher than that
of water, considering same limiting diffusion layer thickness in water and in ILs. However,

this assumption is not realistic given the higher viscosity of ILs that should increase J,
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therefore the expected limiting current density in ILs should be lower. On account of these
considerations, the slight increase in oxygen limiting current density observed in ILs

compared with that shown in deionized water looks justifiable.

3.2.2 Anodic polarization tests

Concerning the results of anodic polarization tests in equilibrium condition, i.e., with the
lowest water amount considered in this study, our previous work [5] showed open circuit
potential of CS in the ILs is several hundreds of mV higher than that observed in deionized
water, suggesting higher nobility of carbon steel in ionic liquid with respect to deionized
water. As for stainless steel UNS S31600, the passive behavior with lower corrosion current
densities recorded in ILs suggested higher corrosion resistance of stainless steel in such
electrolyte compared to deionized water. In addition, corrosion current density was observed
to decrease with increasing alkyl chain length, which attests a beneficial effect of ILs with
larger cations.

<Figure 1>

Figure 2 shows results of anodic potentiodynamic tests in equilibrium condition IL and in
deionized water on stainless steel UNS S30400. The lower corrosion current densities of
stainless steel in ILs suggest again an increased corrosion resistance. In addition, the passive
behavior expected from stainless steels can be observed, with current density decreasing with
increasing alkyl chain length. Open circuit potentials (OCPs) of stainless steel in the ILs
considered range from -300 to -25 mV vs Ag/AgCl. In this case, no apparent relation between
the type of ionic liquid or alkyl chain length and OCP is distinguishable.

<Figure 2>
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3.3 Anodic potentiodynamic tests in presence of water up to its solubility limit

Figure 3 shows the results of anodic potentiodynamic tests on carbon steel in ILs containing
deionized water up to their solubility limit, performed at 60°C, and in pure deionized water
for comparison. Carbon steel OCP is nobler in ILs than in deionized water in all cases, yet it
shows a decreasing trend with increasing cation alkyl chain length from C4 to C8: values are -
460, -640, and -790 mV vs Ag/AgCl, respectively. Moreover, carbon steel suffers corrosion in
such condition of water content in ILs with a very high corrosion current density, close to

0.01 A/cm?. Above this value, a vertical asymptote in current density is observed, which can
be ascribed to a diffusion kinetic control process, owing to the large accumulation of
corrosion products in a small electrolyte volume and to their difficult diffusion away from the
metal surface.

<Figure 3>

Figure 4 shows the stereographs of carbon steel samples before and after tests in water
solubility limit ILs. All samples have undergone general corrosion. A rather uniform
thickness reduction can be detected in the three samples, since no peculiar morphological
feature is revealed after the attack.

<Figure 4>

<Table 4>

Table 4 shows the measured data and corrosion rates calculated by Equation 1. Results are in
good agreement with Figure 3. Corrosion rate increases with alkyl chain length of

imidazolium cation.

10
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It is now worth to make a comparison between current results and what observed in ILs with
lower water content, specifically, in equilibrium with atmospheric conditions due to
atmospheric humidity uptake, as emerged from previous work. In Figure 5 we report the
anodic curves recorded in C4, to give a clearer comparison; same considerations apply to all
alkyl chain lengths considered. Comparing water content, after exposure to atmospheric
temperature and humidity, water in C4 was reported to be approximately 0.3 vol%. On the
other hand, in this work, water content of the C4 is 4.46 vol%, more than one order of
magnitude higher. The addition of water has shifted the anodic curve of carbon steel towards
lower potential, and increased the corrosion current by nearly two orders of magnitude.

<Figure 5>

Figure 6 shows the results of anodic potentiodynamic tests on stainless steel in ILs with water
content up to their solubility limit and in deionized water at 60°C. An unexpected effect,
which was not observed in dry ILs or at lower water content, is the formation of a nose in the
anodic part of polarization curve in C6 and C8. After reaching this nose, the current density
decreases nearly by two orders of magnitude. This nose can be attributed to a combined
formation of a passive layer and steric effect of alkyl chain on the surface, which avoids an
effective contact between electrolyte and metal surface. The first hypothesis implies that
stainless steel was only weakly passive, if not at all, before the test started, although the
material was allowed several days to repassivate after mechanical polishing, as confirmed by
the typical passive behavior observed at lower IL water content. If both mechanisms —
passivation and steric effect — are actually present, the IL itself or water contained in it should
at least weaken the stainless steel passive film during the 1 hour long equilibration time,
before the test started. An explanation for the increased aggressiveness of the electrolyte in

presence of this increased quantity of water is given in the discussion section — paragraph 4,

11



WILEY-VCH

where all three water content conditions are taken into account. Figure 7 shows the
stereographs of the stainless steel samples in water solubility limit ionic liquids, where a
general corrosion attack is clearly visible on stainless steel in all ILs considered.
<Figure 6>

<Figure 7>

3.4 Potentiodynamic tests in excess water condition

Figure 8 shows the anodic polarization of stainless steel UNS S30400 in ionic liquids to
which deionized water in excess with respect to their solubility limit was added, specifically,
in a 1:3 water:IL volume ratio, obtaining a water content almost one order of magnitude
higher than water solubility limit (see Table 1).

<Figure 8>

Open circuit potential in these ILs mixtures is still higher than that measured in deionized
water, varying from -160 to 30 mV vs Ag/AgCl; chain length does not show a direct
correspondence with the value of open circuit potential. The behavior shown by the metal is
discussed in the following paragraph, in comparison with that observed in the other
electrolytes considered.

Figure 9 illustrates the stereographs of stainless steel samples before and after the anodic
potentiodynamic tests, showing a mild-to-negligible extent of corrosion, with few localized-
like corrosion features.

<Figure 9>

12
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4 Discussion

As previously observed, carbon steel suffers corrosion in ILs unless these are kept in dry
conditions, or contain very low amounts of water — reasonably not more than what they
typically absorb from the atmosphere. Conversely, stainless steel presents a different
behavior. A first peculiarity is noticed in C4, where it preserves its passivity in all IL
conditions tested, while this is not true in the other ILs (C6 and C8), where a more
complicated trend is observed, as explained in the following.

Figure 10 compares the results obtained on stainless steel in one same ionic liquid, C6, in the
different conditions of water content in order to have a clearer understanding of the effect of
water on its corrosiveness. Same trend is observed in C8.

Polarization curves are shifted towards higher current densities when water is added to the IL
on purpose. Even though in small quantities, the presence of water has dramatic impact on the
corrosion resistance of stainless steel in ionic liquids, which is coherent with what observed
on carbon steel. Yet, it does not seem to follow a monotonic trend with water concentration: it
increases when water is increased from that absorbed by the IL in equilibrium with the
atmosphere reaching water solubility, but after that, with addition of more water, corrosion
rate, as estimated by the current density in the passive range, decreases. Therefore, a
mechanism was hypothesized to justify this trend in corrosiveness, which cannot be ascribed
to a simple increase in oxygen content due to the presence of only few percent of water. In
presence of an excess of water a two-phase medium is produced, consisting of the clear
yellow ionic liquid, containing dissolved water, at the bottom of the cell and water on the top.
Acidification may occur due to the release of F~ ions in the electrolyte as a product of ILs
anion ([PFes]") decomposed in water: if a single phase is present (total miscibility, up to water
solubility limit in the IL considered) F~ ions are in direct contact with the metal, leading to

high corrosion rates, while in presence of an excess of water these anions may move to the

13
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water phase that separates on top of the IL, leaving a bottom phase consisting of ionic liquid
with lower acidity, [36, 37] as schematized in Figure 11. Since the working electrode is
dipped in the IL bottom phase and, thanks to the polymeric resin, does not perceive the acidic
water phase above, the expected corrosion rate would be then in between that observed in ILs
with equilibrium water and that in ILs saturated with water (worst condition), as in fact was
noticed.

This hypothesis is supported by experimental evidence:

- the pH of the water phase that forms on top of ILs in the presence of an excess of
water with respect to their solubility limit decreased to 4+5, confirming its
acidification;

- in the same water phase the content of fluoride ions was measured and found equal to
2200 ppm, which is more than sufficient to induce localized corrosion especially on
UNS S30400 stainless steel,

- indeed, on stainless steel a localized attack was observed in ILs with relevant water
content, which may be associated with the large fluoride content in the dissolved water
and therefore in contact with the steel surface.

<Figure 10>

<Figure 11>

5 Conclusions

The corrosion behavior of carbon steel and stainless steel in ILs suitable as solvents for
carbon dioxide capture and storage, as a promising substitutes for currently used amine-based
materials, was investigated. Imidazolium based ionic liquids (with three different alkyl chain

lengths 4, 6, and 8) and the same anion (PFs") were characterized with three different water
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contents, from simple equilibrium with the atmosphere to an excess of water with respect to

their solubility limit. The results show that:

1.

The cathodic reaction in imidazolium-based ionic liquids was confirmed to be oxygen
reduction, with different limiting current density with respect to water due to different
solubility and diffusion parameters for oxygen, as well as different viscosity of the
electrolyte.

Carbon steel shows a poor corrosion resistance in ILs containing water in higher
content with respect to the simple water uptake from air humidity. Due to the
hydrolysis of the PFs™ anion, the presence of water in the IL can cause electrolyte
acidification, which becomes very corrosive to materials and equipment. Yet, in
presence of dry IL — or containing very small content of water, simply due to humidity
uptake — corrosion can be reduced by a shielding effect given by ionic liquid
interacting with, and likely adsorbing on, the steel surface.

The corrosion rate of stainless steel UNS S30400 in water-free IL is up to two orders
of magnitude lower than that in ILs containing water up to their solubility limit, where
the formation of a nose in the anodic polarization of stainless steel was evidenced.
This nose formation could be due to synergic effect of passive layer formation and

inhibition effects of the IL cation by steric effects of the alkyl chain.

The presence of an excess of water in the IL, exceeding its solubility limit, gives the

formation of a two-phase medium. The acidification produced by IL anions hydrolysis could

follow the separation of water on top of the IL, so that the acidity in the IL phase is reduced,

together with the corrosiveness of the IL phase, while it increases the corrosion risk in regions

in contact with water.
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Figure 1. Cathodic potentiodynamic tests in ILs in equilibrium with the atmosphere and in
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Figure 4. Stereographs of carbon steel surfaces before and after potentiodynamic test in ILs
containing water up to their solubility limit: A & B: before and after test in C4, C & D: before
and after test in C6, E & F: before and after test in C8
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containing water up to its solubility limit and in equilibrium with the laboratory atmosphere
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Figure 6. Anodic behavior of stainless steel in ILs containing water up to their solubility limit

and in deionized water, at 60°C
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Figure 7. Stereographs of stainless steel surfaces before and after potentiodynamic test in ILs
containing water up to their solubility limit: A & B: before and after test in C4, C & D: before

and after test in C6, E & F: before and after test in C8
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Figure 8. Comparison of potentiodynamic polarization curves on stainless steel in ILs
containing excess water and deionized water
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Figure 9. Stereographs of stainless steel sample surfaces before and after the potentiodynamic
test in excess water ionic liquid: A & B: before and after test in C4, C & D: before and after

test in C6, E & F: before and after test in C8
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Figure 10. Comparison of potentiodynamic curves of stainless steel in C6 in equilibrium and

water solubility limit conditions
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Figure 11. Schematic representation of contact between steel sample and relevant species in
the electrolyte in the three conditions of water content tested (equilibrium — low water
content, solubility limit — water saturation in IL, excess — water in IL exceeding solubility

limit)
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TABLES

Table 1. Added water in the solubility limit condition (vol%)

[C4C1Im][PFs] [CO6C1Im][PFs] [C8ClIm][PFs]

vol% of water added 4.46% 3.40% 2.06%

Table 2. Composition of steel alloys (wt%)

C Si Mn S P Cr Ni Mo

UNS S30400 <0.08% <0.75% <2.00% <0.03%  <0.045% 17.8% 9.8% -

UNS G10400  <0.39% <0.07% <0.70% <0.04% 0.017% - - -

Table 3. Conductivity (S m™)

[C4C1Im][PFs] [C6C1Im][PFs] [C8CI1Im][PFs] DI water Tap water

As received 0.12 0.08 0.04 0.003 0.07
Equilibrium 0.22 0.09 0.05
Solubility 0.43 0.22 0.13
limit
Excess water 0.45 0.24 0.14

Table 4. Linear polarization tests data and calculated corrosion rates for carbon steel in ILs

containing water up to their water solubility limit

Sample R (Q) Surface area (mm?)  Rp (Q m?) C.R.(mma™)
C4 35685 1.768 0.063 0.48
Co6 24307 1.768 0.043 0.70
C8 13736 1.768 0.024 1.27
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Graphical Abstract

The corrosion behavior of steels in imidazolium based ILs with PF¢ anion indicates that
cathodic reaction is oxygen reduction, with different limiting current density depending on
water content. PFe™ hydrolysis can cause acidification, increasing corrosiveness. Yet,
increasing the amount of water a phase separation occurs, reducing IL acidity and increasing

corrosion risk in the water phase.
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