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Effect of dissolved CO, on the conductivity of the ionic liquid
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This work conducts the first study on the effect of compressed CO, on the electric conductivity of ionic liquids
(ILs), and the CO,/1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PFg]) system is investigated
at 40.0°C and 50.0°C, and at pressures up to 130 bar. It is found that the conductivity increases with increasing
pressure of CO, in the pressure range studied, although CO, is a non-polar compound.

Introduction

Tonic liquids (ILs) are organic salts which are liquids at room
temperature. They are good solvents for a broad range of polar
and non-polar organic compounds. Typical ILs have a stable
liquid range of over 300 K, very low vapor pressure at room
temperature, wide electrochemical windows, and excellent
thermal and chemical stability. The solvent properties of ILs
can be tailored to meet the requirements of specific applica-
tions by variation of the length and branching of the alkane
chains of the cationic core and the anionic precursors. These
unique properties have suggested their use as environmentally
benign solvents that can replace volatile organic compounds as
solvents in different processes, such as in chemical reactions
and separation and fractionation.'”

Superecritical (SC) CO, has emerged as a promising environ-
mentally benign alternative for the toxic organic solvents since
it is inexpensive, nontoxic, nonflammable, readily available in
large quantities, and has moderate critical temperature and
pressure (31.1°C and 73.8 bar). Moreover, it can be easily
recaptured and recycled after use. In recent years, increasing
numbers of scientists have begun to study supercritical science
and technology related to CO, .57 Some have been attracted
by the possibility to use it as an environmentally benign sol-
vent or reactant, while others have been driven by inherent
scientific interest.

Both SC CO, and ILs are environmentally benign solvents,
and each of them has their own unique properties. Combina-
tion of the advantages of the two classes of solvents is a new
and interesting topic. Recently, some research has been done
on systems containing both ILs and SC CO,, such as deter-
mining the solubility of CO, in ILs,'®!? studying the effect of
anionic species of ionic liquids on the molecular state of the
dissolved CO,,?° carrying out chemical reactions in CO,-IL
systems,?"?? and extracting solutes or products from ILs using
CO, 182124

Reduction of CO, is a very important area.>> 2’ CO5 is solu-
ble in some ILs and the solubility increases with increasing
pressure.'®!° Recently, ILs have been used as reaction media
for electrocatalytic cycloaddition of CO, to epoxides at ambi-
ent pressure.”® Reducing CO, electrochemically at higher pres-
sures using ILs as electrolytes may be conducted at greater
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current densities because the concentration of CO, in ILs is
larger at higher pressures,'®!® and practical processes need
large current densities.

In this paper, we study the conductivity of the CO,/
[bmim][PF] system at different temperatures and pressures.
To our knowledge, this is the first work to study the effect of
a dissolved gas or supercritical fluid in an IL on the conductiv-
ity of ILs, although the conductivities of different ILs**® in
the absence of gases and the conductivities of some supercriti-
cal fluids with small amount of salts have been determined.*”-*

Results and discussion

Reliability of the apparatus

In order to verify the reliability of the apparatus, we first deter-
mined the conductivities of the KCl aqueous solution and the
CO,-free IL, and compared these with literature values. The
conductivity of 0.1 M KCI aqueous solution determined in this
work at 25.0°C is 0.0127 S cm™!, which agrees well with the
literature value of 0.0128 S cm™'.** The conductivity values
of CO,-free [bmim][PF¢] determined in this work at 25.0°C,
40.0°C, 50.0°C agree with the data reported by Suarez et
al.,*® as is shown in Table 1. This confirms the reliability of
the apparatus used in this work. The repeatability of our
experiments is better than +3%, and it is estimated that the
accuracy of the data is better than +5%.

Effect of CO, pressure on the conductivity

The conductivity data of the CO,-saturated [bmim][PFg] deter-
mined at 40.0 °C and 50.0 °C and different pressures of CO, are
illustrated in Fig. 1 and Table 2.

Table 1 Conductivity data (x10°) of CO,-free [bmim][PFg] (S cm™")
25.0°C 40.0°C 50.0°C

This work 1.46 +0.07 2.97+0.15 4.70 £0.25

Ref. 33 1.58+0.16 3.014+0.30 4.58 £0.46
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Fig. 1 The conductivity of CO,-saturated [bmim][PF¢] at different
pressures and temperatures.

It is very interesting that the conductivity of the IL increases
with increasing pressure in the pressure range studied. The
effects of the dissolved CO, on the IL are very complex, and
are discussed in the following.

The conductivity o is related to the ion mobility and the
number of charge carriers, as can be expressed by the following
equation®

o= Zniﬂil]i (1)

where n; is the number of charge carriers of species i, ¢; the
charge, and y; the mobility. Therefore, the conductivity of
the IL depends mainly on the viscosity of the IL and the num-
ber of charge carriers.

The dissolved CO, affects the conductivity of the IL in dif-
ferent ways. First, dissolution of CO, in the IL can reduce
the viscosity of the IL,*' which is favorable for increasing
the conductivity because the mobility of the species becomes
greater. Second, an IR spectroscopy study® has recently
shown that CO, forms weak Lewis acid—base complexes with
the anions in [bmim][PFg]. Formation of the complexes may
reduce the degree of association between the ions or increase
the number of charge carriers, which is also favorable for
increasing the conductivity. Finally, IL is expanded by the dis-
solved CO,, and the number of charge carriers per unit volume
is reduced, which is not favorable for increasing the conductiv-
ity. The significance of all these factors depends on the concen-
tration of CO,. In this work, we determined the volume
expansion coefficient (VE), which is defined by the following
equation

VE = (V = Vo)/ Vs 2)

where V, and V are the volumes of the CO,-free IL and CO»-
saturated IL, respectively. The VE of the IL at different

Table 2 Conductivity data (x10%) of CO,-saturated [bmim][PFg]
(S cm™'y at different pressures

40.0°C 50.0°C
P/bar a P/bar o
0 297 0.0 4.70

30.0 3.01 30.1 5.71
40.3 3.59 39.8 6.46
50.1 4.69 49.9 7.57
60.0 7.06 60.1 9.29
69.8 9.33 70.4 11.3
80.2 11.9 80.1 13.7
90.7 14.3 89.0 16.0
99.5 15.0 100.0 18.0
110.2 15.6 110.0 18.6
120.1 16.0 120.4 18.8
130.4 16.2 129.9 18.7
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Fig. 2 Dependence of volume expansion coefficient (VE) of [bmim]
[PF¢] on pressure of CO,.

temperatures and pressures determined in this work is shown
in Fig. 2, which shows that the VE increases with increasing
pressure. It is estimated that the accuracy of the volume expan-
sion measurement is better than +4%. Obviously, VE is closely
related to the concentration of CO, in the IL. In fact, the shape
of the VE vs. pressure curves is similar to that of the solubility
of CO, in the IL vs. pressure curves.'”

The increase of the conductivity with increasing pressure
suggests that the first two factors discussed above are domi-
nant. In the high pressure region, the conductivity is not sensi-
tive to pressure mainly because the VE or the concentration of
CO, in the IL changes slowly with pressure, as can be deduced
from Fig. 2.

It is interesting that the effect of pressure on the conductivity
is very limited in the low pressure region, although pressure
has a pronounced effect on the viscosity*' and VE. It means
that the effect of the first two factors discussed above is
nearly compensated by that of the third one. Hussey and
coworkers®® investigated the effects of benzene, acetonitrile,
and dichloromethane on the viscosity and conductivity of
AICl; + 1-methyl-3-ethylimidazolium chloride at 25°C, and
the concentration of the cosolvents was up to 40 wt%. The
conductivity vs. cosolvent concentration curves of the systems
have a similar trend, ie., the conductivity increases with
cosolvent concentration, but slowly in the low cosolvent
concentration region.

Effect of temperature

Fig. 2 also illustrates that the conductivity of IL is larger at
higher temperature over the entire pressure range. This is easy
to understand because the mobility of the charged species
should be larger, and more ion pairs are disassociated at the
higher temperature.

In conclusion, dissolution of compressed CO, in
[bmim][PF¢] can increase the conductivity of the IL signifi-
cantly. From the conductivity aspect, the IL can be used as
an electrolyte to reduce compressed CO,, which is a cleaner
process.

Experimental

CO; (99.995% purity) was supplied by Beijing Analytical
Instrument factory. [bmim][PFs] was synthesized using the
procedures reported by other authors.*? Residual chloride in
the IL prepared was 0.002 mol L™!, which was determined
by the method reported by Seddon et al.** and a chloride-selec-
tive electrode produced by Jiangsu Analytical Instrument
Factory (China, Model 301) was used. In the experiment, the
calibration curve was obtained from aqueous solutions of
1-butyl-3-methylimidazolium chloride.

The IL was dried at 50 °C under vacuum prior to use. Our
experiments showed that the weight of IL was constant after
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a drying time of about 30 h, indicating removal of most of the
water. However, we dried the sample for at least 3 days. The
amount of water in the IL after drying was 0.1 wt%, which
was determined by Karl Fischer analysis. The IL can absorb
water from the atmosphere if it is exposed to the air. In order
to minimize the absorption of water, IL was charged into the
high-pressure stainless steel vessel (Fig. 3b) immediately after
drying, and the vessel was sealed as quickly as possible. The
IL in the sealed vessel was used to determine the conductivity.

The high-pressure apparatus used in this work is shown
schematically in Fig. 3a. It was constructed based on conven-
tional methods. The apparatus consisted mainly of a high-
pressure stainless steel vessel, a conductivity cell, a constant
temperature water bath, a high-pressure syringe pump, a pres-
sure gauge, a magnetic stirrer, and a gas cylinder. The tem-
perature of the water bath was controlled using a Haake-D§
controller, and the temperature was measured by a mercury
thermometer with an accuracy of better than +0.05 K. The
pressure gauge was composed of a pressure transducer (FOX-
BORO/ICT, Model 93) and an indicator, which was accurate
to £0.25 bar in the pressure range of 0-200 bar. The details of
the conductivity cell are shown in Fig. 3b. Both working elec-
trode and counter electrode were made of 0.3 mm thick Pt foil,
which were fixed on the two ends of a Teflon tube with an
inner diameter of 8 mm, so that the distance between the
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Fig. 3 (a) Schematic diagram of the apparatus. 1, CO, cylinder; 2,
high pressure pump; 3, pressure gauge; 4, stainless steel vessel; 5, con-
stant temperature water bath; 6, impedence analyzer; 7, conductivity
cell (see Fig. 1b). (b) Schematic diagrams of the high pressure vessel
and the conductivity cell. 1, Stainless steel vessel; 2, Teflon vessel; 3,
Teflon seal; 4; magnetic stirrer; 5, Pt foil; 6, holes in the Teflon tube;
7, Teflon tube; 8, Teflon nut; 9, stainless steel nut; 10, Teflon seal;
11, Teflon insulation; 12, Pt wire; 13, gas inlet or outlet; 14, valve.
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two electrodes was fixed. There were some holes in the wall
of the Teflon tube for mass transfer. A ZAHNER IMo6e Elec-
trochemical Workstation (made in Germany) was used to mea-
sure the conductivity. The cell constant was calibrated with
aqueous 0.01 M KCI at 25.0°C and the cell constant was
1.60 cm ™.

In a typical experiment, 30 ml of dried IL was charged into
the stainless steel vessel. As discussed above, the vessel was
sealed immediately after charging the dried IL in order to mini-
mize the absorption of water from the air. At the same time,
the conductivity cell was immersed into the IL, as shown in
Fig. 3b. The conductivity cell was full of liquid because there
were some holes in the Teflon wall of the conductivity cell.
The sealed vessel was placed into the constant temperature
water bath. CO, was pumped into the system until the desired
pressure was reached, and the magnetic stirrer was started to
facilitate the dissolution of CO, in the IL. The conductivity
of the IL at equilibrium was determined; equilibrium was con-
firmed by the fact that both the pressure and the conductivity
were independent of equilibration time.

IL was expanded after dissolution of CO,. The volume
expansion coefficient of the IL was determined by an optical
cell which was used previously.**
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