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Abstract

The liquid thermal conductivity of the ionic liquid (IL), 1-hexyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)amide ((HMIm][Tf,N]), saturated with compressed vapor and
supercritical carbon dioxide was measured over three isotherms (298.15, 323.15, and
348.15 K) and pressures up to approximately 20 MPa using a transient hot-wire tech-
nique. Pure [HMIm][Tf,N] thermal conductivity was also measured over a temperature
range of 293.15-353.15 K at ambient pressure and with hydrostatic pressure to approxi-
mately 20 MPa. Literature vapor-liquid equilibrium data were used to predict the liquid
CO, composition at the conditions investigated. Initially, the liquid thermal conductivity
slightly decreased with pressure/composition of CO, followed by a gradual increase that
is mainly attributed to hydrostatic pressure effects. Simple composition-based mixing rules
for mixture properties are not qualitatively nor quantitatively accurate. These data could
be used to engineer heat transfer equipment required for a variety of proposed IL applica-
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1 | INTRODUCTION

The unique chemical and physical properties of ionic liquids (ILs) allow
for their potential use in a multitude of engineering applications. ILs as
a class can be molecularly tuned through various cations, anions, and
functional groups to possess properties needed to optimize an appli-
cation, whether a physical or chemical process. This diversity also ren-
ders simple categorization difficult. However, ILs are generally stable
to moderate temperatures and are liquid over a wide temperature
range with high flash points (generally when they decompose).' More-
over, most ILs possess negligible volatility which is an advantage over
conventional organic solvents where air pollution is a primary concern.
Such exceptional properties of ILs allow for their potential use in a
wide variety of applications such as interfacial films in catalytic
reactions,** entrainers in extractive distillation,* high-voltage electro-
lytes in lithium-ion batteries and fuel cells,*® stationary phases in gas
chromatography,’ solvents in gas separations,®'® heat-transfer fluids
in heat pumps and absorption refrigeration systems, etc.'”'®

tions in CO, capture, absorption refrigeration, biphasic CO,/IL reaction platforms, etc.

carbon dioxide, ionic liquid, thermal conductivity

The combination of ILs and compressed gases, especially carbon
dioxide, is of particular interest in some of the leading applications. It
has been shown by various groups that ILs can be tuned to have high
solubility of carbon dioxide (>70% mole). ILs are actively being studied
for CO. capture, whether in a pre- or postcombustion scenario,'®%
where their lack of volatility would lead to little solvent loss.
Precombustion CO. capture removes carbon dioxide from a gasified
hydrocarbon source (e.g., coal) generally at high pressure. In contrast,
postcombustion technology separates carbon dioxide from the
exhaust gas from combustion, generally at lower or near-ambient
pressure and low partial pressures of CO,.? CO, removal from natu-
ral gas sources has also been studied.?**° Absorption refrigeration
using CO; as a refrigerant and an IL as an absorbing liquid has been
proposed.?'=*

What is often overlooked in gas absorption in ILs is the required
heat management. For example, the heat of vaporization of pure CO;
at 298.15 K is approximately 120 kJ/kg.* While the thermodynamic
heat of absorption of CO; into ILs will be different depending on the
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IL solvent, it will generally be in the same order of magnitude for
physical solubility. For adiabatic absorption, the temperature will
increase upon CO. dissolution which will decrease the thermody-
namic solubility, thus decreasing the capacity of the IL. Moreover, the
CO: is generally recovered from ILs by heating, vacuuming, or gas
stripping, any of which will require some addition of heat for near iso-
thermal operation. Lower temperatures will result in higher residual
CO:; in the IL. Thus, heat transfer engineering will be important for
the IL/CO. mixtures.

Another area of interest is in reactions and catalysis in biphasic
systems of ILs and compressed CO.. These are a subset of what have
been termed gas-expanded liquids (GXLs) or specifically CO.-
expanded liquids (CXLs)*® and experience only modest volume expan-
sion upon dissolution of CO.. In one scenario, the IL phase sequesters
the catalyst, and the compressed (or supercritical) CO, phase can
bring in reactants and remove products. A large variety of chemistries
and catalysts have been investigated.>**” We have investigated
using biphasic IL/CO. systems for the hydrogenation and hydrofor-
mylation of olefins using homogeneous catalysts and have observed
the interplay of phase equilibrium thermodynamics, and mass transfer
to help engineer these systems.>*® Most of these studies concern
exothermic reactions, and proper cooling would be needed for scale-
up processes to prevent safety issues and poor product quality. Thus,
thermal properties of the IL mixture are needed.

To properly design and scale-up any of these applications involv-
ing ILs and carbon dioxide, thermodynamic data as well as transport
data (heat, mass, and momentum) are needed. Numerous groups
(including our own) have studied the solubility (phase equilibrium) of a
wide variety of gases, especially CO., in ILs."**%* However, there
are significantly fewer studies on the transport properties (viscosity,
diffusivity, and thermal conductivity) of ILs especially in mixtures
with compressed gases. We have measured the viscosity of ILs
(imidazolium and pyrrolidinium ILs) saturated with compressed
CO..%% Various groups have measured the Fickian diffusion coeffi-
cient of CO; into several types of ILs.557-74

Limited studies on thermal properties of pure ILs have been con-
ducted by various groups for pure ILs and even less for IL mixtures.
Frez et al.” reported the thermal conductivities of four imidazolium-
based pure ILs at room temperature using a thermal grating technique
with literature values for the densities and specific heats. Froba et al.”
measured the thermal conductivity of a series of pure ILs over the tem-
perature range of 273.15-333.15 K using a guarded parallel-plate
method that utilizes a single-dimensional form of Fourier's Law of heat
conduction. Ge et al.” utilized a transient hot-wire method to measure
the thermal conductivity of 11 different ILs over a temperature range
of 293-353 K. Further simulations and experiments on thermal and
transport properties of pure ILs have been conducted by various
groups.”®® Gardas and Coutinho® have utilized a group contribution
model to predict the thermal conductivity of certain ILs as a function of
temperature and two contribution fitting parameters. Wu et al.®’ have
also developed a group contribution method to predict the thermal
conductivity of ILs at atmospheric pressure. Chen et al.*? investigated
the effects of ethanol and water on the thermal conductivity of

1-ethyl-3-methylimidazolium ethylsulfate ((EMIm][EtSO.]) over the tem-
perature range of 283.15-343.15 K. Yebra et al.®* and Tomida et al.”
reported on the pressure effects on thermal conductivity of various ILs.

While the heat transfer properties of pure ILs are important, thermal
properties of mixtures with ILs will be vitally important for design and
scale-up. Thermal conductivity of such mixtures would be needed to
design, for instance, heat exchangers in absorption or extractive distilla-
tion columns; size heat generators in absorption-refrigeration cycles; and
optimally design heat pumps among other applications. However, the
availability in the literature of thermal conductivity data of any liquid sat-
urated with any gas is scarce and for ILs, only a couple of studies exist.
We have recently reported the thermal conductivities of CO; saturated
n-alkanes.” Tomida et al.”* conducted one of the first studies on the
thermal conductivity of sub-saturated mixtures of CO, with the ILs
1-butyl-3-methylimidazolium hexafluorophosphate ((BMIm][PF¢]) and
1-butyl-3-methylimidazolium tetrafluoroborate ([BMIm][BF.]) over a
temperature range of 294-334 K and mole fractions of CO, up to 0.42.
Rausch et al.** measured the thermal diffusivity (related to the thermal
conductivity by the density and heat capacity) of CO.-saturated 1-butyl-
3-methylimidazolium tricyanomethanide ([BMIm][C(CN);]) and 1-butyl-3-
methylimidazolium tetracyanoborate ([BMIm][B(CN).]) ILs over the tem-
perature range of 303.15-333.15 K and CO, compositions up to 0.393
using a dynamic light scattering technique. Klein et al.”” determined the
thermal and mutual diffusivities of [AMIM][TF.N] ILs with several dis-
solved gases (including CO;) near infinite dilution utilizing dynamic light
scattering techniques and molecular dynamics simulations.

Herein, a transient hot-wire method was utilized to measure and
report the thermal conductivity of a biphasic IL/CO, system over three
isotherms (298.15, 323.15, 348.15 K) with varying molar compositions of
the introduced CO.. The thermal conductivity of pure 1-hexyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)amide ((HMIm][Tf.N]) over the
temperature range 298.15-353.15 K is also reported and compared to
literature data. Thermal conductivity values for ((HMIm][Tf.N]) saturated
with CO; (Table 1) have been measured and reported in this study.

2 | EXPERIMENTAL METHODS

2.1 | Thermal conductivity

A transient hot-wire method was employed to measure thermal con-
ductivity. Detailed analysis of the transient hot-wire method has been
carried out by various investigative groups and the methodology has
been reported in the literature.****** We have previously reported
on the use of this apparatus to measure the thermal conductivity of
various systems such as CO.-expanded hydrocarbons.**'%°" An
overview of the methodology will be given here. A transient-hot wire
sensor manufactured by Flucon Fluid Control GmbH (Lambda instru-
ment) has been coupled with a custom-built in-house high-pressure
vessel with a view cell and an attachable heating/cooling jacket. A
short-term current is applied to the wire to induce Joule heating while
the RTD follows the localized temperature. The cylinder as well as the
fluid surrounding the wire are assumed to be isotropic and infinite in
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TABLE 1  Specifications of chemicals used in this study
Full name Chemical structure CAS Source Purity
1-Hexyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl) \N'/Jr\vN/\/\/\ 382150-50-7 loLiTec 99+%*
amide E cH) ) ﬂ) F
F S—N—S F
2N
Carbon dioxide 0=C=0 124-38-9 MATHESON  99.995%"

Abbreviations: CAS, Chemical Abstract Services; NMR, Chemical Abstract Services.

Reported by manufacturer and confirmed here by NMR analysis.
*Specified by supplier.

all spatial dimensions. A single-dimension heat conduction leads to a
simplified Fourier correlation:

|
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In which Tis the temperature of the wire, ris the radius of the
wire, A is the thermal conductivity of the fluid, G is the specific heat
capacity of the fluid, p is the density of the fluid, and t is time.
The solution to Equation (1) has been reported by Carslaw and
Jaeger' as the following:
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where Qis the input heat per unit length and E; is the exponential
integral defined as follows:
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When t (time following the induction of heat through the wire) is

orders of magnitude greater thanf—fj%", the first term of the exponen-
tial integral provides an accurate approximation as follows:

( (

4t
In

reG - P

Q

Te=To g

-y 84b

y = Euler-Mascheroni constant (~0.577).

Consequently, the Flucon LAMBDA system calculates the thermal
conductivity as a function of two heat input points at two different times
with respect to the temperature difference between the two time points:

AV Q‘L&LmL a5b

‘8naT,-T, P ¢

Important constraints governing the feasibility and accuracy of the
measurements include a minimum fluid sample to cover the wire, low con-
vection (either forced or natural), relatively isotropic fluid and boundaries,
and ample time allowed after induction of heat through the wire. An inves-
tigation on the minimum fluid sample needed for the infinite medium

assumption to be applicable has been carried out by Cohen and
Glicksman.* Applying the correlation for the related upper limit of the fluid
sample to the systems investigated herein illustrates that the fluid volume
used is some orders (>10x) greater than the upper limit of the minimum
fluid sample required. For Equation (4) to be applicable with minimal error
introduced, the time required must be greater than 5 ms. The LAMBDA
device is automatically programmed to introduce measurements of no
smaller time intervals. In addition, the device may be manually programmed
to change the default time interval between the measurements.

The platinum wire has a diameter of 0.1 mm and a length of
35 mm. The sensor head is equipped with a Pt100 resistance temper-
ature detector that reports the temperature of the fluid with an accu-
racy of £0.1 K. The vessel has a smaller diameter for the bottom
portion of the cell for the liquid phase and a larger diameter in the
upper portion of the cell for the vapor phase to allow for volume
expansion of the liquid throughout the pressure range. Approximately
38 mL of liquid is required to completely cover the wire. The total vol-
ume of the vessel is 143.42 mL and allows for approximately 300%
volume expansion of the liquid phase before the biphasic vapor-liquid
equilibrium scenario can no longer be confirmed. The window also
allows for confirmation that the wire is covered by the liquid phase.
The liquid was stirred with a magnetic stir bar and stir plate. A high-
pressure syringe pump, Teledyne-Isco, Inc. 100DM, was used to gen-
erate the gas pressure. The vessel sits in a modified heating/cooling
jacket that is connected to a Fisher Scientific Isotemp 3016 heated
bath circulator with a temperature stability of +0.01 K. An OMEGA
DPG7000-3K pressure gauge capable of 3000 psi (20.68 MPa) with a
0.05% full-scale accuracy (+0.01 MPa) was mounted on the vessel.

As the theory of the transient hot-wire technique has several
assumptions, for example, an infinite cylinder, and so forth, a one-
point calibration method with a standard fluid is used to account for
end-effects, and so forth. n-Heptane was used as its thermal conduc-
tivity values®%31% gre of the same order as those for the pure
[HMIm][Tf.N]. Once the device is calibrated, the IL is loaded into the
smaller cylindrical portion of the vessel. The platinum wire and
the temperature detector portion of the sensor are then immersed in
the IL. The heating bath is set to the temperature of interest and thus,
circulates a mixture of heated propylene glycol and deionized water in
the vessel's heating/cooling jacket. Once the temperature of interest
is attained, the heating bath is turned off and allowed to rest for some
time before measurements are taken (on the order of a few minutes).
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Allowing the circulating water to rest before taking measurements is
essential to reducing any induced convections due to vibrations.

For the measurements involving biphasic systems of IL/compressed
gas, the IL is introduced to the vessel and sealed. A vacuum (~7 kPa) is
used for ~24 h to remove any gas and moisture introduced in the transfer
process. The gas of interest is introduced using the high-pressure syringe
pump. A magnetic stir bar and stir plate are used to attain vapor-liquid
equilibrium. Once equilibrated, the stirring and circulation in the heating/
cooling jacket are turned off and adequate time is allowed to produce a
quiescent liquid phase for the measurements. A simple study of pressure
decay and thermal conductivity stability with stirring time shows that
approximately 40 min is required to reach equilibria and stability. In the
measurements conducted, stirring was carried out for 60 min using a Poly-
tetrafluoroethylene, PTFE-coated magnetic stir bar (D = 2 mm; L = 6 mm).
Equilibria data reported in the literature are used to correlate the pressure
of the system to the composition of the introduced gas.

The thermal conductivity with hydrostatic pressure was investi-
gated in a similar system as described above. The IL was injected into
the pressure vessel and allowed to overflow into about ~3+ cm of the
1/16% tubing with 0.030-inch inner diameter leading to the syringe
pump. Helium was loaded into the syringe pump to provide the hydro-
static pressure rather than filling the pump with the IL itself. Helium
solubility data are not available in [HMIm][Tf.N] beyond infinite dilu-
tion regimes. However, data on the estimated solubility and diffusivity
data of helium in 1-ally-3-methylimidazolium [AMIM][Tf.N] were
reported by Klein et al.”” with estimated compositions of He in the
IL. They estimated a small but finite solubility of helium in this IL over
the pressure range. Based on the small solubility and the diffusivity,
the rate at which helium diffused down the tubing and into the ther-
mal conductivity cell was estimated to be negligible over the time
frame of the measurements (calculated at <0.005 mole fraction
after 2 h).

2.2 | Uncertainty

The nominal uncertainty associated with the thermal conductivity
sensor given by the manufacturer is £1%. However, we have mea-
sured the thermal conductivity of n-alkanes in a previous study® and
found much less error; n-alkanes (e.g., C6-C14) have thermal conduc-
tivities that overlap those of the IL in this study. For instance, the dif-
ference between our measurements for n-hexane and n-tetradecane
at three temperatures and well-established experimental values had
an average absolute relative deviation (AARD) of 0.25%. Thus, we
believe the inherent error in the measurement to be approximately
+0.3 mW/m K. We obtain measurement-to-measurement precision
for these IL systems of approximately +0.03 mW/m K at the lower
temperatures (298.15 and 323.15 K) which climbs to +0.3 at
348.15 K. The run-to-run (day-to-day) repeatability is approximately
+0.1 mW/m K The main source of uncertainty associated with the
reproducibility of the data is any type of convection due to vibrations,
natural convection from the heat jacket, and so forth. We estimate
that the total uncertainty to be approximately +0.3 mW/mK at

298.15 Kand 323.15 Krising to £0.6 mW/m K at 348.15 K. The
Pt100 temperature probe has an uncertainty of +0.1 K. The pressure
gauge utilized has a reported uncertainty of £0.01 MPa. Thermal con-
trol of the system is £0.1 K. Another potential source of error is asso-
ciated with interpolation of literature vapor-liquid equilibria (VLE)
data to predict the composition of the gas in the IL at the given tem-
perature and pressure of the thermal conductivity measurements. To
assess the uncertainty accompanying the interpolated values, the
equilibria data at each pressure value was fit to a second-order poly-
nomial and the maximum possible deviation at each value was calcu-
lated. The average deviation among the fit data is approximately 2.5%
with a maximum deviation of 8% occurring in the lower pressure
region (lowest compositions).

2.3 | Chemicals

The IL 1-hexyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)
amide (CAS#382150-50-7) was purchased from loLiTec. The speci-
fied purity is 99% (Table 1). The IL was further dried under vacuum
and a Mettler Toledo C20S Karl Fisher (KF) Coulometer was used to
determine the water content. The water content of the pure IL before
and after the measurements were completed was measured and
determined to be less than 125 ppm in all cases (average of three KF
trials each with a mass content between 1.5 and 3 g of sample). Pro-
ton Nuclear Magnetic Resonance spectrometer (NMR) analysis was
performed to determine the purity of the IL sample and the purity
was estimated to be 99% + % as no peaks associated with contami-
nants were detected. Ultra-high purity (99.995%) carbon dioxide pur-
chased from MATHESON was used.

3 | RESULTS AND DISCUSSION

3.1 | Pure [HMIm][Tf,N] thermal conductivity

The transient hot-wire method employed in this study was first con-
firmed on pure 1-hexyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)
amide ((HMIm][T.N]) thermal conductivity. Table 2 and Figure 1 illus-
trate the dependence of thermal conductivity on temperature. The ther-
mal conductivity of the pure IL decreases with increasing temperature at
constant pressure. The values obtained in this study, as well as literature
values’7791%51% gyer the temperature range, are shown in Figure 1.
The thermal conductivity of the pure IL decreases with increasing tem-
perature for our data. For values measured in this study, the percent
decrease in thermal conductivity from 293.15 to 353.15 K is 4.3%.
Except for the data reported by Paredes et al.,'” the general trends in
thermal conductivity as a function of temperature are similar among the
reported literature values in which the thermal conductivity decreases
with increasing temperatures. The largest deviations in values among the
various literature data sets as well as the data measured in this study are
observed at the higher temperatures. The standard deviation among all
the data sets included in Figure 1 at 353.15 K is 2.93 with a 95%
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TABLE 2  Experimental thermal conductivity of [HMIm][Tf.N]
T(K) A (MW/m-K)
293.15 128.91
298.15 128.43
303.15 128.00
313.15 126.36
323.15 124.98
333.15 124.11
343.15 123.80
348.15 123.75
353.15 123.40

Note: Standard uncertainties: u(T) = 0.1 K; u(A) = 0.3 mW/m-K from
298.15t0323.15 K and u(A) = 0.6 mW/m-K at higher temperatures.
Abbreviation: [HMIm][Tf.N], 1-hexyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)amide.

135

130 A

125 A

Thermal Conductivity, A (mW/mK)

A

120 1 + +

®  This Study —-—= HMET®
115 ¢ Geetal Wu et al.

A Paredesetal. Froba et al.

—— Bridgman?® +  Ribeiro et al.
110 T T T T
280 300 320 340 360

Temperature (K)

FIGURE 1  Thermal conductivity of pure [HMIm][Tf.N] with
temperature®( ) this studys () Ge et al.’( ) Froba et al.’&( )
Paredes et al.'”; (+) Ribeiro et al.’®; *Smoothed Bridgman
Correlation (Equation 6) and "HMET Correlation (Equation 7); (dashed
cyan line) Wu et al.”’-group contribution prediction. [HMIm][Tf.N],
1-hexyl-3-methyl-imidazolium  bis(trifluoromethylsulfonyl)amide;
HMET, Heuristic Modification of the Enskog Theory

confidence interval of 123.48+ 2.57 mW/m K. The %AARD between
data presented in this study for the thermal conductivity of pure [HMIm]
[Tf.N] and the data reported by Ge et al.”” is less than 1% for the
temperature range of 293-353 K. The data presented in this study
are also in good agreement with that reported by Froba et al.” The
data reported by Tenney et al.” and Frez et al.”” were omitted
from the graph since they report a single averaged value over a
temperature range. The percent difference between the thermal
conductivity obtained in this study at 323.15 K and that of Froba
et al.”” at the same temperature is approximately 2.5%. Froba
et al.” utilized a guarded parallel-plate method in contrast to the
transient hot-wire method employed in this study. Tenney et al.”
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FIGURE 2 Thermal conductivity of [HMIm][Tf.N]/CO. at
saturation at various pressures and three isotherms; @) 298.15K; (a)
323.15 K; (@) 348.15 K. [HMIm][Tf.N], 1-hexyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)amide

used a guarded heat flow meter method while Frez et al.” used a
transient grating technique.

A modified Bridgman correlation' has been reported in the liter-
ature to correlate the thermal conductivity of ILs:

A kpaz=3>Mwaw=3>CCv, 36b

where pis the mass density, MW is the molecular weight, c is the
speed of sound, C, is the isochoric heat capacity, and k is a constant
parameter regressed to the data by minimizing the %AARD relative
to the experimental values. We attempted to use this correlation to
confirm the qualitative trends observed for the thermal conductiv-
ity of [HMIm][Tf.N]. Values for density were obtained from data
reported by Esperanca et al.'®® and Safarov et al.'” Data for the
speed of sound were obtained from data reported by Andresova
et al.""® The isochoric heat capacity values used were interpolated
from the data of Polikhronidi et al.""" The reported isochoric heat
capacity data show a quadratic dependence on temperature with a
general increase in isochoric heat capacity with temperature.
Figure 1 illustrates the Bridgman equation correlated to our data
(k= 8.234 x 109 and fits the data very well including the predic-
tion of a negative slope for the thermal conductivities with
temperature.

A Heuristic Modification of the Enskog Theory (HMET) as
described by Yebra et al.®* has also been utilized to correlate the
trends in pure IL thermal conductivity (Figure 2). The variation of the
HMET correlation utilized for the purpose of this study is shown in
Equation (7).

\ Vs Ab BIndpbp 0:5In37b, 37b

where A and B are parameters fit to the data, p is the density in kg/m?
(from Esperanca et al.'®® and Safarov et al.'®), and T is temperature
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T (K) P (MPa) Xco, A (MW/m-K) Mo
298. > (Ve 0.00 128.83 1.000
0.71 0.14 128.82 1.000
1.01 0.20 128.75 0.999
1.47 0.29 128.71 0.999
2.36 0.44 129.2 1.003
6.35 0.75 129.74 1.007
323.15¢ 0° 0.00 125.20 1.000
235 0.32 124.97 0.998
4.95 0.56 125.72 1.004
6.96 0.65 126.23 1.008
8.42 0.71 126.43 1.010
9.48 0.74 126.61 1.011
348.15° 0° 0.00 123.54 1.000
3.75 0.26 122.94 0.995
6.96 0.47 123.52 1.000
9.48 0.58 124.16 1.005
12.44 0.67 124.83 1.010
14.75 0.71 125.68 1.017
17.50 0.74 126.51 1.024
19.72 0.76 126.86 1.027

TABLE 3 Thermal conductivity, CO.

AL Gl composition, fractional volume
expansion, and molar volume of CO 5

0.02 285 saturated [HMIm][Tf,N]

0.03 268

0.05 245

0.21 206

0.37 114

0.08 240

0.15 179

0.24 152

0.30 135

0.33 124

0.07 271

0.14 210

0.20 174

0.27 147

0.30 133

0.33 128

0.34 123

Note: Reported standard uncertainties: u(T) = 0.1 K; u(P) = 0.01 MPa; u(A) = 0.3 mW/m-K at 298.15 and
323.15 K and u(A) = 0.6 mW/m-K at 348.15 K; u(V*) = 1 cm?*/mol; u(x) = 0.02; u(AV/Vo) = 0.01.
Abbreviation: [HMIm][Tf.N], 1-hexyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)amide.
*Compositions, volume expansions, and molar volumes were interpolated/extrapolated from the data of

Ren and Scurto.
°Pure IL at ambient pressure (gauge).

in absolute Kelvin. The constant parameters, A and B, were fit to the
data by minimizing the %AARD relative to the experimental data,
where A = -795.51 and B = 127.50. With its two-regressed parame-
ters, the HMET equation was expected to well correlate the data.
Based on the data pertinent to this study, the pure IL thermal
conductivity can be empirically correlated over the temperature range
293.15-353.15 K using a second order polynomial as follows:

AV41:256x107°8TP°-9:086x10'8TPp 287:6 a8p

In which T is the temperature of the pure IL in absolute Kelvin and
within the range 293.15 K < T < 353.15 K. The average uncertainty, u
(A), associated with predicted values obtained using Equation (8) is u
A) = 0.2 mW/m K.

3.2 | CO,saturated [HMIm][Tf.N] thermal
conductivity

The thermal conductivity of [HMIm][Tf.N] saturated with CO; has
been measured over three isotherms (298.15, 323.15, 348.15 K) and
pressures up to 19.7 MPa. On average, the thermal conductivity
remains relatively constant with the pure IL thermal conductivity

along the entirety of the pressure range in which the greatest change
in thermal conductivity relative to the pure IL thermal conductivity is
approximately 2.7%. However, despite the relatively small net change,
the behavior of the [HMIM][TfN]/CO, system demonstrates distinct
and changing trends with temperature and pressure. For all isotherms,
there is a slight decrease in thermal conductivity at lower pressures
followed by a relatively larger increase in thermal conductivity at
higher pressures. The change in thermal conductivity at 298.15 K with
pressure shows a gradual, slight decrease with pressures up to
approximately 1.5 MPa followed by a gradual increase along the rest
of the pressure range investigated. The maximum pressure investi-
gated at 298.15 K is just below the pressure at which vapor-liquid-
liquid equilibrium (VLLE) occurs for this system as reported by Ren
et al.®® The thermal conductivity at a pressure of 6.35 MPa has a
value approximately 0.7% greater than the pure IL thermal conductiv-
ity at 298.15 K. Similar trends are observed at 323.15 and 348.15 K
in which the thermal conductivity decreases slightly at lower pres-
sures then increases gradually with increased pressure. The values at
the minima are beyond the experimental uncertainty.

VLE data of this system from Ren et al.** were interpolated for
the same temperature and pressure range of the thermal conductivity
measurements (Table 3) to understand the phenomena in terms of
temperature, pressure, and composition. We believe that the
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FIGURE 3 Thermal conductivity of [HMIm][Tf,N]/CO; at
saturation at various compositions and three isotherms; (4 298.15 K;
() 323.15K; ®) 348.15 K. [HMIm][Tf.N], 1-hexyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)amide

interpolations are accurate to approximately 2%-3%. CO, has a rela-
tively high solubility in the IL over the pressure range. For instance,
the solubility at 348.15 K and 14.7 MPa is approximately 71% mole.
Thermal conductivity in relation to the composition of the gas is illus-
trated in Table 3 and Figure 3. The thermal conductivity of the mix-
ture remains in relative proximity to that of the pure IL despite large
solubility of CO; in the system. At a 76%mole CO; in the mixture, the
thermal conductivity changes by approximately 2.7% relative to the
pure IL thermal conductivity.

Figure 3 illustrates that the thermal conductivity of the CO.-
expanded IL shows only a slight dependence on the composition of
CO: in the mixture. The minimum occurs below 40% mole CO:; at
each isotherm followed by increasing thermal conductivity at higher
compositions. These higher compositions correspond to higher system
pressures. At 323.15 K and a CO, molar composition of 32%mole, the
thermal conductivity decreases by approximately 0.2% relative to the
pure IL thermal conductivity at the same temperature. At the same
temperature and a CO, molar composition 74%mole, the thermal con-
ductivity increases by approximately 1.1% relative to the pure IL ther-
mal conductivity. A similar trend is observed at 348.15 K in which the
thermal conductivity decreases slightly at low to moderate CO, com-
positions to then increase as the composition of CO. increases.

The ratios of the thermal conductivity at different compositions
and temperatures relative to the thermal conductivity of the pure IL
at the same temperature and ambient pressure is illustrated in
Figure 4. Below approximately 70% mole CO., the relative thermal
conductivities are similar at the same composition. The thermal con-
ductivity of the mixture slightly decreases with initial compositions of
CO: to a similar extent at all the temperatures investigated. This is
followed by a similar increase starting around 40%mole at all tempera-
tures. However, at compositions above approximately 70% mole, both
absolute and relative changes are different among the three tempera-
tures, with the relative increase in thermal conductivity increasing
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FIGURE 4 Normalized thermal conductivity (A/A)) of [HMIm]
[Tf.N]/CO:; at various compositions and three isothermse ( )
298.15K; (a) 323.15 K; @) 348.15 K. [HMIm][Tf.N], 1-hexyl-
3-methyl-imidazolium bis(trifluoromethylsulfonyl)amide

with temperature. The reason for the change in correlation with tem-
perature at the highest compositions is likely due to the vastly differ-
ent pressures (see below) needed to create similar solubilities. For
instance, the pressure needed to obtain approximately 75% mole CO,
at 298.15 K is ~6.4 MPa vs. 9.5 MPa at 323.15 K vs. 19.7 MPa at
348.15 K.

Figure 5 illustrates the thermal conductivity at 298.15 K with
CO, composition in addition to the pure saturated liquid CO, thermal
conductivity at the same temperature (and at its vapor pressure of
6.34 MPa) from literature®>''? and the pure IL thermal conductivity
at ambient pressure measured here. The line in the figure represents a
simple linear mixing rule of the pure component properties with com-
position which correlates with the initial decrease in the thermal con-
ductivity with increasing composition. As pure CO. has a much lower
thermal conductivity, one might expect the mixture conductivity of
the IL phase to decrease due to composition effects: diluting a rela-
tively high thermal conductivity component with a lower thermal con-
ductivity component. However, there is no smooth and linear method
to connect the falling and rising mixture data with pure component
properties and the compositions. Such a linear approximation would
significantly underpredict the mixture properties throughout the
entire composition range. This is of practical importance for the
design and scale-up of compressed gas (CO,) systems with ILs dis-
cussed in the introduction. This underprediction would result in the
design of much larger equipment (higher surface area) than needed,
for example, heat exchangers, reboilers, and so forth, which would
result in a higher cost.

A mixing rule or correlation for this CO. and IL system is also
complicated by the phase behavior. From our previous study and
other literature sources, ILs and CO, form a Type Il system by the
classification of Scott and van Konynenburg.'? Type Ill systems are
characterized by either liquid-liquid, vapor-liquid, or vapor-liquid-
liquid equilibria which do not terminate at mixture critical points
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bis(trifluoromethylsulfonyl)amide

(L = LorV = L) except, theoretically, at ultra-high pressures (which
have never been experimentally seen with IL/CO, systems even to
kilobar pressures). The isotherm at 298.15 K for this [HMIm][Tf.N]/
CO, system is below the upper critical endpoint (UCEP, ~304 K), thus
higher pressure will result in VLLE followed by LLE, but never a single
miscible IL phase. The isotherms above 304 K will thus be VLE and
only theoretically become critical as pressure tends to infinity. This
implies that the conditions for our thermal conductivity measure-
ments will never permit a single liquid phase from 100% IL to 100%
CO:; at any temperature.

It is hypothesized that the observed behavior of the liquid thermal
conductivity of the IL and CO:; is the consequence of two competing
phenomena: (1) composition effects and (2) hydrostatic pressure
effects. At lower pressures/compositions, the CO; contributes slightly
to a decrease in thermal conductivity due to dilution with a lower
thermal conductivity fluid, CO.. If composition were the only effect,
then only a decrease in thermal conductivity of the liquid mixture
would be expected with increasing CO. composition. However, there
is @ minimum followed by an increase in thermal conductivity.

The behavior for CO: in ILs is quite different than other more
polar gases. For instance, we are currently measuring the thermal con-
ductivity of [1-alkyl-3-methyimidazolium][Tf.N] (RMIm][Tf.N]) ILs
saturated with compressed hydrofluorocarbon refrigerant gases, such
as 1,1,1,2-tetrafluoroethane (R-134a)."* As a Type V system, R-134a
becomes miscible with [RMIm][Tf.N] ILs at 298.15 K at its pure com-
ponent vapor pressure of 0.67 MPa as 298.15 K is below the lower
critical endpoint (LCEP). For this isotherm, thermal conductivity can
be measured through the entire composition range. Here, the liquid
thermal conductivity of the IL phase decreases rather linearly with
moderate to large R-134a compositions (R-134a has a much lower
thermal conductivity than the IL, like CO,). However, even for this
system, there is no simple correlation between composition and pure
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FIGURE 6 Thermal conductivity of pure [HMIm][Tf.N] with

pressure and temperature; (o) 298.15K; (a) 323.15K; (@ 348.15K; u
(\) = 0.3 mW/m-K. [HMIm][Tf;N], 1-hexyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)amide

component thermal conductivity across the entire composition
spectrum.

3.3 | Hydrostatic pressure effects on pure [HMIm]
[Tf,N] thermal conductivity

The effect of hydrostatic pressure on the thermal conductivity of the pure
IL was investigated to approximately 18 MPa to encompass the pressure
range of the mixture results above. As illustrated in Figure 6, the thermal
conductivity increases relatively linearly with increasing pressure. The ther-
mal conductivity increases by ~2% at 298.15 K between ambient pressure
and ~18 MPa. The increase of thermal conductivity as a function of pres-
sure can also be attributed primarily to the increase in density at constant
temperature, but also related to the speed of sound as predicted by the
Bridgman correlation (Equation 6). The trends presented herein are similar
to those reported by Yebra et al.® for several other ILs under pressure.
From their data for the IL 1-butyl-3-methylimidazolium methylsulfate
([BMIm][MeSQO.]) at 293.15 K and 20 MPa, they report an increase of
~3%. Tomida et al.”* also measured the thermal conductivity of several ILs
under pressure. For the IL 1-hexyl-3-methylimidazolium
hexafluorophosphate ([HMIm][PF¢]), Tomida et al.”* report a thermal con-
ductivity increase of ~2% from ambient pressure to 20 MPa at 294.1 K.
Thus, the hydrostatic pressure effects for the IL/CO. system would be
important in the pressure range investigated as the changes in the pure
component over the pressure range, while relatively small, are of the same
order of magnitude as the changes in the mixture properties. Rausch
et al.”* measured the thermal diffusivity of CO,-saturated [BMIm][C(CN);]
and [BMIm][B(CN).] ILs using a dynamic light scattering technique. Ther-
mal diffusivity, a, is related to the thermal conductivity by:
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where p is the density and G, is the isobaric heat capacity. Unfortu-
nately, the density and heat capacity for these systems are not avail-
able to directly calculate and compare the thermal conductivity.

3.4 | Analysis of phenomenon

The data presented in this study illustrate that the thermal conductiv-
ity of the IL/CO. system is composed of two competing effects:
(1) composition effects with the dissolution of CO, which has a signif-
icantly lower thermal conductivity; and (2) hydrostatic effects. It was
noted above that simple mixing laws using the pure component ther-
mal conductivities are not suitable in predicting the mixture thermal
conductivity. As shown above, hydrostatic pressure effects may
become important. Therefore, a composition mixing rule of the pure
IL and CO. thermal conductivities adjusted for hydrostatic pressure
effects was investigated:

Am Vs XiAB T, PP b Xco ﬂLcozaT, Pr, 39p

where, A. is the mixture thermal conductivity, x is the mole fraction
of component i, and A3T, Pp is the thermal conductivity of pure com-
ponent j at the temperature and pressure of the mixture data. The
pure component data for the IL at the temperature and pressure of
interest, AdT, Pp, is obtained by an interpolation of the data presented
above. The pure liquid thermal conductivity of CO;, A, 8T, P, is
extrapolated from the saturated liquid at T (and P® at T) as a function
of pressure at the same temperature.’>"'2 The change in thermal con-
ductivity with pressure of pure liquid CO; is linear from its vapor pres-
sure of 6.43 MPa (saturated liquid) to 10 MPa. Thus, this linear trend
was then used to extrapolate down to the mixture pressure of inter-
est. Figure 7 illustrates the pure IL and CO, thermal conductivities
with pressure and the mixture results. As shown, even adjusting for
hydrostatic pressure, the new mixing rule well underpredicts the data
which are more closely correlated with that of the pure IL.

While thermal conductivity is not an equilibrium thermodynamic
property, one could use the concept of an “excess” property to define
the difference from an idealized solution, with “excess” thermal con-
ductivity defined as follows:

h i

AV ABT, P, xb- xi\iST,PPpXco N 8T, PP
m 2 CO

310p

Figure 7 demonstrates that at the higher pressures and CO.
compositions, this “excess” thermal conductivity becomes greater
and greater with pressure and composition. For the isotherms
greater than 304 K (CO; critical point), the extrapolations necessary
for pure CO:; increase in uncertainty (both theoretical, e.g., liquid
properties of a supercritical fluid, and in practice) and are not
performed.

Overall, the thermal conductivity behavior of the IL with initial
amounts of CO; slightly decreases due to the composition of a lower
thermal conductivity diluent. However, due to the phase behavior, the
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higher pressures required to increase the composition of the CO.
commensurately increases the thermal conductivity due to hydrostatic
effects. Various groups have asserted that CO; gas solubility in com-
mon ILs is dominated by the free volume available for the gas to
occupy.’*'"'s'2° Thus, from the data, it can be reasoned that the
introduced CO; does not alter the structure of the IL, nor solvate the
IL or the individual cations and anions. Therefore, the IL retains the
same mechanisms to conduct thermal energy whether as a pure IL or
in the mixture. The slight increase in thermal conductivity at higher
compositions of CO:; is, in actuality, a pressure effect on the main
underlying heat transfer mechanism which is dominated by the IL
itself.
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Both the modified Bridgman and HMET correlations indicate that
thermal conductivity is directly proportional to density. Ren and
Scurto' report the volume expansion, liquid molar volumes, and
densities for [HMIm][Tf.N] saturated with compressed CO; at various
temperatures and pressures. The IL does experience a moderate vol-
ume expansion with increased CO, dissolution with increasing pres-
sure. For instance, at ~3.6 MPa, the IL expands its volume by ~17% at
298.15 Kand ~11% at 323.15 K; these conditions correspond to a lig-
uid CO, composition of ~60%mole at 298.15 K and 49%mole CO, at
323.15 K. However, despite the volume expansion, the molar volume
decreases relatively linearly at both isotherms with increasing CO,
composition; that is, molar density increases as more moles of CO
dissolve compared to the commensurate volume expansion. How-
ever, with the asymmetry in the molecular mass between the IL and
CO., the mass density actually decreases to a minimum before
beginning to increase at the highest CO, compositions (pressures) as
shown in Figure 8. The minimum at both 298.15 and 323.15 K
occurs at approximately 70% CO. composition in the liquid phase.
Interestingly, the minimum in thermal conductivity of the [HMIm]
[Tf.N]/CO, system occurs at approximately 40% mole CO; at the
same isotherms. It should be noted that the Bridgman equation
relates thermal conductivity to density, speed of sound, and
isochoric heat capacity. The experimental speed of sound and heat
capacity for the [HMIm][Tf.N]/CO. system has not been reported in
1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)amide ([BMIm][Tf.N])

the literature. However, for the system of
and CO., the speed of sound was measured at 313.15 K and
decreases by ~18% at 10 MPa (~73% mole CO.) where it reaches a
relative minimum followed by an increase in the speed of sound at
higher pressures and compositions.'?' Neither of these reported
minima in the speed of sound or density are exactly near the
reported minima here for thermal conductivity, but it does illustrate
how the Bridgman equation would qualitatively predict a minimum
at each isotherm.

4 | CONCLUSIONS

The thermal conductivity of the IL [HMIm][Tf.N] saturated with CO,
at three isotherms (298.15, 323.15, 348.15 K) and pressures ranging
up to 19.7 MPa was measured. The thermal conductivity decreases
slightly with increasing CO. compositions in lower composition
regimes and increases gradually in the moderate to high composition
regimes. The increase in thermal conductivity at moderate and high
CO: compositions is attributed to hydrostatic pressure effects, in
which it is hypothesized that the increase in thermal conductivity of
the liquid due to the increase in hydrostatic pressure outweighs the
decrease associated with increased CO. composition. Nevertheless,
the change in thermal conductivity in the biphasic [HMIm][Tf.N]/CO.
system remains dominated by that of the pure IL even at higher com-
positions of dissolved CO.. This behavior is attributed to the nature
of the mechanism in which CO; dissolves in the IL; in which, it is
believed that the CO. dissolves in the IL primarily by occupying the

free volume in the IL. Therefore, the CO, does not seem to alter
the intramolecular interactions of the IL (cation-anion or between
other cations-anions). This behavior indicates that simple mixing rules
based on the properties of the pure components and their relative
compositions in the mixture are not appropriate in predicting the
thermal conductivity of the mixture.
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