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1. INTRODUCTION 

Ionic liquids (ILs) have gained increasing attention as potential 
substitutes for common solvents and engineering fluids in a 
myriad of potential applications. They possess unique 
properties including low to negligible volatility and decreased 
vapor pollution relative to other volatile organic solvents. 
Various cationic and anionic combinations in ILs allow for 
tunable properties such as miscibility, hydrophobicity or 
hydrophilicity, solvation, polarity, and varying transport 
properties as well as reactive properties.1,2 The selective 
tunability of ILs allows for their potential use in various fields 
including catalysis,3−5 gas separations,6−16 energy storage and 
fuel cells,17−21 refrigeration systems and heat transform- 
ers,22−25 etc. 

Coupling ionic liquids with refrigerant gases has been 
proposed for absorption refrigeration.22−29 Here, the IL 
dissolves the refrigerant gas in one stage and is pumped to a 
higher pressure, heat is added to liberate a high-pressure gas, 
and the gas is cooled and condensed to a liquid and finally 
depressurized to produce the refrigeration effect. As the IL is 
non-volatile, the gas that boils out of the IL phase is pure and 
does not require further equipment, i.e., a rectifier, to remove 

an effective medium in combatting greenhouse gases through 
techniques of gas capture and gas-mixture separations.31−41 
While carbon dioxide contributes to nearly 80% of greenhouse 
gas emissions in the United States, other gases have relatively 
high emission rates as well; some of the more potent 
greenhouse gases emitted include fluorinated gases in an 
emission abundance of nearly 3% (data reported in 2019).42 
Fluorinated gases are commonly utilized as refrigerants, 
propellants, fire retardants, and foam blowing agents.43,44 
The high global warming potential (GWP) of some commonly 
used fluorinated gases has called for their capture, separation, 
recycle, or destruction.45 Many of the hydrofluorocarbons 
(HFCs) that were used to replace ozone-depleting chloro- 
fluorocarbons  (CFCs)  and  hydrochlorofluorocarbons 
(HCFCs), due to the Montreal Protocol, have high global 
warming potential (GWP) and are now the subject of 
increased concern and regulation. The Kigali Amendment to 
the Montreal Protocol in 2016 called for the reduction of usage 
and production of most HFCs by more than 80% over the next 
30 years.45,46 

Fluorocarbon gases compose 83% of refrigerant gases used 
for refrigeration and air-conditioning worldwide and 32% of 

the IL from the vapor phase. To design this type of process,   
both thermodynamic and transport properties are required to 
properly model pumping duty, heat transfer rate and area, 
etc.30 

In recent years, gas separations using ionic liquids have 
gained increased interest. Ionic liquids have been proposed as 
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ABSTRACT: The thermal conductivities of mixtures of ionic liquids (ILs) and 
fluorocarbon gases are necessary for the design of a variety of engineering and 
separation applications. Here, a transient hot-wire technique was used to measure the 
liquid thermal conductivities of 1-ethyl-3-methylimidazolium bis- 
(trifluoromethylsulfonyl)amide ([EMIm][Tf2N]) and 1-n-hexyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)amide ([HMIm][Tf2N]) in vapor−liquid equilibrium with 
the hydrofluorocarbon gas, 1,1,1,2-tetrafluoroethane (R-134a), at (298.15, 323.15, 
348.15) K for [HMIm][Tf2N] and (298.15, 348.15, 398.15) K for [EMIm][Tf2N] and 
pressures up to 28 bar. The thermal conductivity of the gas-saturated ionic liquid 
exhibits a very small and relatively linear decrease with increasing pressure 
(composition) of R-134a even to relatively high compositions (∼80% mol). Only at 
very high molar compositions of the gas (∼90+% mol) does the thermal conductivity significantly decrease toward that of the value 
of pure saturated liquid R-134a. However, no simple mixing rule of the pure component properties could correlate the trends in 
composition. As some potential applications require higher temperatures, the system of [EMIm][Tf2N]/R-134a was measured at 
398.15 K. Generally, a longer alkyl-chain length on the cation, such as [HMIm][Tf2N], experiences a steeper decrease in thermal 
conductivity with increasing R-134a composition than with the [EMIm] cation. 
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Table 1. Specifications of Chemicals 
 

aReported by manufacturer and confirmed here by NMR analysis after purification. bSpecified by supplier. cMass basis. 
 

 

gases used in foam blowing.47 Commonly used pure 
component refrigerants include R-134a (1,1,1,2-tetrafluoro- 
ethane), R-32 (difluoromethane), and R-22 (chlorodifluoro- 
methane, an HCFC). R-134a and R-32, alongside other pure 
HFC refrigerants in different combinations, are common 
constituents of widely used HFC blends such as R-410A (R-32 
and R-125), R-404A (R-125, R-143a, R-134a), and R-407C 
(R-32, R-125, R-134a). Most HFC blends form azeotropic or 
near azeotropic mixtures that render separation and recycling 
as non-trivial processes. Not all HFCs require immediate phase 
out; for instance, R-32 (difluoromethane) has a low enough 
GWP for continued use in some jurisdictions.48,49 Thus, 
separating the gases from blends that can be recycled or used 
in future applications will be an important process in the 
future. 

Ionic liquids have been proposed to help separate many of 
these HFC mixtures.15,16,34,41,50,51 Extractive distillation has 
been suggested to circumvent the azeotrope or aid in difficult 
separations. The design of these types of systems requires 
extensive knowledge of both thermodynamic and transport 
properties. Extensive phase equilibria thermodynamic studies 
have been conducted on systems of varying ILs and fluorinated 
gases.50−54 Much less research has been devoted to mass and 

several ILs under different conditions with various dissolved 
gases utilizing a dynamic light scattering technique and 
molecular dynamics simulations (Klein et al.81). We have 
previously utilized a transient hot-wire method to measure and 
report thermal properties, including thermal conductivity, of 
CO2-expanded n-alkanes.82 More recently, we have reported 
thermal conductivity data for an ionic liquid saturated with 
compressed CO2 over three isotherms (298.15, 323.15, 
348.15) K.83 

1,1,1,2-Tetrafluoroethane (R-134a) is a prevalent HFC 
found in many commercial, home, and vehicle cooling systems. 
R-134a has been proposed as a potential gas for an IL-based 
air-conditioning system and is found in a number of refrigerant 
mixtures that require future separation (see above). We have 
previously investigated the phase behavior and solubility of R- 
134a in different imidazolium-based ionic liquids at temper- 
atures of (298.15, 323.15, 348.15) K and varying pressures.84,85 
We have also reported data on the viscosity and self-diffusivity 
of pure ILs as well as ILs saturated with compressed gases, 
such as R-134a, at varying pressures and temperatures.55,86,87 
This study reports the liquid thermal conductivity values of 
biphasic systems of [EMIm][Tf2N] and 1-n-hexyl-3-methyl- 
imidazolium [Tf N] ([HMIm][Tf N]) (see Table 1) saturated 

2 2 

momentum transport properties. We and other groups have 
begun measuring the viscosity and diffusivity in IL/gas 
systems.55,56 

Mixture heat transport properties of IL systems are very 
scarce in the literature. Such properties would be necessary for 
optimal design and sizing of engineering components utilizing 
IL/gas mixtures such as heat exchangers, reboilers, etc. Limited 
studies report on the thermal conductivities of pure IL systems 
using varying techniques.57−75 Commonly utilized techniques 
for measuring and predicting the thermal conductivity of ILs 
include the transient hot-wire method, the guarded parallel- 
plate method, molecular dynamic simulations, and transient 
grating techniques. Thermal conductivity values of refrigerant 
gases and liquids are reported with widespread use in 
industry.76−78 Tomida et al. reports on the thermal 
conductivity data of subsaturated CO2/IL systems at temper- 
atures ranging from 294 K to 334 K and mole fractions of CO2 
up to 0.42 in the ILs, 1-butyl-3-methylimidazolium hexa- 
fluorophosphate ([BMIm][PF6]) and 1-butyl-3-methylimida- 
zolium tetrafluoroborate ([BMIm][BF4]).79 Rausch et al.80 
and Klein et al.81 measured the thermal diffusivities (related to 
thermal conductivity by mixture density and heat capacity) of 

B 

with the hydrofluorocarbon gas, R-134a, at three isotherms 
(298.15, 323.15, 348.15) K for [HMIm][Tf2N] and (298.15, 
348.15, 398.15) K for [EMIm][Tf2N] and pressure up to 28 
bar. The thermal conductivity of pure 1-ethyl-3-methylimida- 
zolium bis(trifluoromethylsulfonyl)amide ([EMIm][Tf2N]) 
was also measured between 298.15 K and 398.15 K. 

 

2. EXPERIMENTAL METHODS 

2.1. Thermal Conductivity. A transient hot-wire method 
was utilized to measure the thermal conductivity of pure ILs as 
well as biphasic systems of ILs/gases at equilibrium. Several 
groups have provided a detailed analysis on the applicability, 
assumptions, and principle of the methodology.88−90 We have 
previously described the methodology employed here- 
in,82,83,91,92 but an overview of the apparatus and methodology 
will be provided here. A Flucon Fluid Control GmbH thermal 
conductivity probe and an in-house-built high-pressure 
equilibrium cell are utilized. The equilibrium cell sits in a 
heating jacket; heating fluid is circulated through the heating 
jacket using a Fisher Scientific Isotemp 3016 heated bath 
circulator with a temperature stability of ±0.01 K. A certain 

https://doi.org/10.1021/acs.jced.2c00054 
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amount of the IL is initially placed in the vessel; the amount 
initially introduced is determined based on the expected 
(calculated) volume expansion such that, once the mixture 
expands, it does not fill the entirety of the cell. The gas is 
introduced using a high-pressure syringe pump, Teledyne-Isco, 
Inc. 100DM, and the pressure in the vessel is monitored using 
an OMEGA DPG7000-3K pressure gauge with a range of 
206.8 bar (0.05% full-scale accuracy: ±0.1 bar). The mixture is 
stirred using a PTFE-coated stir bar and a stir plate placed on a 
heavy bench to reduce vibration-induced convective effects. 
Pressure decay is monitored, and once the pressure is constant, 
stirring is stopped and the mixture is allowed to settle. Ample 
time is given such that all convective effects induced through 
stirring are dissipated. The heating bath is turned off prior to 
taking measurements as well to minimize all possible 
convective forces. 

The governing equation for the thermal conductivity 
measurements is shown in eq 1 

of the metal oxide layer on the outer surface. The results 
clearly show a surface coverage of the metal oxide on the wire 
with an inner core of pure platinum. The thermal conductivity 
of [EMIm][Tf2N] at three temperatures was measured with 
both a passivated and non-passivated (untreated) wire, and the 
results are shown in Table 2. As shown, the differences are well 

 

Table 2. Comparison of Sample Results for [EMIm][Tf2N] 
Using a “Bare” Pt Wire versus a Passivated Pt Wire 

 

T (K) λinsulated λuninsulated % deviation 

298.15 131.42 131.91 0.371 

303.15 130.96 131.02 0.046 

313.15 129.36 129.44 0.062 

 

within the uncertainty of the measurements. Many ionic 
liquids have relatively low electrical conductivities compared 
with typical aqueous electrolyte solutions101,102 and are not 

Q t + Q t t  enough to affect the thermal conductivity measurements. R- 
= 1 2  ln 2 134a has very low electrical conductivity; thus, mixtures of the 

8 (Tt
2 

Tt
1
) t1 (1) IL and R-134a are anticipated to have even lower electrical 

conductivity than the pure IL. 
in which λ is the thermal conductivity of the fluid, Q is the 
input heat per unit length, t is time, and T is temperature. A 
heat input at two different times is correlated to the 
temperature change at the two respective times, and the 
thermal conductivity is obtained as shown in eq 1. The 
formulation and governing assumptions leading to eq 1 are 
omitted here but are formulated and described in detail in our 
previous work.82,83 As the equations assume an infinite 
cylinder, end-effects are ascertained by a one-point calibration, 
here, using n-heptane. n-Heptane was used as a calibration 
fluid, since its reported thermal conductivity values near room 
temperature and pressure are of the same order as those of the 
two ILs investigated in this study;93−98 however, the device 
does not mandate a calibration fluid close to the test fluids. 
Purification of the IL in between measurements at different 
temperatures and following the loading steps is completed by 
placing the loaded, sealed vessel under a vacuum (70 mbar) 
while heating to ∼348.15 K for ∼24 h. For measurements at 
398.15 K, the heating jacket was replaced by direct electric 
heating in which the cell was wrapped with fiberglass insulated 
heating tape that is supplied with power through an in-house 
built temperature control box that is equipped with a safety 
shut-off function. 

The effect of highly electrically conductive fluids has been 
mentioned in the literature as a possible source of error for the 
transient hot-wire technique for thermal conductivity.99,100 
Usually for the measurement of highly electrically conductive 
solutions/solvents, the use of a passivated wire is recom- 
mended. Passivation is usually accomplished by using a metal 
wire with an insulating metal oxide layer on the surface. Here, a 
platinum wire was oxidized in a furnace with air by using a 
slow step function of heating (2 °C/min) and holding for 1.5 h 
at approximately every 100 °C until 600 °C. A small portion of 
the top of the wire was cut off following the oxidation 
treatment, and the exposed cross-section of the wire was then 
characterized using scanning electron microscopy (Hitachi 
High Technologies model S4700 II cFEG SEM) and energy 
dispersive X-ray spectroscopy (Oxford Instruments, X-MaxN 
Silicon drift EDX detector). X-ray photoelectron spectroscopy 
(Physical Electronics PHI 5000 Versaprobe-II XPS Microp- 
robe) was then utilized to confirm the formation and structure 

2.2. Uncertainty. The thermal conductivity probe has a 
manufacturer reported uncertainty of ±1%. However, we have 
performed a number of studies to ascertain the uncertainty of 
the instrument at different temperature ranges. The measure- 
ment-to-measurement precision is observed to be approx- 
imately ±0.03 mW/m·K at 298.15 and 323.15 K. The 
precision at 348.15 K is nearly ±0.3 mW/m·K, and at 
398.15 K, it is approximately ±2 mW/m·K. The run-to-run 
repeatability is ±0.1 mW/m·K at the three initial temperatures 
and ±0.5 mW/m·K at a temperature of 398.15 K. The 
uncertainty of the calibration fluid, n-heptane, from the 
literature sources ranges from 0.3% to 0.5%�approximately 
±0.5 mW/m·K.95−97,103 Thus, total uncertainty, as the square 
root of the sum of squares of the measurement-to-measure- 
ment, run-to-run, and calibration fluid, is calculated to be ±0.5 
mW/m·K between 298.15 K and 323.15 K, ±0.6 mW/m·K at 
348.15 K, and ±2.1 mW/m·K at 398.15 K. These uncertainties 
are based upon the measurement at a given temperature and 
pressure. Convection (generally due to vibration of the 
equipment (heating jacket fluid flow, stirrer, etc.)) is possibly 
one of the main sources of variation associated with the 
thermal conductivity measurements. Convection (natural or 
forced) generally results in measurements that are skewed 
toward higher thermal conductivity and are potentially more 
prevalent at relatively higher temperatures and gas composi- 
tions. However, we do not observe nor could not conclude that 
any of the data suffered from this known possibility. The 
associated PT100 RTD has an uncertainty of ±0.1 K. The 
heating bath has a stability of ±0.1 K. The electrical heating 
element utilized at 398.15 K has a stability of ±0.2 K. The 
pressure gauge has a reported uncertainty of ±0.1 bar. The 
effects of the uncertainties in temperature and pressure on the 
combined standard uncertainty of the thermal conductivity 
measurements are negligible (<0.01 mW/m·K each) compared 
to the thermal conductivity uncertainty itself. This is based 
upon the slope of thermal conductivity with temperature from 
these measurements for the pure IL and our previous work 
which measured the effect of hydrostatic pressure on the 
thermal conductivity of [HMIm][Tf2N].82 The literature 
solubility data (molar composition of R-134a) utilized has a 
reported average uncertainty of <0.002; however, interpolation 
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of the data at the pressure points investigated in this work 
results in higher uncertainty. To estimate the uncertainty 
associated with interpolation, the solubility data was fit to a 

 

ac = 
0.45724R2Tc2 

 
 

Pc 

 
 

(4) 

second-degree polynomial that was utilized to interpolate the 
data and the deviation between the actual experimental data 
and that obtained through the interpolating polynomial was 
calculated. The average percent deviation for [EMIm][Tf2N] 

= 0.37464 + 1.54226 0.2699  2 

b = 
0.07780RTc 

Pc 

(5) 

 

(6) 
compositions is ∼5% across the entire composition range, and Mixture parameters, a and b , are computed using the vdW-1 
that of [HMIm][Tf2N] is ∼3%. The highest uncertainty in 
reported compositions is expected to be that accompanying the 
predictions at 398.15 K, as those compositions were estimated 
using an equation of state and not directly utilizing 

mixing rule 

N 

am =  

m m 

 
N 

 xixjaij 

experimental data; however, comparison of the compositional 
values predicted using the two different modeling techniques 
shows an average percent deviation of ∼3% relative to each 
other. We believe these predictions to be better than 5%. The 
uncertainty of thermal conductivity as a function of 

 
bm = 

i=1 j=1 

N 

 xibi 
i=1 

(7) 

 
 

(8) 

composition would be in addition to those described above 
which are based upon temperature and pressure. 

2.3. Chemicals. Both ionic liquids, [EMIm][Tf2N] 

in which 

aij = 

 

aiaj (1 
 

kij) with 

 
kij = kji 

 
(9) 

(CAS#174899-82-2) and [HMIm][Tf2N] (CAS#382150-50- 
7) (see Table 1), were purchased from Iolitec. The 
manufacturer reported purity is >99%. Prior to the experi- 
ments, the ILs were dried under a vacuum (70 mbar) and a 
temperature of ∼348.15 K. The post-drying water content was 
measured using a Mettler Toledo C20S Karl Fisher 
Coulometer and determined to be less than 130 ppm for 

The pure component critical properties and acentric factor 
were obtained from literature predictions. Valderrama et 
al.105−107 utilized group contribution methods based on 
those formulated by Lydersen108 as well as those by Joback 
and Reid109 to estimate the pure component critical properties 
and acentric factor of [EMIm][Tf2N]; the values of those 
critical properties are displayed in Table 3. 

both ILs. NMR analysis was performed on both samples to   
confirm the purity prior to measurements; no foreign peaks 
were detected. R-134a gas was purchased from ASPEN 
Refrigerants with a manufacturer stated purity of 99.99%. 

 
3. LIQUID COMPOSITIONS USING EQUATION OF 

STATE PREDICTIONS 

Experimental data on the solubility of R-134a in [HMIm]- 
[Tf2N] as well as in [EMIm][Tf2N] has been previously 
reported.84,104 Measurements in this work have been 
conducted at three isotherms for R-134a/[HMIm][Tf2N] 

Table 3. Physical Properties of [EMIm][Tf2N] and R-134aa 
 

component MW Tb (K) Tc (K) Pc (bar) ω 

[EMIm][Tf2N] 391.3 816.7 1249.3 32.7 0.2157 

R-134a 102.0 247.1 374.20 40.6 0.3268 
aIL data from ref 105; R-134a data from refs 93 and 110. 

 

Solubility data from our previous work at (298.15, 323.15, 
348.15) K were regressed to find optimal kij parameters across 
the entirety of the temperature ranges. The linear temperature 
functionalities of the kij parameter are as follows: 

(298.15, 323.15, 348.15) K which correspond to the same 
isotherms with reported solubility data. Hence, solubility data kij = k (1) + k (2)T  

(10) 
at each isotherm was interpolated from the literature to 
correlate the molar composition of R-134a in the liquid phase 
to pressure. However, for the R-134a/[EMIm][Tf2N] system, 
the measurements were conducted at 298.15 K and 323.15 K 
(where VLE data exists) and 398.15 K where no data exists. It 
was difficult to ascertain the uncertainty of the use of linear or 
higher order polynomial extrapolation of the solubility data to 
the higher temperature isotherm (398.15 K). Therefore, an 
equation of state model and Henry’s law analysis is used to 
predict the equilibrium compositions at 398.15 K. 

The Peng−Robinson equation of state coupled with the van 
der Waals one-parameter mixing rule (vdW-1) was used to 
model the data as follows 

ASPEN Plus V10 (thermodynamics package) was utilized to 
regress the data with a maximum likelihood objective function 
(as experimental error was reported at each point) as well as a 
minimization of the least-squares method to find the optimal 
elements of the kij parameter. 

A Henry’s constant analysis was also conducted to 
approximate the solubility at 398.15 K, and the results were 
compared to those of the aforementioned EoS. The procedure 
for obtaining solubility approximations using Henry’s constant 
is as follows: 

The definition of Henry’s constant obtained at constant 
temperature is111 

ij f Lyz 
 RT    am  H = lim j  i  z 

i j z 
P = 

V b
 V(V + b ) + b (V b ) (2) xi  0j xi z (11) 
m m m m k { 

in which a is the mixture attractive parameter and b is the where Hi is Henry’s constant and fL̅ is the mixture liquid 
m 

mixture co-volume parameter. 
m fugacity of the solute. At low to moderate compositions and 

pressures where the infinite-dilution-based activity coefficient, 
a = a (1 + (1 T ))2 (3) γi*, and the pressure dependence on the Henry’s constant can 

c r be neglected, the mixture liquid fugacity of the solute can be 
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described by a linear correlation in terms of the solute molar 
composition in the mixture and Henry’s constant and is equal 
to the pure component vapor phase fugacity. 

Table 4. Experimental Thermal Conductivity of Pure 
[EMIm][Tf2N]a 

f L (T , x) = Hi(T)xi = f V (T , P)  
(12) 

 
298.15 131.91 1.00 

i i 
303.15 131.02 0.99 

The vapor phase fugacity of R-134a was obtained from the 
REFPROP database.93,110 The linear portion of a plot of vapor 
phase fugacity at the temperature and pressure of the 
measurement with the experimental R-134a composition at 
constant temperature would yield a slope defined as Henry’s 
constant. The entire reported solubility data set at each 
isotherm was initially used; the fugacity at each composition 
point (pressure) was plotted, and the R2 value of the linear fit 
was assessed. Any higher-pressure data points that would 
drastically decrease the R2 value, i.e., non-linear, were omitted 
such that the R2 value is to remain above 0.990. The 
temperature dependence on the Henry’s constants112 is related 

313.15 129.44 0.98 

323.15 128.06 0.97 

333.15 126.65 0.96 

343.15 126.12 0.96 

348.15 125.89 0.95 

353.15 125.38 0.95 

363.15 122.97 0.93 

373.15 121.57 0.92 

383.15 116.75 0.89 

393.15 107.69 0.82 

398.15 105.14 0.80 
aStandard uncertainties: u(T) = 0.1 K at (298.15−373.15) K and 0.2 

to the infinite-dilution partial molar enthalpy ( ) and K at (383.15−398.15) K; u(λ) = 0.5 mW/m·K up to 323.15 K, 0.6 

entropy ( 

 
 

R 

) of a solution, as shown in eqs 13 and 14. 

ij ln H 
yz 

j z 
j ( ) z 

mW/m·K at (333.15−373.15) K, and 2.1 mW/m·K at (383.15− 
398.15) K. bλ/λo is the ratio of λ(T) to λ(T = 298.15 K). 

 

 

 
 

k T  {P (13) 
 

ij 

R k 

ln Hi yz 
z 
{P 

 

 

(14) 

The heat of solution is expected to vary only slightly with the 
temperature in the range considered. Equation 13 can be 
integrated to extrapolate to higher temperatures (T2 = 398.15 
K) 

Åi yi yÑ 
Hi(T2) Åj zj 1   1 zÑ 

 
 

Hi(T1) 
expÅj 

ÅÇk 
zj z

Ñ
 

{k 2 Ö 

 

 

(15) 
 

4. RESULTS AND DISCUSSION 

4.1. Pure Ionic Liquid Thermal Conductivity. The 
measured thermal conductivity data for pure [EMIm][Tf2N] 
over the range (298.15−398.15) K is reported in Table 4. The 
trends in thermal conductivity as a function of temperature are 
illustrated in Figure 1 alongside experimental data for pure 
[EMIm][Tf2N] reported by Fröba et al.59 and Ge et al.57 as 
well as values predicted by Wu et al.63 utilizing their group 
contribution method. The data reported in this study shows a 
percent decrease in thermal conductivity of 5% at 353.15 K 
relative to 298.15 K. A steeper decrease is observed at higher 
temperatures, as the percent decrease at 398.15 K relative to 
298.15 K is approximately 20%. Moreover, the percent 
decrease in thermal conductivity at 398.15 K relative to that 
at 353.15 K is nearly 16%. We could find no literature data, in 
which to compare, above approximately 353.15 K. The percent 
average absolute relative deviations (%AARD) between the 
values measured in this work and those of Ge et al. and Fro ̈ba 
et al. (at corresponding temperatures) are 1.3% and 6.5%, 
respectively. 

Figure 1 also illustrates the qualitative decrease in thermal 
conductivity with increasing temperature, as correlated by a 
modified Bridgman correlation62 of the following form 

 
Figure 1. Thermal conductivity of pure [EMIm][Tf2N] with 
temperature: (blue ●) this study; (yellow ▲) Ge et al.;57 (green 
■ ) Fröba et al.;59 (blue dashed line) Bridgman correlation (eq 16); 
(black dotted line) HMET correlation (eq 17); (red dot-dashed line) 
Wu et al.63-group contribution prediction. 

 

 
where ρ is the density (obtained from Tariq et al.113), MW is 
the molecular weight, c is the speed of sound (from Seoane et 
al.114), Cv is the isochoric heat capacity (estimated from data 
reported by Paulechka et al.115), and Ψ is a parameter 
regressed to the data with the objective function of the % 
AARD relative to the experimental values. The Bridgman 
equation regressed to our data (Ψ = 8.333 × 10−10) predicts a 
negative slope with temperature, as expected, and has a 
minimized %AARD of 3%. The density data, as reported in the 
literature, covers the entire temperature range of interest. 
However, the heat capacity data of Paulechka et al.115 is only 
available to 370 K; hence, a linear extrapolation of the data was 
performed for the higher temperatures. The speed of sound 
data reported by Seoane et al.114 were only available to 343.15 
K and were linearly extrapolated throughout our entire 
temperature range. These linear extrapolations of speed of 

= (2/3)MW(1/3)cCv
 

(16) 
sound and heat capacity may or may not be quantitatively (or 
qualitatively) valid, which may account for the larger 
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Table 5. Parameters for the Pure Component Correlations Used in This Studya 
 

 Ψ Bridgman %AARD A B HMET %AARD 

[EMIm][Tf2N]b 8.333 × 10−10 2.0% 3.1493 16.511 4.8% 

[HMIm][Tf2N]c 8.234 × 10−10 1.2% −795.51 127.50 0.47% 
aΨ is the parameter of the Bridgman correlation (eq 16); A and B are parameters of the HMET correlation (eq 17). bSee section 4.1 for applicable 
temperature ranges. cFrom ref 83. %AARD reported for each correlation with respect to measured values. 

 

 

discrepancy between the model and our experimental data at 
the highest temperatures (see below). 

The heuristic modification of the Enskog theory (HMET),74 
a two-parameter model, was utilized in an attempt to predict 
the trend in thermal conductivity with temperature and 
density. The HMET equation is reproduced below: 

(LCEP) (335.75 K, 19 bar for [HMIm][Tf2N] and 328.15 K, 
15 bar for [EMIm][Tf2N]) and below the vapor pressure of 
pure R-134a. At pressures at and above the saturation pressure, 
a one-phase miscible liquid region is attained. At temperatures 
above the LCEP and at approximately the vapor pressure of 
pure R-134a, VLLE exists until the upper critical end point 
(UCEP) which is approximately (within experimental 

= A + B ln( ) + 0.5 ln(T) (17) accuracy) at the pure component critical point of R-134a 

A and B are regressed parameters (values reported in Table 5), 
ρ is the density (obtained from Tariq et al.113), and T is the 
temperature in absolute Kelvin. The HMET model proved to 
be relatively reliable within the temperature range (298.15− 
353.15) K in which the %AARD is minimized to be ∼1.5%. 
However, the model results become less accurate at higher 
temperatures in which the %AARD climbs to ∼5%. 

Figure 1 illustrates the general decrease in the thermal 
conductivity of pure [EMIm][Tf2N] with temperature. The 
modified Bridgman equation exhibits increasing deviation from 
experimental values at higher temperatures; nevertheless, the 
Bridgman correlation has a maximum percent deviation of 
∼9%. The %AARD between the values predicted by the 
Bridgman correlation and experimental values is 0.7% for the 
temperature range (298.15−353.15) K and increases to 2% for 
the temperature range (298.15−398.15) K. The %AARD for 
the range (353.15−398.15) K is the highest among the data set 
(evaluating a minimum of five values) and is found to be 4%. 
The experimental data measured in this study can be modeled 
by a third-degree polynomial, as shown in eq 18 

(374.2 K, 40.6 bar). Between the LCEP and UCEP 
temperatures, VLE, VLLE, LLE, or mixture critical points (L 
= L and V = L) can exist depending on the pressure. The 
mixture critical point is attained only at relatively high 
pressures (reported above 100 bar for both ILs). At 
temperatures above the UCEP, VLE exists at all pressures 
below the mixture critical point. 

In this study, the liquid thermal conductivity measurements 
were almost entirely measured in the vapor−liquid equilibrium 
regions. The isotherms at 298.15 K and 323.15 K fall below the 
LCEP of R-134a with both [EMIm][Tf2N] and [HMIm]- 
[Tf2N]. The isotherm at 348.15 K is between the LCEP and 
UCEP, and thus, vapor−liquid−liquid equilibrium, liquid− 
liquid equilibrium, and mixture critical points (L = L) are 
possible at and above the VLLE pressure (approximately the 
vapor pressure of pure R-134a). However, one LLE measure- 
ment was obtained. The measurement at 398.15 K is above the 
UCEP; thus, only VLE is possible until the mixture critical 
point (V = L) pressure. 

4.3. [EMIm][Tf2N] Solubility Modeling and Predic- 
tions. The mixture thermal conductivity was measured at a 

= 7.222 × 10 5(T)3 + 7.243 × 10 2(T)2 24.27(T) 

+ 2.843 × 103 (18) 

given temperature and pressure. To determine the composition 
of the equilibrium mixture, previously measured vapor−liquid 
equilibrium data were interpolated for the isotherms at 298.15 

in which T is the temperature in absolute Kelvin and within the 
range 298.15 K < T < 398.15 K. The %AARD between the 
values predicted by eq 18 and experimental data is 0.9% with a 
maximum deviation of 2 mW/m·K occurring at 383.15 K. 

The results and analysis for the pure component [HMIm]- 
[Tf2N] thermal conductivity have been described in detail in 
our previous work,83 and a general overview of the pertinent 
results will be mentioned here. Similar to the trends in pure 
[EMIm][Tf2N], the thermal conductivity of [HMIm][Tf2N] 
decreases with increasing temperature (see Figure 1). The 
percent decrease in thermal conductivity from 293.15 K to 
353.15 K is 4.3%. The pure [HMIm][Tf2N] thermal 
conductivity values at (298.15, 323.15, 348.15) K are reported 
in Table 8 as the zero pressure data points. Both the modified 
Bridgman correlation (eq 16) and the HMET correlation (eq 17) well-correlate the data for pure [HMIm][Tf N] (see Table 

K and 348.15 K. However, no equilibrium data exists at 398.15 
K. The Peng−Robinson equation of state (PR-EoS) coupled 
with the van der Waals one-parameter mixing rule was fit to the 
measured data (see Table 6 for kij parameters) and then used 

 

Table 6. Mixing Rule Adjustable Parametersa and Model 
Performance for R-134a/[EMIm][Tf2N] Fit to the Data of 
Ren et al.104 

 

ij 

ij 

5). 

ij ij 
2 

4.2. Phase Behavior. The phase behavior of [HMIm]- 
[Tf2N] and [EMIm][Tf2N] with R-134a has been previously 
investigated by Ren et al.84,104 Both systems are reported to 
have type V behavior as defined by the Scott−van 
Konynenburg scheme.116 These systems exhibit a region of 
VLE at temperatures below the lower critical end point 

F 

to predict at 398.15 K; see Figure 2. In addition, a Henry’s 
constant method was utilized to model the known data and 
then extrapolate to 398.15 K. 

While the %AARD reported in Table 6 for the regressed 
values could be lowered by fitting at each isotherm or using a 
higher order equation than eq 10, the purpose was to 

https://doi.org/10.1021/acs.jced.2c00054 

temperature (K) %AARD 

k(1) 0.101239641 
k(2) −0.000313583 

298.15 11.6% 

323.15 12.8% 

348.15 14.7% 
akij = k(1) + k(2)T.  
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Figure 2. Experimental solubility data from ref 104 for [EMIm]- 

observed at all three isotherms with increasing pressure of R- 
134a. Throughout all of the isotherms and at all pressures 
investigated, the maximum percent decrease is only 3%. The 
decrease at all three isotherms with pressure is relatively linear 
at the lower pressures. 

Solubility data and EoS predictions as detailed above were 
used to correlate the molar compositions of R-134a in the 
mixture at the temperature and pressure of the thermal 
conductivity experiments. Experimental solubility data were 
interpolated at 298.15 K and 348.15 K; interpolated values are 
believed to be accurate to ∼3%. Molar compositions at 398.15 
K were predicted using the EoS; the accuracy of those values is 
not readily assessed, as no experimental data exists at this 
temperature. It is believed to be about ∼5%, but future 
experimental confirmation may be needed for more precise 
engineering purposes. Pressure, composition, and thermal 
conductivity values are reported in Table 7. 

[Tf2N] at 298.15 K (teal ×), 323.15 K (orange +), and 348.15 K   
(blue ) compared to the Peng−Robinson EoS and vdW-1 predictions 
(solid lines). The solid black line corresponds to the Peng−Robinson 
and vdW-1 solubility prediction at 398.15 K, and the dashed red line 
corresponds to prediction of solubility at 398.15 K using a Henry’s 
constant method as described in section 3. 

 

 
extrapolate to the higher temperature. The maximum deviation 
in composition among the three isotherms is −0.0431 and 
occurs at T = 298.15 K and P = 3.35 bar. As illustrated in 
Figure 2, the PR-EoS and Henry’s constant methods predict 
similar solubility results at 398.15 K. The average absolute 
relative deviation between the values predicted by the two 
methods at 398.15 K is 0.006 with an average percent 
difference of 2.88%. The calculated Henry’s constants are 
reported in Table S1. Thus, we believe that the predicted 
compositions at 398.15 K are within ∼5% on average. 
However, it should be further noted that these are 
extrapolation values and would need further experimental 
measurements to completely verify. 

4.4. R-134a-Saturated [EMIm][Tf2N] Thermal Con- 
ductivity. The thermal conductivity of the [EMIm][Tf2N] 
and R-134a system was measured at (298.15, 348.15, 398.15) 
K and various pressures, mostly in the VLE regime, and shown 
in Figure 3. A general decrease in thermal conductivity is 

 

 

Table 7. Thermal Conductivity, Pressure, and Molar 
Composition of R-134a-Saturated [EMIm][Tf2N]a 

 

T/K P/bar xR‑134a λ/mW·m−1·K−1 λ/λ0 

298.15b 0.0d 0.00 132.13 1.000 
 1.34 0.15 131.82 0.998 
 2.87 0.34 131.09 0.992 
 4.22 0.50 130.76 0.990 
 4.92 0.59 130.33 0.986 
 5.46 0.66 129.98 0.984 
 6.35 0.79 129.23 0.978 
 6.56 0.91 100.45 0.760 

348.15b 0.00d 0.00 125.44 1.000 
 1.48 0.05 125.21 0.998 
 6.15 0.22 124.12 0.989 
 12.42 0.43 123.04 0.981 
 18.3 0.60 122.15 0.974 
 24.16e 0.74 121.69 0.970 

398.15c 0.0d 0.00 106.20 1.000 
 2.33 0.04 106.12 0.999 
 15.5 0.22 105.31 0.992 
 21.1 0.29 104.96 0.988 
 28.4 0.37 104.51 0.984 
aReported standard uncertainties: u(T) = 0.1 K; u(P) = 0.1 bar; u(λ) 
= 2.2 mW/m·K (reported as the highest uncertainty of all 
measurements; section 2.2); u(x) = 0.04 (reported as the highest 
uncertainty of all data points; section 2.2). bCompositions 
interpolated/extrapolated from the data of Ren and Scurto.104 
cCompositions predicted using EoS. dPure IL at ambient pressure 
(gauge). eIn liquid−liquid equilibrium (LLE). 

 
 

 

 
 
 
 
 
 

 
       

 

 
Figure 3. Thermal conductivity of R-134a-saturated [EMIm][Tf2N] 
with pressure and at three isotherms: (blue ◆) 298.15 K; (green ▲) 
348.15 K; (red ■) 398.15 K. 

Figure 4 illustrates the decrease in thermal conductivity with 
increasing R-134a compositions. The trend of decreasing 
thermal conductivity with increasing R-134a composition is 
observed at all three isotherms, with the steepest decrease 
occurring at the isotherm of 348.15 K. It should be noted that 
even at 80% mol of R-134a in the mixture, the thermal 
conductivity of the liquid phase only decreases by ∼3%. This is 
quite surprising given that the thermal conductivity of R-134a 
is much lower than the IL’s. The thermal conductivity of pure 
saturated liquid R-134a is 81.134 mW/m·K at 298.15 K, 
70.427 mW/m·K at 323.15 K, and 59.421 mW/m·K at 348.15 
K.78,93 This is significantly lower than the pure IL or even the 
IL mixture to the maximum measured composition of ∼80% 
mol R-134a. 
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348.15) K and various pressures in a similar manner as done 
for the R-134a-saturated [EMIm][Tf2N] system. The meas- 
ured data for [HMIm][Tf2N]/R-134a shows a linear decrease 
in thermal conductivity over the pressure ranges investigated in 
this study. All measurements for this system have been 
conducted in the VLE regime. The greatest decrease is 
observed at 348.15 K and a pressure of 18.84 bar in which the 
percent decrease is ∼9%. The trends of increasing thermal 
conductivity with increasing pressure (induced with introduc- 
tion of R-134a) are illustrated in Table 8. Solubility data 

 

Table 8. Thermal Conductivity, Pressure, and Molar 
Composition of R-134a-Saturated [HMIm][Tf2N]a 

 
 

 

 

 
 

 

How does the IL/R-134a mixture transition at very high 
compositions of R-134a to connect to these lower pure 
saturated liquid values? An additional measurement was 
conducted at a composition of R-134a of ∼90% mol. These 
measurements are more challenging due to the large volume 
expansion of sometimes 300+% with 80+% R-134a. Figure 5 

 

 
 
 

 

 

3.86 0.51 126.17 0.982 

5.34 0.69 125.47 0.977 

323.15b 0.0c 0.00 125.44 1.000 

1.32 0.10 124.65 0.997 

2.63 0.19 124.01 0.992 

3.97 0.29 123.21 0.986 

5.28 0.37 122.18 0.977 

7.81 0.52 119.12 0.953 

10.55 0.68 116.61 0.933 

348.15b 0.0c 0.00 123.75 1.000 

2.28 0.12 120.60 0.975 

4.66 0.23 119.74 0.968 

9.52 0.42 116.43 0.941 

14.8 0.59 114.38 0.924 

18.84 0.73 113.20 0.915 
aReported standard uncertainties: u(T) = 0.1 K; u(P) = 0.1 bar; u(λ) 
= 0.5 mW/m·K at 298.15 K and 323.15 K and u(λ) = 0.6 mW/m·K at 
348.15 K; u(x) = 0.02. bCompositions, interpolated/extrapolated 
from the data of Ren and Scurto.85 cPure IL at ambient pressure 
(gauge) reported in previous work.83 

 
 

 

 
      

 

Figure 5. (blue ◆) Thermal conductivity of R-134a-saturated 
[EMIm][Tf2N] and pure, saturated liquid R-134a at 298.15 K. 
Saturated liquid R-134a thermal conductivity value obtained from refs 
78 and 93. 

 

illustrates that, at very high compositions of R-134a, the 
mixture thermal conductivity exhibits a more pronounced 
decrease. Thus, the heat transfer mechanism for the IL remains 
relatively constant until compositions of R-134a reach between 
80 and 90% mol of R-134a. An important ramification of this 
behavior is that simple mixing rules using composition and the 
pure components’ thermal conductivity would be inappro- 
priate both qualitatively and quantitatively. Thus, actual 
mixture data is required, and a better understanding of the 
mixture structure is needed to develop more accurate models 
for both regression and prediction. 

4.5. R-134a-Saturated [HMIm][Tf2N] Thermal Con- 
ductivity. The thermal conductivity for the R-134a-saturated 
[HMIm][Tf2N] system was measured at (298.15, 323.15, 

H 

reported by Ren and Scurto85 were used to correlate the 
pressure to molar composition of R-134a in the mixture within 

the VLE regions investigated. Solubility values interpolated for 
the pressures of interest are estimated to be accurate to 3%. 
Pressure, molar compositions of R-134a, and thermal 

conductivity of the R-134a-saturated [HMIm][Tf2N] system 
are reported in Table 8. The trends in thermal conductivity 

with increasing R-134a composition are illustrated in Figure 6. 
Figure 6 illustrates the decrease in thermal conductivity with 
increasing molar composition of R-134a in [HMIm][Tf2N]. 

The steepest decrease occurs at 348.15 K; the percent decrease 
at 348.15 K and a R-134a molar composition of 0.73 is 8% 
relative to the pure IL thermal conductivity at the same 
temperature. The percent decrease at 323.15 K and a R-134a 
molar composition of 0.68 is 7%. The shallowest decrease is 
observed at 298.15 K, in which, at a molar composition of 0.69, 

the decrease relative to the pure IL thermal conductivity is 
merely 2.3%. 

4.6. Analysis of Phenomena. In both cases, R-134a- 
saturated [EMIm][Tf2N] and R-134a-saturated [HMIm]- 
[Tf2N], a general decrease in thermal conductivity with 
increasing molar compositions of R-134a is observed. This 

https://doi.org/10.1021/acs.jced.2c00054 

 

      T/K P/bar xR‑134a λ/mW·m−1·K−1 λ/λ0 

298.15b 0.0c 0.00 128.43 1.000 
 1.00 0.12 127.67 0.994 

Figure 4. Thermal conductivity of R-134a-saturated [EMIm][Tf2N]  1.49 0.19 127.34 0.992 

with compositions and at three isotherms: (blue ◆) 298.15 K; (green  1.98 0.26 126.96 0.989 

▲) 348.15 K; (red ■) 398.15 K.  2.54 0.33 126.45 0.985 
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Figure 6. Thermal conductivity of R-134a-saturated [HMIm][Tf2N] 
with composition and at three isotherms: (blue ◆) 298.15 K; (green 
▲) 323.15 K; (red ●) 348.15 K. 

Figure 7. Change in the relative thermal conductivity of R-134a- 
saturated [EMIm][Tf2N] (blue ◆) and R-134a-saturated [HMIm]- 
[Tf2N] (red ●) at 348.15 K and various compositions. 

 
 

 
 

 

decrease is attributed to a diluent effect in which a component 
with a lower thermal conductivity, R-134a, is added to one 
with a higher thermal conductivity, the IL. However, in both 
cases, the thermal conductivity of the mixture remains close to 
that of the pure IL thermal conductivity at the same 
temperature and ambient pressure. That is, the mixture’s 
thermal conductivity at low to moderate R-134a compositions 
is dominated by that of the pure IL’s thermal conductivity and 
is not an equal contribution of both components. Hence, linear 
mixing rules based on the weighted average composition of 
each component would not be applicable across the 
composition range in predicting the thermal conductivity of 
the mixture. Such mixing rules may result in underpredictions 
in thermal conductivity of up to ∼30%. A more detailed 
analysis of the applicability of simple mixing rules in estimating 
the thermal conductivity of IL/gas mixtures is presented in our 
previous work.83 This behavior is in stark contrast with our 
measurements of the dynamic viscosity of the R-134a and ILs 
previously measured55 which demonstrated up to 80+% 
decreases in viscosity with moderate compositions of the 
low-viscosity R-134a. Comparison of these viscosity measure- 

 
 
 

 

 
 
 
 

 

 

Figure 8. Change in relative thermal conductivity of R-134a-saturated 
[HMIm][Tf2N] (red ●) and CO2-saturated [HMIm][Tf2N] (green 
▲) at 348.15 K83 and various molar compositions of each respective 
gas (i). 

 

liquid thermal conductivity with an increase in both R-134a 
ments and thermal conductivity measurements clearly shows a 
large diluent effect for momentum transport properties but 
does not lead to similar effects for heat transport properties. 

Figure 7 illustrates the decrease in relative thermal 
conductivity in the [EMIm][Tf2N]/R-134a system compared 
to that of the [HMIm][Tf2N]/R-134a system with increasing 
molar composition of R-134a at 348.15 K. Relative thermal 
conductivity is the thermal conductivity of the mixture divided 
by the pure IL thermal conductivity at the same temperature. 
This allows direct comparison of the composition effect of two 
ILs which have different pure component thermal conductiv- 
ities. As shown, a steeper decrease is observed in the case of 
the IL with the longer alkyl group on the cation. This trend is 
also observed at 298.15 K. The longer alkyl chain on the 
imidazolium seems to experience a larger diluent effect at a 
given composition of R-134a. 

We have previously investigated the thermal conductivity of 
CO2-saturated [HMIm][Tf2N].83 Figure 8 illustrates the 
difference in thermal conductivity behavior between the 
relative thermal conductivity for the IL saturated with CO2 
versus R-134a. Initially, there is a slight linear decrease in the 

I 

and CO2 composition. However, while the thermal con- 
ductivity of the IL saturated with R-134a continues to decrease 
with increasing compositions, the thermal conductivity with 
CO2 actually passes through a minimum and then seemingly 
increases with composition. The different behavior is 
attributed mainly to the pressures needed to achieve the 
same composition. For instance, at 348.15 K, a 70% mol 
solubility of CO2 is attained at a pressure of ∼140 bar, whereas, 
in the R-134a case, a 70% mol composition is attained at a 
pressure of ∼18 bar. The effect of hydrostatic pressure on the 
thermal conductivity of pure [HMIm][Tf2N] was previously 
measured and indicates an increase in the thermal conductivity 
with pressure over the ∼180 bar range that the mixture data 
was measured.83 Thus, for the CO2/IL mixture data, the 
increase in thermal conductivity at higher CO2 composition is 
where hydrostatic effects dominate diluent/composition 
effects. R-134a is more readily soluble at lower pressures 
than CO2; hence, hydrostatic pressure effects never outweigh 
diluent effects across the pressure ranges investigated. 

The mechanism of solubility of both R-134a and CO2 in the 
ionic liquid is mostly attributed to the free volume available for 

https://doi.org/10.1021/acs.jced.2c00054 
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the gas to occupy.83,117−121 While the presence of either of the 
dissolved gases does slightly decrease the thermal conductivity 
(in the lower pressure range for CO2) within the IL, neither 
gas is capable of significantly changing the mechanism of heat 
transport found within the IL itself. To significantly change the 
heat transport mechanism, some higher level of solvation is 
believed to be required. The dielectric constant of CO2 is very 
low (ε ∼ 1.41 for saturated liquid CO2 at 299 K)122 and not 
likely able to solvate the ions to any appreciable extent. While 
R-134a is more polar than CO2 (ε = 9.24 as a saturated liquid 
at 298.15 K),123 it still is not polar enough to fully solvate the 
IL or the cations and anions. This is contrasted with the 
behavior reported by Chen et al. for the thermal conductivity 
of the IL, 1-ethyl-3-methylimidazolium ethylsulfate ([EMIm]- 
[EtSO4]), and water mixtures at ambient pressure.124 Here, the 
thermal conductivity of the IL/water mixture exhibits a 
relatively linear change with composition connecting the 
pure component thermal conductivities. The dielectric 
constant of water at 298.15 K is 78.4.93 Hence, it is expected 
that the IL mixtures dissociate into fully solvated ions at 
moderate compositions of water. Further studies on the nature 
of solubility of the different compounds in the ILs are needed 
to better assess the effects on the thermal properties of the 
mixture. 

5. CONCLUSIONS 

Proper knowledge of the thermal properties of pure ionic 
liquids as well as mixtures of ionic liquids saturated with gases 
is imperative for optimal design of various systems. This study 
reports on the thermal conductivities of the ILs [EMIm]- 
[Tf2N] and [HMIm][Tf2N] saturated with R-134a. The 
thermal conductivity of the pure ILs decreases with increasing 
temperature. Increasing the molar composition of R-134a 
decreases the thermal conductivity of the mixture in both 
systems. However, the thermal conductivity of the mixture 
continues to be dominated by that of the IL at low to moderate 
molar compositions of R-134a. A drastic decrease in the 
thermal conductivity of the mixture is not observed until very 
high molar compositions of R-134a are attained (∼90% mol). 
It is believed that the dominant mechanism of gas dissolution 
is the filling of the free volume within the structure of the IL; 
hence, the low-polarity gas does not fully solvate the IL or 
drastically alter its structure or heat transport mechanism. 
Solubility of R-134a in both ILs occurs over a relatively low- 
pressure regime, and only a diluent effect is observed without 
significant hydrostatic effects. Simple mixing rules based on the 
compositions of the components in the mixture and their pure 
component thermal conductivities are not qualitatively nor 
quantitatively correct. The IL with the longer alkyl-chain 
length on the cation, [HMIm][Tf2N], exhibits a steeper 
decrease in thermal conductivity with increasing molar 
compositions of R-134a. Further investigation of solubility 
mechanisms and the chemical nature of solute interactions is 
needed to better assess the effects on the thermal properties of 
ionic liquids and dissolved gas systems. 
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