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ABSTRACT: Multicomponent absorption measurements are notori-
ously difficult both expetimentally and analytically, which is why the
literature is lacking information, even though the results are important
for understanding real separation systems. In the case of designing a
separation process for hydrofluorocarbon (HFC) refrigerant mixtures
using an ionic liquid (IL), it is important to understand multicomponent
effects; however, almost all published results are for single component
HFC/IL systems. To addtess this challenge, new gravimetric micro-
balances utilizing the Integral Mass Balance (IMB) method have been
designed by Hiden Isochema to efficiently and accurately measure
multicomponent gas sorption in liquids with low volatility (e.g., ILs) and in b i e WE &f
solids. The present work investigates the mixture absorption of HFC-125 Inlet Mole Fraction
difluoromethane (HFC-32) and pentafluoroethane (HFC-125) in two

ILs (1-n-butyl-3-methylimidazolium tetrafluoroborate and 1-n-butyl-3-

methylimidazolium hexafluorophosphate) at 298.15 K for the purpose of understanding HFC mixture/IL interactions. For the first
time, these state-of-the-art instruments have allowed for the measurement of an HFC binary gas mixture in ILs that can be compared
with existing single gas solubility measurements.
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I. INTRODUCTION systems.S Closed system measurements tend to be the most
accurate, but are particularly time-consuming. The time
required can be appreciated by considering that one measure-
ment yields a single data point in terms of pressure,
temperature, and composition (of either the bulk or sorbed
phases), yet equilibrium may take several hours or days
depending on the species, the adsorbent/catalyst, and the
measurement conditions.!

These points constitute setious practical challenges to the
efficient and accurate measurement of multicomponent gas
sorption and have undoubtedly contributed to the shortage of
comprehensive multicomponent sorption and kinetic data in
the literature.” The number of materials being developed for
sorption and catalysis applications and the laborious nature of
multicomponent measurements means that the amount of data
available is likely to remain small compared with the number of
possible adsorbate—adsorbent combinations.! Models for the
prediction of sorption for binaty and higher mixtures from

Exciting, ground-breaking, and transformative research in
science and engineering relies on access to state-of-the-art
instrumentation and software. Gravimetric measurements of
sorption behavior are critical for understanding physical and
chemical properties to discover and develop new materials.
The vast majority of sorption studies in the literature rely on
single component, isothermal measurements using either
gravimetric or volumetric techniques.! What is now required
is multicomponent (competitive) sorption measurements
under realistic operating conditions.

The main difficulty with multicomponent sorption measure-
ments is the determination of the concentration of each species
in the sorbed phase.? Total uptakes from mixtures may be
measured gravimetrically, but the composition of the sorbed
phase can only be determined indirectly by measuring the
amount of each species removed from the gas phase.’ This
approach is limited by the sample size and the amount of
sorption exhibited by the material. Similarly, volumetric
techniques rely on the determination of the composition of a
mixture in equilibrium with the solid, rather than the direct
determination of the amount of each adsorbed component.*

Multicomponent measurements can also be very laborious.?
Two traditional methods of measuring multicomponent
adsorption involve using either open or closed volumetric
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single component data, such as the ideal adsorbed solution
theory (IAST)3 provide some information, but these models
still require experimental multicomponent measurements for
validation.'

The National Institute of Standards and Technology
(NIST) published a report, Measurement Needs in the
Adsorption Sciences in April 2015.19 The report outlines the
critical need to develop instrumentation and methods for
charactetizing matetials using (1) mixed gas systems, (2)
dynamic conditions, (3) multitechnique approaches, and (4) small
quantities that combine sorption measurements with other
analytical tools; therefore, complementary measurement
techniques that can work together are needed such as
ad(ab)sotption/desorption with mass spectroscopy. Kinetic
and diffusion measurement techniques are also essential to
evaluate (5) nonequilibrium behavior of materials and (6)
automated instrumentation will increase the pace for optimiza-
tion of variable sets.!?

In light of this, a new technique for measuring multi-
component sorption, known as the Integral Mass Balance
(IMB) method, was introduced recently by Broom et al.!' It
was demonstrated using a Hiden Isochema Intelligent
Gravimetric Analyzer (IGA), but it has now also been
implemented using a Hiden Isochema XEMIS microbalance
as shown in Figure 1, which can operate over a wider pressure
range than the IGA, and with corrosive species. The IGA +
IMB and XEMIS + IMB methods are used hete for the first
time to measure binary sorption of HFCs in ILs.

Measuring binary and multicomponent sorption of HFCs in
ILs is important in assessing the potential of ILs for separating

Figure 1. Hiden XEMIS gravimetric microbalance with IMB reactor.
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refrigerant mixtures. The Montreal Protocol phased out
chlorofluorocarbon (CFC) refrigerants because of their high
ozone depletion potential (ODP).!>"3 The replacements,
typically mixtures of hydrofluorocarbons (HFCs), are safe for
the Earth’s ozone layer, but some have been found to have high
global warming potentials (GWPs).!>13 As a result, 197
countries signed the Kigali agreement in 2016 to phase out the
use of high GWP HFCs.!> Thete are millions of tons of
refrigerant mixtures that contain low-GWP compounds, but
there are no good methods for separating and reclaiming the
individual components, given that many mixtures are
azeotropic or near-azeotropic. The market potential for
recycling low-GWP refrigerants is valued at more than a
billion U.S. dollars. In addition, preventing the incineration or
release of high-GWP refrigerants in the U.S. would be
equivalent to eliminating 175 million metric tons of CO; (or
emissions from 50 million cars) annually. It is urgent to
develop effective ways of separating, recycling, and repurposing
HFCs, and the current $900 billion stimulus bill passed by
Congress and signed by the President in December 2020 now
requires the U.S. Environmental Protection Agency (EPA) to
begin the phase out of HFCs under the American Innovation
and Manufacturing Act (AIM Act).!%!

The measurements reported here will lay the groundwork
for the design and development of an extractive distillation
process using IL entrainers. Several papers have been published
on single refrigerant gas sorption in ILs, but until now no
mixture data has been available.'0™ In this study, the
simultaneous sorption, as a function of composition, of
HFC-32 (CHF,, difluoromethane) and HFC-125
(CHF,CFs3, pentafluoroethane) in ILs 1-n1-butyl-3-methylimi-
dazolium tetrafluoroborate ([C4Ciim][BF4]) and 1-n-butyl-3-
methylimidazolium hexafluorophosphate ([C4Ciim][PFg]) has
been measured for the first time. We begin by providing a btief
overview of conventional techniques for measuring multi-
component sorption equilibria for the characterization of
sortbents for gas separations, before introducing the IMB
method.

2. CHARACTERIZING SORBENTS FOR SEPARATIONS

Separating gases using porous materials or absorbents usually
relies on the selective sorption of one species over another.®?
Industrial separations require multicomponent gas sorption
isotherms for complex process designs,’” but obtaining such
data is experimentally challenging.>63%741 The techniques
used for measuring both adsorption by porous materials and
absorption by liquid absorbents, such as ILs, for separations are
broadly similar.

2.1. Traditional Techniques. Single component (pute
gas) data are usually measured using gravimetric*?™ or
volumetric/manometric*?434 techniques. Gravimetric meas-
urements, however, provide only the total weight change of a
sample as a result of sorption, while volumettric/manometrtic
techniques typically involve measuring only the total pressure
change in a system of known volume. Neither total sample
weight nor the total system pressure change can determine the
amount of each individual component sorbed by the sample.
The challenge is in determining the sorbed phase composi-
tion[Jat a specified gas phase composition[Jin addition to the
total amount sorbed.

Traditional methods for determining full multicomponent
sorption equilibria include closed and open volumetric systems
and related variants that use the gravimetric technique. In
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closed volumetric systems, a known gas mixture is circulated

through a sorbent bed. Once equilibrium has been achieved,
the gas phase composition is analyzed to allow calculation of
the amount of each component sorbed at the final total
pressute, P, which is measuted but cannot be controlled.
Closed gravimetric systems are similar, but the total mass
adsorbed is measured using a microbalance. An alternative is
gpen volumetric measurement in which a known gas mixture is
flowed through a column and the total outlet flow rate and
composition measured. Each approach has advantages and
disadvantages.

2.2. The Integral Mass Balance (IMB) Method. The
new IMB method is based on an open (flowing) volumetric
system. It was described in detail by Broom et al.,!' so only a
summary will be presented here. In a conventional open
volumetric experiment, the total inlet molar flow rate and gas
mixture compositions are controlled, and the total outlet molar
flow rate and outlet compositions determined. The amount of
each component i adsorbed can then be calculated, following a
step change in the inlet conditions, using the following molar
balance expression,

t L.
i . i i i )

where And is the molar adsotbed quantity of component i, fin
and fout are the total inlet and outlet molar flow rates, yi" and
yiew are the inlet and outlet molar concentrations of
component i, and Angs is the molar amount of component i
accumulated in the gas phase. This measurement type is
relatively quick, but its accuracy is limited by the difficulty in
accurately measuring the total outlet flow rate of a gas mixture
of changing composition. The IMB method avoids this
problem by measuring the weight change of the sample in
situ, using a microbalance and the reactor shown in Figure 2.

sample hangdown
|/_ (from microbalance)

microbalance

pressure vessel \

.—— metering valve

—=—— MS sampling port

outlet chimney

thermostat fluid inlet —= &S] JE= =—— thermostat fluid outlet
T
. —
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| T inlet diffuser
= i
copper gasket o-ring seal
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Figure 2. Hiden IMB reactor, key components as shown in Broom et
alll

All variables are converted to mass, rather than molar,
quantities, allowing the substitution of Feut = Fin — dm/dt into
the mass balance equivalent of eq 1, where Fin and Fou are the
total inlet and outlet mass flow rates, and dm/dt is mass change
as a function of time. This gives,

Ami = Fo [y - yowdr + |
0 i i 0

!
Yiout dm
@
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where Yin and Y out are the inlet and outlet mass (rather than
1 1

molat) concentrations of component i, and Am; is the mass of
component 1 in the control volume. The need to measure Fou,
the key source of uncertainty in open volumetric measure-
ments, is thus eliminated. Further consideration of the
corrections required to determine the adsorbed quantity
yields,!!

MAnss = o J— t(Y;In _ Y.uul)dl + J' tY_(’“tdw
1 0 1 1 0 1
Pyt J’ t Youth u pres
+ . - A —
ZrRT o iRy ©)

whete M; is the molar mass of component i, w is the measured
weight of the sample, P is pressure, Vot is the total volume of
the system, Z is the compressibility factor of the gas mixture, R
is the universal gas constant, T is temperature, Mis the mean
molar mass of the mixture, and V& is the volume of the gas
phase.

The IMB method allows multipoint measurements of
multicomponent sorption equilibria to be made quickly,
along a defined path, with higher accuracy than open
volumetric measurements. Accuracy comparable to closed
volumetric measurements is achievable in a fraction of the
time. Crucially, the weight of the sample in the pure gas is
measured in situ at the start of a binary or multicomponent
sorption isotherm measurement, allowing the thermodynamic
consistency of data to be checked directly, by comparison to
separate pure component measurements; while the measure-
ment along a defined path ends at the other extremity,
providing a further consistency check. This is a significant
advantage of the IMB method, compared to both open and
closed volumetric measurements, which typically determine
only single, isolated points at one value of P, T, and y:. The
direction of the measurement can also be reversed, to
demonstrate the reversibility of the sorption process.

The method was demonstrated and validated by performing
binary O2/N; adsorption measurements on a commercial 5A
zeolite (Tosoh 5A) at ambient temperature (296.5 K) and a
total pressure of 0.915 MPa.!! Excellent agreement with
previously published data*” was found, using a 3.5 g sample,
with a measurement time of only 4 h for a 20-point isotherm
(see Supporting Information (SI) Figure S1). In contrast,
other techniques of equivalent accuracy would require
approximately 20 days of experimental effort to collect a
comparable amount of data. Equilibrium binary N2/O2
adsorption isotherms agreed with previously published results
(see SI Figure S2) and were used to calculate selectivity as a
function of Oz concentration. In addition to being fast and
accurate, the final equilibrium conditions in the gas phase, in
terms of T, P, and y;i, can be controlled exactly; the approach to
equilibrium at each isotherm point can be monitored using the
microbalance and outlet gas composition signals, allowing
measurement time to be optimized; and the mass spectrometer
signal can be calibrated in situ, which is not the case in the
closed volumetric or gravimetric techniques. While binary
adsorption has been used so far to validate the technique, eqs 2
and 3 are general, and the method can, in principle, be applied
to gas sorption for ternary or higher mixtures. Broom et al.!!
discussed some of the potential limitations of the IMB method,
which include the inherent uncertainty in M possible problems
with buoyancy corrections at elevated total pressures, and
difficulties associated with slow sorption kinetics. Inherent

uncertainty in Mis likely to cause more problems when
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Table 1. Ionic Liquid Physical Properties*™>

MW melting point density viscosity
ionic liquid formula g'mol! K kg*m Pa's
[C4Ciim][BF4] CgHsBF,N, 226.03 190.15% 1201.17 £ 0.16** 0.101 % 0.003>*
[C4Ciim] [PFq] CsHisPFN, 284.19 265.15% 1367.6 £ 0.7 0.271 % 0.021>
H
: |
/4\ | F—C—F
N‘—  F—B—F |
N
S~ ~7 ,|: H

1-n-Butyl-3-methylimidazolium tetrafluoroborate
[C4Cim][BF ]
Molecular Weight: 226.03 g-mol™! | Melting Point: 190.15 K

F
F\l_/F
F/|\F

F

1 -n-Butyl-3-methylimidazolium hexafluorophosphate
[C4Cyim][PFg]

Molecular Weight: 284.19 g-mol”! | Melting Point: 265.15 K

Difluoromethane
HFC-32
Molecular Weight: 52.02 g-mol! | NBPT =221.5 K

CF3
F—C—F

H
Pentafluoroethane
HFC-125
Molecular Weight: 120.02 g'mol”! | NBPT = 225.06 K

Figure 3. Chemical structures, acronyms, and physical properties of the ILs and HFC refrigerants.*57>2

studying mixtures of gas species with very different molar
masses or densities. However, further work will be required to
determine the limits of applicability of the technique, and
hence define mote cleatly where any such problems may lie.

3. MATERIALS AND METHODS

3.1. Materials. Refrigerants HFC-32 (difluoromethane,
CH,F,, CAS No. 75-10-5) and HFC-125 (pentaﬂuoro—
ethane, CHF>CF3;, CAS No. 354-33-0) wete obtained with a
minimum purity of 99.9 wt % and were used as received from
The Chemours Company (Newark, DE). The following ILs
were purchased from Fluka Chemika (Switzerland): 1-n-butyl-
3-methylimidazolium tetrafluoroborate ([C4Ciim][BF4], assay
297 wt %, CAS No. 174501-65-6, Lot and Filling Code No.
1116280 23404335) and 1-n-butyl-3-methylimidazolium hexa-
fluorophosphate  ([C4Ciim][PFe], assay 298.6%, CAS No.
174501-64-5, Lot and Filling Code No. 1242554
304070904). The chemical structure and physical properties
for the refrigerants and ILs are provided in Table 1 and Figure
3. The National Institute of Standards and Technology
(NIST) REFPROP V.10.0 database was used to obtain the
liquid and vapor phase densities for HFC-32 and HFC-125.48
NIST ILTHERMO V.2.0 database #147 and literature were
used to obtain IL. densities, viscosities, and molecular
weights. /7>

3.2. Experimental Methodology. The multicomponent
gas absorption measurements were made using the first of their
kind IGA and XEMIS gas sorption analyzers, with specially
designed reactors required for the IMB method (Hiden
Isochema Ltd., Warrington, United Kingdom). Both micro-
balances have a total capacity of 5 g, while the IGA and XEMIS
have dynamic weighing ranges of 1 g and 290 mg, respectively,
and long-term stabilities of £1 Ug and £5 g,

9777

Prior to each experiment, a unique IL sample was prepared.
Different containment methods were tested, in order to
achieve the best contact with the gas flow in a dynamic system,
including supporting the ILs in quartz wool, stainless steel and
Al mesh, and tissue paper. Use of quartz wool resulted in slow
sorption kinetics in preliminary test measurements, due to
poot gas contact, while the mesh provided a low fluid-to-
support mass ratio, which can be an issue for gravimetric
measurements using microbalances with limited total capacity.
Tissue paper, however, provided acceptable kinetics and higher
fluid-to-support mass ratios, and so was selected for the
subsequent IMB method measurements.

First, a piece of double lined tissue paper was roughly cut to
size (8.5 cm X 13.5 cm) and weighed. The IL was then
carefully painted onto the paper and then the papet/IL sample
was rolled into a cylinder exposing as much surface area as
possible. Next, the sample was weighed before being secured in
a metal frame. Figure 4 shows an example of a sample that was
prepared and loaded into the XEMIS with the IMB method.
The IL sample was dried and degassed with a constant flow of
helium at room temperature for a minimum of 12 h or until the
mass stabilized. This ensured that any trace amount of volatile
components (e.g., water) were removed from the sample prior
to the experiment. The sample can also be evacuated and
heated if required during this pretreatment step. The
counterweight can also be adjusted if necessary to account
for the weight lost during the degassing process.

The gas sorption expetiments were operated in “dynamic
mode” with a constant flow of gas over the sample at a fixed T
and P while the inlet gas composition was varied. A GC (gas
chromatography) switching valve was used to prepare the gas
mixture for introduction into the IMB reactor as shown in the
process and instrumentation diagram (P&ID) in SI Figure S3.
The gas mixture flows through a bypass line before being

https://doi.org/10.102 | /acs.iecr.2c00497
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Figure 4. Paper painted with ionic liquid that is then rolled and
secured into the metal frame.

switched into the IMB reactor. A time lag must be applied to
the mass spectrometer (MS) signal, and this is determined by
directly connecting the MS sampling capillaty to the inlet
where it enters the IMB reactor (see Broom et al.!! for further
details). For the experiments described here, the time lag was
typically in the range 25-30 s. Each composition set point was
allowed to reach equilibrium until steady state conditions were
achieved. Steady state conditions ate defined by when the
outlet composition of each component, i, equals the inlet
composition (Yi" = Yiou), and when the weight signal, w, from
the microbalance is no longer changing (dw/dt = 0), see eq 3.
All parameters, including the outlet gas composition and
microbalance signal, were recorded using the HISorp software.
The temperature was measured with a Pt100 platinum
resistance thermometer (PRT) probe with an uncertainty of
0.1 K. Brooks Instruments 5850E mass flow controllers
(Hatfield, PA) were used to control the gas flow rates with a
maximum flow of 100 mL'min™ and a manufacturer
measurement accuracy of £1% full scale. The flow calibration
was further improved by cubic polynomial expansion of the
calculated volume flow rate during free pressutization for a

isties ofcemepadyBeseR ThsorBhRISNsE VasBIeHEed

measutement accuracy of £0.04% full scale and a typical
control regulation accuracy of *1 mbar. The outlet stream
composition was measured by sampling gas at the exit of the
reactor, just above the sample (see Figure 2), using a Hiden
Analytical (Warrington, UK) Dynamic Sampling Mass
Spectrometer (DSMS).

4. RESULTS AND DISCUSSION

4.1. Binary HFC-32 and HFC-125 Absorption. Binary
absorption of HFC-32 and HFC-125 was investigated with
[C4Ciim][BF4] and [C4Ciim][PFg] in the new XEMIS and
IGA gravimetric microbalances with the IMB method,
respectively. Isothermal vapor liquid equilibrium (VLE) data
were measured at five inlet concentrations of HFC-32/HFC-
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125 (e.g., 1.00/0.00, 0.75/0.25, 0.50/0.50, 0.25/0.75, 0.00/
1.00 mole fraction).

The total absorption into the IL and the partial absorption
(i.e., individual components) of both HFC-32 and HFC-125 in
[C4Ciim][BF4] at each inlet concentration (mole fraction) is
shown in Table 2 and Figure 5 (see SI Table S1 and Figure S6

Table 2. Experimental VLE in Terms of Mole Percent for
HFC-32/HFC-125/[C4Ciim] [BF4] Mixtures at 298.15 K
Using XEMIS + IMB
HFC32 (1) + HEC-125 (2) + [C4Crim][BFs] (3)
T =298.15K | P = 0.25 MPa | flow rate = 6.25 mL"'min!

HFC-125 HFC-32 total HFC-125 HFC-32
inlet inlet absorption absorption absorption

(mol %) (mol %) (mol %o) (mol %) (mol %o)
0 100 17.2 0.0 £ <0.01 17.2 £ 0.05
25 75 14.7 1.8 £ 0.12 13.4 £ 0.14
50 50 12.1 33£023 9.4 £ 023
75 25 9.3 49 £ 034 4.8 £ 033
100 0 6.5 6.5 £ 046 0.0 £ 0.43

for mmol/g and SI Table S2 for mass fraction). As expected,
when the inlet concentration of HFC-32 decreases, the
absorption of HFC-32 in [C4Ciim]|[BF4] decreases. As the
inlet concentration of HFC-125 increases, the absorption of
HFC-125 in [C4Ciim][BF4] increases. However, as the inlet
concentration of HFC-125 increases and HFC-32 decreases,
the total absorption in the IL decreases. This agrees with
literature data that consistently shows that HFC-32 has higher
solubility in fluotinated ILs than HFC-125."7 HFC-32 and
HFC-125 have nearly equal absorption (e.g., 0.05 mole
fraction) at the inlet concentration of 0.75 HFC-125 and
0.25 HFC-32 mole fractions.

The mixture absorption of HFC-32 and HFC-125 in
[C4Ciim][PFg] at two different pressures and flow rates are
shown in Table 3 and Figure 6 (see SI Table S3 and Figure S7
for mmol/g and SI Table S4 for mass fraction). The total
absorption at 0.1 MPa is lower than the absorption at 0.25
MPa; therefore, absorption increases as pressute increases, as
expected. One interesting trend when comparing plots (a) and
(b) in Figures 5 and 6, is how the total absorption changes as a
function of inlet concentration when the differences in
molecular weight for HFC-32 and HFC-125 are taken into
account (M\X/npc-}z =52.024 g'mol'l and MWHFc-125 =120.02
g"mol™). The difference in solubility of HFC-32 and HFC-125
t%laéger ]‘[bfr]‘nin(éf o Fraffi Mg 0T 'R
seen 1n the VLE meastréments By Morais et al.17 (see SI
Tables S5 and S6). The relatve difference in solubility
between HFC-32 and HFC-125 is an important factor to
consider when designing a separation process, especially in
terms of mass fraction.

The expetimental solubility data for HFC-32/HFC-125 in
[C4Ciim][BF4] and [C4Ciim][PF¢] at 298.15 K are provided
in Tables 2 and 3, respectively. The solubility data, in terms of
moles per gram and mass percent, are presented in SI Tables
S1-54.

The mixture absorption of HFC-32 and HFC-125 in
[C4Ciim][BF4] and [C4Ciim][PF¢] at 298.15 K, 0.25 MPa,
and 6.25 mL"'min™" are compared in Figure 7. HFC-125 shows
nearly identical absorption in both [C4Ciim|[BF,] and
[C4Ciim][PFg] until the inlet feed is nearly 1.0 mole fraction
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Figure 5. (a) Equilibrium binary absorption in terms of mole fraction. b) Equilibrium binary absorption in terms of mass fraction. Total absorption
(solid black circles), partial absorption of HFC-32 (solid red circles), and partial absorption of HFC-125 (open red circles) at 298.15 K, 0.25 MPa,

and 6.25 ml'min™! in [C4Cyim][BF4]. Dashed lines are guides for the reader.

Table 3. Experimental VLE in Terms of Mole Percent for
HFC-32/HFC-125/[C4Ciim][PFs] Mixtures at 298.15 K

Using IGA + IMB

HFC32 (1) + HEFC-125 2) + [C4Crim][PEg] (3)

HFC-125 HFC-32 total HFC-125 HFC-32
inlet inlet absorption absorption absorption

(mol %) (mol %) (mol %) (mol %) (mol %)

T=29815K | P =0.1 MPa | flow rate = 12.5 mL'min™!

0 100 8.8 0.0 £ < 0.01 8.8 £ 0.02
25 75 74 0.6 £ 0.03 6.8 £ 0.04
50 50 5.8 1.3 £ 005 4.6 £ 0.06
75 25 4.2 2.0 £ 0.08 2.3 £ 0.07
100 0 27 2.7 £ 011 0.0 £ 0.08

T =1298.15K | P = 0.25 MPa | flow rate = 6.25 mL'min"!

HFC-125, at which point the HFC-125 has slightly higher
sorption in [C4Ciim][PF¢]. HFC-32 absorption was consis-
tently higher in [C4Ciim][PF¢], which also translated to the
total mixture absorption. The difference in total absorption for
[C4Ciim][BF4] and [C4Ciim]|[PF¢] is therefore determined by
the solubility of HFC-32 in each of the ILs and the solubility
difference of HFC-125 had a minimal impact.

The m, T, P, and F as a function of t for HFC-32 and HFC-
125 with [C4Ciim][BF,4] at 298.15 K, 0.25 MPa, and 6.25 mL
min! is shown in SI Figures S4 and S5.

4.3. Comparison of Binary Absorption and Single-
Component Absorption of HFC-32 and HFC-125 in
[C4Ciim][BF4]. The pure component HFC-32 and HFC-125
absorption data for [C4Ciim][BF4] wusing the XEMIS

0 100 19.8 0.0 £ 0.01 19.8 £ 0.03 gravimetric microbalance with IMB method was compared to
25 75 16.9 1.8 £ 005 15.7 + 0.07 the IGA gravimetric data for [C4Ciim|[BF4] from Morais et
50 50 13.9 3.5 %010 11.2 £ 0.10 al.!7 At constant temperature and pressure, the total amount
75 25 10.9 50 £ 015 6.5 % 0.14 absorbed at the composition end points for the mixture data
100 0 72 7.2 £ 021 0.0 £ 0.18 (pure HFC-32 or HFC-125) must equal the single component
a) b)
0.25 0.06
0.20
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Figure 6. (a) Equilibrium binary absorption in terms of mole fraction. b) Equilibrium binary absorption in terms of mass fraction. Total absorption
(solid black diamond), partial absorption of HFC-32 (solid blue diamond), and partial absorption of HFC-125 (open blue diamond) at 298.15 K,
0.1 MPa, and 12.5 mlI"min™" in [C4Ciim][PF¢]. Total absorption (solid black square), partial absorption of HFC-32 (solid blue square), and partial
absorption of HFC-125 (open blue square) at 298.15 K, 0.25 MPa, and 6.25 ml"min™ in [C4Cyim][PF¢]. Dashed lines are guides for the reader.
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Figure 7. Comparison of mixture absorption in [C4Ciim][BF4] and
[C4Ciim][PFg] at 298.15 K, 0.25 MPa, and 6.25 ml'min~!. Total
absorption (solid grey circle), partial absorption of HFC-32 (solid red
circle), and partial absorption of HFC-125 (open red circle) in
[C4Ciim][BF4]. Total absorption (solid black square), partial
absorption of HFC-32 (solid blue square), and partial absorption of
HFC-125 (open blue square) in [C4Ciim|[PFg).

sorption.’® This is an important test of the thermodynamic
consistency of mixture sorption data and increases confidence
in the accuracy of the data (see Shade et al.>® and Talu and
Myers® for examples). The experimental VLE data reported
by Morais et al.'” for HFC-32/[C4Ciim][BF4] and HFC-125/
[C4Ciim][BF4] at 298.15 K is presented in SI Table S5.
The IMB method measurements begin with an inlet
concentration of pure HFC-32, which is in good agreement
(i.e., 0.02 absolute difference in mole fraction) with the pure
component IGA data of Morais et al.!'” at the same T and P.
The isotherm shown in Figure 8 for the pure component IGA
data was fit using the van der Waals EoS model.'” Next, the
IMB method decreases the HFC-32 inlet concentration, while
increasing the HFC-125 concentration, and measures the

1.0 4

0.8

o

o
'S

Pressure (MPa)

0.2

0.0

0.0 0.2 04 0.6 0.8 1.0
Mole Fraction of HFC in [C,C,im] [BF ]

T T

Figure 8. Comparison of IGA VLE and XEMIS with IMB VLE (mole
fraction) for HFC-32 and HFC-125 in [C4Ciim|[BF4]. Symbols are
measured experimental data, solid lines are van der Waals EoS model
predictions, and dashed lines are guides for the reader. IGA data:
HFC-32 (solid red circle) and HFC-125 (open red circle) in
[C4Ciim][BF4] at 298.15 K. XEMIS with IMB data: HFC-32 (solid
black circle) and HFC-125 (open black circle) in [C4Ciim]|[BF4] at
298.15 K, 0.25 MPa, and 6.25 ml*min~!. IGA data and van der Waals
EoS model predictions for [C4Ciim][BF4] reported by Morais et al.!”

equilibrium sorption at discrete inlet compositions (e.g., 0.75/
0.25, 0.50/0.50, and 0.25/0.75 mole fraction HFC-32/HFC-
125) until it reaches pure HFC-125. For this reason,
comparing the pure HFC-125 results with the XEMIS IMB
method is a significantly different process than compating the
pure HFC-125 results with the IGA method. Interestingly, the
pure HFC-125 sorption using the XEMIS IMB method is also
in good agreement (i.e., 0.01 absolute difference in mole
fraction) with the pure component IGA data at the same T and
P, see Table 4. This result confirms that the HFC-32 that

Table 4. Absolute Difference Between the IGA and XEMIS
+ IMB Data at 298.15 K for HFC-32/[C4Ciim][BF4] and
HFC-125/[C4Ciim][BF4]. IGA Data from Morais et al.'”

HFC-32 (1) + [C4Ciim][BF4] (2)
P (MPa) IGA (mol frac) XEMIS + IMB (mol frac) absolute difference
0.25 0.15 0.17 0.02
HFC-125 (1) + [C4Ciim|[BF4] (2)
P (MPa) IGA (mol frac) XEMIS + IMB (mol frac) absolute difference
0.25 0.06 0.07 0.01

absorbs in the IL also desorbs via physical sorption by the
displacement with HFC-125, resulting in no difference
between the XEMIS IMB and pure component IGA methods.
This is an important finding that has not been previously
reported for HFCs in [C4Ciim][BF,].

4.4. Comparison of Binary Absorption and Single-
Component Absorption of HFC-32 and HFC-125 in
[C4Ciim][PFe]. The pure component HFC-32 and HFC-125
absorption data for [C4Ciim]|[PF¢] using the IGA gravimetric
microbalance with IMB method was compared to the IGA
gravimetric data for [C4Ciim][PF¢] from Morais et al.'” The
expetimental VLE data reported by Morais et al. for HFC-32/
[C4Ciim][PFg] and HFC-125/[C4Ciim][PF¢] at 298.15 K can
be found in SI Table S6.

Similar to the previous results with [C4Ciim]|[BF4], the
absorption of pure HFC-32 using the pure component IGA
and IGA + IMB methods are in good agreement (i.e., 0.01
absolute difference at 0.1 MPa and 0.02 absolute difference at
0.25 MPa in mole faction) at the same T and P, as shown in
Table 5 and Figure 9. Furthermore, the HFC-125 completely
displaced the HFC-32 in the [C4Ciim]|[PFs], which again
supports a physical sorption process, and the pure HFC-125
sorption was in good agreement between the pure component
IGA and IGA + IMB methods (i.e., < 0.01 absolute difference
at 0.1 MPa and 0.01 absolute difference at 0.25 MPa in mole
fraction) at the same T and P, as shown in Table 5. Again, this

Table 5. Absolute Difference between the IGA and IGA +
IMB Data at 298.15 K for HFC-32/[C4Ciim][PFs] and
HFC-125/[C4C1im][PF¢]. IGA Data from Morais et al.!’

HFC-32 (1) + [C4Ciim][PFq] (2)

P (MPa) IGA (mol frac) IGA + IMB (mol frac)  absolute difference
0.1 0.08 0.09 0.01
0.25 0.18 0.20 0.02
HEC-125 (1) + [C+Ciim][PEq] 2)
P (MP2)  IGA (mol frac) IGA + IMB (mol frac)  absolute difference
0.1 0.02 0.03 0.01
0.25 0.06 0.07 0.01
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Figure 9. Comparison of IGA VLE and IGA with IMB VLE (mole
fraction) for HFC-32 and HFC-125 in [C4Ciim][PFs]. Symbols are
measured experimental data, solid lines are van der Waals EoS model
predictions, and dashed lines are guides for the reader. IGA data:
HFC-32 (solid blue square) and HFC-125 (open blue square) in
[C4Ciim][PFg] at 298.15 K. IGA with IMB data: HFC-32 (solid
black diamond) and HFC-125 (open black diamond) in [C4Ciim]-
LPF()] at 298.15 K, 0.1 MPa, and 12.5 ml'min~! and HFC-32 (solid

lack square) and HFC-125 (open black square) in in [C4Ciim][PFq]
at 298.15 K, 0.25 MPa, and 6.25 ml'min~!. IGA data and van der
Waals EoS model predictions for [C4Ciim]|[PFg] reported by Morais
etal.l”

is an important finding that has not been previously reported
for HFCs in [C4C11m] [PF(,]

4.5. Selectivity. The equilibrium selectivity for HFC-32
was calculated in the HISorp software for each of the mixture

compositions investigated for both [C4Ciim][BF4 and
[C4Ciim][PFg]. The following equation was used:!!
i,
s =33
«  jn/yz
K Hrp ©)

where 11; and nj are the partial molar absotption of HFC (i =
HFC-32 and j = HFC-125) and y; and y; are their mole
fractions in the gas phase.!! The equilibrium selectivity for
HFC-32 as a function of the inlet gas composition for
[C4Ciim][BF4] at 298.15 K, 0.25 MPa, and 6.25 mL'min™! is
shown in Table 6. There was no statistical difference in the
HFC-32 selectivity as the inlet HFC-125 concentration
increases from 0.25 to 0.75 mole fraction, as shown in Figure
10. The uncertainty in selectivities shown in Figure 10 was
derived from the uncertainty on equilibrium readings from the
calculated accumulation due to all known factors including

Table 6. HFC-32 Selectivity from Mixture Absorption in
[C4Ciim][BF4] at 298.15 K, 0.25 MPa, and 6.25 mL-min™!
using XEMIS + IMB

HFC-32 (1) + HFC-125 (2) + [C4Ciim]|[BF4| (3)

T =298.15K | P = 0.25 MPa | flow rate = 6.25 mL'min™"

HFC-125 inlet (mol %)  HFC-32 inlet (mol %)  HFC-32 selectivity

25 75 2.86 = 0.20
50 50 3.00 £ 0.21
75 25 295 £ 027
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Figure 10. HFC-32 Selectivity with error bars from mixture

absorption in [C4Ciim][BF4] at 298.15 K, 0.25 MPa, and 6.25 mL*
minl,

manufacturers data and respective calibration certificates, as
reported by Broom et al.!!

inld PGS OIS Rtk o 781 A0 e o6t ihg
12.5 mL*min™!, and at 0.25 MPa and 6.25 mL"min!, is shown
in Table 7 and Figure 11. Uncertainties were calculated as

Table 7. HFC-32 Selectivity from Mixture Absorption in
[C4Ciim][PFe] at 298.15 K, 0.25 MPa, and 6.25 mL-min™"
Using IGA + IMB
HFC-32 (1) + HFC-125 (2) + [C4Ciim][PF¢] (3)
HFC-125 Inlet (mol %) HFC-32 Inlet (mol %) HFC-32 selectivity
T=29815K | P=0.1 MPa | flow rate = 12.5 mL'min!

25 75 3.87 £ 0.16
50 50 3.56 £ 0.15
75 25 3.48 £ 0.18
T =1298.15K | P =0.25 MPa | flow rate = 6.25 mL'min™!

25 75 3.45 + 0.10
50 50 3.51 £ 0.10
75 25 398 £ 0.14
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Figure 11. HFC-32 Selectivity with error bars from mixture
absorption in [C4Ciim][PFg] at 298.15 K with one set at 0.1 MPa
and 12.5 ml'min™" (solid black diamond) and one at 0.25 MPa and
6.25 ml'min! (solid blue square).
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described above. In this case, the HFC-32 selectivity increased
at 0.1 MPa and decreased at 0.25 MPa as a function of
increasing HFC-125 inlet concentration, but it was within
statistical uncertainty at a composition of y = 0.5/0.5 HFC-32/
HFC-125 for both pressures. In addition, the HFC-32
selectivity was 35%, 19%, and 18% higher in [C4Ciim][PFq]
compared with [C4Ciim|[BF4] at 0.1 MPa and y = 0.25, 0.50,
and 0.75 mole fraction HFC-125, respectively.

5. CONCLUSIONS

Studying the multicomponent absorption of gases into liquids
in an efficient and accurate manner has been an ongoing
challenge for researchers, resulting in most of the modeling
relying on single component absorption data. The IGA and
XEMIS gravimetric microbalances with IMB method will
change this paradigm and this work presents the first binary
absorption measurements of HFC-32 and HFC-125 with
[C4Ciim][BF4] and [C4Ciim][PF¢]. The total and partial
sorption of HFC-32 and HFC-125 as a function of inlet
composition were measured at 298.15 K, with pressures
ranging from 0.1 to 0.25 MPa and flow rates ranging from 6.25
mL'min™! to 12.5 mL 'min"!. Three key conclusions can be
drawn from these expetiments: (1) the difference in total
absorption for [C4Ciim]|[BF4 and [C4Ciim][PFs] was
determined by the solubility of HFC-32 in each of the ILs
and the solubility difference of HFC-125 had only a minimal
impact; (2) the HFC-32 that absorbs in [C4Ciim][BF4] and
[C4Ciim][PFq] desorbs via physical sorption by the displace-
ment with HFC-125, which was validated by comparison of
the IGA + IMB and XEMIS + IMB methods with the IGA
method using single gases; and (3) the HFC-32 equilibrium
selectivity for [C4Ciim]|[PFs] compared with [C4Ciim][BF4]
was 18 to 35% higher depending on the inlet HFC-125
composition (y = 0.75 to 0.25). Molecular simulations based
on this experimental data are being developed for a future
publication. The results of this work are being used to design
the first extractive distillation process using an ionic liquid
entrainer for separation of azeotropic refrigerant mixtures such
as R-410A.
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CFC, chlorofluorocarbon

[C4Ciim][BF4], 1-n-Butyl-3-methylimidazolium tetrafluor-
oborate

[C4Ciim][PFq], 1-n-Butyl-3-methylimidazolium hexafluot-
ophosphate

F, Flow

GWP, global warming potential

HFC, hydrofluorocarbon

HCFC, hydrochlorofluorocarbon

HFC-125, pentafluoroethane, CHF2CF3

HFC-32, difluoromethane, CH,F,

HFO, hydrofluoroolefin

1L, ionic liquid

M, mass

ODP, ozone depletion potential

P, pressure

T, temperature

t, time
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