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The phase behavior of binary mixtures of carbon dioxide (CO,) and hydrofluoroethers (HFEs) has been
studied. In particular, experimental vapor-liquid equilibrium (VLE) data for CO, + 1,1,1,2,3,3-hexafluoro-
3-(2,2,2-trifluoroethoxy)propane (HFE-449mec-f) and 1-ethoxy-1,1,2,2,3,3,4,4,4-nonafluorobutane (HFE-
7200) at temperatures of 303.15, 313.15, and 323.15 K are reported. The VLE data were measured using
a static-type apparatus and then correlated using the Peng-Robinson equation of state with the van der
Waals one fluid and Wong-Sandler-NRTL mixing rules. Reasonable correlation results were obtained from
the Peng-Robinson equation of state with both the van der Waals one fluid and the Wong-Sandler-NRTL
mixing rules. The GC-SAFT-VR equation also gave good predictions of the phase behavior. Additionally,
the group contribution SAFT-VR (GC-SAFT-VR) equation was used to predict the experimental VLE in good
agreement with the experimental data, as well as the full p,T phase diagram for both systems.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Chlorofluorocarbons (CFCs) have been utilized extensively as
refrigerants, blowing agents, and cleaning solvents due to their
chemical stability and physical properties. However, the Montreal
Protocol (1989) requested that the use of CFCs be phased-out prior
to 1996 because of ozone layer depletion and global warming.
Thus, CFC alternatives have been investigated heavily in subse-
quent years. Hydrochlorofluorocarbons (HCFCs) have been used as
interim replacements for CFCs because of similar physicochemi-
cal properties and lower ozone depletion potential (ODP) values;
however, it should be noted that they have higher global warming
potential (GWP) values. Thus, they are to be phased-out by 2020
according to the updated Montreal Protocol. Hydrofluorocarbons
(HFCs) and perfluorocarbons (PFCs) have been used as alternatives
to CFCs and HCFCs, because they have zero ODP and high ther-
mal stabilities; however, they still have high GWP values. There-
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fore, HFCs and PFCs were included in the set of six major green-
house gasses whose use should be reduced in the Kyoto Protocol
(2005). As a result, hydrofluoroethers (HFEs) have been utilized
as third generation alternatives to replace CFCs, HCFCs, HFCs, and
PFCs due to their zero ODP, low GWP, and short atmospheric life-
times [1-5]. Industrially HFEs are also used as cleaning solvents in
electronic and magnetic devices, as a protective gas in the melting
of alloys, for decontamination of fluids, and as heat transfer flu-
ids in heat exchangers [6,7]. However, pure HFE’s are flammable
and toxic. Thus, a mixture of HFE's with another refrigerant could
retain desirable properties, whilst negating some of the more un-
desirable ones, and has been a successful strategy in the past (e.g.,
hydrofluoroolefins [8,9]).

Carbon dioxide (CO,) is a well-known natural refrigerant that
can be used as an alternative to the above-mentioned CFCs, HCFCs,
HFCs, and PFCs, making it a possible refrigerant to use in mix-
tures with HFE’s. CO, is a natural, nontoxic, readily available and
inflammable gas with zero ODP. Because of these favorable phys-
ical properties, CO, has already been used as a working fluid for
heat pumps [10]. However, one of the main disadvantages is that
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List of symbols

a energy parameter in the PR EOS (Pa m® mol—2)
A Helmholtz free energy (J mol-1)

b size parameter in the PR EOS (m3 mol-1)

C constant in the WS model

A, B, C  Antoine constants

Fop; objective function

gj - g binary interaction parameter in the NRTL model (J
mol-1)

kqz second virial coefficient binary interaction parame-
ter in the WS model

kqz binary interaction parameter in the PR EOS

l1> binary interaction parameter in the PR EOS

m; parameter in the PR EOS

NC number of pure components in the system

NDP number of data points per system

P pressure (Pa)

Ps saturated vapor pressure (kPa)

|AP/P|  relative deviation between experimental and calcu-

lated equilibrium pressures
R gas constant (8.314 ] mol~! K1)
r distance between the two groups
T absolute temperature (K)
v molar volume (m3 mol-1)
X liquid phase mole fraction
y vapor phase mole fraction
absolute deviation between experimental and calcu-
lated vapor phase mole fractions of component 1

Greek letters

o1z non-randomness parameter in the NRTL model
w acentric factor

0 density (kg m—3)

Superscript

E excess property

ideal ideal

s saturated

Subscripts

1, 2, i, j, kK components 1, 2, i, j, and k
00 infinite pressure condition
av. average

c critical

calcd. calculated

exptl. experimental

r reduced

CO, run heat pumps need to be operated in a trans-critical cycle,
i.e., at a very high pressure (typically within 15 MPa of the max-
imum operating pressure), due to its relatively low critical con-
stants (T, = 304.12 K, Pc = 7374 MPa [11]) [12,13]. Mixtures of
CO, and HFEs may thus also provide a promising alternative by
reducing the need for a high operating pressure whilst retaining
the more favorable properties of CO,.

In order to evaluate the performance of mixtures of CO,
and HFEs and determine optimal operating conditions for re-
frigeration processes using mixtures of CO, and HFEs, an un-
derstanding of the mixture vapor-liquid equilibrium (VLE) data
is crucial. Several studies report experimental VLE data for bi-
nary mixtures of CO, + CFCs [13-22]. However, limited VLE
data is available in the literature regarding binary systems
CO, + HFEs. The object of this work is thus to measure the VLE
data for binary systems CO, + HFEs, ie. 1,1,1,2,3,3-hexafluoro-
3-(2,2,2-trifluoroethoxy)propane (HFE-449mec-f) and 1-ethoxy-

CF;-

CSae

HFE-449mec-f

-O-CF,-CHF-CF;

-O-CF,-CF,-CF,-CF;

HFE-7200

Fig. 1. Structures of HFE-449mec-f and HFE-7200.

1,1,2,2,3,3,4,4,4-nonafluorobutane (HFE-7200). The structures of the
two HFEs studied are shown in Fig. 1. These two HFEs were chosen
because HFE-449mec-f can also be used as an alternative clean-
ing solvent [2,22,23] and HFE-7200 has lower values of GWP and
atmospheric lifetime compared to other HFEs (60 and 0.77 years,
respectively [1]). It can be used not only as a working fluid for
refrigerants and heat transfer, but also as a cleaning solvent and
lubricant carrier, etc. [7,24]. We determined the isothermal VLE for
CO, + HFE-449mec-f or HFE-7200 at temperatures 303.15, 313.15,
and 323.15 K using a static-circulation apparatus. The experimen-
tal VLE data were correlated by the Peng-Robinson (PR) equation of
state (EOS) [25] coupled with the van der Waals one fluid (vdW1)
mixing rule and Wong-Sandler (WS) [26] mixing rules combined
with the non-random two-liquid (NRTL) model [27]. The system-
atic series of experimental data are also described with the group
contribution (GC) based SAFT-VR [28] equation of state (GC-SAFT-
VR) that combines the SAFT-VR [29] equation with a group contri-
bution [28] approach. The GC-SAFT-VR equation describes chains
composed of neutral non-polar square-well spheres of different
sizes and/or interaction energies (including dispersion and associ-
ation), with monomer properties computed from perturbation the-
ory using a reference system of hard spheres of arbitrary compo-
sition and size. Using this hetero-segmented approach, GC-SAFT-
VR parameters have been determined in prior work for a wide
range of functional groups (i.e., CH3, CH,, C=0, CH,0, OH, etc.) and
used to study the thermodynamics and phase behavior of alkanes,
alkenes, ketones, aromatics, acetates, esters, polymers, and other
associating and non-associating fluids (see for example [5,28,30-
32]). We note that the cross interactions between simple groups
such as CH3-CH, are given by the simple Lorentz-Berthelot com-
bining rules; however, for cross interactions with polar groups,
such as the carbonyl group, where deviations from “ideal behav-
ior” are expected, the cross interactions are fitted to pure compo-
nent experimental data for molecules that contain the functional
groups under consideration. In this way, in contrast to the tradi-
tional equation of state and SAFT-based approaches, when devia-
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Table 1
Chemicals used in this work.

Component Source CAS Registry Number Purification method Purity p (298.15 K) (kg m~3)
Experimental Literature
CO, Showa Denko Gas Products Co. Ltd. 124-38-9 No 0.9999 - -
HFE-449mec-f ¢ DAIKIN Fine Chemical Co. Ltd. 993-95-3 Molecular sieves 13X  0.995 © 1527.97 1531.2 ¢
HFE-7200 ° 3M Co. Ltd. 163702-06-5 © 163702-05-4 ¢ Molecular sieves 5A 0.999 © 1422.56 1422.65 "

2 JUPAC name: 1,1,1,2,3,3-hexafluoro-3-(2,2,2-trifluoroethoxy)propane.
b JUPAC name: 1-ethoxy-1,1,2,2,3,3,4,4,4-nonafluorobutane.

¢ Binary mixture of two isomers with mole fraction of 0.614 for CAS number 163702-06-5 and 0.386 for CAS 163702-05-4, determined by 'H NMR, with a standard

uncertainty u(x) = 0.01.
4 volume fraction.
¢ mass fraction.

f At P = 101 kPa. Standard uncertainties are u(p) = 0.01 kg m~3, u(T) = 0.01 K, and u(P) = 1 kPa.

£ Tochigi et al. [42]. At T = 293.15 K.
h Rausch et al. [7].

tions from the Lorentz-Berthelot combining rule are seen, parame-
ters do not need to be fit to experimental mixture data. Addition-
ally, by not averaging the group parameters on chain formation,
as in other group-contribution based SAFT approaches [33-35], the
connectivity of functional groups and location of association sites
can be specified in the GC-SAFT-VR approach.

Multiple SAFT approaches have been proven effective in the
study of a wide variety of refrigerants, including fluorinated sys-
tems, such as the SAFT-VR study by Galindo et al. [36] and the
work of Avendafio et al. [37] who studied pure refrigerants with
the SAFT-gamma group-contribution approach. Additionally, fluori-
nated refrigerant mixtures have also been studied using GC-SAFT-
VR and PC-SAFT in work by Haley et al. [5] and Fouad and Vega
[9], respectively. In this work, we expand upon previous work with
the GC-SAFT-VR approach in order to predict the phase behavior of
the CO, + HFE binary mixtures studied and provide a wider ex-
amination of their phase behavior than is possible with correlative
approaches.

2. Experimental section
2.1. Materials

The chemicals used in this work are summarized in Table 1. The
CO, was passed through a 0.5 pum inline filter (Nepro Company,
Japan) before use to avoid undesirable particles. The purity of the
HFE-449mec-f and HFE-7200 was verified by gas chromatography
(GC) (GC-14A, Shimadzu Co. Ltd., Kyoto, Japan) with a thermal con-
ductivity detector. Existence of two isomers has been reported in
the literature [7,38-41]. Thus, the composition of binary isomers of
HFE-7200 was determined by 'H NMR analysis (JNM-ECX400, JEOL
Ltd., Tokyo, Japan). The obtained mole fraction of the isomer with
CAS number 163702-06-5 was 0.614, whereas that of the isomer
with CAS 163702-05-4 was 0.386. The densities () of the esters at
298.15 K was measured using a precision digital oscillating U-tube
densimeter (DMA 4500, Anton Paar GmbH, Graz, Austria) with a
reproducibility of 102 kg m~3. The experimental p at 298.15 K for
the chemicals used in this work are reported in Table 1 together
with the literature values [7,42].

2.2. Apparatus and procedure

We used a static-circulation apparatus to measure the VLE. A
schematic diagram of the apparatus is shown in Fig. 2. It is com-
posed of three parts, i.e., a variable volume equilibrium cell, sam-
pling unit for vapor and liquid phases, and GC. The equilibrium cell
1 was immersed in a thermostated water bath with three windows
(THOMAS KAGAKU Co. Ltd., Japan). There are six visual sapphire
windows (23 mm in diameter and 11.5 mm thick) in the equilib-
rium cell for the visual observation of the phase behavior.

The temperature of the apparatus was controlled within +
0.1 K. The equilibrium cell was made from stainless steel (SUS 316)
and measurements can be made at temperatures up to 473 K and
pressures up to 20 MPa. The inner volume was 500 cm3. A cali-
brated Pt 100 2 platinum resistance thermometer 4 with an accu-
racy of & 0.01 K was used for measurements of the sample tem-
perature. The pressure was determined by a pressure indicator (DPI
145, Druck Co., Kirchentellinsfurt, Germany) with an accuracy of +
0.04% ES. Two GCs were used for the analysis of the vapor and
liquid phase samples, respectively. Further details regarding the ex-
perimental apparatus and procedure have been described in previ-
ous work [21].

During measurement, first, the equilibrium cell (labelled 1 in
Fig. 2) was evacuated by the vacuum pump, and HFE-449mec-f
or HFE-7200 was charged into the equilibrium cell. Next, CO, was
added until the desired pressure is achieved. Then, the liquid phase
was continuously recirculated (through circulation 14 in Fig. 2).
The interface of the vapor and liquid phases were observed during
the measurements by the visual glass windows equipped in the
cell. The system was regarded as reaching equilibrium when tem-
perature and pressure fluctuations of no more than +0.01 K and
+0.001 MPa, respectively, were observed for 30 min. The equilib-
rium measurement of temperature and pressure before sampling
was up to about 6 hours.

Once equilibrium was reached, the vapor and liquid samples
were taken (Sample injector 15 in Fig. 2). Finally, the compositions
of the vapor and liquid phases were determined by GC.

2.3. Analysis

The vapor and liquid phase samples were analyzed by a GC
(GC-14A, Shimadzu Co., Ltd., Kyoto, Japan) with a thermal conduc-
tivity detector (TCD). Porapak Q (2.0 m x 3.0 mm inside diameter,
Shinwa Chemical Industries Ltd., Kyoto, Japan) was used as the col-
umn packing. Helium was used as the carrier gas at a flow rate
of 50.0 mL min~!. The temperature in the TCD was maintained
at 623 K. Compositions were determined using the absolute area
method with a calibration curve. The accuracy for the mole frac-
tion was + 0.002.

3. Models and theory
3.1. Peng-Robinson equation of state

The correlations of the experimental VLE data were performed
with the PR EOS combined with the vdW1 or WS-NRTL models as
the mixing rule. The PR EOS is given by,
RT a(T)

P= v—b v(W+b)+bv—b)

(1)
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Fig. 2. Schematic diagram of the experimental apparatus for measuring isothermal VLE. 1, equilibrium cell; 2, water bath; 3, stirrer; 4, thermometer; 5, pressure indicator; 6,
sampling valve; 7, ribbon heater; 8, CO, cylinder; 9, in-line filter; 10, sample installation; 11, vacuum pump; 12, six-way valve; 13, gas chromatograph; 14, circulation pump;

and 15, sample injector.

where P is the pressure, R is the ideal gas constant, T is the tem-
perature, v is the molar volume, a is the energy parameter and b is
the size parameter. These parameters for pure components i, were
calculated using

a(l) = 0.45724R?T2, [1 +m,<1 B Tﬂ2 @)
Pei ' T
m; = 0.37464 + 1.54220; — 0.269920? 3)
and
b O.O7Z)89RTC_,~ ”
i

where Tc; and Pc; are the critical temperature and critical pres-
sure for pure component, respectively, and w; is the acentric fac-
tor. The pure component parameters Tc;, Pc; and w; [11,42,43] used
to calculate the a and b values for the pure components CO,, HFE-
449mec-f, or HFE-7200 are provided in Table 4. The acentric factor,
wj, for HFE-449mec-f and HFE-7200 was estimated from pressure-
temperature data.

The vdW1 and WS mixing rules were used to calculate the mix-
ture energy parameter, a, and the size parameter, b. The vdW1
mixing rule is given by,

NC NC

a= Zl leixj (asay)” (1 - ky)
](k,-j =kji. ki =k =0) (5)
and
b= ixm(bi ; bf>(1 — 1)
h (Ij=1li. li=1;=0) (6)

where k; and [ are binary interaction parameters. The WS mixing
rule for the PR EOS is given by,

NC E
L o L Y
SNC SN xixi(b— &)
b i=1 2. j=1%i ]( RT)U (8)

NC o @ AL
1= 51 Xiggr — crr

(- m), =20 &)+ (o )]0 )

(kij = kj,‘, kﬁ = kjj = 0) (9)
with the constant C in Eq. (8) as
C= M (10)
V2

where AE is the excess Helmholtz free energy at infinite pressure,
and k; is the second virial coefficient binary interaction parameter.
The NRTL model [27] was applied to calculate AE given by,

NC  §NC
2j=1%TiGji

AEZ 3" (11)
; 1 gil Xkai

G,’j = exp(—oz,-j‘r,-j) (Oll'j =j, O =0 = 0) (12)

Tij = 7”RT )] (tii =Tjj = O) (13)

where g; - gj is the binary interaction parameter of the NRTL
model. The value of 0.3 was used for a1, according to recommen-
dation by Renon and Prausnitz [27]. ki3 and l;; in the vdW1 mix-
ing rule, and kq3, g1 - &2 and gy - g11 in the WS-NRTL mixing
rule were treated as fitted parameters, and were regressed by min-
imizing the following objective function (Fop;):

2
Fobj _ l%j <Pexptl. - Pcalcd)

(14)
k=1 Pexptl_ k

where NDP is the number of experimental data points, and “ex-
ptl.” and “calcd.” are the experimental and calculated values, re-
spectively.

3.2. GC-SAFT-VR

In the GC-SAFT-VR approach [28], the functional groups in
molecules are represented by tangentially bonded segments that
each have individual size and energy parameters. The functional
group i in molecule k interacts with functional group j in molecule
I through dispersive interactions via the square-well potential as



H. Matsuda, T. Suga and T. Tsuji et al./Fluid Phase Equilibria 524 (2020) 112814 5

described by,

400 ifr < O—kf,U

Ui (1) = § —8kiy  1f Ok < T < Ak jO%ij (15)

0 if r> )Lki,ljcrk,‘_,j
where r is the distance between the two groups, o;; is the seg-
ment diameter, and &y;,;; and A, ; are the dispersion energy well
depth and range parameters, respectively. The cross interactions

for size and energy between unlike segments can be expressed by
Lorentz-Berthelot combining rules,

()'k"k, + O"l ,'lA
OLilj = % (16)

kilj = Ekilj/EkikiCljlj (17)

(18)

O kiMki ki T O'lj.lj}\lj,lj>

}\ktl] szl;( Okiri + Olili
i, ki jlj

where &;;; and yy;; are binary interaction parameters that en-
able adjustments to the cross interactions from the geometric and
arithmetic mean values, respectively.

The definition if the Helmholtz free energy for a non-
associating fluid in the GC-SAFT-VR approach is given by,

A Aideal Amono
NkyT — NksT '+ NksT | NkgT

where N is the total number of molecules in the system, kg is the
Boltzmann constant, T is the absolute temperature, Aideal, gmono
and Achain are the contributions to the Helmholtz free energy
from the ideal, monomer, and hetero-segmented chain interac-
tions, respectively. The reader is referred to the original publica-
tions [28,44] for details of the terms in Eq. (19), here we provide
only the main expressions and a brief description of each term.
The ideal contribution to the Helmholtz free energy is given by,

Achain

(19)

Ncomponents

Z xkln(pkAk3) -1 (20)

Aideal
NksT —

where Ncomponents represents the number of pure components in
the system, x; is the mole fraction of component k, p, is the
molecular number density, Ni/V, where Nj is the number of
molecules of component k and V is the volume of the system, and
Ay is the de Broglie wavelength of component k.

The monomer contribution to the Helmholtz free energy is
given by the temperature expansion of the second order Barker
Henderson perturbation theory for mixtures [45],

Z Z MiiXk (a kBT = 2 ) (21)

=1 i=1 (kBT)

AmOl’lO

NI(BT

where n, is the number of types of functional groups i in a chain
of component k and my; is the number of segments of type i in
chains of component k. a", a;, and a, represent the hard-sphere
reference term and the first and second order perturbation terms,
respectively.

Finally, the contribution to the Helmholtz free energy from
chain formation from the hetero-segmented monomer fluid is rep-
resented by,

Achain

N =~ 2= % 2 0 Y (0ns) (22)
ij

where the first sum is over all of the components, n, in the mix-
ture, x, is again the mole fraction of component k, the second

Table 2

Experimental isothermal VLE data for the system CO,
(1) + HFE-449mec-f (2) at temperatures (T) 303.15, 313.15,
and 32315 K. Pressure (P), liquid mole fraction (x;),
and vapor mole fraction (y;). Standard uncertainties, u,
are u(T) = 0.1 K, u(P) = 0.03 MPa, u(x;) = 0.007, and u(y;) = 0.007.

P (MPa) X1 Y1 P (MPa) x; Y1

T =303.15 K

0.540 0.177 0936  4.064 0.774  0.997
1.582 0.427 0984 4.474 0.812  0.996
2.101 0.521  0.995 4.999 0.856  0.997
2.500 0.585 0997 5475 0.893  0.998
3.027 0.656 0996  6.082 0.932  0.996
3.512 0.715  0.996

T=313.15K

0.602 0.167 0955 4.874 0.780  0.995
0.970 0.253 0977  5.447 0.824  0.995
1.669 0396 0984 6.126 0.869  0.992
1.911 0.437 0987 6.417 0.888  0.990
2.454 0.521 0992 6.841 0911  0.993
2.979 0590 0993 7.584 0951  0.996
3.370 0.636  0.991 8.022 0974  0.996
3.802 0.681 0997 8.118 0974 0991
4.352 0.733  0.994

T=32315K

0.754 0.179 0976 4.894 0.713  0.990
1.090 0.248 0975 5.432 0.762  0.992
2.014 0.407 0985 6.241 0.805  0.992
2.343 0.457 0988 6.612 0.835 0.992
2.949 0.534 0988 7.128 0.857  0.992
3.487 0594 0989 7.655 0.885  0.987
3.990 0.644 0993  7.999 0910  0.987
4,547 0.694  0.991

sum considers the chain formation and the connectivity of the seg-
ments within a given component k. The background correlation
function yk, ki is given by.

Ekik
yZIY\I/cj (Ulci,lcj) = exp( kB} J) ki kj (Ula kj) (23)

where g, ; is the segment-segment dispersion energy well depth
and gi)",’c j(crk,-ykj) is the radial distribution function for the square-
well monomers at the contact distance of oy 4; and is approxi-
mated by a first-order high temperature expansion [29].

Once the Helmholtz free energy is obtained, other thermody-
namic properties, such as chemical potential and pressure can be
calculated through standard thermodynamic relationships.

4. Results and discussion

4.1. Experimental VLE data for the binary systems
CO, + HFE-449mec-f or HFE-7200

VLE data for the binary systems CO, (1) + HFE-449mec-f or
HFE-7200 (2) were measured at temperatures 303.15, 313.15, and
323.15 K. The experimental VLE data are listed in Tables 2 and 3,
respectively. Again, HFE-7200 is a binary mixture of two isomers
with mole fraction of 0.614 for CAS number 163702-06-5 and 0.386
for CAS 163702-05-4, as mentioned in the Materials section. Plots
of pressure (P) as functions of the liquid or vapor mole fraction of
CO, (x; or yq) for two systems are also presented in Figs. 3 and
4, respectively. The pressure was measured up to about 8.6 MPa
in this work. To our best knowledge, the experimental VLE data of
these systems have not been previously reported in the literature.
A comparison of Figs. 3 and 4 shows that the P-x; diagram of the
system CO, + HFE-7200, which has a higher carbon number, shifts
to higher pressures, compared to the CO, + HFE-449mec-f system.
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P/ MPa

8.0 . 0.4 0.6
CO, mole fraction

Fig. 3. Experimental VLE data for the system CO, (1) + HFE-449mec-f (2) at 303.15,
313.15, and 323.15 K. Experimental data at liquid phase; e 303.15 K; a 313.15K; W
323.15 K, vapor phase; o 303.15 K; A 313.15 K; O 323.15 K. Results obtained from
— PR EOS with vdW1 mixing rule.

P/ MPa

8.0 0.2 0.4 0.6 0.8 1.0
CO, mole fraction

Fig. 4. Experimental VLE data for the system CO, (1) + HFE-7200 (2) at 303.15,

313.15, and 323.15 K. Experimental data at liquid phase; e 303.15 K; a 313.15K; W

323.15 K, vapor phase; o 303.15 K; A 313.15 K; O 323.15 K. Results obtained from
— PR EOS with vdW1 mixing rule.

Table 4

Table 3

Experimental isothermal VLE data for the system CO, (1) + HFE-
7200 (2) at temperatures (T) 303.15, 313.15, and 323.15 K. Pressure
(P), liquid mole fraction (x;), and vapor mole fraction (y;). Standard
uncertainties, u, are u(T) = 0.1 K, u(P) = 0.03 MPa, u(x;) = 0.007,
and u(y;) = 0.007. HFE-7200 is a binary mixture of two isomers
with mole fraction of 0.614 for CAS number 163702-06-5 and 0.386
for CAS 163702-05-4, with a standard uncertainty u(x) = 0.01.

P (MPa) X1 V1 P (MPa) x; V1

T =303.15K

0.550 0.133 0965 4.020 0.699  0.993
1.057 0.244 0982  4.460 0.751 0.994
1.493 0.325 0988 5.056 0.817  0.995
2.074 0.426 0990 5.565 0.871  0.995
2.549 0501 0992 5.722 0.887  0.995
3.065 0.577 0992 6.110 0.923  0.996
3.499 0.634  0.993

T=31315K

0.546 0.114 0959 4.001 0.623  0.993
1.027 0208 0975 4.522 0.677  0.993
1.529 0.293 0983  5.000 0.725  0.993
1.977 0365 0986  5.520 0.774  0.991
2.424 0429 0989 6.003 0.819  0.989
3.033 0509 0989 6.562 0.861  0.992
3.497 0.567  0.992

T=32315K

1.032 0.195 0973 5.019 0.681  0.994
1.507 0.272 0988 5.489 0.722  0.996
1.922 0340  0.991 5.941 0.763  0.992
2.500 0424 0983 6.577 0.801  0.998
3.020 0.478 0992  7.063 0.841  0.999
3.522 0539 0990 7.505 0.875  0.994
3.996 0.583 0994 8.063 0.901  0.997
4.471 0.634 0995 8.603 0933  0.992

4.2. Correlation

The determined parameters in both mixing rules along with
the percentage average relative deviations of the experimental and
calculated P, |AP/P|ay, and the average absolute deviations of the
experimental and calculated yq, |Ay1lav., are provided in Table 5.
These parameters were determined per system and are tempera-
ture independent. The vdW1 mixing rule gave |AP/P|a.x100 and
|Ay1lav. of less than 2.9% and 0.017, respectively for each dataset,
whilst using the WS-NRTL mixing rule resulted in values of 3.1%
and 0.012. Thus, both models show reasonable correlation of the
results at all temperatures investigated. Figs. 5 and 6 shows the
relative deviations between the experimental and calculated P de-
fined as (Pexptl. — Peatcd.)/Pexptt. x 100 (%), and the absolute devia-
tion between the experimental and calculated y; defined as y; expy,
- Yicaled» as a function of liquid phase CO, mole fraction, x; in
the systems CO, + HFE-449mec-f and CO, + HFE-7200, respec-
tively. The values of (Pexpy. — Pealed.)/Pexprl. % 100 (%) and yqexpu, -
Yicaled, Were generally within the uncertainties of the experimental
pressure and vapor-phase mole fraction for both models; however,
higher values were detected in some data of both systems, espe-

Critical temperature, T, critical pressure, P, acentric factor, @, and Antoine constants, A, B, C values

for the pure components.

Component T (K) P. (MPa) o Antoine A ¢  Antoine B®  Antoine C?
CO, 304.12> 7374° 0.225 P

HFE-449mec-f 47574 ¢ 2233 ¢ 0.529 ¢ 6.08992 © 1126.735 © -69.161 ©
HFE-7200 483.00°  2.007 f 0464 ¢ 6.19053 f 1243.910 f -52.285 f

2 log (P*/kPa) = A — B/[(T/K) +C].
b Poling et al. [11].
¢ Yasumoto et al. [3].

d Estimated by the definition of acentric factor: @ = —log(Pf)1,_o7 — 1, which P is P} /P..

¢ Tochigi et al. [42].
f Dortmund Data Bank 2019 [43].
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Table 5

Parameters and deviations between the calculated and experimental pressures (JAP/P|)* and vapor phase mole fractions
(|Ay1])P, for the PR EOS combined with the vdW1 and WS-NRTL mixing rules and for the GC-SAFT-VR EOS both with and
without the adjusted CO,-CF, cross-interaction for the systems CO, (1) + HFE-449mec-f (2) and CO, (1) + HFE-7200 (2).

CO, (1) + HFE-449mec-f (2)

€O, (1) + HFE-7200 (2)

303.15 K 31315 K 32315 K 30315 K 31315 K 32315 K
Parameters of vdW1 mixing rule

ki, = -0.0516, l;; = 0.0436 ki = 0.0322, l;; = 0.0430
|AP[P]ay, x 100 (%) 0.6 0.6 1.5 1.6 2.2 2.9
[Ay1lav. 0.005 0.004 0.009 0.001 0.005 0.017

Parameters of WS-NRTL mixing rule

£12 - 822 (J mol!) = 1604.893, g21 - g

(J mol-1) = -2039.110
ki = 0.4839, aryp = 0.3

|AP[P|ay, x 100 (%) 0.5 0.6
[AY1lav. 0.005 0.004
GC-SAFT-VR

|AP/P|ay, x 100 (%) 0.08 0.08
[Ay1lav. 0.007 0.014
GC-SAFT-VR with adjusted CO,-CF, cross-interaction
|AP/P|ay, x 100 (%) 0.09 0.07
[Ay1lav. 0.044 0.046

g12 - &2 (J mol~") = 5130.300, g21 - gn
(J mol-1) = -2325.171
kiz = 0.5940, oy, = 0.3

1.2 1.9 2.0 3.1
0.009 0.001 0.004 0.012
0.09 0.07 0.10 0.07
0.017 0.094 0.100 0.065
0.09 0.08 0.09 0.08
0.053 0.007 0.008 0.034

3| AP/Play. x 100 = (100/NDP) 337 | (Pexput. — Peatcd. )/ Pexprt. Ik

P|AY1 |av. = YR2 1Y1.exptl. — Y1.calcd. |k/NDP, where NDP is the number of data points.
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Fig. 5. Relative deviations between the experimental and calculated results vs. CO, mole fraction for the system CO, (1) + HFE-449mec-f (2). PR EOS with vdW1 mixing
rule at  303.15 K; A 313.15 K; M 323.15 K. PR EOS with WS-NRTL mixing rule at o 303.15 K; A 313.15 K; O 323.15 K. (a) (Pexpu. — Peaicd.)/Pexpri. X 100 (%) and (b) Yy exp. -

Y1caled.-

cially at temperature 323.15 K. The results of calculations using the
vdW1 and WS-NRTL mixing rules are summarized graphically in
Figs. 3 and 4.

4.3. Prediction using the GC-SAFT-VR

As shown in Fig. 1, where each functional group is circled, HFE-
449mec-f and HFE-7200 are both composed of CF3, CF,, CHF, CH3,
and ether CH,0 groups. The parameters for these functional groups
were taken from previous work [5,28,30] and reported for com-
pleteness in Tables 6-8. Since CO, is a small molecule, it is not
broken up into individual groups and represented by the SAFT-VR
parameters proposed by Ramos et al. [46] as reported in Tables
6-8. Using these parameters, an average absolute deviation in the
pressure (|AP/P|ay, %) for pure HFE-7200 of 2.02% and 19.35% for

Table 6

GC-SAFT-VR parameters for the segment size,
o, and number, m, parameters for each of the
groups studied.

Groups o (A) m;

CO, 2.774 2.000
CF3 4.618 0.685
CF, 4.345 0.370
OCH, (ether) 3.124 1.000
CHF 3.962 0.548
CH; 3.737 0.667

pure HFE-449mec-f compared to experimental data [3]| are ob-
tained. Likely, the high |AP/P|y, % value for pure HFE-449mec-f
is due to the additional CF; functional group present in the HFE-
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Fig. 6. Relative deviations between the experimental and calculated results vs. CO, mole fraction for the system CO, (1) + HFE-7200 (2). PR EOS with vdW1 mixing rule at
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Fig. 7. Px slices of (a) CO, (1) + HFE-449mec-f (2) and (b) CO, (1) + HFE-7200 (2) at constant temperatures of 303.15, 313.15, and 323.15 K. Solid lines correspond to
predictions from the GC-SAFT-VR approach. Points correspond to experimental data presented here at liquid phase: e 303.15 K, a 313.15 K, W 323.15 K, and vapor phase: o

303.15 K, A 313.15 K, O 323.15 K.

449mec-f molecule, instead of the smaller CH3 functional group in
HFE-7200. In Fig. 7 (a) and (b) respectively the constant tempera-
ture predictions of the CO, + HFE-449mec-f and CO, + HFE-7200
phase diagrams at 303.15, 313.15, and 323.15 K are shown. From
the figures, it can be seen that the predictions are in good agree-
ment with the experimental data, specifically for the CO, + HFE-
449mec-f mixture (Fig. 7(a)). In order to quantitatively compare
the experimental mixture data to the GC-SAFT-VR predictions, the
average absolute deviation in the vapor phase mole fraction of CO,
(]Ayqlav.) are reported in Table 5 along with the |AP/P|yy % val-
ues for the mixtures at 303.15, 313.15, 323.15 K. The |Ayq]av. val-
ues are averaged across the 3 examined temperatures and devia-

tions of 0.012 and 0.086 are obtained for the CO, + HFE-449mec-
f and CO, + HFE-7200 systems, respectively. We note that this
fit is purely predictive, since all parameters were obtained from
a fit to pure component data, which is one of the advantages of
using a group-contribution based SAFT approach. However, since
the molecule set used to determine the interactions in fluorinated
ether systems in the work of Haley et al. [5] was small, the use
of an adjusted cross interaction between CO, and the CF, group
was investigated to see if a better prediction of the CO, + HFE-
7200 mixture could be obtained. The optimized cross interaction
was fitted to the CO, + HFE-7200 system at 303.15 K and is re-
ported in reported in Tables 7 and 8. Although, the adjustment of
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Fig. 8. Px slices of (a) CO, (1) + HFE-449mec-f (2) and (b) CO, (1) + HFE-7200 (2) at constant temperatures of 303.15, 313.15, and 323.15 K with a binary interaction
parameter between CO, and CF,. Solid lines correspond to predictions from the GC-SAFT-VR approach. Points correspond to experimental data presented here at liquid
phase: e 303.15 K, a 313.15 K, W 323.15 K, and vapor phase: o 303.15 K, A 313.15 K, OJ 323.15 K.

Table 7
GC-SAFT-VR segment-segment dispersion energy range parameters Ay; ;.

o, CF; CF, OCH, (ether) CHF  CHj
o, 1527 1398 1597 1613 1425  1.507
CFs 1398 1321 1476 1470 1336 1.398
CF, 1597 1476 1.641 1.694 1504 1572
OCH, (ether) 1.613 1470 1.694  1.690 1.502  1.582
CHF 1425 1336 1504 1502 1354 -
CH; 1507 1398 1572 1.582 - 1.492

Note that these parameters differ from Haley et al. [5] due to a table misprint.

this cross interaction away from the Lorentz-Berthelot value has
a minimal effect on the CO, + HFE-449mec-f mixture (|Ayq|av. of
0.012 to 0.047), as shown in Fig. 8 (a), it significantly improves the
agreement with experimental data for the CO, + HFE-7200 sys-
tem (|Ayqlav. of 0.086 to 0.016) as can be seen in Fig. 8 (b) and
reported in Table 5. Note that the cross interaction between CO,
and CF, was fitted using the |Ayq|av. values because of the small
to nonexistent changes in the |AP/P|ay % values.

Finally, the p,T projection of the fluid phase diagram was pre-
dicted for both mixtures with the parameter set that includes the
optimized CO,-CF, cross interaction and can be seen in Fig. 9. As
can be seen from the figure type I phase behavior is found accord-
ing to the scheme of Scott and van Konynenburg [47]. We note that
both sets of parameters, i.e., with and without the adjusted CO,-
CF, cross interaction yield very similar phase diagrams. The GC-

P/ MPa

550

T/K

Fig. 9. Projected pressure-temperature diagram of HFE-449mec-f + CO, (---) and
HFE-7200 + CO; (---) where the dotted lines represent the GC-SAFT-VR predicted
critical line of both the mixtures utilizing the CO,-CF, binary interaction parameter,
the experimental data [3,48] for the pure components are shown as open symbols
for CO, (o), HFE-449mec-f (¢), and HFE-7200 (OJ), and the solid lines are the GC-
SAFT-VR predictions for the pure components presented here.

SAFT-VR approach, like all analytical equations of state, over pre-
dicts the critical point [49-52] and so the predicted critical line is
likely somewhat higher than the experimental values; however, we
anticipate the type of phase diagram to be unaffected.

Table 8
GC-SAFT-VR segment-segment dispersion energy well depth parameters &y | kg (K).
CO, CF;3 CF, OCH, (ether)  CHF CH3

CO, 17932 237.87 16245 179.79 287.82  204.95
CF3 237.87 31556  262.81 238.50 381.81 271.88
CF, 162.45 262.81 218.87 158.91 317.99  226.43
OCH, (ether) 179.79 238,50  158.91 180.27 288.58  205.49
CHF 287.82  381.81 317.99  288.58 46198 -
CHs 204.95 271.88 22643  205.49 - 234.25

Note that these parameters differ from Haley et al. [5] due to a table misprint.
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5. Conclusions

The experimental VLE data were obtained for two binary sys-
tems CO, + HFE-449mec-f or HFE-7200 at temperatures 303.15,
313.15, and 323.15 K and at pressure up to 9.0 MPa. This study fur-
thers our understanding of these refrigerant mixtures as no exper-
imental data were previously available for these two binary sys-
tems. The experimental VLE data were well correlated by the PR
EOS with the vdW1land WS-NRTL mixing rules. These models pro-
vide reasonable agreements with the experimental data. The GC-
SAFT-VR approach was also found to be able to correctly predict
the phase behavior of the CO, + HFE binary mixtures. Due to the
molecular polarity of the HFEs studied, optimization of the cross
interaction between CO, and CF, was found to allow for better
representation of the phase behavior than using Lorentz-Berthelot
combining rules alone. Utilizing the fitted cross interaction the full
phase diagram of the CO, + HFE-449mec-f and CO, + HFE-7200
systems was also predicted and type 1 phase behavior observed.
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