mental data. Variations within the cell were = 0.2°F.
during circulation and * 2 lb./sq.in.abs. during circula-
tion, settling, and sampling.
Materials Used

The methane and n-hexane were of research grade with
stated purity of 99.9%. The nitrogen was dry research
grade with a purity of 99.85%. Independent analyses on
the mass spectrometer and the gas chromatograph con-
firmed these purities.
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Correlations of Selectivity Parameters

for Separations Extractions of

Hydrocarbons with Fluorochemicals

M. S. B. MUNSON

Esso Research ond Engineering Company, Baytown, Texas

The equation in Bla = ela x:2/T adequately represents the variation of the separation
factors for the extraction of hydrocarbon mixtures with fluorochemicals. The selectivity
parameter elp is a measure of the selectivity of a solvent for hydrocarbons 1 and 2 which
is independent of the experimental conditions. With a given solvent it is possible to develop
a correlation between ;¢ for pairs of hydrocarbons and the heats of vaporization of these
hydrocarbons. A group contributions method is also successful in correlating the selectivity
parameters. The three fluorochemicals in these experiments, (C4Fg)3N, C;Fi4, ond CgFyO,
had essentially the same selectivity for hydrocarbon separation which one would expect

on the basis of their essentially identical solubility parameters.

If we consider that, at equilibrium between two phases
of a multicomponent system, the activity of each compo-
nent must be the same in both phases, then, by definition

A1y = XayY; = Qu == XY (1)

For the two compounds to be separable by liquid-liquid
extraction, the ratios of the distribution coefficients for the
two compounds between the two phases must be different
than unity.

(xu/xu)/<xm/xzj) = le =1 (2)

For convenience we may say that in order to extract com-
ponent 1 from component 2, with a given solvent,
B > 1. This quantity 8 is sometimes called the selectiv-
ity (16), but it seems somewhat better to refer to the
quantity In 8 (or log B8) as the selectivity (1), since with
this definition a nonselective solvent has a selectivity of
zero rather than one.

Substituting the first set of equations into the definition
of the separation factor 8 one obtains

/321 = (xu/xu)/ (x2i/x2_1) = ('}’u/')’u) / (’}’21/')'%) (3)

Here g is defined in terms of the activity coefficients of
the two compounds to be separated in the two phases. If
one considers the extraction of a mixture of hydrocarbons
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with a solvent, one phase b will be predominantly hydro-
carbon and the other a will be predominantly solvent. To
a reasonable approximation hydrocarbons form ideal mix-
tures and the activity coeflicients of the hydrocarbons 1
and 2 in the predominantly hydrocarbon phase b, v, and
ye» will be of the order of unity, as will be their ratio.
This ratio also will be an insensitive function of the con-
centration of the solvent in the predominantly hydrocar-
bon phase b, so that

B == 1/ (ysa/v0) (4)

That is, the separation factor is the inverse ratio of the
activity coeflicients of the two components to be sepa-
rated in the predominantly solvent phase a.

Many equations can express the dependence of activ-
ity coefficients on concentration of single-phase binary
mixtures; they are generally of the form

T In vy = Ayx’,F (%, ) (5)

although the temperature is not always explicity given.
The lowest power of the concentration which can occur
and satisfy the Gibbs-Duhem equation is #* (9) and this
term is the only one occurring in the “zeroth approxima-
tion” of Guggenheim (8) for which random mixing is
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assumed, even with a nonzero energy of mixing. In the
“quasichemical” treatment, which is a somewhat more
complicated treatment involving only a single energy
interaction term but no longer assuming complete ran-
domness, a power series in mole fraction results (8).
Further, if one considers the deviations from ideality to
be due to association or complexes, then In g is expressed
as another power series in mole fractions involving these
association complex equilibrium constants (9). In general,
however, no precise physical significance can be attached
to these coefficients in F(concentration), and the form
and number of terms are determined by the presumed
accuracy of the data.

For weakly interacting hydrocarbon-solvent systems
one may reasonably expect that the activity coefficients of
the hydrocarbons in the predominantly solvent phase @,
and hence the selectivity, are determined primarily by
the total concentration of hydrocarbons in phase a and to
a much smaller extent by the distribution of hydrocarbon
components. In an analogy to Equation (5), one would
then postulate for a multicomponent system of hydrocar-
bons and solvent that

Tl (‘)’aa/’)’la) =T In B' = &' (1 — xuc)*F (Xu¢, 1 — %uc)
= €21x32F(x5, xug) (6)

in which &' is the selectivity parameter, a constant de-
pending only upon the two compounds being separated
and the solvent, and F(x,, xxc) is some function of the
solvent concentration and total hydrocarbon concentra-
tion.

The simplest equation which one might expect to be a
reasonable fit to the relatively imprecise selectivity data is

In B! = &%.*/T (7)

This equation contains one parameter e, which depends
on the two components to be separated and the solvent.
It would be a good measure of the selectivity of the sol-
vent for that pair of compounds and one which is inde-
pendent of the experimental conditions. The equation is
not valid over the entire two-phase region, since it does
not vanish at the critical point of the mixture. This error,
however, would not be serious except very near the mis-
cibility temperature.

Theories of solutions are not sufficiently advanced at
present to enable one to calculate ratios of activity co-
efficients precisely from first principles. Furthermore, the
equation determining the selectivity parameter ¢,* (which
will be shown later to represent the data adequately) is
probably satisfactory because of several compensating
errors and is not directly calculable from any present solu-
tion theory. The requirement that Equation (7) be ade-
quate to express the selectivity data is the ill-defined one
that the two activity coefficients be expressible as similar,
although arbitrary, functions of concentration and tem-
perature. However, for “chemically similar compounds™
one can expect a correlation for e values in the same
solvent with properties of the compounds i and j.

The Hildebrand-Scatchard (9) theory of solutions is
sufficiently inclusive to give a correct qualitative descrip-
tion of many nonideal solutions, even though the assump-
tions and approximations made in the development of the
theory cannot be correct. It has the further advantage of
a simple form of the equation for the activity coefficients
in binary mixtures, which uses only two parameters, §
and V. The limiting ratio of the activity coefficients of
two compounds in homogenecus solution in a solvent at
zero concentration of these compounds is given by (9)
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RT III(')’l;/’}’z]) = V1(81 - 85)2_ V2(82 - 8-‘)2

Xix; > 0
xs—> 1

= VJ[(81—82> (81""‘82—28@) +P(81—33)2] ERG; (8)

To the extent that (7) holds and the Hildebrand-Scatch-
ard theory is adequate to describe the systems, there
should be a rough correlation between &' and (8, — &)
which should be influenced by appreciable differences in
molar volumes of the two compounds.

Other efforts have been made to generalize extraction
data or correlate activity coefficients with solution theories.
Alders (1) mentioned the quantity “selective power,”
defined as the separation factor divided by the difference
in solvent mole fractions in the extract and raffinate phase.
For n-heptane-aniline—toluene systems he showed that
the selective power thus defined is reasonably constant
over the two-phase area. He also noted that the selective
power generally increases as the temperature decreases.

Several years ago, Francis (7) discussed the selectivi-
ties of an extensive series of hydrocarbons in terms of
differences in critical solution temperatures with the sol-
vents. He did not, however, make a comparison of an ex-
perimental selectivity with his correlation.

In the past several years workers from the Shell Devel-
opment Laboratories have studied activity coefficients for
many hydrocarbons and related compounds in solvents
and have developed correlations for the limiting values of
activity coefficients in terms of contributions of different
interacting structural groups of the molecules (2, 5, 6, 11,
12, 14, 17). Prausnitz and Anderson (13) have treated
solvent selectivity for extractive distillation by a modi-
fication of Hildebrand-Scatchard solution theory, which
includes specific solvent-hydrocarbon complexes.

This paper is a study of the selectivities of certain
fluorochemicals for separations of several hydrocarbons
and an interpretation of these selectivities in terms of
properties of the separate components. Fluorochemicals
were chosen for these experiments, since fluorochemical-
hydrocarbon mixtures provide examples of highly non-
ideal solutions without involving strong complexing be-
tween solvent and solute.

EXPERIMENTAL

Approximately equal volumes of the hydrocarbon mixture
and fluorochemical were placed in a flask equipped with stop-
cocks through which samples of both layers could be with-
drawn with a syringe. Two liquid phases were stirred for
about 15 to 30 min. to insure equilibrium and then allowed
to settle for 5 to 10 min. to be reasonably certain that complete
separation had been attained. The temperature was maintained
constant within = 0.1°C. during these operations. Samples
of each phase were transferred to small vials sealed with
rubber serum caps to prevent loss by vaporization. The
samples were analyzed by gas chromatography within about
1 hr. after transference since it was observed that even in
the closed vials loss of hydrocarbon from the fluorochemical
phase occurred after a few hours. The gas chromatography
column was frequently calibrated with different blends of
fluorochemical and hydrocarbon mistures in the concentration
range of the samples to be analyzed. Good reproducibility in
introducing the samples was obtained by using the Chaney
adaptation of the Hamilton Micro-syringe.

Phillips Pure or Research grade hydrocarbons were used.
The fluorochemicals were a perfluoro cyclic ether, CsF.O
(purity estimated at 92% by gas chromatography); a fluori-
nated amine, (C.Fo)sN (purity estimated at 95% by gas
chromatography) from the Minnesota Mining and Manufactur-
ing Company; and a sample of perfluoromethyl cyclohexane
(~80%) from the Halocarbon Products Corporation. These
fluorochemicals were purified by refluxing with concentrated
H.SO. + K.Cr.O: to remove any hydrogen containing im-
purities and then distilled very carefully.
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DATA AND RESULTS

Table 1 shows representative data for the extraction of
a mixture of 2,3-dimethyl butane (2,3DMB) and n-hex-
ane (n — C,) with CF,0. The concentration of fluoro-
chemical in the predominantly hydrocarbon phase was less
than 3 mole percent. Fluorochemical-hydrocarbon systems
have very unsymmetrical two-phase envelopes when ex-
pressed in terms of mole fraction (10). B.., is the experi-
mental separation factor determined from the ratios of
the concentrations of the two compounds in the two
phases (2). The values of € are calculated from Equation
(7); the average deviation of the values for e in Table 1
is 2%, and the average deviations for practically all pairs
of compounds were less than 10%. The values of Beaic
are calculated with the average value of ¢; the agreement
of the experimental values of the separation factors, which
are probably good to within a few percent, and those cal-
culated from the equation with the average value of ¢, is
good. Similar experiments were performed for several
binary hydrocarbon mixtures. The accuracy of the meas-
urements never warranted any more terms in the equation.

It is apparent from Equation (7) that the major por-
tion of the variation of separation factor with temperature
of extraction is the result of the change of the concentra-
tion of the hydrocarbons in the solvent phase, since the
temperature coefficient for B at constant composition is
0.2%/°K. atx, = 1 and 0.1%/°K. at x, = 0.7.

Table 2 lists ¢;° values for a few pairs of hydrocarbons
determined with this solvent. The abbreviations are il-
lustrated by (1) cyclohexane-benzene, (2) 2,2,4-tri-
methylpentane-n-octane, and (9) n-heptane-methylcyclo-
hexane. One may obtain an internal consistency check on
the data, since ¢," = ¢, — ¢,” and €' = — €':

2,2,4TMP 2,2,4TMP
€2,3,4TMPF — €p-cs

2,3,4TMP
— €a-Cs

=209 — 146 =638 (9)

This value is to be compared with the experimental value
of 65 + 2; and (9) should equal (8) minus (7). The
agreement is good for these and all of the other checks
for data not presented in Table 2.

Extractions of mixtures of four hexanes: 2,2-dimethyl-
butane (2,2DMB), 2 3-dimethylbutane (2,3DMB), 8-
methylpentane (3MP), and n-hexane (nC6), gave values
for the respective ¢,’s which were always within the ex-
perimental error of the values determined for binary pairs.
This observation verifies the earlier supposition that the
selectivity is relatively insensitive to the distribution of
hydrocarbons in the solvent phase and is determined pri-
marily by the total hydrocarbon concentration in the sol-
vent phase. The ¢’ values for each pair of hydrocarbons
were the same whether determined by extraction of a
binary or multicomponent mixture.

Also shown in Table 2 are the values of ¢’ calculated
from Equation (8) with 8, = 5.9. The agreement is only
to the order of magnitude, but this is the best agreement

TaBLE 1. ExTRACTION OF 50 WEIGHT PERCENT 2,3DMB
AND 50 WEIGHT PERCENT nCs WrtH CoF1s0

t, °C. Xue Bexp € Beatc
—50.5 0.061 1.51 105 1.51
—40.7 0.084 1.45 104 1.46
—29.7 0.113 141 105 1.40
—184 0.187 1.34 108 1.33

—9.1 0.228 1.28 107 1.26

+1.3 0.203 1.20 i 99 1.21

104 =+ 2 (average
deviation)
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TABLE 2. SELECTIVITY PARAMETERS FROM
ExTrACTIONS WITH CsF160

+

€;
Calc. Group AHy,; —
Exp. (8) contr. 8;—8: AHv. P
CBHI12 .
1 GoHe 114=3 268 — 096 195 —0.178
2 2,gé4TMP 209+9 153 185 0.70 1519 —0.025
n
3 2’3,84TMP 1466 74 141 0.29 903 4-0.024
T
2,2,4TMP _
4 oSyrwp 65E2 79 4 041 616 0.038
2,3DMB — 016 275 —0.005
5 200 46+3 22
6 22DMB 4449 30 — 096 343 —0.019
2.3DMB
7 %g‘TMP 1102 113 78 058 339 —0.112
g8 224TMP 93,3 213 95 0.97 55 —0.227
MCH
9 nCT7 _ — 039 —284 —0.130
iyl 17+3 94 0
10 nC8 107+3 115 — 010 1184 -4+0.099
nC9

which can be expected if one considers the approximations
which were used in developing both Equations (7) and
(8). Furthermore, since the solubility parameter theory
does not adequately represent binary mixtures of fluoro-
chemicals and hydrocarbons (9, 15), one would hardly
expect it to give an accurate quantitative representation
of these two-phase multicomponent mixtures. However,
the theory is qualitatively correct and the heats of vapori-
zation and molar volumes arg acceptable, although in-
direct, measures of molecular size and interactions. Thus,
with this theory as a guide, an empirical correlation
should be obtained between these selectivity parameters
for pairs of hydrocarbons and differences in these physical
properties of the pair.

For these data a plot of ¢ vs. §; — 8, gave a reason-
ably straight line, but a slightly better fit to the data was
given by a plot of ¢,* against the differences in heats of

250

50

L]

500 1000 1500
AHVJ - AH\,;;' cal/mole

Fig. 1. The energy parameter ;¢ for o pair of

hydrocarbons from extraction with CgFig0O vs.

difference in heat of vaporization for the
same pair,
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vaporization (Figure 1). The points and (I), which
are well off the line, refer to mixtures of unequal volumes
and are not expected to fit this simple picture. The effect
of the differences in volume is consistent, since for the
points V; > V. and for the points V,; < V.. The
equation

' = 0.142 (AH,, — AH.,) — 250 p (10)

fits the complete set of data with an average deviation of
= I7°K. for ¢, and gives the wrong sign for only one
pair: paraxylene (PX) and ethylbenzene (EB).

For extractions of mixtures of 2,3 dimethylbutane, n-
hexane, and benzene at constant temperature, there is

perhaps a slight increase in e with increasing con-
centration of benzene in the hydrocarbon phase. The
total concentration of hydrocarbon in the predominantly
fluorochemical phase decreases markedly with increasing
benzene concentration in the hydrocarbon phase, since
benzene is much less soluble in fluorochemicals than the

hexanes. This apparent increase of 7% in e e = with an
increase in benzene concentration from 50 to 90 weight
percent is approximately the same as the experimental
error. One may consider this value as being constant and
further confirmation of Equation (7). However, this in-
crease, if real, is what one would expect on the qualitative
basis of the Hildebrand-Scatchard theory, since in ben-
zene ysooms should be greater than y.c.. B is given prop-
erly by Equation (3) rather than (4), so that one would
expect 8 and e to be greater in this case when the effects
of nonideality in the hydrocarbon phase are greater. The
extension of this to two-solvent extraction is obvious.

Since a “group contributions” method is successful in
handling thermodynamic data for pure compounds and
has been used for some simple mixtures (4), one might
expect a similar method to be useful to correlate selectiv-
ity parameters. For the separation of 2,2-dimethylbutane
from 2,3-dimethylbutane, the difference in structural
groups is

2,2DMB = 4CH, 4+ 1CH. + 0CH + 1C
2,3DMB = 4CH, + 0CH. + 2CH + 0C
= 0CH, 4 1CH. — 2CH + 1C (11)

2,2DMB

which corresponds to espuz = CH, — 2CH + C = 44,
By choosing appropriate pairs of hydrocarbons one can
determine contributions to ¢! for each structural group.
The values calculated by a group contributions method
are also shown in Table 2. The pairs for which no values
are shown were the basis set used to determine the val-
ues for each structural group. The agreement is fair. Since
this method of calculation does not require a knowledge
of any physical properties of the hydrocarbons, it would
be useful for high molecular weight compounds for which
reliable data are not available; but one would expect a
somewhat lower accuracy for this correlation than the
previous one, as well as slight differences depending on

the choice of structural groups. With these choices, ems
should be zero and the experimental value only 10.

It is sometimes more convenient to use volume frac-
tions than mole fractions in discussing solutions and the
Hildebrand-Scatchard treatment itself uses volume frac-
tions (9). All these selectivity data may be calculated in
terms of volume fractions instead of mole fractions by
use of the equation,

Thg'=e02/T (12)

instead of Equation (7). The data can be satisfied equally
well by (7) or (12) and the average deviations of the

Vol. 11, No. 5

A.1.Ch.E. Journal

TABLE 3. SELECTIVITY PARAMETERS FOR
oTHER FLUOROCHEMICALS

(CLFQ):iN CUFIICFS
2:24TMP 934 + 4 955 = 15
nCs
«23,4TMP 163 + 4 168 = 13
$3
9,9 4TMP
€2,3 4TMP 71+3 86+3
2.3 DMB
25 198 + 9 115+ 4
2,3DMB
23D 51+ 11 48 x 1
2.9DMB 46 + 3
e2,3DMB 47 + 6 *

¢, values are about the same. A similar correlation to that
shown in Figure 1 holds for these data as well.

In order to determine which is the more selective sol-
vent, one should compare ¢,* values for a given separat.ion,
or better, for several pairs. Table 3 shows this comparison
for two other fluorochemicals. All three of these ﬂuorq-
chemicals have essentially the same selectivity. This simi-
larity is to be expected, since the basic properties of the
amine and heterocyclic oxygen are drastically reduced in
the fully fluorinated compounds compared to their hydro-
gen analogs and all of these fluorochemicals should show
essentially only a fluorocarbon-hydrocarbon interaction.
The solubility parameters of these compounds are about
the same and they each show the same “anomalous be-
havior” with regard to hydrocarbons that is characteristic
of other fluorocarbons (15), so that one should not expect
appreciable differences in selectivity parameters for these
fluorochemicals.

CONCLUSIONS

This equation for the separation factor, (7), may be
used generally for interpolating and extrapolating extrac-
tion data, since most liquid-liquid extraction solvents for
hydrocarbon separations involve only relatively weak com-
plexes. The actual representation of the data for a particu-
lar system cannot be assumed without experiment, how-
ever, because the conditions of applicability are not well
defined. As illustrations of the applicability of (7) to
other systems, two sets of data were taken. The isother-
mal data on the separation of styrene from ethylbenzene
with diethylene glycol (8) give a selectivity parameter
which is constant within 6%. The limiting ratios of activ-
ity coefficients of benzene and hexane, which are reason-
able approximations to selectivity parameters, in several
solvents at 25, 60, and 100°C., give selectivity param-
eters which are constant within 109 or better (6). The
correlation of selectivity parameters with differences in
heats of vaporization, which is sufficient to represent the
data for the noncomplexing fluorochemical-hydrocarbon
systems, would probably not hold for systems in which
there is strong hydrogen bonding.
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NOTATION
a.; =activity of component i in phase j

k() =distribution coefficient for component i between
phases m and n, = Xim/%ix

R  =molar gas constant
T  =temperature in °K.
V. =molar volume of component i
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Xue,Pne = total mole fraction or volume fraction of hydro-
carbon in the predominantly solvent phase, @

x:; =mole fraction of component ¢ in phase

x,,®, =mole fraction or volume fraction of the solvent in
the predominantly solvent phase, a

Greek Letters

B;' =separation factor for components i and j with sol-
vent
yi; ==activity coeflicient of component i in phase j

AH, ; =molar heat of vaporization of component i
8,8, =solubility parameter of component i or solvent
=[(AH, — RT)/V]*

¢;' =selectivity parameter for the separation of com-
ponents ¢ and § with a solvent
P =(V,/V:) —1
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Isothermal Activity Coefficients for the

System Cyclohexane— n -Heptane— Toluene

at 25C.

TAKASHI KATAYAMA, EDMOND K. SUNG, and EDWIN N. LIGHTFOOT

University of Wisconsin, Madison, Wisconsin

Isothermal vapor-liquid equilibrium data at 25°C. are presented for the ternary and
binary systems containing cyclohexane, n-heptane, and toluene. These data were obtained by
static equilibration in the presence of diluent nitrogen by chromatographic analysis of the
‘saturated vapor. The data obtained were of at least comparable accuracy to those available
at the normal boiling point, and the procedure appears to offer several substantial advantages.
Neither a priori prediction of activity coefficients from regular solution theory nor extrapola-
tion of data taken at the normal boiling point is a satisfactory substitute for the iso-

thermal data.

Isothermal vapor-liquid equilibrium data are presented
for the system cyclohexane-n-heptane—toluene at 25°C.
These data were obtained by analysis of vapors in equi-
librium with a liquid of known composition, and were cor-
related by the Redlich-Kister equations. The liquid and
vapor were equilibrated by a static method and the vapor
was analyzed by gas chromatography. Success in the chro-
matographic analysis permitted use of the simple and re-
liable static equilibration method as opposed to the more
common dynamic methods.

Dynamie, or circulating, stills have been used widely,
primarily because they provide large amounts of con-

Takashi Katayama is at Kyoto University, Kyoto, Japan. Edmond
K. Sung is with Dow Chemical Company, Midland, Michigan.
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densed vapor for analysis. However, these stills are diffi-
cult to construct, require highly skilled operators, and are
subject to several systematic errors resulting from: (1)
imperfect mixing of the boiling liquid; (2) entrainment
(this is particularly serious at low gas density where en-
trainment has a greater effect and where bumping is
likely); and (3) undue enrichment of the condensing
vapor. In addition it is more difficult to obtain isothermal
data than isobaric in this type of equipment.

The vapor chromatograph operated successfully with
relatively small uncondensed gas samples (25 ml.) and
thus permitted use of the static technique even at the low
vapor pressures encountered in this work. In addition, use
of nitrogen as an insoluble diluent permitted operation at

September, 1965



