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Figure 1. Critical curves of binary refrigerant mixtures.

surements cover densities from 265 to 1199 kg/m?. The 144
PVTx data along 10 isochores, including 79 data in the vapor-
liquid two-phase region are tabulated in Table I.

Discussion

The detailed examination and discussion of the dew- and
bubble-point curves of this R 1156 + R 114 system have been
described in another paper (77). In this report we discuss the
comparison of this system with other refrigerant mixtures that
have also been reported by the present authors (3-7).

For the purpose of comparing some typical thermodynamic
behaviors for the R 115 + R 114 system with those of the four
refrigerant mixtures that we have measured previously, i.e., R
12+ R22(3),R22 +R 114 (4), R 13B1 + R 114 (§), and
R 152a + R 114 (6, 7), we have prepared Figure 1. Although
the critical curves usually bend near the critical points of polar
substances, as discussed in ref 7, we do not find such behavior
for the present R 115 + R 114 system. We found that the
behavior of the present mixture is similar to that of the system
R 1381 + R 114. Both critical curves have a tendency to be
convex to the high-pressure side. The mixture of R 13B1 +
R 114 is unique in the sense that its components have a large
difference in the critical temperature (about 80 K) and a small

difference in critical pressure (about 0.70 MPa). For the present
mixture, the difference in the critical temperature of the com-
ponents is also large (about 60 K), and in the critical pressure
the difference is similarly small (about 0.14 MPa). Thus, the
behavior of thermodynamic properties for binary refrigerant
mixtures may depend rather heavily on the differences in the
critical parameters of their respective components. This should
be subjected to more detailed discussion with further accumu-
lation of additional data.
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Correlation of the Phase Equilibrium Data for the
Heptane-Toluene—Sulfolane and Heptane—Xylene—Sulfolane Systems

George W. Cassell,” Mohamed M. Hassan, and Anthony L. Hines*
Deapartment of Chemical Engineering, University of Missouri— Coiumbia, Columbia, Missouri 65211

Liquid-liquid equilibrium data were measured for the
heptane—toluene-sulfolane system at 25 °C and for the
heptane—xylene—sulfolane system at 17, 25, and 50 °C.
The NRTL and UNIQUAC equations were used to
correlate the experimental data and to predict the phase
compositions of the ternary systems. The agreement
between the predicted and the experimental results was
equally good with both equations.

T Current address: Canoco Oll Co., Ponca City, OK.
* To whom correspondence should be addressed.

Introduction

Because of the important industrlal applications of sulfolane,
several investigators have studied the liquid-liquid phase
equilibria for ternary systems containing sulfolane and aromatic
hydrocarbons (7-4). Due to the lack of experimental data for
some ternary systems, however, thermodynamic models are
frequently used for predicting phase equilibrium compositions.
Some of the more widely used models are the Wilson equation
for excess Gibbs energy (5), the nonrandomness two-liquid
equation (NRTL) proposed by Renon and Prausnitz (6), and the
UNIQUAC equation of Abrams and Prausnitz (7). The inter-
action parameters present in these equations are evaluated

0021-9568/89/1734-0434$01.50/0 © 1989 American Chemicai Society



Table I. Tie-Line Data for the Heptane (1)-Toluene
(2)-Sulfolane (3) System at 25 °C, wt %
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Table I1. Tie-Line Data for the Heptane (1)-Xylene
(2)-Sulfolane (3) System at 17, 25, and 50 °C, wt %

sulfolane-rich phase heptane-rich phase

sulfolane-rich phase heptane-rich phase

1 2 3 1 2 3 temp, °C 1 2 3 1 2 3
0.80 3.30 95.9 90.4 8.30 1.30 0.92 292 962 882 114 0.31
1.00 8.30 90.7 75.8 23.0 1.40 0.87 533 938 773 222 0.53
1.20 12.7 86.1 67.5 30.9 1.60 1.01 813 909 664 328 0.90
1.40 15.4 83.2 59.7 37.5 2.80 1.09 107 88.2 584 404 1.28
2.00 20.3 71.7 51.3 45.5 3.20 17 1.08 139 851 485 494 2.15
2.60 27.3 70.1 39.9 54.8 5.30 1.08 170 819 382 575 4.33
3.90 32.3 63.8 29.8 60.3 9.90 1.24 202 786 318 622 6.02

from experimental data of the binaries of the systems (8). The
purpose of the present study was to obtain liquid-liquid equi-
librium data for the heptane-toluene-sulfolane and heptane-
xylene—sulfolane systems and to correlate these data with the
NRTL and UNIQUAC equations.

Experimental Section

Materlals. All of the chemicals used were high purity grade
reagents. Sulfolane was obtained from Alfa Products with a
stated purity of 99%. It was further purified by repeated
crystallization, heating it to a temperature of 50 °C, then al-
lowing it to cool slowly until approximately 90 % had solidified;
the remaining 10% was discarded. Toluene and xylene were
obtained from the J. T. Baker Chemical Company, and heptane
was obtained from Mallinkrodt, Inc. Although all of the chem-
icals had a stated minimum purity of 99%, they were further
purified with a Bughi-R rotary evaporator operated near at-
mospheric pressure. A heart cut was collected by discarding
approximately the first 10% of the distillate and the last 10%
residue. The purities of all the chemicals were greater than
99.9% after purification.

Procedure. The experimental measurements were carried
out in the two-phase region. Sample mixtures were prepared
and placed in Supeico sample bottles and then sealed with
Teflon lined septum caps. In each experiment, the ternary
mixture was shaken vigorously in a Magin Whirl Blue M shaker
bath, controlled at the desired temperature (£0.2 °C). After
equilibrium was attained, the phases were allowed to separate
and small samples of approximately 25 ulL were taken from
each phase. The samples were then diluted with 1.5 mL of
carbon disulfide solvent to prepare them for analysis. The
sample analysis was performed by using a Hewlett-Packard
Model 5793 chromatograph equipped with a single-channel
flame ionization detector and a Hewlett-Packard integrator
Model 3390. A stainless steel column 1.5 m long X 3.2 mm
diameter packed with 2% OV-101 methyisilicone fluid on a
W-HP 100/120 Hewlett-Packard packing was used. A capillary
column chromatograph (Hewlett-Packard Model 5792) em-
ploying a 12 m X 6 mm cross-linked methylsilicone column
constructed of fused silica along with an integrator was used
to analyze for the extremely low concentrations. The compo-
sitions of the liquid phases were determined by using an area
analysis of the peak size of each component produced from
the gas chromatograph. The procedure was repeated in each
experiment for different temperatures.

Results and Discussion

Experimental Data. The experimental tie-line data for the
heptane-toluene-sulfolane and the heptane-xylene-sulfolane
systems are shown in Tables I and 1I. The solubllity data
obtained for the heptane-toluene-sulfolane system together
with those published by Tripathi et al. (4) and Rawat and Gulati
(9) are shown in Figure 1. The present data compare well with
those of Tripathi et al. and Rawat and Gulati for the entire region
except near the plait point. Figure 2 shows a comparison of
the selectivity of sulfolane as a function of the solvent-free mole

149 24.2 743 253 66.0 8.72
1.58 274 71.0 220 389 9.11
0.77 000 992 998 000 0.17
0.93 282 963 882 115 0.35
1.03 550 935 773 221 0.60
1.10 109 88.0 382 401 1.72
25 1.16 138 85.1 48.1 49.1 2.87
1.30 16.7 820 39.1 56.6 4.29
142 205 781 354 602 4.47
1.51 240 745 278 65.0 7.20
2.03 31.0 669 220 689 9.11
0.98 0.00 99.0 9986 0.00 0.37
153 277 957 880 114 0.62
1.46 547 931 773 217 1.07
50 2.00 861 894 667 316 171
1.81 110 872 476 475 4.90
2.18 199 779 389 55.0 6.18
241 234 742 344 485 7.10
2.80 287 685 26.1 63.6 10.3
3.38 33.8 628 218 655 12.8
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Figure 1. Solubility data for the heptane (1)-toluene (2)-sulfolane (3)
system at 25 °C.
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Figure 2. Effect of temperature on the solubility of the heptane (1)-
xylene (2)-sulfolane (3) system.
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Figure 3. Soivent selectivity of sulfolane as a function of solvent-free
mole fraction of toluene for the heptane (1)-toluene (2)-sulfolane
system at 25 °C.
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Figure 4. Soivent selectivity of suifolane as a function of soivent-free
mole fraction of xylene for the heptane (1)-xylene {2)-sulfolane (3)
system at 17, 25, and 50 °C.

fraction of toluene in the heptane-rich phase at 25 °C with the
selectivities given by Tripathi et al. and Rawat and Gulati at the
same temperature. The three data sets are in fair agreement.
The solubility data for the heptane—xylene-sulifolane system
(Figure 3) show that the area of the two-phase region de-
creases slightly as temperature rises. The selectivity of sulfo-
lane is shown in Figure 4 as a function of the solvent-free mole
fraction of xylene in the heptane-rich phase. The solvent se-
lectivity was defined in terms of mole fractions as

_ [X(z)/x(s)]aunolane-rlch phase

T [X(2)/X(3)] heptanenich phase

(M

where the index 2 can represent either toluene or xyiene and
index 3 represents heptane.

Data Correlation and Prediction. The prediction and cor-
relation of phase equilibrium data for ternary systems are based
on the excess Gibbs energy and related activity coefficients.
The regular-solution theory of Hildebrand and Scott ( 70) pro-
vides a method for calculating the activity coefficient for simple,
nonpolar molecules. Also, Pierotti et al. (77) used a method
to correlate the infinite dilution activity coefficient with the mo-
lecular structure of binary systems. The activity coefficients at

infinite dilution are considered to be useful data sources for
evaluating the group contribution parameters, especially for the
H,-sulfolane pair. Group contribution models, such as ASOG
and UNIFAC, were developed to predict phase equilibria of
vapor-liquid systems by Derr and Deal ( 72) and by Fredenslund
et al. (13), respectively. However, a large number of group
interaction parameters obtained from vapor-liquid equilibrium
data have been used by others to predict liquid-liquid equilibria
for ternary systems composed of alcohols, ketones, n-paraffins,
and water (74).

Wilson (5) developed a semiempirical expression based on
the local composition concept of liquid mixtures. Although
considerable progress has been made by using the Wilson
equation to predict the excess properties of multicomponent
mixtures of electrolytes, the original form of the equation was
unable to handle the liquid-phase immiscibility. A nonrandom
two-liquid equation (NRTL) was developed by Renon and
Prausnitz (6), which for multicomponent mixtures is given by

M
E /; TG

M
= = ,EX/—M (2)
kg G

X|Q
\'

where M is the number of components. The parameter 7,
depends on the interaction energy, g;, between the molecules
i and j according to the relations

7, = (gp - gy)/RT (3)
and

G, = exp(-ay7y) (4)

Renon and Prausnitz (6) introduced a parameter, o, to char-
acterize the binary mixture nonrandomness. The NRTL equa-
tion, like the Wilson equation, involves two energy parameters
(r, and 7,) for each binary. In addition, the nonrandomness
parameter, «;, can be set to a predetermined value ranging
from 0.2 to 0.5, according to the recommendations of Renon
and Prausnitz (6).

A similar expression for the excess Gibbs free energy for a
multicomponent mixture was proposed by Abrams and Praus-
nitz (7) to provide an accurate correlation and prediction of
liquid-liquid equilibria. Their universal quasichemical equation
(UNIQUAC) was derived by introducing the local composition
concept into the quasichemical theory of Guggenheim (75).
The UNIQUAC equation is given by

g* M b wH b M M
RT = i;xl In ;’ + EIEW‘/ in 5, - I___Z1¢7fxi in [I;B/T//] (5)
where
M
b, = qM/Eq,N, (6)
and
M
& = rNi//;’M (7)

The 7, parameter is related to the adjustable parameters u; and
u, according to the expression

Uy — Wy
Ty T eXp\-Tpr (8)

Pure component parameters r and q are measures of molecular
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Figure 5. Liquid-liquid equilibria for the heptane (1)-toluene (2)—
sulfolane (3) system at 25 °C.
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Figure 8. Liquid-liquid equilibria for the heptane (1)-xylene (2)-
sulfolane (3) system at 17 °C.

van der Waals volumes and molecular surface areas, respec-
tively. The UNIQUAC equation has two adjustable parameters
for each binary and provides a method for predicting phase
properties based on pure component data.

The NRTL and UNIQUAC equations were both fitted to the
experimental data for the heptane-toluene-sulfolane and the
heptane-xylene~sulfolane ternary systems. For each set of
data, the specific parameters 7, and 7, for the NRTL and the
UNIQUAC equations were obtained by using an iterative com-
puter program developed by Sorensen (76) to minimize the
value of the objective function

N 2 M
F= ZZ Z(Xu-n—)?»n)z 9
I=si=1m=1
In the above expression the indices /, /, and m represent the
number of components, the phases, and the tie lines, respec-
tively. The composition x is calculated from an appropriate
model. A proper value for the third nonrandomness parameter,
ay, can be chosen independently.

Figures 5-8 show good agreement between the experimental
points corresponding to the tie-line data and the theoretical
curves (dashed lines) obtained by using the NRTL and the UN-
IQUAC equations. The two-phase region predicted by using the
UNIQUAC equation for the heptane-xylene-sulfolane system
at 17 °C was larger than that predicted by using the NRTL
equation. However, the slopes of the tie lines are satisfactority
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Figure 7. Liquid-liquid equilibria for the heptane (1)-xylene (2)-
sulfolane (3) system at 25 °C.
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Figure 8. Liquid-liquid equilibria for the heptane (1)-xylene (2)-
sulfolane (3) system at 50 °C.

Table III. UNIQUAC and NRTL Parameters for the
Heptane (1)-Toluene (2)-Sulfolane (3) System at 25 °C

UNIQUAC parameters NRTL parameters
i~j  (wy-up/R Wwy-up)/R (g;-8)/R @u-8)/R

1-2 304.80 -186.15 103.30 -31.94
1-3 914.70 50.79 1934.30 1032.60
2-3 39.15 91.99 380.11 67.46

Table IV. UNIQUAC and NRTL Parameters for the Heptane
(1)-Xylene (2)-Sulfolane (3) System at 17, 26, and 50 °C

UNIQUAC parameters NRTL parameters

temp,

° i~j (wy-up /R (uz-uy)/R & ~-8)/R (g;~-8)/R
1-2 134.72 -106.59 385.06 -267.24

17 1-3 555.44 67.18 1802.80 1050.00
2-3 185.16 -8.00 562.80 65.37
1-2 103.97 -104.01 343.44 -308.12

25 1-3 504.28 68.77 1621.80 966.12
2-3 225.74 -38.01 638.32 10.39
1-2 102.16 -110.21 353.22 -353.18

50 1-3 500.81 50.55 1468.60 840.33
2-3 224.93 -42.23 649.66 -10.47

described by both equations. The specific parameters for the
NRTL and the UNIQUAC equations are listed in Tables 111 and
IV.- The specific parameters for the heptane-xylene—sulfolane
system vary randomly and appear to be insensitive to tem-
perature. The experimental data, on the other hand, exhibit a
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definite temperature dependence.

Glossary

F objective function

gt molar excess Gibbs energy

9y energy parameter in the NRTL equation, K
G UNIQUAC binary parameter related to 7

M numbers of components

N number of molecules

q pure component surface area parameter

r pure component volume parameter

R gas constant, cal/{(mol-K)

S solvent selectivity

T tempsrature, K

uy energy parameter in the UNIQUAC equation, K

w lattice coordination number

X mole fraction of component /

X solvent-free composition (wt %)

Greek Letters

T interaction parameter in the UNIQUAC and NRTL
equations

@, segment fraction of component |

8, area fraction of component /

Subscripts

i, J, k components

/ phases

m tie lines

Superscripts
E excess
- calculated

Registry No. Sulfolane, 126-33-0; heptane, 142-82-5; xylene, 1330-
20-7; toluene, 108-88-3.
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Naphthalene Solubility in Selected Organic Solvent/Water Mixtures

Rebecca M. Dickhut," Anders W. Andren,* and David E. Armstrong
Water Chemistry Program, University of Wisconsin, 660 N. Park Street, Madison, Wisconsin 53706

In order to characterize the solubility of hydrophoblc
aromatic chemicals In organic solvent/water mixtures, the
solubliity of a model compound, naphthalene, In binary,
ternary, and quaternary alcohol/water (methanot, ethanol,
1-propanol, 1-butanol, 1-pentanol) mixtures and binary
ketone/water (acetone, methyl ethyl ketone, diethyl
ketone) and aromatic organic solvent/water (benzene,
toluene) mixtures has been measured. In the range of
their miscibilities with water, the alcohols and ketones
significantly Increase naphthalene solubliity while benzene
and toluene show no signlficant effect on naphthalene
solubliity. Plots of In x, where x Is moie fraction solubliity,
versus z (solute-free organic solvent volume fraction)
were linear In the range z = 0-0.12, with slopes
Increasing for organic cosolvents in the following order:
methanol < ethanol < methanol/1-propanol (50/50) <
methanol/ 1-propanol/1-butanol (50/25/25) <

methanol/ 1-butanol (50/50) < 1-propanol < 1-butanol <
acetone < 1-pentanol < methyl ethyl ketone < dlethyl
ketone. The solubllizing power, defined as the slope of
the line of a plot of In x vs z, of the alcohols and ketones
was observed to increase as the hydrogen-bonding
capabillity per unit size of the organic solvent decreases.

T Present address: Division of Chemistry and Toxicology, Schoo! of Marine
Science, The College of Willlam and Mary, Virginia Institute of Marine Sci-
ence, Gloucester Point, VA 23082,

0021-9568/89/1734-0438%01.50/0

Introduction

The solubilization of hydrophobic substances in water by
cosolvents is of both fundamental and practical importance to
such disciplines as chemical engineering, pharmacology, toxi-
cology, and environmental science. A review of the present
literature indicates that the solubilization of semipolar drugs by
polar cosolvents in water (7—77) has been widely studied but
few measurements of the solubility of nonpolar hydrocarbon
solutes in organic/aqueous cosolvent systems have been re-
ported (78-24). Solubility data for hydrophobic aromatic
chemicals in aqueous mixed solvents is sparse (25-29). In
order to thoroughly understand the solubilization process for
hydrophobic chemicals in organic solvent/water mixtures, an
accurate data base must be established.

This work was undertaken to characterize the solubility of
hydrophobic aromatic chemicals in organic solvent/water mix-
tures. A typical hydrophobic aromatic chemical, naphthalene,
was studied and its solubility measured in a variety of organic
solvent/water mixtures. The organic cosolvents investigated
were selected to permit systematic variation of hydrogen-
bonding capability and molecular size and to evaluate the effect
of cosolvent characteristics on the solubilization of hydrophobic
aromatic chemicals.

In this paper we present solubility data for naphthalene in
several organic solvent/water mixtures. Naphthalene solubility
in binary, ternary, and quaternary alcohol/water mixtures and
binary ketone/water and aromatic organic solvent/water mix-
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