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There is excellent agreement between calculated and ex-
perimental HE at 298.15 K. The o{HF) values at 313.15 K are
larger but still quite satisfactory (Figure 2).

Preliminary measurements and calculations for dichloro-
methane (CH,Cl,) + 1-chioroalkane mixtures show that the
dispersive coefficients C3% , are more negative than for 1,2-
dichloroethane + 1-chlorobutane. The parameters of the whole
series of a,w-dichioroalkane + 1-chloroalkane mixtures will be
published in the near future.

Glossary

parameters in eqs 1 or 3

molar second virial coefficients, cm?® mol™’
interchange coefficient

molar Gibbs energy, J mol™"

molar enthalpy, J mol™

number of parameters A, eqs 1 or 3
total number of measurements

number of C atoms in chioroalkane

total vapor pressure, Pa

any property

molar gas constant (8.31451 J K- mol™")
objective function, ref 12

temperature, K

liquid molar volume, cm® mol’

weighted root mean square deviation, eq 4
liquid mole fraction

vapor mole fraction

Greek Letters

p liquid density, g cm-3
aQ) standard deviation of property Q, eq 5

-

RMSD

NXS<HOIOTVIZITOOL>

an(Q) standard deviation of property Q, eq 2
g, experimental uncertainty
Superscripts

dis dispersive term

E excess property

quac quasi-chemical term

° pure component

Subscripts

Az azeotropic property

calc calculated property

i type of molecule (component)

a, d, d, type of contact surface: a, aliphatic; d, Cl in CCl,;
d" d’, Cl in 1-chloroalkane; d’, Cl in 1,2-dichloro-
ethane
/ order of interchange coefficient; / = 1, Gibbs energy;
= 2, enthalpy
s, t any contact surface

Reglstry No. CH(CH,),CH,Cl, 109-89-3; CCl,, 56-23-5; CICH,CH,Cl,
107-06-2.
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Solubility of Naphthalene in Mixtures of Carbon Dioxide and Ethane
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The solublity of naphthalene In supercritical mixtures of
carbon dioxide and ethane has been measured at
temperatures of 308 and 318 K and over a pressure range
of 50-300 atm with a static solubllty apparatus. The
resulting solubility data were correlated with the
Chueh-Prausnitz modified version of the Redlich-Kwong
equation of state.

7P|é%szent address: The Carborundum Co., P.O. Box 832, Nlagara Falls, NY
14302.

0021-9568/90/1735-0271$02.50/0

I. Introduction

A number of authors have investigated the solubility behavior
of solid solutes in contact with a binary solvent mixture that is
supercritical at the conditions of the experiment (7-3). With
the exception of one study ( 7), each has examined a polar or
nonpolar liquid entrainer (cosolvent) at levels of 3-10 mol %
as the second component of the supercritical solvent mixture.
Schmitt and Reid ( 7) measured the solubility of naphthalene and
benzoic acid in a mixture of 94% CO,-6% C,Hg at 308 and
318 K. These data are the only source of information on the

© 1990 American Chemical Society
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system naphthalene (1)-ethane (2)-carbon dioxide (3) in the
literature.

The present study has focused on solubility measurements
in solvent mixtures containing substantial amounts of both
components. Since the component pure solvents are above
their critical temperatures, solubility behavior at relatively low
pressures can be examined without the potential problem of
cosolvent condensation. The temperature, pressure, and com-
position coordinates (T, P, y) of the critical end points of the
two binary systems, naphthalene-ethane and naphthalene-
carbon dioxide, are a useful reference in an examination of the
data for the ternary system. The value of y will be taken to
represent the mole fraction of the solute (naphthalene) and
hence its solubility in the supercritical phase. Each of the
critical end points lies at an intersection of a three-phase sol-
id-liquid—gas (S-L-G) equilibrium with the L-G critical locus (4,
5), the first, U,, quite close in temperature and pressure to the
critical point of the pure solvent, implying a very small solute
solubility, e.g., y ~ 2 X 10~ for naphthalene—sthylene (6). The
three S-L-G lines that emanate from the second critical end
point, U,, terminate at the triple point of the pure solute. The
coordinates of U, may be estimated to lie at 60.1 °C and 252.7
atm for naphthalene-CO, (7) and at 56.5 °C, 122.5 atm, and
0.198 for naphthalene-ethane (7, 8).

The two solvents, CO, and C,Hg, have nearly identical critical
temperatures, 31.1 and 32.3 °C, respectively, and their mix-
tures have a continuous critical locus, both of these features
aiding a meaningful comparison between these two solvents.
The solvent-solvent critical locus displays a minimum temper-
ature of 28 °C at 57 mol % CO,, accompanied by azeotrope
formation (9). The two experimental temperatures chosen
were 35 and 45 °C, and our experimental pressures of 58-300
atm encompass the range over which the isothermal solubility
undergoes a large increase toward a plateau, characteristic of
each temperature. Solubilities ranged from 3 X 10~ to 3.6 X
102, still severai times smaller than those at U,. While strongly
synergistic effects, as occur with entrainers, were not expected
with this binary nonpolar solvent mixture, it was of interest to
determine the presence or absence of strongly nonlinear effects
in mixtures containing substantial amounts of both solvents. We
restricted ourselves to solvent composition equimolar or richer
in C,Hg, which is the better solvent.

The solubility data were modeled using the Chueh—-Prausnitz
version (70) of the Redlich-Kwong (RK) equation; solvent-
solvent interaction parameters were regressed from the ex-
perimental data.

II. Experimental Section

Solubilities were measured in a static solubility apparatus,
using a technique similar to the pellet disappearance method
first developed by Tsekhanskaya et al. {77). Solvent mixtures
of the desired composition were liquefied into the equilibrium
vessel, which contained a known amount of naphthalene in the
form of pellets. The system pressure was generated by heating
the system to the desired temperature at constant density. The
system was heid at constant temperature and pressure until
equilibrium was attained. The heating and equilibration process
normaily took 5-6 h, with the system being heid at constant
temperature and pressure for 2-3 h. At this point, the solubility
of the solute was determined by measuring the change in mass
of the naphthalene pellet(s). Measurements of naphthalene
solubilities in pure carbon dioxide and ethane were performed
to validate the experimental procedure. The experimental error
of 14 solubility measurements in CO, at 45 °C and 60-110 atm
from Tsekhanskaya’s data, an often cited reference, was
11.1%. This error was larger than that of some other studies
(72-16) and was associated with small solubilities and their
large pressure and temperature coefficients. A smooth curve

Table I. Mixed Solvent Solubility Data: T = 308 K; y(CO;) =
0.496

solvent
pressure, y(C;)Hg) enhancement density, composition

atm X 104 factor g-mol/L ¥(COy)
57.9 2.8 56 4.0 0.480
72.5 10.5 265 6.6 0.528
774 334 895 9.0 0.483
82.3 48.0 1369 10.5 0.509
89.9 79.6 24717 11.7 0.500
110.7 123.7 4740 12.9 0.491
149.8 179.2 9293 14.5 0.505
173.8 216.2 13002 14.7 0.470

Table II. Mixed Solvent Solubility Data: T = 308 K; y(CO;) =
0.399

solvent
pressure, Y(C,Hg) enhancement density, composition

atm X 104 factor g-mol/L ¥(CO,)
69.0 16.2 387 7.0 0.398
70.5 27.6 673 7.3 0.396
74.7 48.0 1241 9.5 0.413
103.6 118.0 4230 13.2 0.437
157.8 212.0 11576 14.0 0.386
203.6 274.0 19303 14.5 0.354
298.6 323.4 33373 15.5 0.408

Table III. Mixed Solvent Solubility Data: 7T = 318 K; y(CO;) =
0.474

solvent
pressure, Y(C,oHg) enhancement density, composition
atm X 104 factor g-mol/L ¥(COy)
57.9 5.0 42 3.5 0.480
76.1 19.0 210 6.3 0.465
98.3 99.1 1414 10.4 0475
186.3 357.0 9653 14.3 0.477

drawn through the experimental data at 75-110 atm was,
however, nearly indistinguishable from that of Tsekhanskaya.

The temperature of the equilibrium vessel was determined
by monitoring the constant-temperature bath with an iron-
constantan thermocouple (accuracy of £0.2 K). The standard
deviation of the bath temperature was £0.5 °C. The system
pressure was monitored with a Baldwin-Lima-Hamilton strain
gauge transducer to £5 psi. Solvent densities were determined
from a knowledge of the equilibrium vessel volume and the
mass of solvent liquefied into the system. Solvent densities at
equilibrium were determined from a knowledge of the vessel's
volume corrected for that of the solute (77).

For the mixed solvent systems, 25 data points were obtained,
each under a different set of conditions of temperature, pres-
sure, and mixture composition. The accuracy of the individual
measurements varied because of the wide range in solubilities
and their pressure coefficients. An analysis of the quality of
the data also depends on the empirical fit or equation of state
chosen to represent them. In the linear regression analysis of
the straight-line fit of the enhancement factor vs the solvent
density at 35 °C, the standard error is 4.6% for the best case,
CO,, and 9.5% for the worst case, 39.9 mol % CO,, with
omission of the deviant point to be referred to (Figure 3).

The gases were purchased from Union Carbide, with a stated
minimum purity of 99.0% for the ethane and 99.8% for the
carbon dioxide. ‘“Scintanalyzed” (liquid scintillation grade)
naphthalene was purchased from the Fisher Scientific Co., Inc.,
and had a state minimum purity of 99.99%. All materials were
used without subsequent purification.

III. Results and Discussion

Naphthalene solubility data in four mixtures of carbon dioxide
and ethane are presented in Tables I-1V. Tables I and II iist
data measured at 308 K, while Tables III and IV contain data
measured at 318 K. Each table lists naphthalene solubility,



Table IV. Mixed Solvent Solubility Data: T = 318 K; y(CO,) =
0.254

solvent
pressure,” y(C,;Hg) enhancement density, composition

atm x 104 factor g-mol/L y(COy)
68.1* 17.1 169 6.1 0.277
71.6* 47.3 492 7.3 0.251
734 28.9 309 7.0 0.292
83.2* 115.8 1398 10.3 0.219
107.6 219.6 3430 11.9 0.204
111.6* 211.8 3431 12.2 0.278

%The data points marked with an asterisk have been corrected for
dead volume present in this set of experiments. The correction proce-
dure has been detailed in Appendix B of ref 17.
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Figure 1. Naphthaiene solubility versus pressure in pure ethane (M)
(data of Schmitt and Reid (78)), pure carbon dioxide (¢) (data of
Tsekhanskaya et al. (77)), and mixtures containing 39.9 (@) and 49.6
(a) mot % CO, at a temperature of 308 K. Solid lines are the solubility
isotherms as predicted by the RK equation of state.

pressure, solvent density, solvent composition, and the en-
hancement factor. The latter is defined as the ratio of the
actual to the ideal Raoult’s law solubility. Each solubility iso-
therm contains solubility data measured in solvent mixtures with
a maximum composition variation of £5 mol % relative to the
average composition. The standard deviations in composition
ranged from 0.6 to 3.2 mol %. These variations reflected
experimental limitations in making up precisely predetermined
solvent compositions, but the individual compositions are known
to three significant figures (see tables). Use of an average
solvent composition in the piots to be shown did not displace
them significantly from those which would have been obtained,
if each point had been corrected individually to the common
average composition. A particular isotherm will, therefore, be
referenced by its average solvent composition (determined on
a solute-free basis).

Naphthalene solubility data for mixtures of 39.9 and 49.6 mol
% CO, (on a solute-free basis) at 308 K are shown in Figure
1.  The solubility of naphthalene in pure carbon dioxide
(Tsekhanskaya et al. (77)) and naphthalene in pure ethane
(Schmitt and Reid (78)) have been included for comparison.
Three main features of interest can be seen on this piot. The
rate of solubility increase with increasing pressure is lower for
the soivent mixture than for either pure component in the
near-critical reglon. This behavior changes at higher pressures,
where dy(solute)/dP is greater in the solvent mixture. Further,
the solvating power of both solvent mixtures is similar to that
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Figure 2. Naphthalene solubility as a function of solvent density in pure
ethane (W) (data of Schmitt and Reid ( 78)), pure carbon dioxide (¢)
(data of Tsekhanskaya et al. (77)), and mixtures of 39.9 (@) and 49.6
(a) mol % CO,. T = 308 K.

of pure carbon dioxide, when examined at near-critical pres-
sures. As the pressure levels become higher, the influence of
the ethane in the mixture becomes more apparent. This is
demonstrated by the asymptotic approach of the solubilities in
the mixtures toward the limiting value in the pure ethane. At
the highest pressure (300 atm), the solubility in the 40% CO,
mixture actuaily exceeds the solubility in the pure ethane.

The solubility behavior in the equimolar mixture over the
pressure range of 80-100 atm is particularly interesting. The
solubility of C,gHg in the mixture lies below the solubilities in both
of the component pure solvents, and this is apparentiy a resuit
of lowered densities for the mixture compared to the pure
solvents over this limited pressure range. This behavior was
not found for the 40% mixture.

Figure 2 shows the same solubility data plotted as a function
of the solvent density. As in other cases, a simpler behavior
is found when solubilities are compared at constant solvent
density (79). At low densities, the solubilities in the mixtures
lie closer to the levels found in pure CO,; however, as the
density is increased, the influence of the ethane in the mixture
becomes more important.

Figure 3 illustrates the variation of the enhancement factor
with the solvent density at 308 K for both the pure solvents and
their mixtures. For the 50% mixture, the logarithm of the en-
hancement factor varies linearly with the solvent density. The
40% mixture shows a similar trend, particularty if the single data
point at intermediate density is ignored. The experimental value
of the density for this data point appeared to be too high. Thus,
the solvent mixtures exhibit behavior typical of pure solvents
(13).

The solubility at 318 K is plotted as a function of pressure
in Figure 4. Solubility data for naphthalene in a 47.4% CO,
mixture, a 25.4% CO, mixture, pure ethane (data of Schmitt
and Reid ( 78)), and pure carbon dioxide (data of Tsekhanskaya
et al. (77)) are shown. The increased ethane content of the
25% mixture shifts the solubllities to levels more typical of the
pure ethane. The solubility behavior in the 50% mixture is
similar to that at the lower temperature, in that the low-pressure
solubilities are most strongly influenced by the carbon dioxide.
At elevated pressures (> 120 atm), the solubility in the mixture
begins to approach the pure ethane solubilities.
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Figure 3. Enhancement factor versus solvent density for carbon di-
oxide (¢) and ethane () (data from refs 11 and 18) and 39.9 (®) and
49.6 (A) mol % carbon dioxide at 308 K.
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Figure 4. Naphthalene solubility versus pressure for pure ethane (B)
(data of Schmitt and Reid (78)), pure carbon dioxide {¢) (data of
Tsekhanskaya et al. ( 77)), and mixtures containing 25.4 (®) and 47.4
(A) mol % CO, at a temperature of 318 K. Solid lines are the RK
equation of state predicted solubilities at each solvent composition.

240

The effect of temperature on the solubility in the solvent
mixture was examined by using the equimolar mixture solubility
data at 35 and 45 °C; Figure 5 shows the solubility as a func-
tion of pressure for the equimolar mixtures. The existence of
a crossover point (27) can be seen at a pressure of approxi-
mately 100 atm; this is one demonstration of the similarity be-
tween the solubility behavior of pure and mixed gas supercritical
solvents. In a pure solvent, higher solubilities occur as the
temperature is increased at constant density (4). This type of
behavior is also manifested by the solvent mixture (77).

The solubility data have been correlated with use of the
Chueh-Prausnitz mixing rules for the Redlich-Kwong equation
of state. Soivent-solvent interaction parameters have been
determined from mixed gas solubility data; this calculation ne-
cessitated a knowledge of the solute—solvent interaction pa-
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Figure 5. Effect of temperature on the naphthalene solubllity-pressure

in “equimolar” solvent mixtures:

T = 308 K (W) and 318 K (@).

Table V. Binary Solvent-Solute Interaction Parameters

solvent temp., K k; AAD® source

C,H, 308 0.009 0.127 Schmitt and Reid (18)
318 0.004 0.108
328 0.000 0.324

Co, 308 0.079 0.381 Tsekhanskaya et al. (1I)
318 0.088 0.302
328 0.085 0.310

¢ Absolute average derivation.

Table V1. Solvent-Solvent Interaction Parameters

solvent
composition temp kos AAD source

0.399 35 0.089  0.096 this study

0.496 35 0.108 0.191 this study

0.9383 35 0.130  0.047 Schmitt and Reid (1)
0.254 45 0.099 0.184 this study

0.474 45 0.079 0.138 this study

0.9383 45 0.460 0.304 Schmitt and Reid (1)

0.160¢

¢ The average AAD (absolute average deviation) for the first five
isotherms was 0.131.

rameters for the binary systems C,oHg (1}-C,Hg (2) and C,oHg
(1)-CO, (3). All interaction parameters were determined by
minimization of the absolute average deviation (20). The so-
lute-solvent interaction parameters are summarized in Table
V. Table VI summarizes the solvent-solvent interaction pa-
rameters for the four solubility isotherms measured in this study.
In addition, the data of Schmitt and Reid (7) (v(CO,) = 0.94)
have been examined with this analysis. A comparison of pre-
dicted and experimental solubility data is shown in Figures 1 and
4. The Rediich-Kwong equation of state predicts the mixed gas
solvent solubility behavior best at near-critical and elevated
pressure levels, with increasing deviations at intermediate
pressure levels.

The soivent-soivent interaction parameter does not appear
to be a strong function of composition. For five of the six
isotherms, the value of this parameter varied from 0.08 to 0.13.
Since variations of this magnitude in this parameter produce
only minor changes in the predicted solubilities, the parameter
(to a first approximation) may be considered effectively con-
stant. Of further interest is the fact that the magnitude of this



Table VII. Observed and Calculated Solubilities

pressure, ___ YCiMs
temp, K y(CO,) atm obs calc % error
308 0.201 239.1 0.0308 0.0323 49
308 0.950 98.7 0.00957 0.00972 1.6
318 0.393 139.1 0.02546 0.02955 16.1
31 0.103 60.1 0.00150 0.00133 11.3
318 0.570 93.4 0.00586 0.00515 12.1

9.2¢

¢ Average value.

log YCioHg

5 7 9 4 13 15
Solvent Density (g-moles/#)

Flgure 8. Comparison of predicted and experimental solubility data:
mixed solvent solubility data at 308 K (l) and 318 K (@®).

parameter (k,3 = 0.1) is similar to the value for the ethane-
carbon dioxide system predicted from virial coefficient data
(23). This appears to indicate that, at least for weakly inter-
acting solvent pairs, semiquantitative predictions of mixed gas
solubility behavior can be obtained from a knowledge of binary
solute-solvent interactions used in tandem with solvent-solvent
interaction parameters from the literature.

To test this hypothesis, single solubility data points not as-
sociated with the solubility isotherms presented earlier were
modeled with use of solvent-solvent interaction parameters
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predicted from the isotherms. The single solubility data points
are listed in Table VII; these measurements were performed
over a wide range of solvent compositions and pressures in
order to better map out the composition effect on solubility.
Figure 6 compares the calculated and actual solubiiities based
on the single solubility data points. The solubilities were pre-
dicted to an average error of 9%. The success of this ex-
trapolation is an indication that, for this type of system, solubility
data over a range of solvent compositions can be successfully
modeled with solvent—solvent interaction parameters regressed
from data of limited composition range.

Registry No. CO,, 124-38-9; C,Hg, 74-84-0; naphthalene, 91-20-3.
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