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Solubility and Partial Molar Volumes of Heavy Aromatic

Hydrocarbons in Supercritical CO,
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Isothermal solubliity data of naphthalene,
dibenzothiophene, and mixture of naphthalene +
dibenzothlophene in supercritical CO, were measured over
a pressure range of 75-275 bar. The solublliity data have
been used to calculate the partlal molar volumes. The
calculated partial molar volumes of naphthalene in
supercritical CO, have been compared with the
experimental values avallable In the iiterature. The
calculated values are In good agreement with the
experimental values avallable in the literature.

Introduction

The current interest in the application of supercritical ex-
traction to various processes has attracted the attention of
several investigators to work with model compounds and with
actual materials like coal. The study of mode! compounds is
an essential part in developing predictive methods. Among the
model compounds studied, attention has been focused on
two-ring compounds like naphthalene and methyl-substituted
naphthalenes (7, 2) and three-ring compounds like phenan-
threne (3). Kurnik et al. (2) summarize the ilterature on model
compounds until 1981. Recently, King and Bott (4), Mackay
and Paulaitis (5), and others have aiso worked with model
compounds, and the results are published in a monograph (6).
However, model sulfur compounds and mixtures containing
sulfur compounds have not been studied so far. This paper
presents experimental data on the solubility of naphthalene,
dibenzothiophene, and their mixture in supercritical carbon di-
oxide.

Equations of state, particularly the Soave modification of
Redlich—-Kwong equation and the Peng—Robinson equation, have
been used to predict solubility data. The interaction coefficient
in the mixing rule for combining the equation of state constants
has to be evaluated by using solubility data. A similar procedure
is used for predicting partial molar volumes (7). However, it
would be extremely valuable if partial molar volumes could be
evaluated from experimental solubility data. This paper pres-
ents a method for calculating partial molar volumes using ex-
perimental solubility data.

Experimental Section

A schematic diagram of the experimental setup consisting
of the pressurizing system, temperature-controlled equilibrium
cell system, and the pressure releasing system is shown in
Figure 1. The equilibrium cell was a standard (Cnix-9806)
Autoclave reactor of 15.25 cm length and 2.12 cm internal
diameter immersed in a constant temperature bath provided
with Model-705 Gulton temperature controller. The high-pres-
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sure solvent at ambient temperature was compressed by using
a Haskel air-driven compressor. The solute was packed in the
cell with quartz wool to plug each end. Sintered stainless steel
filters (5 um) were used to prevent any carryover of the solute.
At the desired temperature, the reactor was pressurized with
the solvent and the system allowed to equilibrate for 2 h. At
the end of the 2-h period, CO, was passed at low rates. To
ensure that the flow rate did not affect solubility measurements,
experiments were conducted at different flow rates between 0.8
and 2.1 cm®¥s. In the case of naphthalene at 75 bar and
dibenzothiophene at 172 bar, no detectable variation in solubility
at different flow rates could be measured. Therefore, for all
solubiltty measurements, flow rates below 0.7 cm®/s were used.
Gas volumes were measured by using a wet-test meter at am-
bient temperatures and corrected for the partial pressiure of
water. The materials used were ACS reagent grade chemicals.
Pressures were measured in pounds per square inch and re-
ported in bar. Pressures were measured to an accuracy better
than £0.5 bar and temperatures to 0.1 K. The purity of
carbon dioxide was better than 99.9 mol %. Weighings were
done with precision analytical balance accurate to £0.0001 g.
The loss of weight In the experiments ranged from 0.08 to 0.3
g. In the case of the naphthalene + dibenzothiophene mixture,
the gas mixture was bubbled through toluene contained in the
separator and analyzed by HPLC.

During depressurization of the cell when the pressure is re-
duced from the high pressure to atmospheric pressure, there
can be some recondensation. This introduces an error if the
mass in the reactor is used directly for calculation. To com-
pensate for this error blank runs were carried out. These runs
were carried out by packing the reactor with the solute and
allowing it to stand under the solvent pressure for 1 h and then
depressurizing it. The loss of weight thus found was used to
correct the error due to the nonequilibrium conditions that
prevailed due to depressurization.

Results and Discussion

The experimental solubility values for naphthalene, dibenzo-
thiophene, and naphthalene + dibenzothiophene are recorded
in Table I. There was no evidence of solid solution formation
in the case of the mixture. The data on naphthalene from the
present measurements and fraom different literature sources
plotted in Figure 2 show good agreement among the different
sets of data. In absence of sound theoretical basis, it is gen-
erally believed that the increased dissolution of solutes in su-
percritical solvents is primarily due to the highly nonideal be-
havior of the supercritical solvent phase and the nonideal be-
havior of the solute-solvent interactions. Under these circum-
stances, the nonideal behavior shouid increase for binary mix-
ture of solutes compared to pure solutes, thus increasing the
solubility of a mixture. This behavior is documented in the
literature (8). Table I does, indeed, show increased solubility
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Table I. Experimental Solubility Data in Supercritical CO,

mole fraction of solute, 104X,

naphthalene dibenzothiophene mixture
P, bar 309.15 K 328.15 K 309.15 K 328.15 K 338.15 K 309.15 K ratio®
76.85 8.04* 13.89 0.28 0.19 0.22 0.36 0
104.44 100.0 34.70 4.86 1.51 0.84 186.0 0.0531
138.91 132.3 233.4 9.74 9.17 6.25 239.0 0.1112
173.38 148.9 351.6 10.53 13.90 14.10
207.86 175.4 447.7 12.50 21.20 22.0 373.0 0.1103
242.33 187.6 506.7 15.30 22.30 24.4
276.80 196.1 550.4 22.95 23.40 32.2 465.0 0.1194
¢ Ratio = moles of dibenzothiophene to moles of naphthalene. ?At 75.4 bar.
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Figure 2. Solubility of naphthalene in CO,. Comparison of results from
different investigations: ¥, Hong et al. (70) at 311 K; <, King et al.
(4) 305.3 K; O, present work at 309.15 K; O, present work at 328.15
K; A, Tsekhanskaya et al. (9) at 328 K.

for the mixture compared to the pure solutes. The increase in
the ratio of the solubility of the mixture to the solubility of
naphthalene with increase in pressure is another indication of
the highly nonideal behavior of the solvent-solute interaction.
This ratio increases from 1.86 at 104 bar to nearly 2.5 at 276
bar. However, the ratio of the moles of dibenzothiophene to
moles of naphthalene remains substantially constant. The
strong nonideal behavior is further relfected by the rather large
negative values of partial molal volumes around the supercritical
region (Figure 3).
The equilibrium relation

fZS — fgf

These relations give (5)

fod exp[V, (P - Poy)/RT]
X, = (3

fov, exp[ j:(\_/z/RT) dP]

The reference pressure P, is arbitrary and has been taken as
P, the critical pressure of the solvent; then the value of X,
(close to P = P_) gives the value of (f,*/f,'v,), as both the
exponential terms approach unity. Since the values of X, at
any particular temperature over the experimental range of
pressures is small, v, is taken to be independent of compo-
sition. Under these conditions we can write

P k
expj;c(VZ/RT) dP = z exp[V.P - PJ)/RT] (4)

where k = [f5/f,"y,]. Itis further assumed that the effect of
pressure on V,* is negligible. With this, the experimental iso-



Table II. Values of the Constants in Eq 6

system T,K B;x10% (C; x10°
CO, + naphthalene 309.15 0.2014 -3.0
328.15 -0.00128 -1.0044
CO, + dibenzothiophene  309.15 0.2438 -3.624
328.15 0.0738 -2.163
338.15 -0.1164 0.288
CO, + naphthalene + 309.15 0.1670 —-2.365

dibenzothiophene

thermal X, values at various pressures allow one to evaluate
exp[ S (Vo/RT) dP] values. Then It is possible to fit these
values as a function of pressure. When applied to the present
data it was found that the best fit that could be obtained was
of the form

B, K6 C
f(P)—exp[A+;+;] (5)
which on differentlation gives
- B1 C1
=t o (6

The values of B, and C, at different temperatures are listed
in Table II. Isothermal partial molar volumes as a function
of pressure for four of these cases are shown in Figure 3.
Similar curves are obtained for the rest. The values of ¥, for
naphthalene in naphthalene-CO, system obtained experimen-
tally by Eckert et al. (7) have been compared with the values
calculated according to eq 6. This is shown in Figure 4 and it
is evident that there is excellent agreement.

The three isotherms for the partlal molal volumes of di-
benzothiophene cross over around 115 bar. Above this pres-
sure the partial molal volumes decrease with increase in tem-
perature (V[T,] < V[T,]; T, > T,). Thisis because the vapor
pressure increases faster than solubility with increase in tem-
perature. Below this pressure, it is likely that one more
crossover would have been noticed if the measurement were
taken below 75 bar. Such phenomenon has been observed (for
instance by Tsekhanskaya et al. (9) in their work on di-
phenylamine in CO, at 305.35 and 310.15 K) earlier, but has
not been explained.

Conclusion

Solubility data for naphthalene, dibenzothiophene, and their
mixture in supercritical carbon dioxide are presented. A method
of calculating partial molar volumes from solubility data is sug-
gested. By use of this method, the calculated partiai molar
volumes of naphthalene in naphthalene-CO, system are com-
pared with the experimental partial molar volume data of Eckert
et al. The agreement between experimental and calculated
values is excellent.

Glossary

f, fugacity of solute, bar

P pressure, bar

P. critical pressure of CO,, bar
T temperature, K

v,® molar volume of solute, cm® mol-"
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Figure 4. Comparison of calculated and experimental values of partial
molar volume of naphthalene in CO,; O, experimental data of Eckert
et al. (7); A, calculated values using eq 6.

v, partial molar volume, cm?® moi™'
Y2 activity coefficient

Xy mole fraction of solute
A, B, C constants in eq 5

B, C,; constants in eq 6
DBT dibenzothiophene
Superscripts

f fluid phase

s solid phase

Subscripts

0 reference condition

Registry No. CO,, 124-38-9; naphthalene, 91-20-3; dibenzothiophene,
132-65-0.

Literature Clted

(1) Tsekhanaskaya, T. V.; lomtev, M. B.; Muskina, E. V. Russ. J. Phys.
Chem. (Engl. Transl.) 1964, 38, 1173.
(2) Kurnik, R. T.; Holla, S. J.; Reid, R. C. J. Chem. Eng. Data 1981, 26,
47,
(3) Elsenbeiss, J. Southwest Research Institute, 1966, Final Report No.
DA 18-108-AMC-244 (A), San Antonio, Texas.
(4) King, M. B,; Bott, T. R. Separation Scl. Technol. 1882, 17, 119.
(5) Mackay, R. M.; Paulaitis, M. E. Ind. Eng. Chem. Fundam. 1878, 18,
149,
(6) Chemical Engineering at Supercritical Fluid Conditions ; Paulaltis, M. E.,
Penninger, J. M. L., Gray, R. D., Jr., Davidson, P., Eds.; Ann Arbor
Sclence: Ann Arbor, MI, 1983; pp 31, 139.
Eckert, C. A.; Johnston, K. P.; Ziger, D. H.; Eilison, T. K. Flukd Phase
Equllib . 1983, 14, 167.
(8) Kurnik, R. T.; Reld, R. C. Fluid Phase Equillb . 1882, 8, 93.
(9) Tsekhanskaya, Yu. V.; lomtev, M. B.; Muskina, E. V. Russ. J. Phys.
Chem. (Engl. Transl.) 1862, 36, 1177,
(10) Hong, G. T.; Modell, M.; Tester, J. W. In Chemical Engineering at Su-
percritical Fluld Condltions ; Paulaitis, M. E., Penninger, J. M. L., Gray,
R. D., Jr., Davidson, P., Eds.; Ann Arbor Science: Ann Arbor, MI,
1983; p 263.

(7

-~

Received for review October 13, 1986. Accepted July 15, 1987.



