
EDMUNDO J. S. GOMES DE AZEVEDO
Centro de Química Estrutural, Compexo I

Instituto Superior Técnico

1096 Lisboa

PORTUGAL

JOHN M. PRAUSNITZ
Department of Chemical Engineering

University of California

Berkeley CA 94720

USA

PARTIAL MOLAR VOLUMES
OF NAPHTHALENE DILUTE
IN SUPERCRITICAL FLUID
SOLVENTS (* )

Supercritical-fluid extraction is a separation technique with much

potential for a variety of industries.

To design and operate a supercritical-fluid extraction process, it is

important to understand the behavior of solutes dilute in solvents

at conditions close to the solvent's critical point.

In this work, we use Chueh's modification of the Redlich-Kwong

equation of state to calculate the pressure dependence of the partial

molar volumes of naphthalene infinitely dilute in carbon dioxide

(isotherms between -3.15°C and 67°C) and in ethene (isotherms bet-

ween 0°C and 60'C). These calculations were performed using a bi-

nary interaction parameter k 12 determined from solubility data.

As the solvent's critical point is approached, the solute's partial

molar volumes become very large but negative with a sharp mini-

mum at temperatures close to the solvent's critical.

Calculated results compare well with available experimental data.

In the critical region the partial molar volume is highly sensitive to

temperature and pressure. Therefore, the fugacity coefficient of the

solute changes dramatically with small changes in operating con-

ditions. It is this dramatic change which leads to the unique ad-

vantages of supercritical-fluid-extraction process.

(*) Presented at the 4th Int. Chem. Eng. Conference,
CHEMPOR'85, Coimbra, 1985.

INTRODUCTION

Much attention has been given to separation
processes using a supercritical fluid (SCF) for
extraction. In this separation technique, a
fluid at temperatures and pressures slightly
exceeding those at its critical point is used to
extract a solute (solid or liquid) from a solu-
tion.
Compared with conventional extraction me-
thods, SCF extraction is advantageous for
energy savings, and for economic recovery of
the solvent. Further, a supercritical fluid is
often more useful than a liquid solvent be-
cause of higher diffusity, lower density and
lower viscosity of the supercritical fluid when
compared with those of typical liquid solvents.
Carbon dioxide is a popular SCF extractant. It
fulfills many of the characteristics for an
advantageous extraction agent: good extra-
cting power, non-toxic, chemical stability,
inexpensive, readily available and a conve-
niently low critical temperature (31.1°C).
Several industrial processes using compressed
gases for material separation are suggested in
the literature (for a review see Paulaitis et al.
I11). They include the separation of organic
chemicals from water, caffeine from coffee,
extraction of hops, spices, tobacco, and extra-
ction of volatile materials from coal and other
heavy fossil fuels. While only a few of these
applications are as yet used in industry, there
is good reason to believe that their number
may increase in the near future.
Since the understanding of the behavior of
solutes dilute in supercritical fluids is essen-
tial for design and operation of SCF extraction
equipment, we discuss here the calculation of
partial molar volumes of naphthalene infi-
nitely dilute in the supercritical solvents, car-
bon dioxide and ethene. The partial molar
volume is a key quantity for determining opti-
mum operating conditions because it determi-
nes the rate at which the fugacity coefficient
(and hence the solubility) changes with pres-
sure.
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To describe the solubility of a solid in a super-
critical fluid, we assume that the solid phase
is pure and incompressible.
With these assumptions, it can be shown [2]
that at temperature T and pressure P the so-
lubility of a solid (component 2) in a SCF
(component 1) is given by
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For the mixture, parameters a and b are
given by the usual mixing rules,

where Plat is the sublimation pressure of the
pure solid, 4)2at is the fugacity coefficient at
Plat , and the exponential term is the Poynting
correction for the fugacity of pure solid, all at
system temperature T.
It is the pressure dependence of 4)

2
 which is

primarily responsible for the variation of y 2

with pressure. At low pressures, the term set
in brackets in Eq. (1) is not far removed from
unity. In that case, y 2 = P2at/P which is the
ideal solubility of solid 2 in the gas phase. At
high pressures, the term in brackets is larger,
often very much larger, than unity.
The pressure dependence of fugacity
coefficient 4

2
 can be evaluated from
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where S2a _ and Stn _ are dimensionless constants
obtained from saturated vapor data.
We evaluate the cross term a 12 in Eq. (5) from

a12 = (S2a 1 + S2a2) R2 n12 /2 P`12	 (7)
with
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where v2 is the partial molar volume of the
solute in the fluid phase.
At high pressures, if v 2 is negative,
(aln4 2 / aP)„, may be large and negative. If we
raise P, we obtain lower (0 2 ; then y2 must rise
because the fugacity of the pure solid is appro-
ximately constant and, at equilibrium,

constant = f 2= f =fG 	 y Pz z (3)

One convenient way to calculate 4)
2
 is from an

equation of state. In this work we use Chueh's
modification [3] of the Redlich-Kwong equa-
tion of state. From this equation we obtain [21
for 41 2 ,

Tc 12 = (Tc 1 Tc2 )' 12 (1 — k12)

In these equations, subscript c refers to the
critical property, a), is the acentric factor for
component i and k 12 is the binary interaction
parameter.
Partial molar volumes were also calculated
from the Redlich-Kwong equation, through
the thermodynamic relation
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where V is the total volume of the mixture
containing n 1 moles of component 1, etc.
Since the solubility of the solute in the gas
phase is small, we consider the solute infinite-
ly dilute in the supercritical fluid phase. In
that case, v2 , the partial molar volume of so-
lute at infinite dilution, is defined by

—L^O C °V \
an2 J P, T, n^

(13)

We obtain v2 by calculating the derivatives in
Eq. (12) from Redlich-Kwong equation. The
result is
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Figure 1

Experimental (A , • from ref. 5,6) and calculated solubilities
for naphthalene in supercritical ethene at 25°C. Calculations
from Redlich-Kwong equation of state with k 12 = O

(broken line) and k 12 = — 0.0182 (full line)

At infinite dilution, a, b, and v are the corres-
ponding values for the pure solvent.

RESULTS

Using solubility data for naphthalene in CO 2

at 35°C [4, 51 and in ethene at 25°C [5, 61 we
used Eq. (1), together with Eqs. (4)-(11) to ob-
tain interaction parameter k12.
Data for pure components were taken' from
IUPAC Tables [71 (CO 2 and C 2 H4) and from
reference 8 (naphthalene).
Figure 1 compares experimental with calcula-
ted solubilities of naphthalene in supercritical
ethene at 25°C.
With k 12 = 0, agreement is good only at low
pressures where the gas phase is almost ideal.
In the range of pressures studied, calculated
solubilities of naphthalene in C 2H4 agree with
experimental data using k 12 = — 0.0182, even
at higher temperatures as shown in Fig. 2.
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Figure 2

Experimental (• at 25°C, ref. 5; • at 50°C, • at 25°C from ref.
6) and calculated solubilities (with k 12 --= — 0.0182) for solid
naphthalene in supercritical ethene at 25°C (full line) and at

50°C (broken line)

Similar results were obtained for the solu-
bility of naphthalene in supercritical CO 2 .
Figure 3 compares calculated solubilities

300
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(using k 12 = 0.0626) with experimental data at
35°C.
Using Eq. (14) with k 12 obtained from solu-
bility data, we calculated v2 as a function of
pressure and temperature. Figure 4 shows
isotherms (between 0°C and 60°C) of calcula-
ted partial molar volumes as a function of
pressure for naphthalene infinitely dilute in
ethene.
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Figure 3

Experimental /4,.51 and calculated solubilities (with

k 12 = 0.0626) for solid naphthalene in supercritical carbon
dioxide at 35°C

Figure 5 shows similar isotherms (between
—3.15°C and 67°C) for naphthalene in CO 2 .
As shown in Figs. 4 and 5, at low pressures
the partial molar volumes of the solute are
small and positive. As pressure increases, v2
decreases strongly until a minimum is obser-
ved. At higher pressures, v2 increases and
eventually become positive again. At condi-
tions of pressure and temperature where the
solvent is supercritical, a sharp minimum is
observed. This minimum shifts to higher pres-
sures as the temperature rises; the same
trend is observed [9] for similar curves sho-
wing the dependence of solubility maxima on
pressure and temperature.
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Figure 4

Calculated partial molar volumes of naphthalene infinitely
dilute in ethene. Values of 	 are large and negative at

temperatures close to the ethene's critical (t,. 9.5°C)      
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Figure 5

Calculated partial volumes of naphthalene infinitely dilute
in carbon dioxide (t = 31.1°C)

In addition we point out that an analytic
equation of state, such as the Redlich-Kwong
we used in this work, cannot describe the be-
havior of systems very near the critical state.
For this reason, Figs. 4 and 5 do not include
any calculations at temperatures very near
the critical region of the pure solvents.
Figure 6 shows three isotherms which com-
pare u2 calculated from Eq. (14) with experi-
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Figure 6

Comparison of calculated partial molar volumes of naphtha-
lene at infinite dilution in supercritical carbon dioxide with
experimental chromatographic data 1101. (Prausnitz/Lich-
tenthaler/Gomes de Azevedo, MOLECULAR THERMODY-
NAMICS OF FLUID-PHASE EQUILIBRIA, 2/E, p.
464,1986. Reproduced by permission of Prentice-Hall, Inc.,

Englewood Cliffs, N. J.)

This particular behavior of the solute's partial
molar volumes has also been observed for
other solute properties. Similar unusual ef-
fects are reported for excess enthalpies, appa-
rent molar heat capacities and solubilities of
solutes in mixtures near the solvent's critical
point 1111.
Addition of small quantities of solute to the
near-critical solvent acts like a «condensing
agent» which is responsible for the large nega-
tive partial molar volumes.
As shown, a simple equation of state like the
Redlich-Kwong equation (with a binary inter-
action parameter obtained from other experi-
mental data) is able to predict unusually large
and negative partial molar volumes and their
sensitivity to small changes in pressure when
the solvent is near its critical state.
Very low fugacity coefficients lead to solubili-
ties much larger than those calculated by as-
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suming ideal behavior. Large negative molar
volumes tell us that a small decrease in pres-
sure can dramatically reduce the solubility. It
is precisely this feature which makes SCF ex-
traction attractive because it permits simple
and economic solvent recovery.
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No p rojecto e na operação de processos envolvendo a extracção

supercrítica é importante conhecer o comportamento de solutos di-

luídos em solventes em condições próximas do ponto crítico do

solvente.

Neste trabalho utilizou-se a modificação de Chueh da equação de

estado de Redlich-Kwong para calcular a dependéncia com a pres-

são dos volumes parciais molares do naftaleno infinitamente di-

luído em dióxido de carbono (isotérmicas entre -3.15°C e 67°C) e em

eteno (isotérmicas entre 0°C e 60°C). Estes cálculos foram efectua-

dos usando um parâmetro de interacção binária k , , determinado a

partir de dados de solubilidade.

À medida que se aproxima o ponto crítico do solvente, os volumes

parciais molares do soluto tornam-se muito grandes e negativos,

com um mínimo acentuado para temperaturas próximas da tempe-

ratura crítica do solvente.

Os resultados calculados estão em boa concordância com os resul-

tados experimentais existentes.

Na região crítica, o volume parcial molar é muito sensível à tempe-

ratura e à pressão. Por isso, o coeficiente de fugacidade do soluto

varia acentuadamente com pequenas alterações nas condições de

operação. É esta variação apreciável que conduz às vantagens par-

ticulares dos processos de extracção supercrítica.
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RESUMO

Volumes parciais molares de naftaleno em solventes
supercríticos

A extracção supercrítica é uma técnica de separação com grandes

possibilidades de aplicação em várias indústrias.

NOTATION

constant in Redlich-Kwong equation of state
constant in Redlich-Kwong equation of state
fugacity, bar (1 bar = 10 5 Pa)
deviation from geometric mean
number of moles
pressure, bar
gas constant, bar cm 3 mol - 'K- '
temperature, K
temperature, °C
molar volume, cm 3 moi -1

total volume, cm 3

liquid phase mole fraction
gas phase mole fraction
compressibility factor
fugacity coefficient
acentric factor

dimensionless constant in Redlich-Kwong equation of
state

Subscripts

1, 2, i, j components
c	 critical property

Superscripts

G gas phase property
sat evaluated at saturation
s	 solid phase property
—	 partial molar property

infinite dilution property
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