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A Nove l Apparatus for Accurate Measurements of Solid Solubilit ie s
in Supercritica l Phase s

M. Sauceau ,*,† J . Fage s ,† J .-J . Le tourneau ,† and D. Richon ‡

Ecole des Mines d’Albi-Carm aux, F81013 Albi, France, and Ecole des Mines de Paris,
F77305 Fontainebleau , France

A new appara tus for the measurement of solid solubilit ies in supercr it ica l flu ids is descr ibed in
deta il. It is based on an ana lyt ica l open-flow method: the composit ion of the phase is obta ined
by ana lyses, and the solvent flows cont inuously through the solid solu te. Solubilit ies of
naphtha lene in supercr it ica l CO2 in the pressure range of 8-30 MPa are repor ted for the
isotherms 308.15 and 318.15 K. The solubility da ta are then cor rela ted using three density-
based models.

In troduction

Supercr it ica l flu ids (SCFs) are widely used in a broad
field of applica t ions. Par t icle genera t ion is genera lly
handled with the RESS (rapid expansion of a super -
cr it ica l solu t ion) and SAS (supercr it ica l an t isolvent )
processes, which are of par t icu la r in terest . To develop
these techniques, knowledge of the solubility of the solid
compounds in the cor responding medium is the basic
in it ia l in format ion required. Solubility is a good mea-
surement of the in teract ion between species. The ac-
cura te determina t ion of the influence of pressure and
temperature on the solubility level provides insight in to
the influence of these var iables on ext ract ion behavior .
Several experimental techniques have been developed

for invest iga t ing high-pressure equilibr ia 1. Two types
of methods can be used, depending on the way the
composit ion is measured: synthet ic methods and ana-
lyt ica l methods. Synthet ic methods involve the indirect
determinat ion of equilibr ium composit ion without sam-
pling.2,3 They require the prepara t ion of systems of
given tota l composit ion according to each poin t in the
(T ,x) or (P,x) diagrams and are thus t ime-consuming.
In ana lyt ica l methods, the composit ions of the phases
in equilibr ium are obta ined by analyses after sampling.
These methods are the most widely used for determin-
ing solid-flu id equilibr ium. Two types of ana lyt ica l
methods can be dist inguished according to the way
equilibr ium is obta ined: closed-circu it methods and
open-circuit methods. In the closed-circuit method sub-
group, there are the pure sta t ic methods, in which the
system is a llowed to a t ta in an equilibr ium sta te in
appropr ia t ely st ir r ed condit ions,4,5 and the phase-
recirculat ion sta t ic methods, in which at least one phase
circu la tes, providing the agita t ion necessary to achieve
thermodynamic equilibr ium. In the open-circuit method
group, either one of the phases6 or the whole mixture7
is circu la ted. In both cases, it is essen t ia l tha t the
residence t ime of the flowing phase, in exper imenta l
condit ions, is longer than the t ime needed to reach the
equilibr ium.

A novel appara tus has been developed to measure
solubilit ies in pure and mixed solvents. It is based on
an open-circu it ana lyt ica l method. The equilibr ium cell
was designed to achieve st ir r ing and efficien t mass
t ransfer in order to reach thermodynamic equilibr ium.
A back-pressure regula tor (BPR) main ta ins a constan t
pressure throughout the line. At the out let , where the
supercr it ica l flu id is expanded, a liqu id solvent st ream
is used to collect the solu te. The appara tus is designed
to avoid solid precipita t ion and poten t ia l clogging,
problems encountered with most of the open-circu it
techniques used to measure solubilit ies in supercr it ica l
fluids. The solubility of the solid in the supercrit ical fluid
is ca lcu la ted from the measured da ta .

Experimental Section

1. Materia ls . The sources and pur it ies of the var ious
compounds used are given in Table 1. These mater ia ls
were used without any fur ther pur ifica t ion , except for
carefu l degassing of naphtha lene.
2. Equ ipment and Procedure s . The flow diagram

of the appara tus is shown in Figure 1. The main par t s
of this apparatus are two high-pressure pumps, a mixer ,
a hea ter , a hea t exchanger , an equilibr ium cell, a back-
pressure regula tor , and a separa tor .
Liquid carbon dioxide is compressed a t ambient

tempera ture by means of a syr inge pump P1 (Isco,
model 260D) to the desired pressure. The Isco pump can
be operated in either constant-flow or constant-pressure
mode for flow ra tes ranging from 0.1 µL min-1 to 90
mL min-1 and pressures up to 50 MPa. The poten t ia l
cosolvent is in t roduced by means of another syr inge
pump P2, in a para llel flow, a t a flow ra te depending
on the desired composit ion . To achieve homogeneous
mixing of the two liqu id solvents, they are circu la ted
through a mixer , M. The mixer is a specia l device built
specifica lly for th is setup. The high-pressure flu id then
passes through a hea ter , H, which is made of a brass
body, conta in ing a hea t ing resistance, a round which is
coiled the solvent circu it (sta in less steel tubing). The
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Table 1. Source and Purity of Chemicals

compound source pur ity
carbon dioxide Air Liquide S.A. 99.995%
naphtha lene Aldr ich 98%
hexane Sds 99%



hea ter , H, is used to rapidly hea t the solvent to
tempera tures above it s cr it ica l tempera ture. The su-
percr it ica l flu id then enters an oven (Spame), where the
solubility cell is thermoregula ted. The oven can be used
for temperatures up to 400 K, with temperature regula-
t ion with in 0.1 K. Because of the thermal iner t ia of the
equilibr ium cell, it s in terna l tempera ture is found to be
stable to with in 0.05 K. A hea t exchanger , HE, con-
ta ined in the oven , is used to set the tempera ture of the
solvent a t the desired level (temperature of the required
solubility measurement ) before it en ters the solubility
cell. HE consist s of a brass cylinder around which is
wound the sta in less steel solvent circu it . The cylinder
and tubing are covered with a brass radia tor . Down-
st ream of the hea t exchanger , a six-way, two-posit ion
high-pressure Valco va lve is loca ted in the circu it to
either direct the supercr it ica l flu id to the cell or bypass
it . This provides a means for removing eventua l solid
deposit s from the line. Cylindr ica l in shape, the cell EC
contains three compartments placed one above the other
and fit t ed a t their bot toms with sta in less steel sin tered
disks and O rings. This is equiva len t to three differen t
cells connected in ser ies. The solid powder , for which
solubility measurements are required, is placed inside
the three compar tments, which have a tota l volume of
about 5 cm3. The sin tered disks prevent st r ipping of the
solid dur ing the exper iment and a llow a small pressure
drop, advantageous for a t ta in ing sa tura t ion , while a
good dispersion of the supercr it ica l solvent is ach ieved.
EC withstands pressures up to 50 MPa at temperatures
up to 400 K. The cell cap is sea led in the bot tom par t
using a silicone O r ing. The two par t s (cap and bot tom)
are pressed aga inst each other with a fast -connect ing
mechanica l device. The pressure of the supercr it ica l
phase is monitored upst ream and released downst ream
through the BPR (Tescom, model 26-1722), which can
be either heated or not so that it can be at tempera tures
h igher or lower than the ext ract ion tempera ture. After
homemade modifica t ions, the BPR allows cont rol of the
in line pressures to with in 0.5%. It can be used up to

473 K and 70 MPa. At the out let of the BPR, the
pressure is reduced to about a tmospher ic pressure, and
then a recover ing liqu id solvent (a sufficien t ly good
solvent a t a tmospher ic pressure to recover a ll of the
solu te) st ream is used to get the solu te in liqu id sta te
for collect ion . Without th is solvent , the solu te would
precipita te dur ing the pressure drop, and th is would
lead to potent ia l clogging. Fina lly, a separa tor S is used
to vent the gas and collect the solvent phase. At the end
of each exper imenta l run , the liqu id solvent line is
washed with fresh solvent to recover a ll of the solu te.
The tota l volume of gaseous CO2 (ext ract ion solvent ),
V1, is measured by means of a volumeter GV, and the
concent ra t ion of solid in the solu te recover ing liqu id
phase C2

L is measured by gas or liqu id chromatogra-
phy. With these two data and the tota l volume of the
solu te recover ing liqu id solvent , VL, determined, the
solubility, y2, of the solid in supercr it ica l flu id is
ca lcu la ted by

where

and

n is the mole number , F the density, and M the
molecula r weight . The solubility uncer ta in ty depends
st rongly on the exper iment dura t ion : the longer the
t ime, the more accura te the quant it ies used in the
ca lcu la t ion of the solubility. As a consequence, the

Figure 1. Flow diagram of the appara tus.
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exper iment dura t ion should be opt imized for good
accuracy in the resu lt , without an excessively long
exper iment .
Tempera tures of the heater , the pressure t ransducer ,

and the BPR are monitored to bet ter than 0.1 K by a
tempera ture regula tor (West Mini, model 6100) fit t ed
with a J -type thermocouple. The temperature in the cell
is measured direct ly in it s body through a 4-wire 100-Ω
pla t inum probe, to with in 0.02 K as a result of a carefu l
ca libra t ion , per formed aga inst a 25-Ω reference pla t i-
num probe. The pressure is measured in the out-st ream
line of the cell. The pressure t ransducer (Druck, model
PTX611) can measure pressures up to 35 MPa at
tempera tures up to 400 K with an accuracy of 4 × 10-3
MPa as a result of a ca libra t ion performed using a dead
weight ba lance (Desgranges et Huot , model 5202S CP).
It is thermosta ted (a t a fixed tempera ture above the
solubility measurement tempera tures) by a small oven
made of a brass jacket conta in ing a hea t ing resistance
(with an in terna l thermocouple) connected to a ther -
moregula tor (West Mini, model 6100). There are two
main reasons for the thermal regula t ion of the pressure
t ransducer : (a ) to avoid condensa t ion or solid deposit
and (b) because the response coefficien t of the pressure
t ransducer is sligh t ly dependent on tempera ture.
3. Testing of the Equ ipment. An impor tan t re-

quirement in the design of the appara tus was to obta in
a sa tura ted st ream flowing outside the cell. To confirm
the efficiency of the equipment over a la rge range of
opera t ing condit ions, measurements have been per -
formed at var ious flow rates. When there is no sensit ive
effect on the measured solubility values in a given range
of flow rates, the equilibr ium is confirmed in this range.
This applicability range is va lid for the studied com-
pound but does not necessar ily apply to another . Sepa-
ra te exper iments are therefore required to confirm
opera t ing flow ra tes for each solu te of in terest .
The va lidity of the technique was determined by

measur ing naphtha lene solubility in supercr it ica l CO2.
Corresponding da ta are ava ilable in the litera ture and
provide a good basis for quant ifying test s.
Hexane was used as the recover ing liqu id solvent . A

CO2 flow time of 20 min at 0.75 mL min-1 was sufficient
to obta in a reproducibility bet ter than 3%. Sample
ana lysis was per formed with a Hewlet t -Packard gas
chromatograph (model 5890) fit t ed with an HP auto-
mat ic in jector (model 7675) and an SGE capilla ry
column (model 50QC3/BP10 0.5). Analyses on fresh
hexane used for addit iona l clean ings of the recover ing
solvent line were per formed after each exper iment to
ver ify tha t no naphtha lene residue had been left in the
line. The solubility da ta are listed in Table 2 for two
tempera tures. F igures 2 and 3 show compar isons of our

da ta with those repor ted in the litera ture.8-12 Our
solubility measurements are in excellen t agreement
with those from previous works.
This appara tus provides accura te measurements of

solid solubilit ies with a shor t exper iment t ime because
of the circu la t ion of the supercr it ica l flu id. To enhance
the accuracy and to measure very low solubility, the
exper iment t ime can be increased. For screening pur-
poses and rough solubility measurements, on ly very
short measurement t imes are necessary. This apparatus
can a lso be used for ext ract ion studies.

Mode ling

For modeling solid solubilit ies in supercr it ica l flu ids,
differen t equa t ions of sta te can be used, such as the
Peng-Robinson13 cubic equa t ion of sta te (PR EoS). For
th is opt ion however , physicochemica l proper t ies of the
solu te and the solvent must be known (cr it ica l param-
eters, acent r ic factors, molar volumes, vapor pressures,
etc.). Such da ta are ava ilable, from the litera ture, for
CO2 and for most of the classica l cosolvents, bu t th is is
not true for complex solids related to the pharmaceutical
indust ry. At fir st , the solu te cr it ica l parameters can be
est imated using a group cont r ibu t ion method.14,15 If
resu lt s a re not sa t isfactory, cr it ica l parameters can be
trea ted as adjustable parameters of the thermodynamic
model.16,17
Modeling the solubility of solids using density instead

of pressure as the independent var iable is very usefu l,
because it does not require the ment ioned physica l
proper t ies. There exist severa l empir ica l density-based
cor rela t ions. In the present work, solubilit ies a re cor -
rela ted by three methods. In the fir st method, the mole
fract ion of naphtha lene, y2, is rela ted to the reduced

Table 2. Solubility Data for Naphthalene in
Supercritica l CO2 (T ) 308.15 K and T ) 318.15 K)

T )308.15 K T )318.15 K
P (MPa) y2 P (MPa) y2
8.05 0.0044 8.49 0.0011
13.43 0.0138 9.83 0.0060
13.52 0.0139 14.65 0.0206
14.85 0.0146 15.06 0.0208
15.05 0.0147 15.30 0.0215
20.03 0.0161 19.77 0.0237
20.08 0.0163 24.98 0.0258
24.82 0.0169 29.70 0.0278
29.76 0.0174
29.92 0.0175

Figure 2. Comparison of our solubility data results with previous
works a t T ) 308.2 K.

Figure 3. Compar ison of our solubility da ta resu lt s with the
Tsekhanskaya et a l.8 da ta .



density of carbon dioxide, Fr1,18 by

where Fr1 is equa l to F1/Fc1 and c and d are adjusted on
the basis of the exper imenta l da ta .
The second method used in th is work was suggested

by Schmit t and Reid19 as follows:

with

where E is the enhancement factor , P2
sa t the sa tura t ion

vapor pressure of the solu te, and F1 the density of the
flu id. The coefficien ts e and f are adjusted on the basis
of the exper imenta l da ta . The P2

sa t of naphtha lene is
obta ined by means of an in terpola t ion of exper imenta l
da ta ,20 using the following expression :

The ca lcu la ted P2
sa t va lues are 35 Pa a t 308.15 K and

126 Pa a t 318.15 K.
The th ird method for cor rela t ing the solubility da ta

used the model proposed by Chrast il.21 This model can
be regarded as a macroscopic descr ipt ion of the sur -
roundings of the molecules in the fluid phase. It is based
on the hypothesis tha t one molecule of a solu te A
associa tes with k molecules of a gas B to form one
molecule of a solva to complex ABk in equilibr ium with
the system. The defin it ion of the equilibr ium constan t
through thermodynamic considera t ions leads to the
following expression for the solubility:

where C2 is the concent ra t ion of the solu te in the
supercr it ica l phase, k is the associa t ion number , a is
dependent on the heat of solvat ion and heat of vaporiza-
t ion of the solu te, and b is dependent on the molecula r
weights of the species. k , a, and b are adjusted on the
basis of exper imenta l solubility da ta . In most cases,
solva to complexes are not stoich iomet r ic, and it is not
expected tha t k will be an in teger .21 The concent ra t ion
C2 is ca lcu la ted by

These three developments suggest linear rela t ion-
sh ips between ln y2 and Fr1 for eq 4, ln E and F1 for eq
5, and ln(C2) and ln(F1) for eq 8, with slopes equa l to d ,
f, and k , respect ively. We have chosen to use the density
of the pure flu id because, for most of the solids, the
solubility is low and the var ia t ion of the sa tura ted
supercr it ica l phase density because of the solu te is
negligible. For naphtha lene, which shows a high solu-
bility, the difference is a lways less than 1%. The density
F1 and the concent ra t ion C2 under the opera t ing condi-
t ions poin ts a re listed in Table 3.

The resu lt s for the three cor rela t ions are presented
in Table 4. We have limited the range of pressures to
our invest iga ted range because cor rela t ions were not
found to be st r ict ly linear for a ll da ta sources. Our
exper imental results were sat isfactor ily regressed using
the three linear funct ions, a lthough eq 4 gives a higher
average absolu te devia t ion (AAD). The resu lt s for eqs
5 and 8 are illust ra ted in Figures 4 and 5, respect ively.
The correla t ion of the Tsekhanskaya et a l.8 data gives

good resu lt s too. In the case of eqs 4 and 5, the
coefficien ts a re close to our va lues. If we use the
coefficien ts obta ined for eq 5, the AAD of our da ta
remains on the same order as those obta ined for the
direct regression (the bot tom two lines in Table 4). This
demonst ra tes the consistency between the two sets of
da ta .
For the Chrast il model, the k values obta ined with

the Tsekhankaya et a l.8 da ta show a small tempera ture

ln y2 ) c + dFr1 (4)

ln E ) e + fF1 (5)

E )
Py2
P2
sa t (6)

ln P2
sa t ) R - !

T (7)

ln(C2) ) k ln (F1) +
a
T + b (8)

C2 ) F1
M 2y2

M 1(1 - y2) + M 2y2
(9)

Table 3. Dens ity and Concen tration under Experimental
Conditions

T )308.15 K T )318.15 K
P

(MPa)
F1

(kg m-3)a
C2

(kg m-3)
P

(MPa)
F1

(kg m-3)a
C2

(kg m-3)
8.05 380 4.8 9.83 426 8.2
13.43 764 29.9 14.65 696 40.2
13.52 766 30.2 15.06 707 41.2
14.85 793 32.8 15.30 714 42.9
15.05 797 33.2 19.77 799 52.8
20.03 870 39.6 24.98 864 61.9
20.08 871 40.1 29.70 909 68.9
24.82 919 43.8
29.76 959 47.0
29.92 960 47.3
a The density of the CO2 is ca lcu la ted by using the PR EoS.13

Figure 4. Enhancement factor vs density. Correla t ion proposed
by Schmit t and Reid.19

Figure 5. Concent ra t ion of naphtha lene vs density. Correla t ion
proposed by Chrast il.21



dependence, from 2.4 a t 308.15 K to 3.1 a t 318.15 K,
which is confirmed by the AAD increase when all da ta
are taken in to account (four th to sixth line in Table 4).
On the cont ra ry, the tempera ture dependence of our k
value is not sign ifican t : the AAD remains pract ica lly
constant when all our data are gathered (top three lines
in Table 4). This conclusion is in good agreement with
the resu lt s of Chrast il, who obta ined para llel lines in
the plot of ln(C2) vs ln(F1). The cor rela t ion can thus be
wr it ten

to provide a rela t ion between C2, P, and T with , for a
given gas and solu te, constan t va lues of k , a, and b. A
va lue of 2.6 for the associa t ion constan t k seems to be
su itable for cor rela t ing a ll of our exper iments.

Conclus ion

A new appara tus for very accura te measurements of
solid solubilit ies in supercr it ica l flu ids has been de-
signed, built , and tested. Measurements of the solubility
of naphtha lene in supercr it ica l carbon dioxide were
car r ied out a t 308.15 and 318.15 K over a range of
pressures typica lly encountered in supercr it ica l pro-
cesses. The compar ison with previous works indica tes
the va lidity of th is appara tus, based on an ana lyt ica l
open-circu it method. The da ta were cor rela ted with
three density-based models, in par t icu la r with the one
proposed by Chrast il, which provides an est imat ion of
the number of solvent molecules per molecule of solu te
engaged in the solva to complex.

Nomenclature
a, b ) coefficien ts for eq 8
c, d ) coefficien ts for eq 4
e, f ) coefficien ts for eq 5
AAD ) average absolu te devia t ion
C ) concent ra t ion (kg m-3)
E ) enhancement factor
k ) associa t ion number (Chrast il21 model)
M ) molecula r weight (g.mol-1)
n ) mole number (mol)
P ) pressure (MPa)
T ) t empera ture (K)
V ) volume (m3)
y ) mole fract ion

Greek S ym bols
F ) density (kg m-3)
R, ! ) coefficien ts for eq 7

S ubscripts
c ) cr it ica l proper ty
ca l ) ca lcu la ted
exp ) exper imenta l
L ) recover ing liqu id solvent
r ) reduced proper ty
1 ) ligh t solvent component (carbon dioxide)
2 ) heavy solu te component (naphtha lene)

S uperscripts
EoS ) ca lcu la ted by means of an equa t ion of sta te
L ) recover ing liqu id solvent
sa t ) sa tura t ion
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