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( ) ( ) ( )Dilute solutions of ethyl cellulose ETC in acetone and of poly ethylene oxide PEO
in ethyl acetate, acetonitrile, ethyl acetate-acetonitrile, and acetonitrile � water mixtures
were expanded isothermally by compressed CO . Onset precipitation pressures were ®i-2
sually measured through a windowed cell.

Toward a rational understanding of the molecular mechanisms in®ol®ed in gas anti-
( )sol®ent GAS processes, saturated-liquid-phase ®olume expansion and sol®ent power

were monitored by UV-®is spectroscopy for the sol®ent mixtures considered in the precip-
itation experiments. Ferrocene absorbance and phenol blue absorption-peak-wa®elength
shifts were used as probes to assess saturated-liquid-phase ®olume expansion and sol-
®ent power, respecti®ely.

For the first time, a correlation between a microscopic bulk property, sol®ent power,
and the onset precipitation pressure of a solute is reported. Because of preferential inter-

( )actions with the dye hydrogen bonds , the correlation breaks down when e®en small
amounts of water are present in the sol®ent mixture.

The results presented here suggest that UV-®is spectroscopy constitutes a ®aluable tool
for understanding some phenomena related to supercritical-fluid technology.

Introduction

In the past decade, supercritical fluids have emerged as an
important alternative to organic solvents in processes such as
extraction, recrystallization, industrial cleaning, and steriliza-

Žtion Reverchon, 1999; Teja and Eckert, 2000; Spilimbergo et
.al., 2001 . Because supercritical CO offers the advantage of2

processing labile compounds at mild pressure�temperature
conditions, recrystallizationrprecipitation of pharmaceuticals,
fractionation of biopolymers, and purification of proteins are

Žcurrently enjoying strong research interest Subramaniam et
.al., 1997; Winters et al., 1999 .

Compressed CO is used, among other applications, as the2
Ž .antisolvent in gas antisolvent GAS precipitation processes

Ž .Gallagher et al., 1989 . A low-volatile solvent, the supercriti-
cal antisolvent, and a solute are the essential components of
a GAS process. The antisolvent is soluble in the liquid sol-
vent, while the solute is not soluble in the dense gas. Dissolu-
tion of antisolvent in the liquid phase expands the saturated
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liquid, reduces its solvent power, and eventually causes solute
precipitation. Even though many applications of GAS pro-
cesses have already been developed, the molecular mecha-
nisms involved are not completely understood. Saturated liq-
uid-phase volume expansion and onset precipitation pressure
of a given compound are considered as key properties in the

Žstudy of CO -solute�solvent systems Bertucco and Pallado,2
.1999 . However, no general relationship has been unequivo-

cally reported between liquid-phase volume expansion and
Žprecipitation of a given compound Chang and Randolph,

.1990 .
ŽThe concept of clustering statistical local-density augmen-

.tation of solvent molecules about solute molecules was intro-
duced to investigate the solubility of substances in near criti-

Žcal or supercritical CO Eckert et al., 1983, 1986;2
Debenedetti, 1987; Kim and Johnston, 1987a,b; Sun et al.,

.1992; Phillips and Brennecke, 1993 . Debenedetti and Mo-
Ž .hamed 1989 showed that a solute at infinite dilution in a

near critical solvent can experience either augmented or di-
minished solvent density in its local environment.

Molecular spectroscopy in supercritical fluids is a relatively
Žnew research tool Kim and Johnston, 1987a; Sun et al., 1992;
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Carlier and Randolph, 1993; Yamaguchi et al., 1993; Eber-
.hardt et al., 1997; Brennecke et al., 2000 . Phenol blue ab-

sorption�peak wavelength strongly depends upon solution
properties, thus it provides an empirical scale for solvent

Ž .power classifications Figueras, 1971; Kolling, 1991 . Kim and
Ž . Ž .Johnston 1987a and Kelley and Lemert 1996 measured

phenol blue absorption�peak wavelength to sample the sol-
vent power of a few organic solvents expanded by com-
pressed CO . They proved that, upon increasing CO pres-2 2
sure, the local environment about the dye changes when
compared to the bulk composition. In particular, organic-
solvent molecules accumulate around the dye much more than
CO molecules do. Recently, our group proposed UV-vis ab-2
sorbance measurements to assess the saturated-liquid-phase
volume expansion for a solvent exposed to high-pressure CO2
Ž .Elvassore et al., 2002 . Here we present an improved version
of the original experimental setup. The new design allows
faster equilibration and more reliable temperature control.
Literature data were reproduced to check the reliability of
the experimental method.

In this work we attempt to correlate the solvent power of a
compressed CO -organic solvent mixture to the conditions2
that determine polymer precipitation in a GAS experiment.

Ž . Ž .Onset precipitation pressures of poly ethylene oxide PEO
Ž .and ethyl cellulose ETC from various solutions expanded by

GAS processes are reported. To reproduce experimental
conditions used for the production of polymeric microparti-

Ž .cles Bertucco and Pallado, 1999; Elvassore et al., 2001 , di-
lute polymer solutions were considered. Onset precipitation
pressures were measured by visual observation through a
windowed cell.

Saturated-liquid-phase volume expansion and solvent
power were measured by UV-vis spectroscopy methods for
the pure solvents and for the solvent mixtures used for pre-
cipitation experiments. A general relationship between satu-
rated liquid-phase volume expansion and onset precipitation
pressures was not observed. However, our results suggest that
the bulk solvent power may determine the precipitation con-
ditions from a solution expanded by compressed CO .2

Following the analytic method proposed by Kim and John-
Ž . Ž .ston 1987a and by Kelley and Lemert 1996 , shifts in the

absorption�peak wavelength of the solvatochromic probe
phenol blue were used to estimate the local composition
around the dye. The local composition was compared to the
bulk composition, estimated by the perturbed-hard-sphere-

Ž .chain equation of state PHSC EOS . Our calculations show
an enhanced organic-solvent density around the solva-
tochromic dye. Interestingly, polymer precipitation occurs
when local CO mole fraction about the dye is approximately2
20�5%.

Materials and methods
Ž .PEO, molecular weight MW 20 kDa, and molecular

Ž .weightrnumbersaverage molecular weight MWrM 1.3,n
Ž .was purchased from Fluka Buchs, Switzerland and ethyl cel-

lulose, MW 120 kDa and MWrM 1.2, was purchased fromn
Ž .Eurand Milan, Italy . Spectroscopy-grade organic solvents

ethylacetate, acetone, and acetonitrile were purchased from
Ž .Aldrich Steinheim-Germany and used as received. Water

was distilled in the laboratory. CO , 99.95%-grade purity, was2
Ž .purchased from Air Liquide Padova, Italy .

Ž . Ž .Ferrocene �-C H Fe Aldrich, Steinheim-Germany ,5 5 2
absorbing peak at 440 nm, was used at concentration of 1
grL to monitor volume expansions. Solvatochromic dye phe-

Ž . Žnol blue N, N-dimethylindoaniline Aldrich, Steinheim-
.Germany was used at concentration of 0.023 grL to monitor

the solvent power of different solvents.
Ž .Dilute solutions less than 35 grL of PEO and ETC in

different solvent mixtures were studied. All solutions were
stirred for at least one hour before precipitation experiments.

Polymer precipitation
A windowed cell was used to monitor the precipitation of

PEO and ETC from different mixtures by GAS processes. A
detailed scheme of the experimental setup is reported else-

Ž .where Bertucco et al., 1998 . A 10�15-mL solution sample
was loaded in the windowed cell and was expanded at con-
stant temperature by compressed CO . To allow equilibra-2
tion between the liquid and the gas phases, CO pressuriza-2
tion rate was as low as 20 kPa per minute. Temperature
Ž .measured by Pt100 � resistance was kept constant at �1 K
by an electric resistance. Onset precipitation pressure was in-
dicated by the appearance of white particles at the gas�liquid
interface. Different initial concentrations of PEO in solutions
were used to check the reproducibility of the results. The
determination of the onset precipitation pressure for PEO as
a function of polymer concentration in the initial solution was
performed only in a concentration typically used in the GAS
precipitation processes; an investigation of the onset precipi-
tation pressure in a wider concentration range is beyond the
scope of this study. Experimental runs at different tempera-
tures were carried out only for ETC. By reproducing several
measurements, the experimental uncertainty for the precipi-
tation pressure was estimated to be lower than 5%.

While polymer molecular weight and polydispersity are
certainly important in determining polymer solubility in a
given solvent, small variations in onset precipitation pressure
cannot be detected by visual observation, due to the accuracy
of the instrument used. The measurement of polymer con-
centration in the supernatant phase, after polymer precipita-
tion occurred, was not attempted.

Volume expansion
Saturated-liquid-phase volume expansion of different sol-

vents and solvent mixtures was measured as a function of
CO pressure by measuring the absorbance of a reference2
standard. Ferrocene was used because it is soluble in all the
mixtures considered and because it guarantees reliable re-

Ž .sults. As discussed elsewhere Elvassore et al., 2002 , the
molecular probe should not be soluble in CO , should not2
precipitate upon increasing CO pressure, its absorption band2
should not shift due to the effect of CO pressure, and its2
extinction coefficient should not change upon increasing CO2
content in the saturated liquid phase. Under these condi-
tions, the volume expansion can be calculated by a simple
relationship obtained manipulating the Lambert-Beer law

VyV A y A0 0s 1Ž .
V A0
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Figure 1. Experimental apparatus for the measurement
of organic-solvent volume expansion and
variation in solvent power as a function of CO2
pressure.

ŽMain components are UV-vis spectrophotometer UV-vis in
. Žthe figure , CO -IN and solution-IN lines 1 and 2, respec-2

. Ž . Ž .tively , piston pump PP , expansion column CE , manual
Ž . Ž .valves VMs , filters Fs , temperature and pressure trans-
Ž .ducers TI and PI, respectively . The apparatus is immersed

Ž .in a water thermostatic bath BT .

In Eq. 1, A is the peak absorbance of the reference stan-
dard and V is the volume of the liquid phase. Subscript 0
indicates quantity at initial conditions, without dissolved CO .2

ŽAll algebraic details are reported elsewhere Elvassore et al.,
.2002 .

The experimental setup, sketched in Figure 1, allows fast
equilibration through recirculation of the liquid phase. The
instrument consists of a CO supply system, a Unicam UV5002

Ž .spectrophotometer Cambridge, UK , an expansion chamber,
an optical cell suitable for high pressures, and a piston recir-
culating pump. Tubing is either 1r8-in. or 1r16-in. stainless
steel. The stainless-steel optical cell is provided with two 6-
mm-thick sapphire windows. The optical-path length is 4 mm
long. All pieces of equipment but the spectrophotometer were
immersed in a water bath. The optical-cell temperature was
controlled through electric resistance, governed by PID soft-
ware. Temperature was measured by calibrated Pt100-� re-
sistance. Thermal equilibration was achieved at �0.1 K.
Pressure was continuously monitored by a pressure trans-

Žducer with digital readout mod. MA 01720, Data Instru-
.ment, Acton, USA . The transducer was calibrated in the

290�335 K and 100�20,000 kPa range.
Before starting an experiment, the system was cleaned with

an organic solvent and vacuum dried. The background spec-
trum of pure CO at 100 kPa was recorded for automatic2
base-line corrections of all subsequent spectra. Ten to fifteen
milliliter solution samples were initially placed in the expan-
sion chamber. CO was pumped into the system up to the2
desired pressure. Equilibrium conditions were always reached
within 20 min. The absorbance was recorded by an electronic

data-acquisition system. The procedure was repeated for all
pressures of interest.

Sol©ent power
The instrument shown in Figure 1 was also used to moni-

tor liquid-phase solvent power by measuring the
absorption�peak- wavelength shift of phenol blue as a func-
tion of CO pressure. The experimental procedure described2
previously was followed. After system equilibration, the ab-

Ž .sorption�peak wavelength � was recorded for the dyepeak
dissolved in the solventsrsolvent mixtures considered during
the precipitation experiments. Values measured for �peak
were reproduced within an uncertainty of �3 nm. It should
be noted that this method provides information about the
local composition around the specific dye considered. While

Figure 2. Onset CO precipitation pressures, P, for PEO2
from various solvents as a function of poly-
mer concentration in the initial solution, c.
All experiments were conducted at constant temperature, 31

Ž .�1�C. a Ethyl acetate�acetonitrile�CO mixtures. Dia-2
monds are for initial solution made only by acetonitrile and
polymer, circles are for ethyl acetate�polymer initial mix-
tures; squares are for polymer dissolved in equivolume ace-

Ž .tonitrile�ethyl acetate mixture. b Acetonitrile�water�CO2
mixtures. Initial solutions were obtained by dissolving poly-

Ž .mer in acetonitrile diamonds ; 95 vol. percent acetonitrile
Ž .and 5% water squares ; 92.5 vol % acetonitrile and 7.5%

Ž . Žwater circles ; 90 vol. % acetonitrile and 10% water trian-
. Ž .gles ; 85 vol. % acetonitrile and 15% water crosses .
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this information is important for assessing the solvent power
of the solvent mixture, it does not provide the local composi-
tion around other solutes dissolved in the same solvent�CO2
system.

Because of interferences between spectroscopic peaks, it
was not possible to use a mixture of the two dyes to simulta-
neously measure saturated liquid-phase volume expansion
and solvent power. Two separate experiments were always
required.

Results
Precipitation experiments

Figure 2a shows the onset precipitation pressures for PEO
in ethyl acetate, acetonitrile, and in an equivolume ethyl ac-
etate�acetonitrile mixture at different initial polymer con-
centrations. Data shown in Figure 2 are at 31�1�C. The on-
set precipitation pressure does not depend upon initial poly-
mer concentration within the experimental uncertainty of the
measurements reported here. It was observed previously that
in the dilute regime the solubility of various compounds drops
dramatically in narrow pressure ranges almost independently

Žof the initial solubility in organic solvent Bertucco et al.,
.1998 .

Because water, when added to an organic solvent, can sta-
bilize proteins and better preserve their biological activity, it
is interesting to measure the behavior of high-pressure aque-
ous solutions. Small quantities of water were added to ace-
tonitrile, and the onset precipitation pressure for PEO from
these mixtures, expanded by GAS processes, was measured.
For all the acetonitrile�water mixtures reported in this work,
no phase separation in the liquid phase, other than polymer
precipitation, took place upon increasing CO pressure up to2
7,000 kPa. However, for the acetonitrile�water mixture with
20-vol % water, expanded by CO at 31�C, liquid�liquid phase2
separation was observed at about 5,000 kPa. Figure 2b shows
the onset precipitation pressures for PEO in acetonitrile�
water�CO mixtures at various volume percentages of water2
in the initial solvent mixture. The onset precipitation pres-
sure decreases linearly with increasing initial water content

Figure 3. Onset precipitation pressure for ETC in ace-
tone expanded by compressed CO as a func-2
tion of experimental temperature.

( )Figure 4. a Saturated-liquid-phase volume expansion
( )for acetonitrile at 40�C, and b for ethyl ac-

etate at 30�C.
Squares are data obtained with the UV-vis spectroscopy
method proposed in this work; the other symbols are litera-

w Ž .ture values diamonds are from Kordikowski et al. 1995 ;
.xcircles are from Subra et al. 2000 .

in solution. These results suggest that the working pressure
in some GAS processes may be reduced by adding small
amounts of water to the system.

Onset precipitation pressures for ETC dissolved in acetone
as a function of temperature are reported in Figure 3. Onset
precipitation pressure increases linearly with increasing ex-
perimental temperature.

Saturated-liquid-phase ©olume expansion
Figure 4 compares the volume expansion measured in this

work to data in the literature. Solvents considered were ace-
Ž . Žtonitrile, at 40�C Figure 4a , and ethyl acetate at 30�C Fig-

.ure 4b . Data presented here agree with the volume expan-
sions for acetonitrile at 40�C reported by Kordikowski et al.
Ž .1995 , but do not agree with the volume-expansion data for
ethyl acetate by the same authors. However, our data per-

Ž .fectly reproduce those measured by Subra et al. 2000 for
the latter system.
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Figure 5. Saturated-liquid-phase volume expansion for
( ) (ethyl acetate triangles , acetonitrile di-

)amonds , and equivolume ethyl acetate
( )acetonitrile mixture squares , as a function of

CO pressure at 30�C.2
Saturated-liquid-phase volume expansion for acetonitrile at

Ž .40�C filled circles , and for acetonitrile in solution with 34.5
Ž .grL of PEO at 30%C empty circles , are also shown here.

Figure 5 shows saturated-liquid-phase volume expansion for
ethyl acetate, acetonitrile, and for the equivolume ethyl ac-
etate�acetonitrile mixture as a function of CO pressure. At2
30�C, the three fluids show the same volume expansion as a
function of CO pressure. Volume expansion of pure ace-2

Žtonitrile at 40�C is also shown. As already known Reverchon,
.1999; Kordikowski et al., 1995 , temperature has a tremen-

dous effect upon the expansion of an organic solvent by com-
pressed CO . The saturated-liquid-phase volume expansion2
for pure acetone and ethyl acetate were also measured as a
function of CO pressure at different temperatures; these re-2
sults, available upon request from the authors, are used in
the discussion. Figure 5 also shows the volume expansion for

Ž .a dilute solution of PEO in acetonitrile 34.5 grL . Polymer
precipitation made it impossible to record the volume expan-

Figure 6. Saturated-liquid-phase volume expansion for
( )acetonitrile diamonds ; 95 vol % acetonitrile

( )and 5 vol % water squares ; 90 vol % acetoni-
( )trile and 10 vol % water triangles ; 85 vol %

( )acetonitrile and 15 vol % water circles , as a
function of CO pressure at 30�C.2

Figure 7. Saturated-liquid-phase volume expansion cor-
respondent to onset precipitation pressure for
PEO from various mixtures expanded by com-
pressed CO .2
Cases 1, 2, 3, 4, 5, 6, and 7 are for PEO initially dissolved in
ethyl acetate, equivolume acetonitrile�ethyl acetate mix-
ture, acetonitrile, and 95-, 92.5-, 90-, and 85-vol % acetoni-
trile aqueous mixtures, respectively. Saturated-liquid-phase
volume expansions reported were obtained by interpolating
experimental data at the onset precipitation pressures for
the different initial mixtures.

sion by UV-vis spectroscopy at pressures higher than 5,000
kPa. Our results show that the presence of polymer at small
concentrations does not influence the saturated-liquid-phase
volume expansion as a function of CO pressure, for pres-2
sures below the onset precipitation pressure. Because poly-
mer concentration in all precipitation experiments was lower
than 35 grL, all other UV-vis spectroscopy experiments were
performed with polymer-free mixtures.

Figure 6 shows saturated-liquid-phase volume expansion of
acetonitrile, with different amounts of water, as a function of
CO pressure. The presence of water reduces the volume ex-2
pansion of saturated acetonitrile mixtures. However, because
of the high polarity of acetonitrile, the reduction of volume
expansion is smaller than that observed for aqueous mixtures

Ž .containing dimethylsulfoxide Elvassore et al., 2002 .
Figure 7 summarizes the saturated-liquid-phase volume ex-

pansion corresponding to onset precipitation pressure for
PEO in all the mixtures considered. At the experimental con-
ditions investigated in this work, there is no clear relationship
between volume expansion and onset precipitation pressure

Ž .for PEO. As suggested by de la Fuente Badilla et al. 2000 ,
the definition of volume expansion, as used here, might not
be a significant parameter to describe supercritical-fluid pro-
cesses. However, results reported for ETC precipitation from

Ž .acetone at various temperatures see Fig. 3 show that precip-
itation happens in correspondence to saturated-liquid-phase
volume expansion ranging between 70 and 80%. Hence, vol-
ume expansion could be the driving factor of precipitation

Ž .for the latter polymer-solvent-CO system Baggio, 1998 .2

Saturated-liquid-phase sol©ent power
Figure 8 compares absorption�peak wavelengths for phe-

nol blue dissolved in acetone at 35�C as a function of CO2
pressure measured here with those reported by Kelley and

Ž .Lemert 1996 . The two sets of data agree reasonably, within
experimental uncertainty. At room conditions, the absorp-
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Figure 8. Absorption peak wavelength for phenol blue
in acetone as a function of CO pressure at2
35�C: Squares are data collected in this work,

( )circles are from Kelley and Lemert 1996 .

tion-peak wavelength for phenol blue in acetone is reported
Ž .to be 582 nm by Figueras 1971 . This value lies between data

Žcollected in this work and those reported previously Kelley
.and Lemert, 1996 .

Figure 9 shows absorption�peak wavelength as a function
of system pressure for phenol blue dissolved in some of the
mixtures considered. Figure 9a is for acetonitrile, ethyl ac-
etate, and equivolume acetonitrile�ethyl acetate mixture.
Absorption�peak wavelength for pure acetonitrile and ethyl
acetate agrees with those reported in the literature at no CO2

Žpressure Figueras, 1971; Kolling and Goodnight, 1973; de la
.Fuente Badilla et al., 2000 . In Figure 9a, vertical lines indi-

cate the onset precipitation pressures for PEO in the various
solvents. The horizontal line indicates the ‘‘precipitation’’
wavelength. Acetonitrile, ethyl acetate, and their equivolume
mixture show identical volume expansions as a function of

Ž .CO pressure see Figure 5 . However, the three mixtures2
show different solvent strengths that correspond to each CO2
pressure considered. It is interesting to note that, in corre-
spondence to the onset precipitation pressure for PEO, �peak
is the same in all these solvents, while the volume expansion
is different. This suggests that the microscopic bulk-phase
characteristic solvent power contributes significantly to the
outcome of GAS precipitation processes. Figure 9a also shows
the absorption�peak wavelength for phenol blue in acetoni-
trile at 40�C as a function of pressure. Because the amount of
CO dissolved in the liquid phase as a function of pressure2
strongly depends on the experimental temperature, the sol-
vent power, as a function of system pressure, also appears to
be strongly dependent on experimental temperature.

Figure 9b shows acetonitrile and acetonitrile�water mix-
tures. For the acetonitrile�water systems there is no evident
relationship between the onset precipitation pressure for PEO
Ž .indicated by the vertical lines and the phenol blue absorp-
tion�peak wavelength. However, it should be noted that these
mixtures present different volume expansion upon the addi-

Ž .tion of CO see Figure 6 . Furthermore, it has previously2
been observed that, when the solvents participate in hydro-
gen�bond formation with the dye, solvent power rankings may

Ž .have no general significance Figueras, 1971 . These data are
reported here only for completeness.

Figure 9. Absorption-peak wavelength for phenol blue
in different mixtures as a function of CO2
pressure at 30�C.
Ž . Ž . Ž .a Acetonitrile diamonds , ethyl acetate circles , and

Ž .equi-volume ethyl acetate�acetonitrile mixture squares .
Vertical lines indicate the onset precipitation pressure for

Ž . Ž .PEO in acetonitrile line a , ethyl acetate line b , and in the
Ž .equivolume mixture of the two line c . The horizontal line

indicates the absorption�peak wavelength at which PEO
precipitates. Empty diamonds show results for phenol blue

Ž .absorption�peak wavelength in acetonitrile at 40�C. b Ace-
Ž .tonitrile diamonds ; 95 vol. % acetonitrile and 5 vol. % wa-

Ž .ter squares ; and 90 vol % acetonitrile and 10 vol % water
Ž .triangles . Vertical lines indicate the onset precipitation
pressures for PEO in the three mixtures; numbers 5, 10, and
0 refer to the water content in the initial mixtures.

Figure 10 shows the absorption�peak wavelength for ace-
tone as a function of CO pressure at two different tempera-2
tures. Data are both from this work and from Kelley and

Ž .Lemert 1996 . Vertical lines indicate the onset precipitation
pressures for ETC from acetone at the two temperatures
considered here. The values of � at precipitation rangepeak
between 564 and 568 nm. These results suggest that, while
polymer precipitation takes place at constant values of the

Ž .saturated-liquid-phase volume expansion Baggio, 1998 , it
also takes place at similar absorption�peak wavelengths.

Figure 11 shows the absorption�peak wavelength for phe-
nol blue in acetonitrile at 30�C and 40�C as a function of
saturated-liquid-phase volume expansion. It is interesting to
note that the absorption�peak wavelength, which is strongly

Ž .dependent on experimental temperature see Figure 9a , col-
lapses in a single master-curve when plotted as a function of
the saturated-liquid-phase volume expansion.
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Figure 10. Absorption peak wavelength for phenol blue
in acetone as a function of CO pressure at2

( )35�C, diamonds this work , and at 55�C,
( )squares Kelley and Lemert, 1996 .

Vertical lines indicate the onset precipitation pressure for
Ž . Ž .PEO in acetone at 55�C line a , at 35�C line b . The hori-

zontal lines indicate the absorption�peak wavelength at
which ETC precipitates.

All results suggest that the absorption�peak wavelength,
macroscopic measurement of microscopic bulk-phase dielec-
tric properties, is a fundamental property that can determine
the onset precipitation pressure for a given solute�solvent
system.

Local composition around phenol blue
Ž .A model proposed by Kim and Johnston 1987a was used

to compute the local composition around phenol blue dye.
The absorption�peak wavelength is related to the transition
energy, E shcr� , where h is Planck’s constant and c isT peak
the speed of light. A relationship between E and the sol-T
vent strength is well established for explaining solvent effects
on solubility, reaction rate constants, equilibrium constants,
retention indexes in chromatography, and other properties
Ž .Sastri et al., 1972; Morley and Fitton, 1999 . The McRae
equation, derived from a second-order quantum-mechanical
perturbation theory, relates E to refractive index and di-T

Želectric constant of the bulk solution Kim and Johnston,

Figure 11. Absorption peak wavelength for phenol blue
in acetonitrile as a function of saturated liq-

(uid-phase volume expansion at 30�C di-
) ( )amonds , and at 40�C squares .

.1987a; Kelley and Lemert, 1996; Figueras, 1971 . Here we
relate the transition energy to the local composition of the
dye.

For phenol blue, the excited state is more polar than the
Ž .ground state neutral molecular structure , and it is stabilized

to a greater extent by increasing solvent strength, for exam-
ple, by augmenting solvent polarity. In all the systems consid-
ered, similar behavior was observed: at low pressure the satu-
rated liquid phase contains little CO , and the measured2
transition energy, Em, is comparable to those reported in theT
literature for each pure solvent considered. As the pressure
increases, Em rises because CO is dissolving to a greaterT 2
extent in the liquid phase, and liquid polarity is therefore
decreasing.

To estimate the local composition of the solvent environ-
ment about the dye, we assume that the observed transition

Ž m.energies E are the results of a linear combination of theT
Žtransition energies due to each solvent Kim and Johnston,

1987a; Phillips and Brennecke, 1993; Kelley and Lemert,
.1996 . The residual transition energy has the form

� Ems x � E2q x � E3 2Ž .T 21 T 31 T

where component 1 is phenol blue, component 2 is CO ,2
component 3 is the organic solvent, and x indicates the molei1
fraction of component i around the dye. The dye is at infinite
dilution, so solute�solute interactions can be neglected. The
residual transition energy, � E sE yE IG, where super-T T T
script IG stands for ideal gas, represents the stabilization
produced by the solvent shell. Table 1 shows transition en-
ergy for the different pure solvents considered. Size effects
due to different solvents are neglected, so that, in terms of
measured Em values, Eq. 2 becomesT

Ems x E2q x E3 3Ž .T 21 T 31 T

Ž .Phillips and Brennecke 1993 and Kelley and Lemert
Ž .1996 assumed that size effects were negligible. Kim and

Ž .Johnston 1987a accounted for these effects in their calcula-
Ž .tions instead. Kelley and Lemert 1996 found that introduc-

ing this approximation leads to a relative error of about 10%
in the estimated local compositions. For the purposes of the
present analysis, this degree of accuracy is sufficient to semi-
quantitatively interpret experimental results.

Because the dye is at infinite dilution, the local mole frac-
tions satisfy the constraint

x q x s1 4Ž .21 31

Table 1. Absorption-peak wavelength and transition energies
for pure solvents used in local composition calculations

Ž . Ž .Solvent � nm E kcalrmolepeak T

Acetone 582 49.21
Acetonitrile 584 49.05
CO � 55.852
Ethyl acetate 572 50.08
Water 684 41.88

Note: Absorption-peak wavelength for acetone, acetonitrile, ethyl acetate,
Ž .and water are from Morley and Fitton 1999 . Transition energy for

Ž .CO is from Kelley and Lemert 1996 .2
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( )Figure 12. a Local composition around phenol blue
( )dissolved in acetone at 35�C b ethyl ac-

( )etate, and c acetonitrile at 30�C as a func-
tion of CO pressure.2
Symbols represent mole fraction around the dye as calcu-

Žlated by Eqs. 3 and 4 diamonds are for solvent, squares
.for CO . Lines are bulk compositions calculated by the2

ŽPHSC EOS broken line is for CO , continuous for sol-2
.vent . Vertical lines indicate the onset precipitation pres-

sures for ETC from acetone part a, and for PEO from ethyl
acetate andfrom acetonitrile parts b and c, respectively.

Equations 3 and 4 allow us to compute the local composi-
tion around phenol blue at infinite dilution in a binary mix-

Žture such as acetone�CO , or ethyl acetate�acetonitrile with2
. m 2 3no CO by measuring E and knowing E and E . How-2 T T T

ever, when Eqs. 2�4 are written for a mixture made by two
organic solvents, expanded by compressed CO , a system of2

two equations in three unknowns is obtained, which cannot
be solved without further information.

In the absence of CO , when phenol blue is dissolved in an2
equivolume ethyl acetate�acetonitrile mixture, the local envi-
ronment is constituted exclusively by acetonitrile, as can be
argued by data shown in Figure 9a.

A comparison between bulk and local composition for the
systems acetone�CO at 35�C, acetonitrile�CO at 30�C, and2 2
ethyl acetate�CO at 30�C is reported in Figure 12. The bulk2
composition was calculated using the PHSC EOS. EOS pa-
rameters were evaluated on the basis of volumetric and equi-

Ž .librium properties of pure substances Favari et al., 2000 .
Temperature-independent binary interaction parameters
were fitted to experimental data from Kordikowski et al.
Ž .1995 at 28�C for ethyl acetate and acetonitrile, and from

Ž .Day et al. 1996 at 30�C for acetone. Our calculations show
that local and bulk compositions significantly differ from each
other. In Figure 12 vertical lines indicate onset precipitation
pressures of ETC from acetone and of PEO, from acetoni-
trile or from ethyl acetate. Because of experimental uncer-
tainty in the determination of onset precipitation pressures
Ž .about 5% , these vertical lines are indicative. For all poly-
mer�solvent�CO systems considered here, corresponding to2
the onset precipitation pressure bulk CO mole fraction,2
ranges between 0.6 and 0.8, while local CO mole fraction is2
about 0.20�0.05. Considering the experimental uncertainties
in determining the onset precipitation pressures, in measur-
ing the absorption-peak wavelength, and also in computing
the local composition, this result is quite significant. It seems
that microscopic bulk-properties, for example, the mole frac-
tion of CO about the dye, are in relation with solute precipi-2
tation by GAS processes. It should be noted, however, that
these calculations do not provide information about the local
composition around a solute molecule other than phenol blue.

Further investigation of the precipitation of different so-
lutes from various media is required. However, because the
local composition of the dye can be predicted quite accu-

Ž .rately Kelley and Lemert, 1996; Favari et al., 2000 , our re-
sults suggest that by knowing the bulk composition, it could
be possible to predict the onset precipitation pressure of a
polymer at dilute conditions in a pure solvent expanded by
compressed CO .2

Conclusions
Onset GAS precipitation pressures were reported for ETC

dissolved in acetone and for PEO dissolved in ethyl acetate,
a c e to n it r i le , e th y l a c e ta te � a c e to n it r i le , a n d
acetonitrile�water mixtures, expanded by compressed CO .2
O n se t p re c ip ita tio n p re ssu re s fo r P E O fro m
acetonitrile�water mixtures expanded by compressed CO2
decrease with increasing water content in the initial mixture.

A new experimental setup was used to monitor, by UV-vis
spectrometry, both the saturated-liquid-phase volume expan-
sion and solvent power of the different mixtures considered
as a function of CO pressure.2

Our results show that a general correspondence is not evi-
dent between onset precipitation pressure and saturated-
liquid-phase volume expansion at precipitation. Thus, volume
expansion may not be the only driving factor for GAS precip-
itation processes. For PEO dissolved in acetonitrile, ethyl ac-
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etate, and equivolume ethyl acetate�acetonitrile mixture the
onset precipitation pressure happens when the phenol blue
absorption�peak wavelength is about 565 nm. Results for the
absorption�peak wavelength of phenol blue in acetonitrile at
two different experimental temperatures suggest that for the-
same solvent absorption�peak wavelength may be a unique
function of saturated liquid-phase volume expansion. Thus,
the microscopic bulk-phase property ‘‘solvent power,’’ which
depends upon volume expansion, could be a key parameter
in determining the precipitation of a solute from a liquid mix-
ture during GAS processes.

By using a simple model, the local composition around
phenol blue was computed as a function of CO pressure for2
a few dye�solvent-CO ternary systems. In agreement with2
polymer precipitation, local CO mole fraction was found to2
be about 0.20�0.05 in all cases analyzed.
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