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The soluatochromic dye phenol blue (4 N-dimethylindoaniline) is used to character- 
ize the soluent strength (polarity) of the saturated liquid phase in a series of 
solvent-carbon dioxide binary mixtures. Data were obtained at 35 and 55°C and at 
pressures up to - 70 bar. Five soluents were inuestigated- acetone, cyclohexane, 
methanol, THF, and toluene. The polarity of the liquid phase decreases significantly 
with increasing pressure due to the increasing carbon dioxide content of this phase at 
equilibrium. For example, the polarity of acetone saturated with carbon dioxide at 35°C 
and - 40 bar is equivalent to the polarity of pure cyclohexane at ambient pressure. The 
local environment about the dye is signijkantly richer in the polar liquid component 
than the bulk composition would indicate. The degree of enrichment reflects concentra- 
tion effects at low pressure, and both concentration and pressure effects at high pressure 
where the mixtures are highly compressible. The NRTL model of Renon and Prausnitz 
is able to predict these local compositions with reasonable accuracy except at C0,-rich 
conditions where compressibility effects are important. 

Introduction 
The last fifteen years have seen a tremendous growth in 

the field of supercritical fluid technology. Most of the inter- 
est in this technology, however, has focused on its use as a 
solvent (McHugh and Krurkonis, 1994; Brennecke and Eck- 
ert, 1989; Savage et al., 1995; Kiran and Levelt Sengers, 1994). 
Carbon dioxide has played a particularly important role in 
this development due to its nontoxicity, nonflammability, and 
easily accessible critical point (T, = 304.4 K P, = 73.8 bar). 
Pure carbon dioxide is a fairly weak solvent, however, with 
very little affinity for solutes with any appreciable polarity 
(Lemert and Johnston, 1991; Krukonis and Kurnik, 1985; 
Stahl, 1977; Stahl et al., 1982; Gurdial and Foster, 1991). As 
a result, a great deal of effort has gone into developing ways 
to enhance the solubilities of these polar compounds through 
such devices as the use of cosolvents (Brennecke and Eckert, 
1989; Dobbs et al., 1987; Lemert and Johnston, 1991) and 
microemulsions (Harrison et al., 1994; Gupta et al., 1994; 
Newman et al., 1993). 

In recent years it has been recognized that supercritical 
carbon dioxide, in addition to being an interesting and useful 
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solvent, is also an important and effective antisolvent. Two 
different antisolvent processes have been developed. In the 
gas antisolvent (GAS) process, a solute is dissolved in iin or- 
dinary liquid, and this liquid phase is exposed to a supercriti- 
cal fluid phase at moderate pressures. The fluid component 
dissolves in the liquid, expanding it and decreasing its solvent 
strength (i.e., cohesive energy density). Eventually the liquid 
phase is no longer able to support the solute and it drops out 
of solution. The liquid phase is present throughout the proc- 
ess, however. In the precipitation with a compressed antisol- 
vent (PCA) process, on the other hand, the liquid solution is 
sprayed into the fluid phase through a nozzle. The solvent 
rapidly expands as it absorbs the fluid component, and at the 
same time it also dissolves in the fluid phase. The solutes 
dissolved in the liquid phase are not soluble in the fluid phase, 
however, and they drop out of solution. 

The most common application of the GAS process is for 
the production of fine powders from hard-to-comminute ma- 
terials such as explosives (Gallagher et al., 1989; Gallagher et 
al., 1992) and pharmaceuticals (Debenedetti, 1994; Chang et 
al., 1991; Chang and Randolph, 1990; Schmitt, 1994). The 
process ordinarily produces very fine particles with a narrow 
particle-size distribution, but other morphologies are possi- 
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ble. For example, nitroguanidine (an explosive used by the Experimental Procedures 
military) is typically obtained as long, needlelike crystals about 
100 p m  long by 5 pm wide. When it is precipitated from 
N,N-dimethylformamide (DMF)  using chlorodifluo- 
romethane, though, products ranging from uniform particles 
5 pm in diameter to “starbursts” about 30 p m  wide and 
“snowballs” about 300 p m  wide are formed (Gallagher et al., 
1992). A similar approach produces uniform insulin particles 
with a diameter of 2.0-2.5 p m  that retain the biological ac- 
tivity of the source material (Debenedetti, 1994). Debenedetti 
(Debenedetti, 1994; Yeo et al., 1995) has also used the proc- 
ess to produce polyamide microfibers from DMSO and 
dimethyl acetamide (DMAC) solutions. Lithium chloride was 
required to solubilize the polymer in the DMAC, but 
Debenedetti found that it was possible to precipitate the 
polymer while keeping the salt in solution. 

When several solutes are in solution the GAS process can 
be used as a type of fractional crystallization (Dixon and 
Johnston, 1991; Chang et al., 1994; Chang and Liou, 1993; 
Liou and Chang 1992). Debenedetti’s work described in the 
previous paragraph, for example, takes advantage of this. The 
process has also been used to produce 90% pure anthracene 
from a 25% anthracene feed (Liou and Chang, 19921, to re- 
cover p-carotene from its oxidation products (Chang et al., 
19911, and to produce a product enriched in trans-p-carotene 
from a mixture of isomers (Chang et al., 1994). The degree of 
separation that can be accomplished is a function of the rela- 
tive supersaturation ratios of the different solutes (Chang et 
al., 1994; Chang and Liou, 1993). 

The PCA process, which is a more recent development than 
the GAS process, has been used primarily to produce parti- 
cles having selected morphologies. Johnston and coworkers, 
for example, have used the process to produce polymeric mi- 
crospheres (Dixon et al., 1993, 19941, hollow microballoons 
(Dixon et al., 1993, 1994), and microfibers (Dixon and John- 
ston, 1993; Luna-Barcenas et al., 1995). The morphology pro- 
duced by the process depends on whether the expansion path 
enters the spinodal decomposition zone and how fast the pre- 
cipitation occurs (Dixon et al., 1993). 

To date there has been no direct experimental study of the 
polarity of a liquid phase exposed to a supercritical fluid anti- 
solvent. Dixon and Johnston (19911, however, have per- 
formed a theoretical analysis of the situation. They found that 
conventional Regular Solution Theory can describe the (rela- 
tively ideal) liquid phase at low pressures. At higher pres- 
sures an expanded liquid equation of state is necessary. 

The objective of this study is to examine experimentally the 
effect of process conditions (pressure and temperature) on 
the polarity of the liquid phase in an antisolvent process. This 
will be accomplished using conventional solvatochromic tech- 
niques based on the behavior of Phenol Blue, a dye that is 
used as the basis for a commonly accepted scale of solvent 
polarity (Reichardt, 1979). The experimental results will be 
compared to predictions based on the bulk physical proper- 
ties (dielectric constant and refractive index) of the liquid 
phase, which will allow us to comment on the microscopic 
structure of this phase. A comparison will also be made to 
results in the literature obtained from studies of single-phase 
mixtures at similar conditions. We will also examine the abil- 
ity of the NRTL (nonrandom two liquid) model to predict the 
local composition of these highly asymmetric mixtures. 

The UV-visible spectra of Phenol Blue in the different sol- 
vent mixtures were obtained using a Varian Cary 5 spec- 
trophotometer. Samples were contained in a custom stain- 
less-steel cell, which is shown in Figure 1. The cell measures 
6.35 cm wide by 6.35 cm deep by 11.8 cm high, and is fitted 
with sapphire windows 2.5 cm dia. by 1 cm thick. The cell is 
heated using up to six 50-W Chromalox cartridge heaters, and 
temperature control is provided by an Omega CN9000A con- 
troller fitted with a type K thermocouple. The power sent to 
the cartridge heaters was moderated using a Variac voltage 
regulator placed between the controller and the heaters. The 
pressure was adjusted using a High Pressure Equipment 
model 87-6-5 pressure generator and measured using a Sen- 
sotec model TJE/743-11 transducer and a model 060-3147-01 
digital readout. A small Teflon-coated magnet inside the cell 
provides stirring to increase the rate at which the cell’s con- 
tents reach equilibrium. The different components of the ap- 
paratus were connected to each other through 1/16 in. (1.6 
mm) OD stainless-steel tubing. The apparatus is shown in 
Figure 2. 

The unique feature of the cell shown in Figure 1 is the 
presence of two different chambers, the main sample cham- 
ber through which the light from the spectrophotometer 
passes and a vertical expansion chamber. The sample cham- 
ber has a diameter of 1.75 cm and a path length of 2.5 cm, 
giving it a volume of about 6.1 cm3. The expansion chamber 
is 1.25 cm dia. by 5.1 cm long, giving an expansion volume of 
about 6.4 cm3. It was designed to allow the liquid phase to 
expand as carbon dioxide dissolves in the solvent. The expan- 
sion volume is not visible from outside the cell, making the 
cell unsuitable for phase behavior studies. Any phases that 
form in this volume may not be detected. In this work, how- 
ever, we are dealing only with mixtures for which the phase 
behavior is known, and the risk of having an unexpected phase 
present is minimal. 

To obtain a spectrum, enough solvent was placed in the 
cell to substantially fill the main sample chamber. Sufficient 
Phenol Blue was then added to give an initial absorbance on 

Figure 1. High-pressure cell for spectroscopic studies 
of gas antisolvent mixtures. 
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Figure 2. Apparatus used to perform the spectroscopic 
studies. 

the order of three AU. The cell was sealed and heated to the 
desired temperature, and an initial C0,-free spectrum was 
recorded. It was then flushed several times with CO, (raising 
the pressure to about 50 psia during each cycle) to remove 
residual air. Additional CO, was then added, and the cell’s 
contents were mixed until equilibrium had been reached at 
the desired pressure. The resulting spectrum was then 
recorded, and the process was repeated at a new pressure. 
The location of the Phenol Blue peak (A,,,=) was determined 
using the spectrophotometer’s built-in peak find feature. 

A potential problem during these experiments was the pos- 
sibility that the expansion chamber might fill with the ex- 
panded liquid at some intermediate pressure. If this were to 
happen, further pressure increases would not produce a cor- 
responding change in the liquid phase’s composition. Since 
the expansion chamber is not visible during the experiments, 
care must be taken to watch for signs that this has occurred. 
For example, Phenol Blue’s maximum absorbance should de- 
crease with increasing pressure due to the expansion of the 
liquid phase that decreases the dye’s molar concentration. If 
the liquid phase was no longer able to expand, further pres- 
sure increases would produce no corresponding change in the 
maximum absorption. Whenever this was observed, the ex- 
periment was terminated and a new one immediately begun. 
The new experiment was carried out using less solvent than 
was used in the original set of measurements, and the mea- 
surements commenced at an intermediate pressure where the 
results from the first run were felt to be valid. If the results 
of the second run agreed with those of the first, the data 
were considered to be representative of the equilibrium con- 
ditions. If the data from the second run disagreed with the 
earlier data but were consistent with the trends shown by the 
low-pressure data, the new data were considered more reli- 
able and the earlier data were discarded. 

The solvents used in the study (acetone, cyclohexane, 
methanol, THF, and toluene) were all reagent grade or bet- 
ter and used as received. Phenol Blue (N,N-dimethylin- 
doaniline) was obtained from Aldrich and used as received. 
Its purity was checked by comparing its spectrum with values 
in the literature in different solvents. Instrument grade CO, 
was purchased from AGA Industrial Gases in Toledo, Ohio. 

Results and Discussion 
Experimental results 

The results of our measurements of the location of the peak 
in the spectra of Phenol Blue (Am,) in five different 
solvent-CO, mixtures are shown in Table 1. Each point rep- 
resents the average of at least two (and usually three) sepa- 
rate scans. The reproducibility of A,, is typically less than 
f0.3 nm. The data for the pure solvents are consistent with 
values reported earlier (Figueras, 1971; Kolling and Good- 
night, 1973; Phillips and Brennecke, 19931, but differ slightly 
from the published values because of the higher ttempera- 
tures used in this study. When the pure solvent nieasure- 
ments are repeated at 25“C, the data obtained are in com- 
plete agreement with the literature values. 

In Figure 3, data for two of the systems (acetone-CO, and 
cyclohexane-CO,, both at 35°C) are plotted as a function of 
pressure to illustrate the behavior observed in this study. As 
the pressure in the system increases, the polarity of the liquid 
phase decreases. This effect is small for cyclohexane, which is 
already a nonpolar solvent, but is much more significant for 
the other solvents. The rate at which the polarity changes 
with pressure is greater at pressures above about 40 bar than 
at lower pressures. This is consistent with the volumetric ex- 
pansion behavior reported by Gallagher et al. (1989) and 
Dixon and Johnston (1991). Cyclohexanone increases its vol- 
ume by about 15% as the CO, pressure is raised from ambi- 
ent to - 70 bar, for example, but a further 15 bar increase in 
pressure causes an additional 250% volume increase (Gal- 
lagher et al., 1989). 
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Figure 3. Experimentally observed solvatochromic 

shifts for the acetoneG0, (polar solvent) and 
cyclohexane-CO, (nonpolar solvent) systems 
showing the pressure effect on the polarity of 
the resulting solution. 
The behavior shown is a result of the change in the compo- 
sition of the liquid phase as the pressure increases. 
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The question arises as to whether the observed polarity 
changes are a direct result of the changing pressure of the 
system, or an indirect result of the changing density and/or 
composition of the liquid phase. We believe that the compo- 
sition of the liquid phase is the controlling factor. The peak 
in Phenol Blue's spectrum used in this study arises from a 
T-T*  transition in which the excited state has a dipole 
moment about 2.5 debye greater than the ground state 
(Reichert, 1979). Polar solvents are better able to stabilize 
this excited state (relative to the ground state) and therefore 
produce a red-shift in the dye's spectrum. This is reflected in 
Figure 3 by the fact that in pure acetone A,, is about 580 
nm, while in pure cyclohexane A,, is about 550 nm. At higher 
pressures the liquid phase becomes rich in carbon dioxide 
(see below). Since carbon dioxide is very nonpolar, this signif- 
icantly decreases the polarity of the resulting mixture. If a 
direct pressure effect was dominant, the polarity of the mix- 
ture would increase with increasing pressure (Kim and John- 
ston, 1987a). A density effect is not expected to be important 
because the density of the liquid phase is not expected to 
change significantly over the range of conditions being con- 
sidered. It is interesting to note, however, that the two sets of 
data in Figure 3 seem to be approaching the same value of 
A,, at high pressures. This occurs because the solutions are 
becoming very rich in CO,, and as far as the dye is con- 
cerned the environments it finds itself in are becoming iden- 
tical. 

If the data for the THF and toluene solutions were in- 
cluded in Figure 3, they would lie between the two sets of 
data shown at all pressures. Interestingly, however, the data 
for these two solvents lie on essentially the same curve. This 
indicates that THF and toluene have essentially the same po- 
larity at all pressures. The methanol data, on the other hand, 
gives a curve that is parallel to the acetone data but at wave- 
lengths that are about 25 nm longer. Phenol Blue is known to 
be subject to specific interactions with alcohols, however, so 
this behavior is not unexpected (Kolling and Goodnight, 1973; 
Kim and Johnston, 1987a). 

The acetone-CO, system has been examined in a previous 
study at similar conditions and over the same range of com- 
positions (Kim and Johnston, 1987a). Their data were ob- 
tained at a constant pressure, however, and the composition 
was adjusted by mixing various amounts of the different com- 
ponents. In this study the composition was adjusted indirectly 
by changing the pressure. We have estimated the liquid phase 
compositions in our work using the Peng-Robinson equation 
of state (see the discussion below). In spite of the different 
techniques involved in the two studies, though, Figure 4 shows 
that our data are in excellent agreement with the earlier re- 
sults. In other words, a change of pressure of up to 80 bar 
does not have a serious effect on the polarity of an incom- 
pressible liquid. (A pressure of 300 bar does produce a signif- 
icant redshift, however [Kim and Johnston, 1987al.) This fur- 
ther supports our contention that the composition of the liq- 
uid phase governs the observed polarity behavior in these sys- 
tems. Our data point at 6 mol % acetone (i.e., at a pressure 
of 69 bar) does not agree with the data of Kim and Johnston 
as well as the other data, but this most likely reflects a greater 
uncertainty in the estimated composition of the liquid phase. 

Kim and Johnston also looked at the methanol-CO, sys- 
tem, but only at the C0,-rich end of the phase diagram. A 
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Figure 4. Data of this study obtained by increasing the 

pressure of the system with data of Kim and 
Johnston (1987a) at a constant pressure of 80 
bar. 
Both sets of data were obtained at 35°C. 

direct comparison of our data with their's would be difficult, 
but an approximate analysis suggests that there is a greater 
disagreement between the two studies for this system than 
was noted for the acetone-CO, system discussed previously, 
although the trend in the two studies is the same. At 80 bar, 
for instance, Kim and Johnston found that a solution contain- 
ing 5.25 mol % methanol had a A,, of 543.5 nm. In our 
study, we observed a A,, of 578.8 nm at a pressure of 72 bar 
and an estimated methanol concentration of 4 mol %. In other 
words, we found that although our mixture was apparently 
more dilute in methanol, the Phenol Blue indicated that it 
was much more polar. 

The reason for this discrepancy is not completely clear. One 
factor could be the relatively large uncertainty in the esti- 
mated composition of this solution since 72 bar is near the 
mixture critical pressure for this system at 35"C, and the 
Peng-Robinson equation often has problems giving accurate 
predictions at conditions near mixture critical points. How- 
ever, extrapolating Kim and Johnston's data at 80 bar sug- 
gests that the minimum methanol content required to give 
our value of A,, is about 15 mol % (assuming a straight-line 
extrapolation), and the actual value is likely to be higher since 
a plot of A,, vs. methanol concentration is concave down- 
ward. Thus, this factor is expected to account for only a part 
of the discrepancy. The rest of the difference between our 
data and that of Kim and Johnston is thought to result from 
an unusually strong enhancement of the local composition in 
our work. Table 3 in Kim and Johnston shows that for a fixed 
bulk composition, the local solvent concentration about the 
dye increases significantly with decreasing pressure. At 300 
bar, for example, the local methanol concentration is roughly 
three times the bulk concentration, whereas at 80 bar it's 
about seven times greater. Furthermore, the rate at which 
the local concentration increases is greater at lower pres- 
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Table 1. Estimated Compositions of the Liquid Phase for 
Various Solvent-Carbon Dioxide Mixtures Determined using 
the Peng-Robinson Equation of State and the A,,, Values 

Determined at these Conditions 

Acetone (35°C) Acetone (55°C) 

bar XAretnne nm bar xAr+lone nm 
Pres. A,,, Pres. Amax 

1 .o 1.00 579.3 
13.8 0.80 576.0 
27.6 0.61 571.3 
41.4 0.42 565.6 
55.1 0.22 555.2 
68.9 0.06 543.0 

Cyclohexane (35°C) 

Pres. Amax 
bar XCvCl" nm 
1.0 1 .OO 550.3 

13.8 0.84 550.2 
27.6 0.78 550.0 
41.4 0.52 548.8 
55.1 0.32 545.6 
68.9 0.06 540.1 

Methanol (35°C) 
Pres. 
bar X M ~ O H  

1.0 1.00 
10.3 0.90 
20.7 0.80 
31.0 0.69 
41.4 0.56 
51.7 0.42 
62.0 0.22 
72.4 0.04 

Pres. 
bar 
1 .0 

13.8 
27.6 
41.4 
55.1 
68.9 

THF (35°C) 

XTHF 

1.00 
0.82 
0.64 
0.46 
0.26 
0.06 

hmax 
nm 

606.4 
603.4 
602.5 
599.7 
596.5 
593.5 
588.4 
578.8 

~ 

hmax 
nm 

569.8 
569.8 
565.6 
559.2 
549.5 
537.6 

__ 

Toluene (35°C) 

bar X T ~ , I ~ ~ ~ ~  nm 
Pres. Amax 

1 .o 1.00 569.4 

3.4 0.96 569.8 
6.9 0.92 569.7 

13.8 
17.2 
20.7 
24.1 
27.6 
34.5 
41.4 
55.1 
68.9 

~ 

Pres. 
bar 
1.0 
3.4 
6.9 

10.3 
13.8 
20.7 
24.5 
27.6 
41.4 
55.1 
68.9 

0.85 569.7 
0.81 572.0 
0.78 571.6 
0.74 571.0 
0.71 569.7 
0.64 568.8 
0.57 567.6 
0.43 562.6 
0.30 557.3 

Methanol (55°C) 

teraction parameters in the equation of state were deter- 
mined by fitting experimental VLE liquid-phase composi- 
tions for the acetone-CO, (Katayama et al., 19751, 
methanol-CO, (Katayama et al., 19751, toluene-C02 (Chang. 
19921, and cyclohexane-CO, (Chang, 1992) systems. 'The es- 
timated uncertainty in the composition of these mixtures is, 
k 0.03 mole fraction except at the highest pressures, where 
the uncertainty may be as much as kO.10 mole fraction. A 
value of 0.10 was assumed for the binary interaction parame- 
ter in the THF-CO, system, and therefore there is a greater 
uncertainty in the estimated compositions of this system. The 
parameters were assumed to be independent of temperature. 
The resulting plots are shown in Figures 5-7. 

In each of the five systems investigated, similar behavior is 
observed. At low pressure the liquid phase contains very little 
CO, and the observed E ,  is appropriate for the particular 
solvent. As the pressure increases the liquid phase becomes 
richer in CO,, and E ,  rises to show that the polarity of the 
liquid phase is decreasing. However, although the composi- 
tion is typically a linear function of pressure (see Table I), E, 
is not a linear function of composition. In the solvent-rich 
mixtures E,  changes very little. In the C0,-rich solutions, on 
the other hand, a significant influence of composition on E,  

hmax 
nm 

is observed. The upward concavity of the resulting curve 
reported to indicate that the local environment around the X M ~ O H  

1.00 
0.98 
0.96 
0.96 
0.93 
0.90 
0.87 
0.86 
0.78 
0.69 
0.58 

__ 
604.0 
602.4 
602.0 
600.7 
600.3 
600.0 
599.8 
599.6 
597.7 
594.7 
590.7 

dye molecule is enriched in the solvent compared to the bulk 
fluid (Kim and Johnston, 1987a). 

In the acetone (Figure 5), methanol (Figure 6), and toluene 
(Figure 7) systems, data are shown for both 35 and 55°C. The 
data obtained at 55°C lies above the data at 35"C, indicating 
that mixtures having the same composition are less polar at 
higher temperatures. This reflects the decreased density of 
the mixtures at higher temperatures that reduces the mixture's 
cohesive energy density. The effect is not large, however, and 
can be considered secondary to the composition effect. Data 
could not be obtained for the acetone-carbon dioxide system 
at 55°C and one bar because the acetone tended to boil. 'There 
is also an apparent discontinuity in the 55°C acetone data at 
about 15 bar ( N 20 mol % CO,). This discontinuity was re- 
producible, but we were unable to identify its cause. 

In principle, the data in Figures 5-7 include an effect due 
to the pressure on the value of E ,  in the system. As dis- 

Toluene (55°C) cussed earlier, however, this effect is small for an incom- 
Pres. Amax pressible liquid at these conditions (Kim and Johnston, 
bar XTaluene nm 1987a). 
1.0 1.00 566.5 

17.2 0.84 566.7 
34.5 0.68 562.8 
51.7 0.51 557.6 
68.9 0.10 537.6 

13.8 
27.6 

0.90 
0.80 

566.2 
565.2 Predicted E ,  values 

41.4 0.70 562.4 Phenol Blue's solvatochromic behavior can be predicted 
559.0 from the solvent's bulk properties using a second order quan- 55.1 0.61 

68.9 0.47 554.8 
tum mechanical perturbation theory. The resulting M[cRae 
equation, which relates the intrinsic solvent strength 15; to 
the bulk dielectric constant E and the bulk refractive index 
n, is shown as E ~ .  1 ( ~ ~ l l i ~ ~  and Goodnight, 1973): sures. It seems reasonable that this trend would continue to 

72 bar. 
A more fundamental analysis of the data in Table 1 re- 

ergy (E, = hc/Ama,, where h is Planck's constant and c is the 
speed of light) and the composition of the solvent mixture. 
E,  were determined from the experimentally measured A,,,, The constants in Eq. 1 are properties of the dye and have the 
while the Peng-Robinson equation of state (Peng and Robin- following values (Kolling and Goodnight, 1973): A = -- 33.0 
son, 1976) was used to estimate the compositions. Binary in- kcal/mol; B = - 4.4 kcal/mol; C = 57.92 kcal/mol. Equation 
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Figure 5. E, for the acetone-carbon dioxide system. 

The symbols represent the experimental data, and the solid 
line reprcsents the predictions of the McRae equation (Eq. 
l), which treats the solution as a homogeneous polarizable 
dielectric. 

1 does not account for specific interactions such as hydrogen 
bonding. When specific interactions are important, the exper- 
imental value of E,  is separated into two terms, one arising 
from nonspecific forces and accounted for by Eq. 1, and the 
other arising from specific interactions (Kim and Johnston, 
1987a). In other words, 

To use Eq. 1 two properties of the bulk mixture must be 
known; the mixture dielectric constant and the mixture re- 
fractive index. The mixture dielectric constant was estimated 
using the Kirkwood-Frolich equation (Bottcher, 1973; 
Bottcher and Bordewijk, 1978): 

E - 1 X J E N  - 1)M, X J E p  - 1)Mp + ~- - 
1 2 7 ~ ~  4 . r r ( 2 ~  + E,,,)vP,,, 4 d 2 ~  -t ep)vpP 

( 2 E  + M E P  +2)2xpNA 
+ 2 g P 2 ,  (3) 

2 7 k T ( 2 ~  + E ~ )  v 

where v is the mixture molar volume; NA is Avagadro's num- 
ber; ,u is the dipole moment of the polar component; and xi, 
Mi, and p, are the mole fraction, molecular weight, and den- 
sity of the nonpolar ( N )  and polar ( P )  components, respec- 
tively. The contribution to the dielectric constant resulting 
from the molecular polarizability of each component is given 
by E, ,  which is determined using the Clausius-Mosotti equa- 
tion: 

~ ~ - 1  4nNA 
( 4 )  -=__ 

Ej+2 3 v  xLa6. 

57.5 1riTz-l 
/ 

A 5  ! 

mole fract C02 
Figure 6. E for the methanol-carbon dioxide system. 

The symbols represent the experimental data, and the solid 
line represents the predictions of the McRae equation (Eq. 
I), which treats the solution as a homogeneous polarizable 
dielectric. 

Application of Eq. 3 requires knowledge of the behavior of 
the Kirkwood structure correlation factor g as a function of 
the composition of the mixture. This factor accounts for 
nearest-neighbor dipole-dipole interactions, and g = 1 indi- 
cates freely rotating, noninteracting dipoles. Dombro et al. 
(1991) measured the dielectric constant of a series of 
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Figure 7. E,  for the toluene-carbon dioxide system. 
The symbols represent the experimental data, and the solid 
line represents the predictions of the McRae equation (Eq. 
l), which treats the solution as a homogeneous polarizable 
dielectric. 
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methanol-carbon dioxide mixtures at pressures to 240 bar 
and at temperatures ranging from 90 to 115°C. They then 
solved Eq. 3 for the Kirkwood structure factor using the ex- 
perimental dielectric measurements. According to Figure 9 
of Dombro et al., at a constant density, g is approximately a 
linear function of the composition of the mixture. We there- 
fore make that assumption in this work. Since carbon dioxide 
does not have a dipole moment, we assume g = 1 in pure 
CO,. The dielectric constant of the pure solvent at the tem- 
perature of interest is used to determine g for that compo- 
nent. 

The refractive index of the different mixtures was esti- 
mated using the Lorentz-Lorenz relation (Schulte and 
Kauffman, 1994), 

Schulte and Kauffman included an empirical correction in 
Eq. 5 to account for the local structure of the solvent. Since 
Eq. 1 is intended to predict E,  in the absence of local sol- 
vent structure, however, we have neglected this correction. 

Using the dielectric constants predicted by Eq. 3 and the 
refractive index values predicted by Eq. 5, Eq. 1 was used to 
predict E; for the five solvent-CO, mixtures considered in 
this study at a temperature of 35°C. The results of these cal- 
culations are shown in Figures 5-7 as solid lines. Except for 
methanol, the predicted and experimental E ,  for the pure 
solvents are within 0.5 kcal/mol of each other. The experi- 
mental E ,  of methanol is 1.95 kcal/mol less than the theo- 
retical value. This is consistent with Kim and Johnston’s 
(1987a) estimate of Ef for methanol of 1.6 kcal/mol, and can 
be attributed to the stabilization of the dye’s excited state by 
the hydrogen bond donor character of methanol. At the other 
end of the composition scale, all five of the theoretical E ,  
curves extrapolate to a value of about 55.85 kcal/mole for 
pure carbon dioxide. This is also consistent with the experi- 
mental results of Kim and Johnston (1987a1, which would 
suggest that a pressure of 65-70 bar is required to produce 
this value of E ,  for Phenol Blue at 35°C. The maximum 
pressure in this study was 69 bar. 

At intermediate compositions, the experimental E ,  are 
significantly less than the values predicted by Eq. 1. This in- 
dicates that the dye is stabilized to a greater degree than can 
be accounted for by assuming that the solution is a homoge- 
neous mixture, an assumption implicit in the use of Eq. 1. It 
has been shown that this extra stabilization is the result of an 
enrichment of the local environment about the dye molecules 
in the more polar component of the mixture (Kim and John- 
ston, 1987a,b; Phillips and Brennecke, 1993). In other words, 
the solution may contain 50 rnol % toluene (for example) and 
would therefore be expected to produce an E ,  of 52.75 
kcal/mol. As far as the dye is concerned, however, it “sees” a 
solution that contains about 80 mol % toluene. In the re- 
mainder of this article, we will consider the local structures 
of these mixtures in greater detail. 

Eualuation of local compositions 
To estimate the local composition of the solvent environ- 

ment about the dye, we assume that the observed transition 
energies (E,) are the result of a linear combination of the 
transition energies due to each solvent. Following Phillips and 
Brennecke (1993) and Kim and Johnston (1987a), we alssume 
that the residual transition energies have the following form: 

where component 1 is taken to be carbon dioxide, component 
2 the dye, and component 3 the liquid solvent. The residual 
transition energy A E ,  ( = E,  - E p l  gas) represents the sta- 
bilization produced by the solvent shell. The dye is assumed 
to be at infinite dilution so that solute-solute interactions 
can be ignored. We further assume that size effects clue to 
the different solvents are negligible, so that Eq. 6 can be 
rewritten in terms of the measured E,  values as 

EF = x , ~ E +  + x3,E?. (7) 

Phillips and Brennecke (1993) also assumed that the size ef- 
fects were negligible. Kim and Johnston (1987a), on the other 
hand, accounted for this effect in their calculations. A n  ex- 
amination of their data suggests that failure to account for 
the different molecular sizes introduces a relative error of 
about 10% in the estimated local compositions. This degree 
of accuracy is felt to be sufficient to allow at least a semi- 
quantitative analysis. 

In order to use Eq. 7 to estimate the local composition of 
the mixture, values of EF, E ) ,  and E: are required. Values 
of EF are taken directly from the experimental data at a 
given bulk composition, while values of E: are taken from 
the data for the pure solvents. To obtain a value of E; for 
carbon dioxide, we extrapolated the theoretical E: values in 
each system (shown by the solid lines in Figures 5-7) tlo the 
pure carbon dioxide limit and averaged the resulting values. 
This procedure gives an E,  for carbon dioxide of 55.85 
kcal/mol. As noted earlier, a similar value can be obtained by 
extrapolating the experimental data of Kim and Johnston 
(1987a) to the same pressure (69 bar). Since the dye cam be 
assumed to be at infinite dilution, I, ,  is taken to be zero, 
and x l ,  can therefore be replaced by 1 - x3,. 

In Figures 8 and 9 we plot the excess local compositions, 
defined as the difference between the local and the bulk con- 
centrations of the solvent component in the mixture (i.e,, x32 
- x3), as a function of x 3  for the acetone (Figure 8) and 
methanol (Figure 9) systems. The excess local composition in 
the acetone system is as high as 45 mol %, while the methanol 
system has excess local compositions of as much as 70 rnol %. 
Plots of the data for the THF and toluene systems are similar 
to Figure 8, and the plot for the cyclohexane system is similar 
to Figure 9. Furthermore, all of the data are highly asymmet- 
ric, with maxima (when they occur) at very C0,-rich condi- 
tions. In the acetone and THF systems, the maximum occurs 
at about 75 mol % CO,, while the cyclohexane, methanol, 
and toluene systems give no indication of having passed 
through a maximum. Phillips and Brennecke (1993) showed 
similar asymmetries in their study of binary liquid mixtures, 
although the degree of asymmetry was substantially smaller. 
They also reported maximum excess local compositions on 
the order of 30 mol %, significantly lower than the values 
reported here. 
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Figure 8. Excess local solvent mole fraction in the ace- 

tone-carbon dioxide system at 35°C as a 
function of the bulk composition of the fluid. 
The dashed line represents the predictions of the NRTL 
equation. 

The behavior of the acctone, THF, and toluene systems is 
not unreasonable. Certainly there is a large difference in the 
properties of these solvents and those of carbon dioxide, so a 
large asymmetry in the excess local compositions is to be ex- 
pected. Furthermore, the polarities of toluene and THF (as 
indicated by Phenol Blue) are similar, and thus these solvents 
could be expected to give similar local composition behavior. 
One might expect acetone, which Phenol Blue indicates to be 
more polar than the other two solvents, to produce higher 
local concentrations than the other solvents. Phillips and 
Brennecke (1993) provide evidence that there is a weak spe- 
cific interaction between Phenol Blue and toluene, however, 
and it would be reasonable if THF also underwent the same 
type of interaction. These interactions are apparently enough 
to offset the lower polarity of these solvents. Similarly, the 
known interactions between methanol and Phenol Blue 
(Kolling and Goodnight, 1973; Figueras, 1971; Kim and John- 
ston, 1987a) produce a significantly larger local composition 
enhancement for this system. At first glance the behavior of 
cyclohexane is fairly surprising. It has no permanent dipole 
moment or sites that could give specific interactions with 
Phenol Blue, and yet it gives local composition enhancements 
as large as those produced by methanol. It has a large polar- 
izability, however, that is almost twice that of acetone and 
nearly four times that of methanol (Prausnitz et al., 1986). 
Thus, induction forces account for cyclohexane's unexpected 
behavior. 

Another factor contributing to the asymmetry of the excess 
local compositions shown in Figures 8 and 9 is the relative 
compressibilities of the solvent-rich and C0,-rich solutions 
being studied. The C0,-rich solutions are similar to en- 
trainer-doped supercritical fluids, and therefore are fairly 
compressible. As a result the local density enhancements in 
this study, and the resulting enhancements in the local com- 
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Figure 9. Excess local solvent mole fraction in the 

methanol-carbon dioxide system at 35°C as a 
function of the bulk composition of the fluid. 
The dashed line represents the predictions of the NRTL 
equation. 

position, are greatest when the C 0 2  concentrations are high- 
est (Kim and Johnston, 1987b; Lemert and DeSimone, 1991). 
Note that this result is a consequence of the path being fol- 
lowed in this study. In general, the maximum local density 
enhancement in a supercritical fluid occurs at a bulk density 
one-third to one-half of the critical density (Sun et al., 1992; 
Knutson et al., 1992; Carlier and Randolph, 1993). 

Phillips and Brennecke (1993) tested the ability of the 
NRTL equation (Renon and Prausnitz, 1968) to predict the 
local compositions about Phenol Blue in a series of binary 
liquid mixtures. They found that the predictions of the model 
were generally very accurate except for mixtures containing 
toluene. They attribute the poor predictions for toluene to 
specific interactions that increase Phenol Blue's solubility and 
produce an incorrect value for the binary interaction energy 
parameter (T~~). They selected this equation because it has 
been found relatively successful in describing liquid-liquid 
equilibrium, which they feel is a more stringent test of an 
excess Gibbs free-energy model than vapor-liquid equilib- 
rium. Based on the success of Phillips and Brennecke, we 
have elected to apply the NRTL equation to our data. 

The following expressions can be written for the local mole 
fractions about a molecule of Phenol Blue (component 2) in 
a ternary mixture; 

x1 exp L - a21(712 - ~ ~ ~ 1 1  
x12 = (8) 

1 3  f X i  exp [ - a21(712 - T32)1 

x22 = 0 (9) 

The nonrandomness factor aij  is taken to be 0.3 following 
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conventional practice (Prausnitz et al., 1986). Phenol Blue is 
assumed to be at infinite dilution, and its mole fraction is 
therefore taken to be negligible. 

Application of Eqs. 8-10 requires knowledge both of the 
bulk composition of the mixture (available from the experi- 
mental data) and of the binary interaction energies T ~ ~ .  The 
latter can be obtained from measurements of the solubility of 
Phenol Blue in the various pure solvents. The expression for 
binary solid-liquid equilibrium is (Prausnitz et al., 1986) 

1 A h f  TT 
In - = - (7 - I ) ,  

Y 2 x 2  RTT 
(11) 

where we are neglecting the terms involving differences in 
heat capacities. Replacing the triple point temperature ( T T )  
with the normal melting point (TM = 133”C), and replacing 
the heat of fusion term (Ahf /T , )  with the entropy of fusion 
( A d  = 41.7 J/mol.K [Phillips and Brennecke, 19931) allows 
us to rewrite Eq. 11 as 

(12) 

Knowing Phenol Blue’s solubility x 2  therefore allows us to 
determine its activity coefficient y , .  Since Phenol Blue is ef- 
fectively at infinite dilution, the solvent’s activity coefficient 
y1 is one. With the activity coefficients known, the binary 
interaction energies can be determined from (Renon and 
Prausnitz, 1968) 

] (13) 
T12Gl2 lny, = x2 + ’[ ( x ,  ~ ~ ~ 2 1 ) 2  (x, + xlG12)2 

where 

GI, = exp ( - (Y,,T,,) 

G,, = exp( - (Y,~T,,) .  

(15) 

(16) 

Phenol Blue solubilities were measured in the various liq- 
uid solvents used in this study at 35°C by contacting the dye 
with excess solvent and stirring vigorously. The saturated liq- 
uid was diluted and analyzed by UV-vis spectsophotometry 
using an independently determined Beer’s Law plot. The re- 
sulting values are listed in Table 2. The solubility in carbon 
dioxide was estimated by extrapolating Kim and Johnston’s 
(1987a) solubility data to our final pressure of 69 bar. The 
extrapolation was carried out by plotting the log of Phenol 
Blue’s solubility against carbon dioxide’s density. 

The local compositions predicted by the NRTL equation 
are shown in Figures 8 and 9 by the solid lines. Results for 

Table 2. Phenol Blue Solubility in Various Solvents ,at 35°C‘ 
Phenol Blue Solubility 

Solvent mol fraction 71 2 ~- 

co2 0.30 x 13.2 
Acetone 4.1 X 6.18 
Cyclohexane 1 . 7 ~  10-3 6.96 
Methanol 1.6X10-3 7.01 
THF 7.4X 5.74 
Toluene 5.3 x 5.98 

*Estimated value at 69 bar, determined by extrapolating Kim and John- 
ston’s (1987a) data. 

behavior using Regular Solution Theory (RST) to model their 
systems. The large degree of asymmetry in the excess local 
compositions is also reflected in the NRTL predictions, with 
the peaks in the curves occurring at about 75 mol % CO,. 

Conclusions 
We have presented the first direct experimental measure - 

ments of the effect of pressure on the polarity of the liquid 
phase in liquid-fluid gas antisolvent mixtures. Large changes 
in the polarity of conventional organic liquid solvents are 
produced using supercritical fluid carbon dioxide at relatively 
low pressures ( < 70 bar). At high pressures, the polarities of 
the liquid phases approach a common value (equivalent to 
that produced by pure casbon dioxide at 70 bar), except in 
cases where specific interactions between the solvatolchromic 
dye and the solvent are known to occur. These polarity 
changes result from the change in the liquid phase’s composi- 
tion with pressure. 

The experimental data have been used to estimate the lo- 
cal compositions of the liquid phase and how they change 
with pressure. In every case the local environment about the 
solvatochromic dye is enriched in the polar (liquid) compo- 
nent compared to the bulk composition. Excess local compo- 
sition plots are highly asymmetric, with local compositions 
richer in the polar (liquid) component even at very high CO, 
bulk concentrations. This local enrichment is the result of 
two complementary effects: the enrichment due to favorable 
molecular interactions between the solvent and the d’ye, and 
the additional enrichment that results from compressibility 
effects in the near-critical C0,-rich solutions. The NRTL 
equation is able to predict the behavior of these systems at 
low pressure (solvent-rich conditions), but an expandeid-liquid 
model would be required at higher pressures where ithe car- 
bon dioxide concentration is greater. 
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