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Different in situ spectroscopic techniques, including infrared, ultraviolet, and fluores-
cence, were developed to measure the solubility of organic solids in supercritical carbon
dioxide (scCO,). These techniques are applicable over a wide range of concentrations,
as low as 10~ or 10 ~7 mol fraction, where the conventional flow method is ineffec-
tive and less accurate. No separate calibration is required; in fact, the molar absorptivity
is determined at the saturation point as an additional benefit. While this technique
requires more time per data point, it is more accurate and unbiased than traditional
methods at lower concentrations. The Patel-Teja equation of state was used to correlate
the data and expand the data for the ternary system. Data are reported for anthracene,
1,4-naphthoquinone, and 2-naphthol in scCO, and CO, with methanol cosolvent at
313 K and a pressure range from 7 to 21 MPa.

Introduction

Because supercritical fluids, particularly supercritical CO,
(scCO,), have a wide range of applications in various chemi-
cal processes, it is necessary to know accurately the solubility
of different organic solutes in the fluid. The most common
method for obtaining solubility data is the dynamic flow (or
transpiration) technique. This method often encountered
some experimental difficulties in valve clogging and sampling
of saturated mixture, which could result in inaccurate data
measurements (McHugh and Krukonis, 1994). We have com-
piled a database for the solubility of approximately 300 com-
pounds in scCO,. If we compare data measured by different
laboratories, where the solubility is relatively high (that is,
naphthalene), there is good agreement. However, when the
solubility is 10~ * mol fraction or lower (that is, anthracene or
octacosane), there is much less agreement. Figure 1 illus-
trates this point.

In situ spectroscopy is another powerful tool to measure
solubility. It requires no sampling, which overcomes many of
the deficiencies of the flow method. Various types of work
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Figure 1. Inconsistency in flow method at low concen-
tration regions; data reported at 323 K.

have been reported in the literature for the past twenty years,
either using FT-IR or UV/Visible spectroscopy (Ebeling and
Franck, 1984; Zerda et al., 1986; Cygnarowicz et al., 1990;
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Jackson et al., 1995; West et al., 1998). However, spec-
troscopy has been applied incorrectly by assuming these false
assumptions: the molar absorptivity (e) of a solute in CO, is
the same as in liquid solvents (Ebeling and Franck, 1984;
Cygnarowicz et al., 1990), the molar absorptivity does not
change with CO, density (Ebeling and Franck, 1984; Zerda
et al., 1986; Cygnarowicz et al., 1990), the wavelength of peak
maximum (A, ) does not change with CO, density (Ebeling
and Franck, 1984; Cygnarowicz et al., 1990). Rice et al. (1995)
have shown that e can increase up to almost threefold when
CO, density goes from 300 kg/m> to 900 kg/m>. Moreover,
change in fluid density can also result in a significant spectral
shift (Inomata et al., 1993; Rice et al., 1995), as much as 5 nm
in wavelength based on our experiments with 1,4-naph-
thoquinone. According to Rice et al. (1995), € increases by a
factor of 2.7 for pyrene and 2.2 for anthracene as a result of
analyzing peak absorbances at a fixed wavelength. As a con-
sequence, neglecting these changes can yield an error up to
500% in solubility (Rice et al., 1995).

In this article, we show how different spectroscopic tech-
niques, including infrared (IR), ultraviolet (UV), and fluores-
cence, can be used to measure the solubility of different or-
ganic compounds in supercritical carbon dioxide. We are able
to obtain solubility data over a wide range of concentrations,
as low as 10~ 7 mol fraction, without performing any calibra-
tion prior to the experiments or making any assumptions on
the constancy of the molar absorptivity. We also show the
effect of cosolvent on the solubility behavior of different or-
ganic compounds having different functional groups. This be-
havior was studied by using the UV spectroscopic technique.

Experimental Apparatus and Procedure
Apparatus

As mentioned earlier, three different spectroscopic tech-
niques, including IR, UV/Vis, and fluorescence, were
demonstrated using the Bruker Vector 22 IR spectropho-
tometer, the HP 8453 UV/Vis spectrophotometer, and the
Shimadzu RF-5301PC Spectrofluorophotometer, respec-
tively. All the experiments were carried out in high-pressure
optical cells (Kazarian et al., 1996), having two parallel paths
with either quartz or barium fluoride (BaF,) windows. Since
quartz does not absorb in UV or visible ranges, it is suitable
for UV/Vis and fluorescence experiments. However, quartz
shows strong absorption in the IR region, and therefore BaF,
was used in IR experiments.

The path lengths can be varied from 0.003 m to 0.054 m to
suit a range of measured concentrations. For the fluores-
cence experiments, another window was added to one end of
the cell to allow the 90° angle of emission signals. The solu-
tion mixture was constantly stirred during the experiment by
two stir bars placed at the bottom of the cell, to promote the
diffusion of solute into the fluid phase, and to keep the con-
ditions uniform inside the cell. The temperature was mea-
sured by an Omega Type-K thermocouple in contact with the
fluid; pressure was read from a Druck pressure gauge con-
nected to the cell through a short line of tubing, accurate to
+0.02 MPa. The cell temperature was controlled to within
0.5 K with six cartridge heaters. Carbon dioxide was intro-
duced into the cell using an Isco syringe pump.

Materials

The solutes used in this experiment, with at least 99% pu-
rity, were purchased from the Aldrich Chemical Company,
Inc. and Fluka Chemika. They are listed in Table 1, along
with some important physical properties. A.C.S. HPLC
methanol of 99.93% purity was obtained from the Aldrich
Chemical Company, Inc. SFC-grade carbon dioxide, pur-
chased from Matheson with at least 99.99% purity, was passed
through a water filter before use.

Procedure

All experiments were performed at 313 K, with pressures
ranging from 7 MPa to 21 MPa. Known amounts of solutes
were introduced to the cell in solid form ( >0.01 g) or in solu-
tion ( <0.01 g). When the solute was added in solution form,
the cell was heated up to 313 K to allow the solvent to evapo-
rate. We started out with the smallest possible amount of
solid, based on the chemical structure of the organic com-
pound, and increased to the maximum limit. After loading,
the cell was placed under vacuum (approximately 100 Pa) for
one hour. A negligible amount of the solute is believed to
have escaped. To prove this, for 1,4-naphthoquinone (which
has the highest vapor pressure among the three compounds),
the solid in the cell after vacuum was redissolved in methanol
to determine the amount that had escaped during the vac-
uum process. The result shows that the loss was not de-
tectable by UV.

Table 1. Physical Properties of Solutes

Tm Psub Tc Pc
Compound Structure x (Pa) x (MPa) '8 F
Anthracene 00, 488-492 0.006* 873 29 0.2689 0.8597
1,4-Naphthoquinone @iﬁ 396-398 0.4** 792.2 412 0.28 1.0045
2-Naphthol o 394-395 0.125% 811.4 474 0.3214 1.2462
*Hansen and Eckert, 1986.
** De Kruif et al., 1981.
™ Colomina et al., 1974,
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Table 2. Solubility of Anthracene in Pure CO, at 313 K

P Density Concentration Mol Fraction
Spectroscopic Technique (MPa) (kmol/m?) (kmol/m?) (mol Solute/mol CO,)
IR 20.88 19.3 1.73x1073 8.98%x1073
16.70 18.3 1.91x1073 6.51x107°
14.41 175 9.40x107* 5.36x1073
12.46 16.6 8.07x107* 4.86%x107°
10.69 15.2 4.07%x107* 2.67x107°
UV/Vis 11.11 15.6 4.15%10~* 2.65%107°
9.20 12.0 1.05x10~* 8.72x10°
8.82 9.9 6.99x 1073 7.06x107°
8.74 9.5 6.99x 1073 7.39x1076
8.54 8.3 3.49x107° 4.20%1076
8.26 7.1 1.40x 1073 1.96x10°
Fluorescence 8.16 6.8 1.13x107° 1.66x10~°
7.53 53 4.60x107° 8.60 %1077
7.08 4.6 230%x10°° 4.99%x10~7
1.6 Table 3. Solubility of 1,4-Naphthoquinone in CO, and
4 L Methanol Cosolvent at 313 K
y / Methanol
g 121 P Mol Fraction Density Concentration Mol Fraction
’j | R (MPa) (mol %) (kmol/m?®) (kmol/m*) (mol Solute/mol CO,)
© 12.30 0 16.5 2.53%x102 1.53x1073
§ 0.8 1 9.76 0 13.8 1.05><10’§ 7.61><10’i
5] i ; 9.52 0 13.2 7.22X107 5.47x10™
£ 061 solubility point 900 0 10 206x1073 1.87x10"*
2 o4l 8.83 0 100  1.23x1073 1.23%x107*
< = A 8.53 0 8.2 2.50x 1074 3.03x10°°
0.2 | 846 0 79 129x107* 1.63x107°
12.22 1.79 169  5.05%x1072 2.99x1073
0 - - - 10.07 1.04 14.9 2.53%x1072 1.70x 1073
0 2 4 6 8 10 12 14 16 8.90 2.37 12.8 2.53x1072 1.98x1073

CO, Density / kmol/m®

Figure 2. UV absorbance of 1,4-naphthoquinone in pure
CO,, as a function of CO,, density (solubility of
3.03 X 10°° mo¥mol).

The cell was then pressurized with carbon dioxide, and
stirred constantly. Equilibrium of the mixture was observed
in situ by periodically taking spectra of the solution. CO,
pressure was ramped up until there was no further significant
increase in the peak absorbance. This meant that all solids
had been dissolved in the fluid phase. For the experiments to
study cosolvent effect, methanol was added using different
sizes of sample loops and a six-port valve.

The absorbance (or emission, in the case of fluorescence)
was plotted versus CO, density (an example is shown in Fig-
ure 2). As the density increased, there was a large increase in
solubility. Once all the solute in the cell dissolved, there was
an abrupt change in the slope. The absorbance still increased
slightly due to the change in molar absorptivity. The density
at saturation was then determined from the intersection of
the two linear regions on the graph. At this point, solubility
can be calculated by knowing the exact mass of solute loaded
into the cell, the fluid density at saturation, and the cell vol-
ume. The density of pure CO, was calculated from the Ja-
cobsen and Stewart MBWR equation of state (Ely et al.,
1989). The density of the CO,-methanol mixture was calcu-
lated from the Patel-Teja (P-T) equation of state. To get ac-
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curate densities, the P-T volume translation term for CO,,
which is normally determined from critical properties, was fit
so that the P-T equation of state gave the same results as the
MBWR equation for pure CO, densities. Densities of CO,-
methanol mixtures calculated this way matched Berger’s data
(1991) with an average error of 1.5%.

Results

Each solubility point was determined from the plot of peak
absorbance versus CO, density. Different absorption or
emission peaks were selected to determine the point at satu-
ration for each compound. The values obtained from these

Table 4. Solubility of 2-Naphthol in CO, and Methanol
Cosolvent at 313 K

Methanol

P Mol Fraction Density Concentration Mol Fraction

(MPa) (mol %) (kmol/m®) (kmol/m?) (mol Solute/mol CO,)
18.07 0 18.8 1.01x1072 5.39x10"*
12.27 0 16.5 5.12x1073 3.10x10~*
9.56 0 12.9 1.55%x 1073 1.20x10~#
8.85 0 9.9 5.69x10~* 5.74%107°
12.41 1.00 17.1 1.01x 1072 5.92x10~*
9.28 2.25 14.8 1.24x 1072 8.38x10~*
8.52 5.14 13.6 2.04x1072 1.50x 1073
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Figure 3. Solubility of anthracene in pure CO, at 313 K.

peaks are very consistent with one another. The results are
listed in Tables 2, 3 and 4.

The solubility of anthracene was measured in pure CO,
using all three spectroscopic techniques: IR, UV, and fluo-
rescence. In IR, the C-H stretching vibrations at 3065 cm ™!
and 881 cm ™! were used for data analysis; whereas, in UV,
the absorption peaks in wavelength range from 315 nm to 369
nm, and in fluorescence, the emission peaks at 367 nm—425
nm were followed. Table 2 summarizes the solubility results
obtained for anthracene in terms of both concentrations and
mol fractions as functions of CO, pressure and density. The
uncertainties in the measured solubility range from 1% to
5%. The graph is shown in Figure 3. Several absorption peaks
were used, but as an example, for the peak maximum at 349
nm, the average molar absorptivity of anthracene at satura-
tion was calculated to be 6.89 X 105 m?/kmol with 11% varia-
tion over the concentration range from 1.40x 107> kmol/m>
to 4.15%x10™* kmol/m> and the CO, density range from 7.1
kmol/m? to 15.6 kmol/m?. Literature data have shown that
at a fixed concentration, the molar absorptivity of anthracene
can increase by as much as 30% over that same range of CO,
density (Rice et al., 1995). However, the scatter in our data
precluded observation of any trend.

The solubilities of 1,4-naphthoquinone and 2-naphthol
were measured in both pure CO, and CO, with methanol
cosolvent using UV spectroscopy. The UV peak at around
322 nm was used to follow the increase in concentration of
1,4-naphthoquinone in the fluid phase. The UV peaks at 261
nm, 270 nm, 282 nm, 312 nm, and 326 nm were used for
2-naphthol. The solubility results are reported in Tables 3
and 4, respectively, and graphically presented in Figures 4, 5,
6, and 7.

Discussion

UV and IR measurements were based on the principles of
Lambert—Beer’s law:

A=¢€lC,
where A is defined as the absorbance, € (m?/kmol) is the
molar absorptivity, / (m) is the optical path length, and C

(kmol/m?) is the concentration of solute in the fluid phase.
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Figure 4. Solubility of 1,4-naphthoquinone in pure CO,
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Figure 5. Solubility of 2-naphthol in pure CO, at 313 K.

For fluorescence measurements, the emission, E, follows the
modified Beer’s law, as below (Skoog and Leary, 1992):

E=KC,

102 T T T T T T T
5.1 %MeOH,\y/=10’,,,_———-”"—‘/_’__4
S .~ 225% MeOH,y =7
g —
S & - E——
= 409 b e 1% MeOH, y =2 _——— ]
) g
S >
€
=
2
5
)
[s} -4 e
8 10
A

6 8 10 12 14 16 18 20 22
Pressure / MPa

Figure 6. Patel-Teja fit for solubility of 1,4-naphthoqui-
none in pure CO, and methanol cosolvent at
313 K.

( ) Data fitting; (---) modeling; ¢ = ¢° (binary)/g°
(ternary).
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Figure 7. Patel-Teja fit for solubility of 2-naphthol in
pure CO, and methanol cosolvent at 313 K.

( ) Data fitting; (---) Modeling; ¢ = ¢° (binary)/p°
(ternary).

where K is a constant that depends on €, /, and other con-
stants.

In our experiments, each solubility point was measured in-
dependently, and e did not play a role in the calculation of
solubility. No calibration or assumptions on e were neces-
sary, unlike the work of West et al. (1998), where extensive
calibration for € was required prior to solubility measure-
ments. One trade-off for measuring solubility this way is the
time necessary to obtain a solubility curve. However, in re-
turn, the data obtained using this method are very accurate
and reliable. We were able to observe the diffusion of solute
from the solid phase into the fluid phase. The time for the
mixture to reach equilibrium typically varied from 1 h to 5 h,
and was observed to take as long as 10 h when the solubility
approached 1072 mol fraction.

The results for anthracene in pure CO, show that the three
spectroscopic techniques were consistent and that the data
were reproducible. Experimental results show that IR is suit-
able for measuring the solubility of 107> or higher, UV is
appropriate for solubility of 10~ or higher, and fluorescence
can measure solubility as low as 10~7, all in mol fractions.
Measurements done in IR and UV were found to be more
convenient and easier to work with than fluorescence. In par-
ticular, UV was found to be the easiest technique due to the
simplicity of the instrument and computer software. Further-
more, the fluorescence method is very sensitive and can be
easily influenced by any side factors or any trace amounts of
impurities present in the cell. Therefore, the cell had to be
absolutely free of impurities prior to the experiments, and
the windows had to be free of dust that could be accumu-
lated from the air. Moreover, the cell chamber needed to be
totally blocked from any source of lights from the environ-
ment.

Solubility data of anthracene were compared to data col-
lected by Hampson (1996) and Kwiatkowski et al. (1984) at
313 K. Hampson (1996) obtained the solubility using a recir-
culating equilibrium procedure. Kwiatkowski et al. (1984) de-
termined solubility using the flow technique. At higher pres-
sures, our measured solubilities were consistently higher than
data collected by Kwiatkowski et al. This could be due to the
fact that in our method, equilibrium was allowed sufficient
time, whereas in some other flow methods, the time was much
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less. Moreover, other methods analyzed the composition of
saturated solute/CO, mixture either by using a six-port valve
and a sample loop (Hampson, 1996), or by relying on the
mass differences in the equilibrium cell before and after CO,
flow (Kwiatkowski et al., 1984). The errors associated with
these methods for data analysis could become significant, es-
pecially at low solute concentrations, where CO, is highly
compressible. Therefore, we believe that our solubility data
are more accurate at lower pressures.

The solubilities of 1,4-naphthoquinone and 2-naphthol
were measured by in situ UV spectroscopy only, due to the
convenience of this method. However, we found that the sol-
ubility increases so much with cosolvent, and thus we only
run the experiments with cosolvent at low pressures. Our re-
sults for 1,4-naphthoquinone are in good agreement with the
data from Schmitt and Reid (1986). This is expected because
the flow technique gives good reproducibility among different
research groups in this solubility range. Our data for 2-naph-
thol do not compare well to the previous data from Dobbs
and Johnston (1987) or to Schmitt and Reid (1986) (the two
sources do not agree either). Again, we see disagreement
when the solubility is below 1073,

To characterize these highly asymmetric mixtures, we need
to use an equation of state that can represent the pure-com-
ponent-phase behavior; otherwise, the binary interaction pa-
rameter will be correcting the pure component fugacity as
well as the mixing rule. We chose the Patel-Teja equation of
state (P-T), which contains four pure component parameters,
T,, P., F, and (. F and (. are fit simultaneously to pure
component vapor pressure and liquid molar volume data. Be-
cause anthracene, 2-naphthol, and 1,4-naphthoquinone exist
as solids at the temperature of our measurements, we also
included vapor pressure data for the hypothetical subcooled
liquid in our fit of F and £, using the relationship

AH (1 1
Psubcooled — Psubllmatlon Rfu‘ (? _ T_ ) . (1)
fus

The best fit curves are also shown in Figures 3, 4 and 5.
The interaction parameter is typical for CO,-anthracene and
CO,-2-naphthol, but close to 0 for CO,-1,4-naphthoquinone.
We suggest that this may be due to Lewis-acid—Lewis-base-
specific interactions between CO, and the carbonyl in 1,4-
naphthoquinone, which would increase the solubility.

The prediction of the solubility of the two solids in CO,
with methanol cosolvent from binary interaction parameters
fit only from binary data was unsuccessful. Large cosolvent
effects typically require a chemical—physical model (Ting et
al., 1993), but can be modeled using an equation of state and
one data point (Pouillot, 1995).

The solubility of a solid in a supercritical fluid is given by
Eq. 2:

stub (P _ stub)u2 stub
Y2 = exp =

P RT Pexp ifP DZ—E dP

RT /gy P

(P—P5*)o,
X —_—. (2
. ()
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We can use an equation of state to calculate the partial mo-
lar volume, but we have to integrate through the critical re-
gion where the equation of state is least accurate and the
partial molar volume of the solute is large and negative. To
bypass this problem, we break the integral in two parts,

and use a solubility data point at P° to determine ¢°.

Using Egs. 2 and 3, the ratio of the solubility of a solid in a
supercritical fluid with cosolvent (ternary) to that without co-
solvent (binary) is given by

yo(ternary)  ¢°(binary)
y,(binary)  ¢°(ternary) ©

1 .p
Xpﬁj;o[uz(ternary)
— D,(binary) | dP. (4)

One ternary data point is used to calculate the ratio of the
fugacity coefficients in the binary and ternary system at P°,
and the P-T equation of state is used to evaluate the partial
molar volumes at P > PP, Extrapolations are shown in Fig-
ures 6 and 7 for constant compositions of cosolvent. Note
that ¢° (binary)/¢° (ternary) changes with cosolvent compo-
sition and cannot be predicted from the P-T equation of state.

Conclusions

In conclusion, spectroscopy is a powerful tool for measur-
ing the solubility of organic solids in supercritical fluids. Dif-
ferent spectroscopic techniques, including infrared, ultravio-
let, and fluorescence, were utilized to measure the solubility
of different organic solids in pure CO, and with cosolvent.
No calibration is required, and as an additional benefit of
this method, the molar absorptivity is determined at satura-
tion. The solubility was observed to increase significantly with
the presence of cosolvent due to intermolecular interactions
between cosolvent molecules and solute or CO, molecules. A
diagram summarizing the applicability of spectroscopy to sol-
ubility measurements is shown in Figure 8. In order to use
spectroscopy to measure the solubility of an organic solid in
scCO,, the chemical compound must show some absorption
in the UV region, some IR absorption away from that of the
solvent, or some fluorescence.

In summary, this spectroscopic method for measuring solu-
bility has several advantages, as follows:

e It gives ways to measure solubility data over a wide range
of concentrations, as low as 10~° or 107 mol fraction.

e No calibration or assumption on € is necessary. In fact, €
is determined at the solubility limit.

e The diffusion of solute from solid phase into fluid phase
can be observed in situ to assure the equilibrium of solution
mixture.
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UV/Vis
V77777777
Fluorescence
Y
- 1(;'7 1I0"’ 1'0'5 1'0-4 10I‘3 —

Solubility, mole organic / mole CO,

Figure 8. Different spectroscopic techniques for differ-
ent solubility ranges.

However, this method also has a drawback in that it re-
quires significant time to reach equilibrium.
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Notation

A =absorbance
C =solute concentration, kmol/m?
E =fluorescence emission
F =constant for Patel-Teja equation of state
K =modified Beer’s law constant
k;; =interaction parameter between component i and
component j
| = optical path length, m
P =pressure, Pa or MPa
P, =critical pressure, Pa
P =reference pressure, Pa
[psublimation ” psub. _ o) hlimation pressure, Pa
psubeooled —yapor pressure of subcooled liquid, Pa
temperature, K
T, =critical temperature, K
T,, =melting temperature, K
R = gas constant, J/mol-K
v, =molar volume of solute, m*
y, =mol fraction of solute
A Hy,, =heat of fusion, J/mol

Greek letters
€ =molar absorptivity, m?/kmol
¢ =fugacity coefficient
{. =pure component constant for Patel-Teja equation

of state
Subscripts
1=CO,
2 =solute

3 =cosolvent
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