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Solubility of Polycyclic Aromatic Hydrocarbons in Supercritical
Carbon Dioxide from 313 K to 523 K and Pressures from 100 bar to

450 bar
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The solubility of pyrene, chrysene, perylene, and benzo[ghi]perylene were determined at temperatures
ranging from 313 K to 523 K and pressures from 100 bar to 450 bar in supercritical CO,. Temperature
had a much greater effect on solubility than pressure. For example, increasing the temperature from
313 K to 523 K at 400 bar increased the mole fraction solubility of benzo[ghi]perylene from 3.3 x 1077 to
4.55 x 107* compared to an increase from 2.9 x 107 to 4.55 x 10~* when the pressure was increased
from 100 bar to 450 bar at 523 K. Correlation of the results shows good self-consistency of the data
obtained and reasonable agreement with the available published data. Equations are given for the
solubilities over the pressure and temperature conditions studied.

Introduction

Supercritical carbon dioxide (CO,) has gained increasing
attention for applications such as extracting polycyclic
aromatic hydrocarbons (PAHs) and other contaminants
from soils and sludges for either analytical or remediation
purposes. A factor limiting the application of this technol-
ogy is the lack of fundamental solubility data needed to
design separation units or to develop extraction models.
Data are especially limited on the effect of elevated
temperature on the solubility of organic compounds in CO,,
even though analytical scale extractions of soils and sludges
have shown that increasing the extraction temperature is
usually much more effective than increasing pressure for
extracting polycyclic aromatic hydrocarbons (PAHS), poly-
chlorinated biphenyls (PCBs), and a variety of different
classes of organic pollutants (Hawthorne and Miller, 1994;
Yang et al., 1995; Langenfeld et al., 1995). In a recent
review by Bartle et al. (1991), and in recent literature, more
than 2500 data points for the solubility of organic com-
pounds in supercritical CO; over a temperature range of
305 K to 373 K have been reported; however, very few
solubilities have been reported at temperatures over 373
K (Kosal et al., 1992; Sheng et al., 1992; Foster et al., 1993;
Madras et al., 1993; Reverchon et al., 1993; Ashour and
Hammam, 1993; Staby and Mollerup, 1993; Bamberger and
Maurer, 1994; Quiram et al., 1994; Borch-Jensen et al.,
1994; Cowey et al., 1995; Suoqi et al., 1995). This paper
reports the solubility of four PAHs (pyrene, chrysene,
perylene, and benzo[ghi]perylene) at temperatures between
313 K and 523 K and pressures from 100 bar to 450 bar.
The solubility determinations were performed with an on-
line flame ionization detector method developed in our
laboratory (Miller and Hawthorne, 1995) which allows PAH
mole fraction solubilities to be determined from x ~ 10~
to 1072, The results are correlated using the concept of
solubility enhancement (Johnston et al., 1989)

Experimental Section

All solubility measurements were performed using an
on-line flame ionization detector (FID) method developed

in our laboratory. A detailed description of the construc-
tion, calibration, and validation of this method has been
previously reported (Miller and Hawthorne, 1995). Briefly,
a high-pressure saturation cell (either 0.167, 0.498, or 1.67
mL, Keystone Scientific, Bellefonte, PA) was filled with a
5 mass % mixture of the compound with clean sea sand.
The saturation cell was placed in the oven of a Hewlett-
Packard Model 5890 gas chromatograph (Hewlett-Packard,
Wilmington, DE) to provide precise temperature control
(0.1 °C according to manufacturer’s specifications) during
the solubility determination. An ISCO Model 100D syringe
pump (ISCO, Lincoln, NE) fitted with a constant temper-
ature jacket maintained at 27 °C was used in the constant
pressure mode to supply pressurized CO, via a 3-m
preheating coil (placed in the GC oven) to the saturation
cell. An ISCO stainless steel restrictor (300 um o0.d. x 57
um i.d., 40 cm long) was attached to the outlet of the
saturation cell to control the CO, flow. Since the relatively
large inside diameter (57 um) of the restrictor allows too
much CO, flow for the FID to accommodate, the end of the
restrictor was crimped to adjust the flow to approximately
150 uL/min liquid CO, at 400 bar and 25 °C (flow measured
as liquid CO, at the pump). The restrictor outlet was
inserted into a volatilization chamber maintained at 400
°C where the CO, and the compound are vaporized before
entering the FID supplied with the GC. Details of the
construction of the volatilization chamber are given in
Miller and Hawthorne (1995). CO, flow data were acquired
with a personal computer using the RS-232 interfacing
capabilities of the ISCO 100D pump.

Five mass percent mixtures of either pyrene, chrysene,
perylene, or benzo[ghi]perylene (Aldrich Chemical, Mil-
waukee, WI) with washed sea sand were used to fill the
saturation cell for each determination. All compounds were
of the highest purity available (>98%, confirmed by gas
chromatographic analysis). Solubility determinations were
performed at temperatures of 313 K to 523 K and pressures
from 100 bar to 450 bar. During a typical experiment, the
oven temperature was held constant while the pressure
was raised in 50 bar increments. Each pressure was held
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Table 1. Density of Supercritical CO;, for Temperatures
and Pressures Used for PAH Solubility Determinations

Table 4. Mole Fraction Solubility (105x) of Chrysene in
Supercritical CO2

p/lkg m=32 T/IK

P/bar 313K 373 K 423 K 473 K 523 K P/bar 313 373 423 473 523
100 607 188 144 121 106 100 b b b 0.6 75+£0.8
150 789 331 231 188 161 150 b b b 25 23+4
200 847 470 324 256 217 200 b 0.6 0.7 5.4 38+4
250 886 583 415 324 271 250 0.22 £0.01 1.2 17 11 77+ 11
300 919 662 491 387 323 300 0.27 + 0.004 2.1 3.5 22 146 + 14
350 942 715 554 444 371 350 0.33+£0.01 2.7 6.3 41 229 £ 6
400 962 755 606 493 414 400 0.41 £ 0.02 3.0 10 65 310+ 6
450 981 789 651 537 454 450 0.46 + 0.02 3.3 15 116 361+9

a Calculated densities were obtained using a modified equation
of state which was extended to include high-pressure fluids based
on the method of Pitzer (1955) and Pitzer et al. (1955) and used
in the ISCO “SF-Solver”, as confirmed experimentally by Langen-
feld et al. (1992).

Table 2. Mole Fraction Solubility (108x) of
Benzo[ghi]perylene in Supercritical CO»2

T/IK
/bar 313 373 423 473 523
100 b b b 1.7 29+0.2
150 b 0.15 0.26 2.5 9.7+14
200 b 0.43 1.9 6.8 29.3+21
250 0.18 £0.03 1.6 5.2 16 63.3+11
300 0.27 +£0.02 2.7 11 37 123+ 3
350 0.31 +0.02 4.0 18 57 231+10
400 0.33 +£0.02 4.8 30 87 326 + 12
450 ND¢ 5.4 38 108 455

Standard deviations (SD) are based on triplicate determina-
tions at each condition. Values without SDs listed are single
determinations. P Solubility was less than the reliable detection
limit of x =1 x 1077. ¢ Not determined.

Table 3. Mole Fraction Solubility (10%x) of Perylene in
Supercritical CO3?

T/IK

/bar 313 373 423 473 523
100 b b b 11 31.0+0.8
150 b b b 4.0 344 +£0.3
200 b b 0.73 11 66 £ 1
250 b 12 4.6 27 118 +4
300 0.33 £0.01 3.6 12 43 197 £5
350 0.72 +0.02 6.1 24 95 330+ 14
400 0.93 +0.02 9.0 38 154 479 £ 18
450 1.40 + 0.07 12.0 56 217 700 £+ 13

Standard deviations (SD) are based on triplicate determina-
tions at each condition. Values without SDs listed are single
determinations. P Solubility was less than the reliable detection
limit of x = 3 x 1077,

for at least 10 min after both the CO, flow readings and
the FID signal stabilized (see Miller and Hawthorne (1995)
for details of the procedure). The FID signal typically
stabilized (i.e., variations in signal were <5%) in <1 min
after changing pressures. Because of the CO, compress-
ibility, the flow readings typically required 5—10 min to
stabilize after a pressure change at 100 bar and 150 bar,
and approximately 3 min at all higher pressures.

Prior to any solubility determination, the response of the
FID for anthracene was determined to ensure day-to-day
stability of the detector. This was accomplished by weigh-
ing approximately 2 mg of anthracene into a 0.167-mL cell,
passing CO; at a high-solubility condition (472 K and 400
bar; Miller and Hawthorne, 1995) through the cell, and
recording the FID signal until it returned to baseline (i.e.,
all of the anthracene was eluted). FID response (mass
chart paper/mass anthracene) varied <45% over the course
of this investigation (~1 year). Any large deviation in FID

a Standard deviations (SD) are based on triplicate determina-
tions at each condition. Values without SDs listed are single
determinations. P Solubility was less than the reliable detection
limit of x = 2 x 1076,

Table 5. Mole Fraction Solubility( 10°x) of Pyrene in
Supercritical COx*

TIK
P/bar 313 373 423b 473b
100 0.61 +0.16 1.6 59+03 ND¢
150 46+1.0 2.2 9.7+0.9 22+7
200 99+0.6 13 27+3 49+ 7
250 142 +15 38 63+ 3 101 +£ 15
300 18+2 68 135+ 9 185+ 11
350 23+1 101 238 £ 17 278 £ 10
400 27+1 123 332+4 394 +31
450 30+1 156 424 £ 2 479 £ 24

a Standard deviations (SD) are based on triplicate determina-
tions at each condition. Values without SDs listed are single
determinations. P Since the normal melting point of pyrene is 423
K, the data at 473 K (and likely 423 K) no longer represent a solid
supercritical CO, system but rather represent the equilibrium
vapor phase over liquid pyrene which is saturated with CO,. ¢ Not
determined.

response for anthracene indicated a problem with the
system (i.e., plugged restrictor or contaminated FID) and
was corrected before proceeding. In addition to the daily
anthracene calibrations, daily calibrations for each com-
pound were performed in an identical manner with day-
to-day variations of <£5%.

Results and Discussion

Effect of Pressure and Temperature on PAH Solu-
bilities. The densities of CO; calculated by the ISCO “SF-
Solver” at the various pressure and temperature conditions
used for the PAH solubility determinations are shown in
Table 1. (The ISCO “SF-Solver” uses the modified equation
of state extended to include high-pressure fluids as pro-
posed by Pitzer (1955) and Pitzer et al. (1955)). The
solubilities of benzo[ghi]perylene (molecular weight = 276,
normal melting point = 551 K), perylene (molecular weight
=252, normal melting point = 534 K), chrysene (molecular
weight = 228, normal melting point = 525 K), and pyrene
(molecular weight = 202, normal melting point = 423 K)
at pressures ranging from 100 bar to 450 bar and temper-
atures from 313 K to 523 K are shown in Tables 2—5. With
the exception of pyrene (Table 5), all solubility determina-
tions were performed at temperatures below the normal
melting point of the pure compound.

The data in Tables 2—5 and in Figure 1 show that, in
general, increasing temperature has a much more dramatic
effect on the solubility of PAHs than does increasing
pressure. For example, the mole fraction solubility of
benzo[ghi]perylene (Table 2 and Figure 1) at 400 bar
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Figure 1. Effect of temperature and pressure on the solubility of benzo[ghi]perylene from 100 bar to 450 bar and 313 K to 523 K. The
right side of the figure is expanded to show the lower-solubility results. The dashed line indicates constant mole fraction solubility conditions
x 1078, The full data set (left) is expanded for the lower-solubility conditions (right).

increases from 3.3 x 1077 at 313 K to 3.26 x 1074 at 523
K, an increase of nearly 3 orders of magnitude, even though
the density of the supercritical CO, decreases from 962 kg

to 414 kg m~3. In contrast, increasing pressure at 373
K (a typical upper temperature for solubility data in the
literature) raises the mole fraction solubility of benzo[ghi]-
perylene from 1.5 x 107 at 150 bar to 5.37 x 1075 at 450
bar, an increase of only 36-fold. Similar increases in
solubility with increasing temperature occur for perylene
and chrysene (Tables 3 and 4). Increasing the temperature
from 313 K to 523 K (at constant pressure) increases the
mole fraction solubility of perylene by a factor of at least
100 (at lower pressures) to ~500 (at higher pressures).
Similarly, increasing the temperature from 313 K to 523
K (at constant pressure) increases the mole fraction
solubility of chrysene by a factor of 350 (at 250 bar) to ~800
(at higher pressures).

To determine the effect on the solubility of a PAH which
is above its melting point at the higher temperatures used
in this study, the final solubility determinations were
performed with pyrene (molecular weight = 202, normal
melting point = 423 K). As shown in Table 5, the solubility
of pyrene increases with temperatures up to 423 K in a
manner similar to the solubility increases shown for benzo-

]perylene, perylene, and chrysene shown in Tables 2—4.
However, when the temperature is increased from 423 K
to 473 K, the solubility of pyrene increases only slightly at
all pressures studied. Such results might be expected since
the results at 473 K no longer represent a solid/supercriti-
cal CO; system but rather represent the equilibrium vapor
phase over liquid pyrene which is saturated with CO,
(McHugh and Krokonis, 1986, Chapter 3). It is also
possible that the data at 423 K represent the liquid pyrene
case since the normal melting point of pyrene is 423 K.

In the majority of SFE studies to date, attempts to
increase PAH solubilities have focused on increasing pres-
sure at lower temperatures in order to maximize the CO,
density. This approach is often based on the popular
correlation parameter originally proposed by Giddings et
al. (1968), relating increased CO, density to a higher
solubility. While increasing pressure (at constant temper-

ature) certainly does increase PAH solubilities, the results
in Tables 2—5 clearly demonstrate that increasing tem-
perature (at constant pressure) causes much higher in-
creases in PAH solubilities despite the drop in CO; density
which occurs at constant pressure (Table 1). Although such
solubility increases for heavy solids with temperature
might be expected on the basis of known phase behavior
(McHugh and Krokonis, 1986, Chapter 3), the results in
Tables 2—5 are the first to experimentally determine
solubilities over a wide temperature range.

Estimation of Constant Solubility Conditions. The
data in Tables 2—5 enables one to estimate temperature/
pressure combinations that produce constant solubility
conditions (e.g., which could be useful for engineering
design purposes where raising temperature may be less
expensive than raising pressure). For example, benzo[ghi]-
perylene has a mole fraction solubility of 4 x 107% at all of
the temperature/pressure conditions indicated by the dashed
line in Figure 1. For example, the pressure required to
achieve a mole fraction solubility of 4 x 107® for perylene
solubility at 313 K is 433 bar. However, the same mole
fraction solubility can be obtained at only 104 bar if the
temperature is raised to 473 K.

Correlation of the Results. The correlations were
based on the concept of solubility enhancement (Johnston
et al., 1989) from which the following equations were
derived (Bartle et al., 1991):

IN(XP/Prer) = A+ C(p — Prer) 1)

where x is the mole fraction of the solute (taken here to be
equal to the ratio of the number of moles of solute divided
by the number of moles of carbon dioxide), p is the pressure,
Pref i 1 bar, p is the density (taken as the density of pure
carbon dioxide), pres is 700 kg m3, and A and c are
constants. prer is used so that the intercept A is within the
experimental data range and does not suffer the variability
experienced if an intercept extrapolated to zero density is
used (Bartle et al.,, 1991). The constant ¢, resulting
physically from solvation by the fluid, is assumed to be
constant over the temperature range and the constant A,
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Figure 2. Plots of isotherms of 1n (xp/prer) versus density for five PAHSs.

arising from the vapor pressure (fugacity) of the solute, is
assumed to obey the equation

A=a+b/T (2)
where a and b are constants and T is the absolute
temperature. When egs 1 and 2 are combined, the overall
correlation equation is obtained to be

1n(xp/pref) =a+b/T+c(p— pref) ©)

The results presented in this paper, previously published
data on anthracene (Miller et al., 1995) obtained by the
same experimental method, and for comparison, published

data for pyrene (Johnston et al., 1982) have been fitted to
the above equations. The initial stage is to plot 1n(xp/
pref) for each isotherm against density (Figure 2) and fit
the plots to a straight line by least squares to obtain A (the
value of the fitted line at prs) and c. These plots are
expected to be reasonably straight lines of similar slopes.
This is seen to be the case for anthracene, and the situation
would be improved further if the lowest density points at
373 K and 398 K were ignored. For pyrene, the four
isotherms obtained in the present study are shown with
data obtained at 308 K, 323 K, and 343 K obtained by
Johnston et al. (1982). Reasonably straight lines are
obtained for all isotherms except at the highest tempera-
ture, which is above the melting point of pyrene (423 K)
and where the correlation method is expected to be less
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Figure 3. Plots of the isotherm intercept, A, versus 1/T for five PAHSs.

successful. However, the slopes of the lines are less
constant and there is a tendency for the slopes for the
present data to be greater than those for the data of
Johnston et al. (1982). Nevertheless, there is a measure
of consistency between the two sets of data. For perylene,
there is a reasonable fit with constant slope, which again
would be improved if some of the low solubilities were
excluded. For chrysene, the situation is also acceptable
except for the isotherm at 373 K, where the slope is
markedly different. There was no experimental explana-
tion for the inconsistency, which remains unexplained.
Benzo[ghi]perylene showed rather more curved plots,
which again could be improved by being selective about
some of the lower-pressure measurements. Although, in
general, plots could be improved by removing lower-
pressure points, the decision was taken not to do this unless
there were experimental reasons.

Table 6. Constants in Eq 3 Obtained from Data
Correlation?

a b/K ¢/m3 kgt
anthracene (489 K) 22.66 —-9078 0.010 96
pyrene (423 K) 19.02 —7512 0.011 60
perylene (534 K) 25.50 —11938 0.014 96
chrysene (526 K) 25.21 —11 187 0.014 35
benzo[ghi]perylene (551 K) 22.97 —11 058 0.014 33

a Melting points are shown in brackets after each compound.

Choices were then made about which isotherms to
include in further analysis. For anthracene, all data were
included. For pyrene, various combinations were tried of
which none was very successful. It was, therefore, decided
to include all data, including those of Johnston et al. (1982).
For perylene, the data at 313 K were obtained from only
four solubilities which were low and looked inconsistent
in Figure 2, and so this isotherm was excluded. For
chrysene, the isotherm at 373 K, which had previously been
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Figure 4. Comparison of experimental solubilities for anthracene
versus pressure, shown as points (Miller, et al., 1995), with the
predictions of eq 3 using the parameters of Table 6, shown as lines.
The full data set (top) is expanded for the lower-solubility
conditions (bottom).

described as having an inconsistent slope, was excluded.
For benzo[ghi]perylene, all isotherms were used.

The values of ¢, obtained from the included isotherms,
were then averaged for each compound. The experimental
data for the chosen isotherms were used, now holding ¢ at
the average value, to obtain the best values of A. Plots of

versus 1/T were then fitted to straight lines to obtain
the constants a and b for the five compounds and are shown
in Figure 3. A good straight line was obtained for all
compounds except for a rather scattered plot for pyrene,
because of the inclusion of both sets of data. The averaged
values of ¢ as well as values of a and b obtained from the
plots versus 1/T are given in Table 6.

These values were then used to predict solubilities from
eq 3, and the values obtained are plotted as lines and
compared with the experimental data, shown as points, in
Figures 4—8. Two plots for each compound are given to
show comparisons for both high and low solubility values.
Comparisons are made for all data, including those that
were excluded when obtaining the parameters in Table 6.
Agreement is seen to be sometimes good, and poor agree-
ment is mainly limited to (a) data for isotherms which have
previously been excluded, (b) data for isotherms above or
close to melting points for anthracene (489 K) and pyrene
(423 K), and (c) pyrene where there is some disagreement
between the two sets of data.

Pyrene

100 150 200 250 300 350 400 450
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Figure 5. Comparison of experimental solubilities for pyrene
versus pressure, shown as points, with the predictions of eq 3 using
the parameters of Table 6, shown as lines. Isotherms at 308 K,
323 K, and 343 K are the data of Johnston et al. (1982), and the
other isotherms are from the present study. The full data set (top)
is expanded for the lower-solubility conditions (bottom). Since the
normal melting point of pyrene is 423 K, the data at 473 K (and
likely 423 K) no-longer represent a solid supercritical CO; system
but rather represent the equilibrium vapor phase over liquid
pyrene which is saturated with CO,.

Where a solute is liquid, the equilibrium involved is that
between a solute-rich liquid phase and a fluid phase rich
in carbon dioxide, rather than a straightforward solubility.
Even below the melting point of the solute, solute-rich
liquid phases may be formed in the presence of carbon
dioxide under pressure. For example, it is known that,
although the melting point of naphthalene is 354 K, a liquid
phase is formed in the presence of pressurized carbon
dioxide and at temperatures above 338 K (McHugh and
Paulaitis, 1980). Corresponding data are not available for
the compounds discussed here, but it can be assumed that
the correlation may not be as valid above temperatures 30
K less than the melting points of the compounds, shown
in brackets in Table 6. At other temperatures, discrepan-
cies will be due partly to the failure of the correlation and
partly to experimental error in the data used. There will
be some averaging of experimental errors by the correla-
tion, and it is suggested that, below 30 K less than the
melting point, predictions of solubility made using eq 3 and
the parameters of Table 6 have a probable error of 10% to
20%.
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Figure 6. Comparison of the reported experimental solubilities
for perylene versus pressure, shown as points, with the predictions
of eq 3 using the parameters of Table 6, shown as lines. The full
data set (top) is expanded for the lower-solubility conditions
(bottom).

Table 7. Comparison of values of AyapH/kJ mol—2
Obtained from Eq 4 with Published Values

eq 4 published?
anthracene 76 74
pyrene 63 65
perylene 99 129
chrysene 93 117
benzo[ghi]perylene 92

Data taken from Jones, 1960.

The parameter b is approximately related to the enthalpy
of vaporization of the solid, AyapH, by

A,..H = —Rb (4)

vap

where R is the gas constant. The validity of eq 4 relies on
the assumption that the enhancement factor In (xp/p.),
where p, is the vapor pressure of the solid solute, is
independent of temperature, which is found to be only
approximately true in practice. For naphthalene, where
there are many solubility data, eq 4 gives a value of AyapH
of 77 kJ mol~! compared with a published value of 70 kJ
mol~1 (Bartle et al., 1991). Comparison for the compounds
studied here of AyapH obtained using eq 4 with published
values, where available, is shown in Table 7 and gives a
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Figure 7. Comparison of the reported experimental solubilities
for chrysene versus pressure, shown as points, with the predictions
of eq 3 using the parameters of Table 6, shown as lines. The full
data set (top) is expanded for the lower-solubility conditions
(bottom).

similar degree of agreement. This gives further confidence
in the solubility results obtained.

Conclusions

The solubilities of PAHSs in supercritical CO, increase
much more rapidly with higher temperatures (at constant
P) than with higher pressures (at constant T) over pres-
sures from 100 bar to 450 bar and temperatures from 313
K to 523 K. For low-solubility PAHSs such as perylene and
benzo[ghi]perylene, solubility enhancements of 500—1000-
fold can be accomplished by raising the temperature from
313 K to 523 K at 400 bar, while raising the pressure from
100 bar to 450 bar has much less effect in increasing
solubilities, particularly at lower temperatures. Correla-
tion using eq 3 shows that the majority of the experimental
data is self-consistent, given the straight line plots for the
isotherms, their approximately constant slopes, and the
behavior of their intercepts with respect to temperature.
Agreement with previous literature data for pyrene was
fair. Parameters were obtained which allow predictions
of solubility with a probable error of 10—20% over much of
the temperature range. It should be noted that the
predictions have been made over a wide temperature and
pressure range using only three parameters for each
compound, while much more sophisticated correlations
based on equations of state are only successful over smaller
ranges of conditions (Johnston, et al. 1989).
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Figure 8. Comparison of the reported experimental solubilities
for benzo[ghi]perylene versus pressure, shown as points, with the
predictions of eq 3 using the parameters of Table 6, shown as lines.
The full data set (top) is expanded for the lower-solubility
conditions (bottom).
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