CZUB-JJ

[ Reprinted from the Journal of Physical Chemistry, 74, 4260 (1970).] )
Copyright 1970 by the American Chemical Society and reprinted by permission of the copyright owner,

Solubility Phenomena in Dense Carbon Dioxide Gas in

the Range 270-1900 Aitmospheres
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A high-pressure gas chromatographic instrument has been used to measure the density dependent solubility

of Carbowax 4000, Carbowax 1000, 1-octadecanol, and stearic acid in compressed CO. at 40°.
that maxima exist in all these solubility curves at between 300 and 2500 atm, depending on the solute.
result is consistent with a form of regular solution theory developed for dense gaseous solvents.

It is shown
This
A comparison

of theory and experiment relative to a number of parameters shows generally excellent qualitative agreement
and in some instances a quantitative predictability.

Introduction

The enhancement of volatility caused by the presence
of a dense gaseous atmosphere has been noted on many
oceasions.!=!* Compression appears to give to the gas
a positive solvent power not possessed in its normal, low-
pressure state. This solvent power increases substan-
tially with increasing compression. Studies of the
phenomenon, which extend back to the last century,!
are mainly limited to solute molecules of small and
medium size and to pressures under 200 atm. Re-
cently we have reported data on the solubility of bio-
chemicals and polymers (molecular weight to 4 X 10°)
in dense NHj gas at 200 atm and dense CO- gas at pres-
sures to 1560 atm.'*'* Here we extend this work by
obtaining solubilities as a function of CO. density for
Carbowax 4000, Carbowax 1000, l-octadecanol, and
stearic acid in CO. in the pressure range 270-1900 atm
at 135-atm intervals. We show that there are maxima
in the solubility curves not seen before and indeed not
present in the low-pressure range. In our cases, the
maxima for different solutes occur anywhere from 300 to
2040 atm. The existence of the maxima is predicted,
and their locations well approximated, by the applica-
tion of a form of regular solution—solubility parameter
theory.

The impetus for recent studies in dense gas solubility
comes from the realization that these gaseous “solvents”
may be of unique value in enhancing the volatility of
complex molecules so that they can be gas chromato-
graphed.®—14  The sensitivity of solubility to pressure
provides a rapid mechanical means for manipulating
solubility both in ehromatographic and in other systems.
Experiments have borne out the fruitfulness of this
approach.

Efforts to deseribe the solvent power of nonideal gases
in quantitative, mathematieal form have almost en-
tirely used the virial approach. This direction has been
followed for both ehromatographic!'-%-2* and nonchro-
matographie® =" work. The virial treatment is rigor-
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ous, but is inapplicable at pressures much beyond 100
atm because of difficulties in evaluating higher virial
coeflicients and series convergence problems.? Hence
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this method, which approaches dense gases from the
ideal gas side, is not valid for the high densities studied
here.

More likely to suceeed, under the circumstances,
would be an approach based on liquid solubility phe-
nomena. Densities of practical interest are usually in
the range 0.3-0.9 times the equivalent liquid density,
while gases at 1 atm pressure, already showing measur-
able nonideal effects, are removed in density by several
hundredfold from this range.

The principal difficulty with following the general
path of liquid solution is that the latter are themselves
imperfectly understood.” However, it is elearly more
suitable to use approximate methods where the approxi-
mations are in accord with the physical situation than
to streteh an exact theory (virial) far beyond its reason-
able limit of application.

For the above reasons, we previously suggested and
developed approximate methods for applying solubility
parameter concepts to dense gaseous solutions.’  Some
aspects of this approach will be tested here.

The key results of the theory are given in the following
two equations. I'irst the solubility parameter is a fune-
tion only of density p, approximated by the linear rela-
tionship

3z = duialp/ prial 1)

and therefore reaches the value, 81iq, characteristic of
the parent liquid when the gas is compressed to the
liquid density, piiq.- Solubility enhancement is related
to this by

InI = (Vd/RT)AQ — 4) @)

where 7 is the solubility enhancement, the solute concen-
tration at saturation relative to its ideal gas value, Vy
and §, are solute molar volume and solubility param-
eter, respectively, and A is the reduced solubility param-
eter of the compressed gas. 8,.,/8.

The direct measurement of 7 is impractical for large
solute molecules since ideal vapor pressures are immea-
surably low (estimates of / will be given later). In-
stead, solubility relative to the maximum value is more
appropriate here.  I'rom eq 2 thisis

lll (I/Im:\x) = == (‘-0602/RT) (A = 1)2 (3)

The above equations are approximations which do not
adequately allow for density-dependent entropy  ef-
fects, pressure—volume effeets, and the various molec-
ular subtleties which render regular solution theory
itself inexact. They are looked to more as a guide to
qualitative effects and to rough quantitative estimates,
both presently needed in this field.

Experimental Section

The high-pressure apparatus used in this study was
basically like that described elsewhere. A sche-
matic diagram which helps illustrate the procedure is
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Figure 1. Schematic of high-pressure unit: 1, 2, 3, on—off
valves; A, B, sample chambers; P, pyrolysis unit; V,
pressure reducing valve; D, detector.

given in Figure 1. DModifications to the previous ap-
paratus are as follows.

Pyrolysis Unit. It has been pointed out often that
the dissolved molecules become thermodynamically
unstable upon decompression and tend to condense
out.”$123 This Jeads to line clogging and conse-
quently to alteration or stoppage of flow to the detector.
It was suggested that pyrolysis at the downstream end
of the ecolumn prior to decompression may eliminate this
difficulty.’? Tor this reason a pyrolysis unit was incor-
porated into the system.

The structure of the pyrolysis unit is shown in Figure
2. It consists of approximately 20 em of 0.015-em
i.d. stainless steel tubing which is heated to about 650°.
The outer tubing acts both as a form on which the heat-

ing wire is wound and also as a guard in the event of

rupture of the inner tubing. I'rom our experience, such
a unit ean withstand pressures up to 30,000 psi without
failure. This, however, is not true for ammonia, where
a few leaks have been encountered.

Pressure Reducing Valve. A new type of valve has
been constructed which maintains very stable flow for
long periods of time. A detailed desecription of this
valve will appear elsewhere.

Splitter. The splitter and the back pressure regulator
have been eliminated because of the availability of con-
trolled flow. Under these conditions the entire sample
is swept into the detector.

Detection Systemr. The detector was a Beckman
GC-4 flame ionization detector. Provisions were made
to ensure constant air and hydrogen supply to the detec-
tor. The detector signal was fed into a Cary Model 31
electrometer which was coupled to a Speedomax Type G
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Figure 2. The pyrolysis unit: A, stainless steel tube, 0.006
in. i.d.; B, Fiberglas insulation; C, heating wire; D,
thermocouple; L, outer tubing. :

recorder. The voltage to the detector was supplied by a
300-V battery. All experiments were carried out at
40 = 1°.

Solutes. The stearic acid was obtained from Merck
and Co., Inc., and the l-octadecanol from Eastman
Kodak. These compounds were recrystallized three
times from hot water; only the first portion of solute to
crystallize was used. The solutes were then dried,
melted, and cooled under vacuum.

The two Carbowaxes (1000 and 4000) were supplied
by Applied Science Laboratory.

Experimental Procedure. Prior to each experiment,
sample chambers A and B and the tubing between
valves 1 and 2 (see Figure 1) were washed with organic
solvents, ethanol, and finally distilled water. After
drying, the sample chambers were installed and pres-
surized to 1900 atm. By using valves 1, 2, and 3, the
gas was directed through the sample loop and finally
into the detector. When the recorder signal dropped
to the limit of detectability, it was assumed that organic
impurities were adequately purged. The sample cham-
bers were then removed from the system for charging
with solute. The sample chambers were filled to capac-
ity, this requiring about 1 em?® of solute. They were
then returned to the system and pressurized to 1900
atm. Ixtreme care was taken to avoid contamination
during filling.

A plug of solute vapor can be obtained by momen-
tarily routing the gas flow through the sample loop.
Plug sampling, however, introduced too much uncer-
tainty into the data. Iven with considerable care the
peak size varied =+=69%.

A superior way for determining solute concentration
in the dense gas is by the constant plateau method.
Here the carrier gas is flowed steadily through the
sample loop for 15-20 min. The recorder trace showed
a steep rise followed by a constant plateau. The height
of the plateau is proportional to the solute concentration
in the carrier gas and to the flow rate, and thus can be
used to measure equilibrium concentrations.

The plateau method ean be used to eheek on and cor-
rect for the presence of impurities and the possible lack
of solubility equilibrium.

Impurities (light hydrocarbons, ete.) were apparent
on several oceasions, particularly with oetadeeanol.
They were observed and allowed for as follows.  I'ol-
lowing 30 min of statie equilibration, flow causes a steep
signal rise, a short plateau, and a slow signal deeay to a
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new plateau. With repetition of this process the initial
rise becomes ‘progressively smaller until a true and re-
producible plateau trace is obtained. Apparently at
this point the volatile impurities have been extracted.
This repetition test was made for all systems.

Lack of solubility equilibrium is indicated by a sharp
rise, a short plateau, and a decay. Repetition does not,
lead to a steady plateau. Saturation could be improved
by reducing the flow, but this reduces the detector sig-
nal. One could also increase the size or length of the
sample chamber and sample, thus giving a longer con-
tact time with the carrier gas. It is for this reason that
two sample chambers were joined in series in the present
study. Sample chamber A can be thought of as a pre-
saturator. Satisfactory saturation was thus achievable
with all compounds attempted except Carbowax 6000;
the latter was thus not studied further.

Calibration Procedure. 'To estimate the absolute val-
ues of solubilities in compressed gases, the signal size
requires calibration. Since the detector responses for
the compounds used in this work are unknown, ap-
proximate calibration is achieved using the principle
that the signal from a flame ionization detector is
roughly proportional to the flux of carbon atoms into the
flame. A relative response factor, or equivalently, an
effective carbon atom number, which accounts for the
bonding of carbon atoms to noncarbon atoms, must be
employed.

Propane was used as the reference compound. Ten
60-ul peaks were passed through the detector. Assum-
ing the ideal gas law, each peak contained 2.10 X 10—
mol of propane or 6.29 X 10=% g-atoms of carbon.
From this and the mean area per peak, it was deter-
mined that the number of effective gram-atoms of car-
bon in unit time was equal to

’?” =090 X 10—k X E @)
where I is the recorder response in tenths of an inch
and Z the electrometer setting in millivolts. The
outlet gas flow rate was held constant at 39 ce/min.
Assuming the CO, to be ideal under outlet (atmosphe-
rie) eonditions, this corresponds to a CO, flux of 2.3 X
107% mol/sec. Thus the mole fraction of solute in the
dense gas is simply

Xo = 3.0 X 10°R X L/ ®

where 6 is the number of effective carbon atoms in the
molecule in relationship to deteetor response.

Pyrolysis Products. The products of the high pres-
sure pyrolysis of Carbowax 4000 were examined by
sampling the column eftluent into a low-pressure Poro-
pak Q-8 column. Pyrolysis constituents were identi-
fied by relative retention times.

Results and Discussion
Density Dependence of Solubility. The accurate mea-
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Figure 3. Detector response (R X E) and relative solubility
(X2/X2,max) at 40° as a function of CO. density, p, solubility
parameter, 8, and pressure, P.

surement of relative solubility changes in dense gases by
our procedure hinges on the assumption that essentially
all the solute reaches the detector in some form. How-
ever, without pryolysis or with only partial pyrolysis,
the dissolved solute would be inclined thermodynamie-
ally to condense upon decompression and would per-
haps not reach the detector. This tendency has been
observed many times.?” Evidence against any signifi-
cant econdensation in our case is the failure of the small
flow lines to the detector to plug after prolonged use,
including that with a continuous 2-hr, high level Carbo-
wax 4000 plateau at 1900 atm. However, with the
pyrolyzer unit unheated the detector signal was very
small and the flow fell off rapidly, presumably due to
clogging. Thus we conclude that, with pyrolysis, the
solute reaches the detector in some form in nearly quan-
titative amounts.

I'igure 3 shows the logarithmic variation of detector
response (R X £) with CO, density for the four com-
pounds. The curves are also shown as log ({/1nax) +
constant, equivalent to log (X2/Xoumax) -+ constant,
where (X2/Xs max) 18 the mole fraction of solute relative
to its maximum volume and the constant represents
vertical displacement depending on 6, eq 5. The
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heights at the signal maxima are seen to be fairly close
to one another.

Also on the absecissa of Figure 3 is a solubility pa-
rameter scale and entries for pressure. The pressure—
density conversion was made using data for CO. found
in the literature.31—3%

The gaseous solubility parameter was calculated
from eq 1. When &1iq is approximated by 1.25P,7
(with P, in atmospheres) the value 10.7 (cal/cm?)"* is
obtained. With piiq = 1.25 g/em? we have § =
8.54p. This coefficient may be in error up to 109,
due to uncertainties in d1iq and piiq.

The reproducibility and precision of the data were
checked by obtaining two independent sets of data for
Carbowax 4000 and stearic acid. As shown in Figure
3, the duplicated experiments yield points lying essen-
tially on top of one another. This is in accord with our
observation that the solubility plateau was steady with
little tendeney to drift.

Equations 2 and 3 are effective expressions for solu-
bility (or solubility enhancement) in volume concen-
tration while our experiments, because a constant mass
flux of solvent gas is employed, lead directly to mole
fraction solubilities. While the two are not exactly
proportional to one another because of variable gas
density, a virtual proportionality exists within experi-
mental limits. This occurs because a hundredfold
solubility change is induced by a density change of only

5-309%. Therefore we expect, providing solubilities

remain fairly small, a parabolic expression for log (£ X*

R) orlog (Xb), 7.e. :
log X» = aé® 4+ bs + C (6)

This equation has been fit to the data, yielding the solid
lines in Figure 3. The function seems certainly of the
right general form. A comparison of coefficients in eq
2 and 6 yields the apparent molar volume and solu-
bility parameter for solute

Vo = —2.3RTa @

—b/2a (8)

In Table I these experimentally derived quantities are
shown in comparison with values obtained indepen-
dently. This comparison is of some significance and will
be discussed at length in the next subsection.

The most novel feature of the results in Figure 3 is the
decrease in the solubility of octadecanol and stearie

50 =
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Table I: Solubility Properties of the Four Solutes in CO, at 40°

(eq 8),
(cal/ do(caled), Va(exptl), Va(caled),
Solute cm?) /2 (cal/em?)*/2 em? cm?
Carbowax 4000 10.8 10.7 0.9 520 25800
Carbowax 1000 10.9 10.7 = 0.8 206 865
Stearic acid 7.9 8.5 257 329
1-Octadecanol 7.6 8.6 136 328

P*

& o= (previ-
Vo(exptl) Mol P, ous),
Vo(caled) Imax Xmax wt atm atm
0.186 5.6 X 1054 2.4 X 10~ 3350 162 190
0.238 1.1 X 10t 1.5X 103 1000 91 115
0.780 1.7 X 10 1.6 X 10—3 284 76
0.416 6.7 X 108 1.5 X 1073 270

acid with increasing pressure. This effect, consistent
with eq 2 and 3, has not been previously observed.

The apparent existence of maxima in the continuous
solubility—density curves of I'igure 3 which lead to this
peculiar phenomenon are, in fact, analogous to the for-
mation of maxima in solubility—polarity plots with lig-
uid mixtures. The explanation is presumably the
same. The excess energy of mixing is a minimum when
the cohesive energy densities are roughly equal for
solute and solvent. Therefore the dense gas solubility
parameter at a given maximum should equal the solu-
bility parameter of the particular solute. This is in
accord with eq 2 and 3, and, as we shall see in the next
subsection, can be broadly confirmed for our specific
group of solutes. Since these solutes have different
solubility parameters, the maxima in Figure 3 are
horizontally displaced from one another.

Although the present experimental pressure range,
270-1900 atm, is rather broad, it covers a relatively
incompressible region well above the critical pressure.
Thus the density and solubility parameter vary only
about 259, in our experiment. While this has a very
large effect on solubility, as Iligure 3 illustrates, the
limited range makes it difficult to show a clear solubility
maximum with both descending branches distinctly
exhibited. Nonetheless, the existence of a maximum
is rather certain from (a) the shape of the curves in the
experimental range, and (b) the fact that octadecanol
and stearic acid are effectively nonvolatile at low pres-
sures and must therefore have a descending branch on
the left to complement the observed one on the right.
In faet, previous work has been done with octadecanol
on other instrumentation which shows a threshold pres-
sure of 98.7 atm.'® This is equivalent to another point
(actually a cluster of points) on the plot at (0, 4.8).
Such an addition clearly requires a maximum in the
solubility curve.

Figure 3 shows that the solubility peaks differ in
width. From eq 2 it can be shown that the half-width
is

23RT s
0g — Og.max = [ ‘_,R; (log Tipx— IOg 1)] (9)

so that the width at any level below the peak maximum
is related to solute mole volume as 1,7 "% Thus larger
molecules have narrower solubility peaks, as strikingly
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confirmed by the Carbowax 4000 and 1000 peaks in
Figure 3. This is another instance where liquid and
dense gas solubility phenomena follow parallel trends.

Solubility Enhancement. The enhancement in solu-
bility (or volatility) relative to that for the ideal gas
reaches very large proportions. At the solubility max-
mum it is given by

Imax = eXP(V0502/RT)

Values of I« are tabulated in Table I. Tor Carbowax
4000 the maximum enhancement is seen to be in excess
of 10%, reflecting mainly its extremely low vapor pres-
sure under ideal conditions.

Absolute Soluvility. The absolute magnitude of the
equilibrium solute concentration can be approximated
using the calibration procedure mentioned earlier.
However, some uncertainty exists because of the need
to estimate effective carbon numbers (6 in eq 5). Tor
stearic acid and octadecanol we assumed 6 as the num-

(10)

ber of earbon atoms in the molecule minus one, the ex- =

cluded one corresponding to a carbon presumably tied
up in nondetectable form (CO. or CO) in the pyrolysis
products. For Carbowax 4000 (mean molecular
weight, 3350) we assumed 6 = 75, the other half of the
carbon atoms again presumably tied up in nondetecta-
ble form.

The results for the mole fraction of solute at the solu-
bility peak, X,.x, calculated from eq 5, are shown in
Table I. Solubilities at other § values may be calcu-
lated from eq 6 or obtained from the relative solubility
plotsin Figure 3.

Threshold Pressures. Of great experimental impor-
tance, particularly to gas chromatography, is the thresh-
old pressure, P* the applied pressure which is barely
sufficient to bring volatility to a measurable level.
Since the solubility is an extremely steep function of
pressure for large molecules, this parameter is nearly
constant with reasonable variations in the sensitivity
of the detection device.

I'or the present system, R X I = 1 serves as the
lowest limit of detection. Since none of the measure-
ments was made near the threshold level, the latter
was caleulated assuming a parabolic dependence of the
solubility signal on § as in eq 6. Conversion from the
obtained 8 value to density and then to pressure yields
the £* values shown in Table I.  Values obtained pre-

A —— R
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viously on a different apparatus are shown in the subse-
quent column. The agreement is satisfactory.

It is interesting that the present theory predicts two
threshold pressures, only the lower of which has been
observed. Gas densities necessary to reach the upper
threshold are impractical with most systems, but clearly
exceptions exist which should be experimentally tract-
able.

Pyrolysis Products. Nethane was the major detect-
able pyrolysis product for Carbowax 4000. The meth-
ane peak was followed by ethane and ethylene peaks in
slightly smaller amounts. There were then several
minor peaks of propane, propylene, ete. Only slight
shifts in the pyrolysis pattern were noted with a twofold
change in flow. The pattern was also rather stable with
changes in the age of the pyrolyzer.

Effective Solubility Paramncters and Volumes. The
solubility parameters in columns 2 and 3 of Table I are
obtained from eq S in combination with the experi-
mental data and from independent calculations, re-
spectively. The calculated &, for stearic acid was ob-
tained from data given by Beerbower and Dickey;®
values for 1-octadecanol and the Carbowaxes were cal-
culated by known procedures.#3 The Carbowax
8y’s appear as a range because of the uncertainty in the
oxygen contribution. Small suggests a contribution of
70 (cal ml)”%¥ Available V, and § values™ 3% sug-
gest that the ether oxygen contribution varies drasti-
cally with molecular size and shape. Molecules such as
dioxane and triethylene glveol suggest values in the
neighborhood of 140 (cal ml)>. Use of 70 and 140
(ecal ml)"* gives the lower and upper limits, respec-
tively, of do(taled) for the Carbowaxes in Table I. The
agreement between experimental and calculated 8, val-
ues is excellent considering the inherent uncertainties in
both values and in the underlying theory. Inparticular
the relative displacement of the Carbowax maximum
upscale from that for l-octadecanol and stearic acid in
Figure 3 is exactly as predicted.

The agreement on molar volume, columns 4 and 5 of
Table I, is far less satisfactory. To a degree such dis-
crepancies are consistent with studies of liquid mixtures.
“Effective volume”  parameters have been used to
account for molecular shape differences. Mlartire
defines the parameter e where e = Vo*/ V), the ratio of
effective to actual volumes.# 4 His e values for several
solutes were in the range 0.74-1.0. Values less than
unity also oceur for our solutes, eolumn 6.

A plot of log € vs. (mol wt)~Y shown in Figure 4,
vields a straight line, again with the exception of stearic
acid. If stearic acid were “normal” on this plot its ¢
value would be 0.390 and its “experimental” volume
thus 129 em3.  Actual values are twiee this, suggesting
dimer formation in the dense gas phase. The stearice
acid points in Figure 4 are based on the assumption of
dimer formation.

The reason for the considerable departure of e from
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unity is not clear. Mlartire® found this parameter to be
independent of the particular solvent in a given class.
He also attempted to correlate the e values with the
solution process. From solution—density measure-
ments carried out at various concentrations, he showed
that the partial molar volumes at infinite dilution were
close to the pure solute molar volumes and that no ap-
parent correlation existed with the e values.

The present results, Iigure 4, indicate that the e
values do not vary in a random manner for the large
solute species dealt with here, and that they can be re-
lated to the molecular weight. However there is no
obvious theoretical basis for the empirical straight line
correlation between log e and (mol wt)—L

10
8+
6+
5 |-Octadecanol
D s e
4+
€ X Stearic Acid
3 . (Dimer Assumption)
Ay
.\\\
2 Carbowax 1,000 \\:_\ Log M.\N,
o
Carbowax 4,000 \
A | | | | |
(o} 10 20 30 40 50 60

3
-“% or Log MW.

Figure 4. Correlation of ¢ = [Vo(exptl)/Vi(caled)] with
molecular weight.

It is possible that e is consistently less than unity for
large molecules because the latter, in a poor solvent,
will tend to form intramolecular contacts in place of
solute-solvent contacts. A reduced energy of mixing
will be assoeiated with the reduced number of contacts,

leading to enhancement of the expected solubility.

This is precisely the effect of e < 1. In the limit the
solute molecules will assume a spherieal form, and since
intermolecular energy can be associated with inter-
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facial contacts,*? e may approach the ratio of the respec-
tive surface areas of a sphere and an extended chain.
In this case e should be in proportion to (mol wt)~™ '
and a plot of log e vs. log 1/ should form a straight line of
slope —!/;.  Tigure 4, in which the dashed line has
—1/; slope, demonstrates reasonable agreement with
this hypothesis. However, more evidence is needed

W. Paix, M. A. GENsHAW, AND J. O')M. Bocknrs

before any firm conclusions about the phenomenon ean
be made. '
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