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The Present Status of Dense (Supercritical) Gas
Extraction and Dense Gas Chromatography: Impetus for
DGC/MS Development

L.G.RANDALL*

DEPARTMENT OF CHEMISTRY
UNIVERSITY OF UTAH
SALT LAKE CITY, UTAH, 84112, UNITED STATES

ABSTRACT

Dense (supercritical) gas chromatography and the related rap-
idly growing field of dense gas extraction are reviewed and an ex-
tensive compilation detailing the dense gas systems (solvent gases,
solutes, temperatures, pressures) that have been studied is pre-
sented. Furthermore, dense gas chromatography is compared to both
gas and high performance liquid chromatographies with emphasis on
mass spectrometric detection in all three. It is concluded that a
dense gas chromatograph/mass spectrometer, a new instrument, is
both a complement to existing techniques and a timely development
for use with dense (supercritical) gas systemss

1. INTRODUCTION

The main purpose of this paper is to review the area of dense
gas chromatography and the related (broader) area of dense gas ex-—
traction--particularly since there has been intense renewed inter-
est in these areas in the last six years. A secondary purpose is
to present the motivation for developing a new instrument, a dense
gas chromatograph/mass spectrometer (DGC/MS), which is capable of
directly interfacing high pressure systems to & mass spectrometer,

a powerful selective and universal detector.

*Present address: Hewlett-Packard, Avondale Division, Avondale,
PA, 19311.

Copyright © 1982 by Marcel Dekker, Inc.
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Tn compiling data to create a directory of the experimental
conditions that had been studied in DGC and that would be pertinent
to the operation of a DGC/MS, the author became keenly aware of the
abundant, very recent work with dense gases as extractive solvents.
Because of the intimate overlap of the areas of dense gas chroma-
tography and dense gas extraction, it was obvious that a useful
compilation would have to include data from all the related work of

DGC, dense gas extraction and solubility studies.

The resulting compilation is presented after first describing
the properties which make dense gases so attractive as solvents,
then outlining the reported work in dense gas extraction and DGC,
and finally comparing GC/MS, HPLC/MS and DGC/MS to determine the
possible advantages of DGC/MS. The author hopes that the reader
will gain an appreciation of 1) dense gases as viable alternatives
to liquid solvents and 2) the potential of the DGC/MS technique--a
timely development which promises to be applicable toawide variety

of high pressure processes.

2. PROPERTIES OF DENSE GASES

A dense gas (also referred* to as a supercritical fluid, high
pressure gas, hyperpressure gas, ultra high pressure gas) is a gas
at temperatures and pressures such that its density is comparable

tonormal 1iquid densities of the substance. As shown in Figure 1%,

*The various terms are used in different areas by different au-
thors with some effort to define pressure regions. This author
prefers the term ''dense gas" to emphasize the fact that themost
important parameter in the work to be described is the demnsity
and not either the absolute pressure or the temperature alone.

*From van der Waal's Law of Corresponding States one would ex-
pect that the relationship between the reduced parameters shown
in Figure 1 is applicable for all substances (4). Similar curves
for ethylene, methane, nitrogen, acetylene, carbon monoxide, pro-
pane, and argon within the reduced temperature range 1.000 <
TR < 1.049 fall remarkably close to the curve shown in Figure 1.
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FIGURE 1. Reduced density (pg) as a function of reduced pressure
(PR) for three gases at reduced temperatures (Tg) close
to 1. (Throughout this paper, "reduced" means the value
of a parameter divided by its value at the critical
point.) Reduced isotherms for carbon dioxide (TR =
0.799) and ammonia (TR = 0,788) show density as a
function of pressure for subcritical gas and liquid
phases. (Data from References 1 and 2.)

for a gas at temperatures just above the critical temperature (Tc)
of the substance, liquid-like densities are rapidly approached with
modest increases in pressure in the range of 0.7 to 2 times the
critical pressure (PC). Higher pressures are required to attain
liquid-like densities for temperatures further above critical, as

demonstrated by the three isotherms in Figure 2.

It is interesting to compare the density near the critical
point to densities of common solvents at room temperature, i.e.,
conditions far from critical but typically emcountered in high per-
formance liquid chromatography and perhaps in some liquid solvent
extraction procedures. A survey of six common solvents-—benzene,
cyclohexane, carbon tetrachloride, chloroform, n-pentane, and iso-
butane--shows that for these solvents a temperature of 300°K is
equivalent to reduced temperatures of 0.53 to 0.74. Hence, as
shown by the isotherms in Figure 1 for CO, and NH, at reduced tem-

2 3
peratures of about 0.79--slightly high for the room temperature
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FIGURE 2. Reduced viscosity (ng) and density (pg) as functions of
reduced pressure at various reduced temperatures (TR)'
(Ethylene data, Ref. 2; n-pentane data, Ref. 3.)
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range, the densities at room temperature are only a factor of about
two times the dense gas density at 2Pc and Tc' For further compar-
ison between dense gases and liquid, the viscosity data displayed
in Figure 2 show that the viscosity of a common liquid solvent {(n-
pentane) is a factor of four times that of dense ethylene for 2PC
and TC (and a factor of ten times that of the gas at PC and Tc)°
Also it can be seen that the gas viscosity approaches the liquid

value more slowly (with increasing pressure) than does the density.
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The curves in Figure 2 also illustrate the difference in temperature
dependence between viscosity and density: an increased temperature
leads to an increased viscosity for a gas and a decreased viscosity
for a fluid (demse gas or liquid) but to a decreased density forall

states.

It is also of interest to explore the values of the diffusivity
in the critical region versus the gaseous and liquid states. The

reduced diffusivity (for self-diffusion), DR——as well as the reduced
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FIGURE 3. Reduced viscosity (ng), density (pR), self-diffusivity
(DR) as functions of reduced pressure for methane at
two reduced temperatures (T,). The inverse of the n-
pentane reduced viscosity (at Tg = 0.63) is presented
as an approximation to liquid diffusivities at room
temperature. (Density, viscosity data from Ref. 2, n-
pentane data from Ref. 3, diffusivity data from Ref. 5.)
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viscosity, R and the reduced density--as a function of reduced
pressure is shown in Figure 3. Since D is equal to n/p for dilute
cases (6) and the viscosity, n, is essentially independent of pres-
sure in that region, the diffusivity is inversely proportional to
density. The diffusivity of liquids is inversely proportional to
viscosity. As an approximation to liquid diffusivity behavior, the
inverse of the n—pentane reduced liquid viscosity data (Figure 2) is
graphed in Figure 3. While the ordinate placement of the complete
curve is not exact and may vary by a small factor, the shape of the
curve is valid and shows the relative insensitivity of the diffu-
sivity of a liquid to pressure. The value for the reduced diffu-

sivity for liquid methane at T, = 0.62 and PR = 2.56 (corresponds

R
to PR ~ 1.1) is about 0.1. Hence, it can be seen that the diffu-
sivity of a dense gas at ~PC and ~TC is at least a factor of ten

larger than that of a liquid.

The following data are presented for order—-of-magnitude com-

parisons of the three important parameters:

P n D2
e {g/mL) (g/cm s) (cm?/s)
Gas o ©.6-2)x107>  (1-)x10° 0.1 - 0.4
1 atm, ~15-307C
Dense Gas _s _3
Tes Pe 0.2 - 0.5 (1- 3)x].0_4 0.7 x 10_3
~Te, 4P¢ 0.4 - 0.9 (3-9)x10 0.2 x 10
Liquid -2 5
(organic solvents, water) 0.6 - 1.6 0.2-3) x10 0.2 -2)x10
~15-309°C

85e1f diffusion for Gas and Dense Gas; binary mixture for Liquid.

Consequential Benefits of Dense Gas Properties

The liquid-like densities of dense gases result in liquid-like
solvent powers. This property and the faster mass transport capa-
bility due to the dense gas viscosity and diffusivity make dense

gases very attractive as solvents. Bailes (7) has reviewed liquid
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solvent extraction in organic and petrochemical industries and
noted that solvent extraction is particularly important in the food
and pharmaceutical industries because many products are thermally
labile and cannot be separated by distillation. Obviously, major
considerations in liquid extraction processes are the choice of
solvent including the operating temperature range and its toxicity
and the solvent/solute separation. Incomplete solvent recoverymust
be minimized because of expensive solvent loss and possible con-
tamination of the product with the solvent. Often distillation is
required to improve solvent recovery. As an alternative separation
method which typically uses biologically safe gases such as COZ’
dense gas extraction combines the separation processes of liquid
extraction and distillation and it has been proposed (8) that this
process be called destraction. Compared to the other separation
techniques dense gas extraction (or destraction) has several im-
portant characteristics: 1) temperatures are usually close to
critical temperatures so mild conditions can be used for thermally
labile compounds, 2) dense gases can dissolve involatile compounds,
3) compounds can be selectively dissolved by changing the density
of the gas, 4) three dense gas parameters, density as well as tem-
perature and composition, can be easily varied, 5) essentially com-
plete separation of solvent/solute with high solvent recovery can
be accomplished by isothermal decompression or isobaric heating,
and 6) the solutes can be fractionated during the solvent/solute
separation. Since chromatography is a multistage phase-transfer
process, the above comments also apply to the use of dense gases in

chromatography.

Even though the liquid-like solvent powers of dense gases have
been recognized for over 100 years (9,10), there was relatively
little application of dense gas solvents until about twenty years
ago with the early experiments in dense gas chromatography. Within
the last ten years and particularly this last year there has been
intense interest in high pressure fluid mixtures and dense gas ex-—

traction processes (11-22, 137-150) especially in the food,
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pharmaceutical, and coal industries.* Papers presented at three
recent symposia (8,23-36,154-159) outline the rapid growth of work
in this area. Subjects discussed included dense gas extraction of
raw food and drug materials, industrial plant design, energy con-
sumption compared to conventional separation techniques, dense gas

chromatography, and phase equilibria.

Theoretical Approaches to Solubility Predictions

Irani and Funk (37) have outlined several of the theoretical
approaches used to estimate phase equilibria-—-many of which involve
empirical or semi-empirical equations of state. The equation of
state descriptions of phase equilibria of compressed gas mixtures
have dealt with a variety of solutes ranging from light gases (160-
164) to heavy solid hydrocarbons (165-171) and have generated data
(e.g., binary interaction parameters (172)) useful for describing
dense gas systems including those dense gas systems where the sol-
vent is the gas plus an entrainer. Prausnitz (173), Oellrich et al
(172), and Peter (174) compare several of the equation-of-state
approaches. TFurthermore, Rowlinson (38,39) has discussed the ther-
modynamics of (super)critical binary solutions as has Schneider
who has also presented data for many systems (15,16,31,40,175-179)

and reviewed the experimental methods used (41).

An in-depth discussion of any of these methods will not be
pursued here; many of the cited references contain comprehensive
discussions and literature lists as do several of the papers in
this Special Topics issue. Another approach mentioned by other
authors in this issue is the use of the Hildebrand sclubility pa-
rameter developed by Giddings et al (42-44). This scheme will be

briefly outlined to permit easy comparison.

#In the area of supercritical extraction/liquefaction of coal,
the supercritical extraction process has become commonplace
enough that the emphasis is on the extract analysis and not on
the extraction procedure (e.g., References 151-153).
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The Hildebrand solubility parameter, &, originally defined as
the square root of the molecular cohesive energy per unit volume
(the internal pressure), is admittedly a general quantity not based
on a precise model (45); however, it has been found to be quite use-
ful for solubility predictions for a wide range of compounds. Gen-
erally, if component solubility parameter values agree to within
+1 (cal/cc)%, those components will probably be mutually soluble.
Various methods have been devised to calculate solubility parameters
for liquids and solids and also for compounds which form non-regular
solutions because of polarity and hydrogen bonding (46,47). An
expression for the solubility parameter for a gas is obtained in

the following manner.

From elementary considerations, the internal pressure (Pi) is

given by:
P, = (3E/3V)_. (1)
i T
Thus, for a van der Waals gas,
2
P = RT/(V-b) - a/V~, (2)
the internal pressure, (BE/BV)T, is found to be
2
(3E/3V), = a /V (3)
so that the gas solubility parameter is given by
1
2

5g = a’/v. 4)

The parameter, a, in the van der Waals equation can be evaluated in
terms of the critical pressure (Pc) and critical volume (VC); upon
substitution one obtains

6g = (3P) 2pg/oc )
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where Gg is the solubility parameter of the gas, PC is the critical
pressure (units of cal/cc), pg is the gas density, and pc is the gas
crivical density. It was found (42) that experimental results were
represented better by

1,

- 2
6g = I.ZSPC pg/p2 (6)

where units of PC are atmospheres and units of 6g are (cal/cc)%. In
the above equation Py is the liquid density of the substance and is
chosen such that the reduced liquid density (pl/%:) is about 2.66~-
i.e., about 1 atm pressure and boiling point temperature (42).

Assuming a regular, saturated (zero free emergy of mixing) solution,

one obtains
In X /X = -2V (8% -2605 +6 2)/RT 7
o g g 0 g 0 g o

where XO is the solute mole fraction of the solution, Xg is the gas
mole fraction, ®g is the volume fraction of the gas, VO is themolar
volume of the solute, 60 is the solute solubility parameter and Sg

is the gas solubility parameter. Experimentally, it has been found

that:
log X = AS 2 + BS + C (8)
&% g g
(or substituting for Gg,

2

log X = A'p +B'p + C) C)]
&% g g

where A, B, and C are least square fit parameters for a parabolic

equation. The derivations of the above relationships have been pre-

sented in detail by Bowman (46).

Several important properties of dense gas solutions are em-—
bodied in the equations for the solubility parameter and the solute

solubility:
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1. The gas solubility parameter can be separated into two
terms, 1.25PC1/2 and pg/pl. The first is referred to as the chemical
effect. It depends upon the identity of the gas--specifically the
intermolecular forces of that compound. The second term is a state

effect.

2. As pg+'p2, a maximum value is obtained for ég. Hence,
while there is a maximum value at high pressures, the dense gas
solubility parameter can assume a whole range of values below that
maximum. The maximum value of Gg is determined by gas identity
while all other values depend upon the chosen physical state. (A
diagram comparing the maximum 6g for many gases to the liquid sol-
ubility parameters of common solvents has been presented in several
places (42,46,48,49).)

3. There is a threshold density below which a solute is not

1
soluble in the dense solvent gas. (from |6g - 60| < l(cal/cc)/2 )

4. Because of the parabolic solute solubility-dense gas den-
sity relationship, there is a maximum solubility at some density so
that at even higher densities the solubility decreases. The loca-
tion and magnitude of the maximum is different for different solute/
solvent gas pairs. (Several systems have been studied and are pre-
sented in Reference 46.) It should be emphasized that the solubil-
ity function is a parabolic density function and not necessarily a
parabolic pressure function because of the very nonlinear pressure-

density relationship in the vicinity of the critical point.

These properties are important in extraction processes as well
as in the more specialized dense gas chromatography. Examples of

the use of dense gases as solvents in extractions are now presented.

3. DENSE GAS EXTRACTION

Extraction using dense gas solvents has been used in a variety

of fields--e.g., the processing of food, pharmaceuticals, petroleum
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products, and coal. Probably the method is being actively developed
to an even greater extent than presented here or in two recent re-
views (180,181). Unsurprisingly, details are not readily available
since these are competitive industrial processes. Several examples
will be presented in this part to indicate the direction of the
current work in dense gas extraction and related high pressure sys-

tems.

Industrial Applications

One of the earliest industrial applications was that of Katz
and Whaley (50) where natural gas at pressures above 68 atm and
temperatures up to 200°C was used to separate liquid hydrocarbon
mixtures. T.P. Zhuze et al have used supercritical gases for the
de-asphalting and deresination of petroleum, the extraction of lan-
olin from wool grease, and the extraction of ozocerite from its
ores (51-53). Desalination of water has been accomplished using
liquid organic solvents at elevated temperatures (often just below
critical) pressures (51,54). Zosel has patented a process for the
separation of mixtures of aluminum trialkyls having alkyl groups of
different chain lengths using supercritical ethane or ethylene (55).
Several other processes patented by Zosel are important to the food
industry: deodorization of plant oils (soybean, palm and peanut)
with simultaneous removal of free fatty acids (56) using €055 oil
extraction from soybean flakes, corn, and bones using propane,
ethane, COZ, or N2O (57); simultaneous hydrogenation and deodoriza-
tion of fats and/or oils with a C02/H2 gas mixture (58); and decaf-
feination of coffee with supercritical CO2 (59) and supercritical
humid CO2 (60). O. Vitzthum et al have also patented similar ex-
tractions: fats and oils from plant seeds with subcritical gases
(COZ, SFb’ CC1F3, CHFZCl, CF3C1, CFZCHZ’ C3F8’ N20, C2H6, CZHZ+ and
various mixtures of these gases) (61); hops extraction with super-
critical CO2 (62); cocoa butter and aroma components (with identi-

fication) from cocoa beans with CO2 (63,64); spice (black pepper)
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extraction with CO2 (65); o0il (containing flavor components) and
caffeine from coffee with CO2 (66-68); and nicotine from tobacco
using COZ’ N20, Ar, SF6 or halogenated hydrocarbons (69,70). They
have also extracted black tea aroma constituents with supercritical
CO2 and then identified the volatile components of the extract using
GC/MS (71).

Many of the extraction processes have developed beyond 'bench-
top models.'" The dense gas extraction of petroleum and ozocerite
cited above was used industrially in Russia as early as 1960. The
Kerr-McGee Refining Corporation has operated a semicommercial plant
(750 b/d) for de-asphalting of residuum oil (72). In this plant
supercritical solvent recovery resulted in a utility savings of 507
over the usual solvent recovery methods of evaporation; also cited
were typical investment savings of about 20%. Even more recently
Kerr-McGee (138,139) has developed to the pilot plant level (163 kg/
h) a critical solvent deashing (CSD) process to separate ash from
liquefied coal (i.e., the more familiar solvent refined coal). Here,
the critical solvent is used to remove coal liquefaction products
from vacuum still bottoms leaving insoluble coal and mineral matter
as a dry flowable ash concentrate. The coal components dissolved
in the solvent gas can be fractionated (oils, asphaltenes, and
multifunctional compounds) to lighter products and a heavier molten
low-ash (<0.09%) fluid which can be solidified to the product coal.
It is estimated that this process coupled with a conventional sol-
vent refining plant will be more cost effective than similarly sized
filtration or anti-solvent plants. Eggers (30,73) has described
the development and planning of large-scale industrial plants for
extraction of natural products--particularly with regard to com-
ponent design, thermodynamic calculations, power counsumption (see
also Reference 37) and economic optimization. Zosel (8) has re-
cently described three extraction schemes to remove caffeine from

green coffee beans using dense CO the schemes will soon be put

2;
into commercial production.
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Peter and Brunner have also been granted patents for the
decaffeination of coffee by two high pressure processes (74,75). TIn
one process (74) the dense solvent gas consists of a mixture of an
entraining agent (alcohols, esters, ketones, chlorinated lower
hydrocarbons, formaldehyde dimethylacetal) and a compressed gas (N,,
NZO, CO,, CClFB, lower hydrocarbons). The second process utilized
only liquid solvents (ethanol, methanol, ethylacetate, acetone, and
formaldehyde dimethylacetal) at temperatures of 35-50°C and pres—
sures of 100-500 bar. While this process is not a dense gas ex-
traction, the amount of caffeine extracted increased as a function
of pressure as often reported for liquid extractions at elevated

pressures.

An example of a pharmaceutical application (76) is the patented
dense gas extraction of camomile (Matricaria chamomilla) using C02
or N7O at pressures at least 1.2 times critical pressure and tem-
peratures less than 50°C. The products selectively extracted are
bisabolol, its oxides, proazulenes, coumarins and fragrant compo-
nents while polysaccharides, acids, and flavenoids are not extracted

Many other examples of dense gas extraction of components from raw

materials are given in Table 1.

Several authors (77-88), particularly Gangoli and Thodos (89),
have discussed the very real advantages of supercritical extraction
of coal to liquid fractions, a hydrogen-rich and mineral-free solid,
and a porous non-caking char residue which may be subsequently gas-
ified. As in the cases of natural products and the very similar
application of critical solvent deashing of (conventional) solvent
refined coal, supercritical coal extraction/liquefaction is rapidly
developing from bench-scale reactor tests. A small pilot plant
(10 1b/h, or 4.5 kg/h, coal) has already been constructed in the
United Kingdom (87). Again, as in the other examples, the economic
factors in this type of coal processing are important; in this re-
spect Maddocks and Gibson (82) have shown that dense gas extraction
compares favorably with solvent refining and thermal decomposition

processes.
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Geological Applications

Dense gas extraction could be used to good advantage in geo-
logical studies of rock composition. For example, Petersilie and
$6rensen (90) describe first the separation and GC analysis of en-
trained hydrocarbon gases followed by the liquid solvent extraction
and IR analysis of bituminous substances in their samples. Dense
¢as extraction with on-line analysis would considerably simplify
the process. This type of extraction/analysis procedure would be
particularly helpful in oil-shale sample characterization (typical
procedure in Reference 91). Geologists are not only interested in
sample analysis but also in simulating formation-reaction conditions
(92,93)--often at elevated pressures and temperatures. These geo-
logical interests then are analogous to high pressure chemical reac-
tion studies, many of which have industrial applications: polymeri-
zation, hydrogenation, cracking, and aldehyde, acid and alcohol pro-

duction.

High Pressure Reactions

Comments about high pressure reactions may seem inappropriate
within a section dealing expressly with extraction. However, it
has been postulated that in high pressure systems, fluids act both
as reactant and solvent in some processes. In these systems some
of the reactants and products will certainly be in the gas (fluid)
phase and so on-line analysis would be a great aid for studies of
high pressure reactions as well as the described extractions. Weale
(94) has pointed out that utilization of high pressure reactions
has been hampered by the lack of detailed studies of reaction ki-
netics and mechanisms and thermodynamic data at high pressures.
Reactions are studied in different ways: 1) removal of a sample
after some definite reaction time, 2) continuous removal of a
sample during a reaction (difficult at high pressures) and 3) con-
tinuous monitoring of parameters such as volume change, electrical
conductivity, and spectrophotometric (useful only with well char-

acterized reactions, which are rarely found). In addition to being
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difficult, sample removal for monitoring in small-scale research
studies may constitute removal of an appreciable amount of the reac-—
tion species and thereby disrupt the system under study (95). Young
has discussed experimental methods for studying phase behavior of
mixtures at high temperatures and pressures and also mentioned sam-

pling difficulties (96).

Often high pressures not only eliminate the need for high tem-
peratures (thereby avoiding decomposition) but also provide new
reaction schemes. Luft (97) and particularly Thies (98) have dis-—
cussed the kinetic aspects of high pressure reactions including
rate constant dependence on compressibilities, molar volumes, sol-
vation effects, and viscosity. Also, Thies describes the reaction
path/product selectivity that is possible with pressure as the con-
trolling factor. Among the several examples presented were the
reaction of CO2 and aniline to give 3-phenyl-2,4~quinozoline dione
(vs diphenylurea), Diels-Alder reactions, the synthesis of hexa-
methylacetonoxime from hexamethylacetone, and the increased yield of
2-nitro-1,3-xylol from m-xylol. Irani and Funk (37) have briefly
outlined some systems in which the supercritical solvent is not
inert and influences the reaction products: isomerization of normal
paraffins, decrease in asphaltene products in coal liquefaction,
and conversion of sulfur and nitrogen to HZS and NH3 in the treat-
ment of hydrocarbons. Similarly, Menshutkin type reactiomns,

+ -
(CZH ),N + C,H.T Z (C,H.),N + I , in supercritical isopropanocl and

573 275 27574

methanol at various conditions have been studied to ascertain the
dependence of the volume of activation upon temperature and pres-
sure (99). Metal amides, imides, and nitrides have been synthesized

using supercritical ammonia and metals and metal salts (100).

DGC/MS as an On-Line Detector for High Pressure Gas Systems

Dense gas chromatography, discussed in the next section, would
be applicable for product analysis in many of the extraction and
kinetics applications of dense gases. In particular, a DGC/MS in-

strument as described in Section 5 could be used to separate,
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identify, and monitor continuously the various species in the dense

¢as phase at high pressures, eliminating the decompression followed

by extra sample handling for analysis by GC, HPLC, IR, etc.

4, PRIOR DENSE GAS CHROMATOGRAPHY STUDIES

Six reviews of the work done in DGC detail the theory, instru-—
mentation, chromatographic materials and performance, and analytical
and physicochemical applications of DGC (48, 101-103, 176, 182). All

systems and conditions studied to date are outlined in Table 1.

DGC Compared to GC and LC*

As expected from the properties of solvent dense gases, DGC
combines characteristics of both gas and liquid chromatographies.
A GC-type advantage is the speed of separation due to the low vis-
cosity and high diffusivity of the gas. 1In a packed column across
which there is a constant pressure drop, the velocity of the fluid
is inversely proportional to the viscosity so lower viscosities lead
to faster flow rates. If the fluid velocity is constant, the pres-
sure drop is directly proportional to viscosity and so lower vis-
cosities require less pressure drop to obtain a given flow rate.
However, a high diffusivity as in GC contributes to longitudinal
zone spreading so lower diffusivities improve resolution but also
increase separation times. Diffusivities intermediate between
those of liquids and gases should result in faster separations
(i.e., faster than LC) and less zone spreading (i.e., less thanGC).
Both parameters are incorporated in the dimensionless Reynolds
number: Re = p v dp/n (p, density; v, velocity; dp’ diameter of

packing particles; n, viscosity). TFor a packed bed a change from

laminar to turbulent flow-—and improved mass transport—-occurs for

*DGC-dense gas chromatography; GC-gas chromatography; LC~liquid
chromatography; HPLC-high performance liquid chromatography;
MS-mass spectrometer.
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values of the Reynolds number in the range of 1-10 to 1-100 (104).

For typical DGC conditions (say, CO, at 4000) with a density of 0.8

2
g/mL, a velocity of 10 cm/s, a packing particle diameter of 30 um,
and a viscosity of 8 x 10_4 poise, the Reynolds number is 30 and so

the flow probably has become turbulent.

Usually in gas chromatography the mobile gaseous phase serves
one purpose: zone movement. However, there has been some work in
GC in which steam and organic vapors are used as the mobile phase.
A review by Rudenko et al (49) outlines the work in this area and
considers the effects on the chromatographic HETP (plate height) as
well as reviewing dense gas chromatography as an extension to these
studies. Various characteristics of these systems as detailed by
Rudenko et al are 1) column efficiency is increased, 2) it is pos-
sible to chromatograph (analytically and preparatively) highly polar,
involatile compounds at temperatures of 50-100°C and upward, 3) there
is no need for column deactivation, 4) analysis time is reduced,
and 5) the method is very useful for analysis of aqueous solutions
and dispersions. Nonaka (105) has presented an extensive review
considering steam and steam mixtures as the mobile phase. He
maintains that there‘is probably little interaction between solute
and mobile phase molecules because of the low density of the mobile
phase and states that straightforward evidence of interaction has
not yet been obtained. However, the mobile phase probably deacti-
vates the stationary phase in gas-solid chromatography and any
active, uncoated sites in gas—liquid chromatography. Stationary
phase modification has been further studied by Parcher and Westlake
(106): the polarity of a liquid stationary phase is altered by the
mobile phase composition. Hence, these GC studies with steam and
organic vapors are pertinent to DGC since they emphasize the inter-
action of the mobile phase with the column stationary phase and
may indicate the interaction (to an undetermined extent) of the

mobile phase with the solute.

In liquid chromatography the mobile phase serves two purposes:

zone movement and solvation. Hence, DGC is similar to LC in that
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DGC may be used to dissolve and elute high molecular weight com-

pounds, polymers, biological molecules, thermally unstablemolecules,
and involatile* molecules because of the solvent-solute interactions.
The dense gas solvent power is a function not only of the particular
solvent gas used (LC property) but also of the gas density. One
manifestation of the density-dependent solvent power is the exis-
tence of a threshold pressure as shown by the work of Giddings et

al (42,44) and Klesper et al (107). Below the threshold pressure

of a given solvent/solute system, there will be no solution of the
solute. The density variable is an advantage unique to DGC. 1In

DGC the solvent power may be quickly and easily varied by density
(42,44 ,46)--pressure (108-114)-—programming as well as by temperature
programming (typical in GC) and possibly solvent composition pro-

gramming (typical im LC).

Pressure Programming

Bartmann (113) has published chromatograms of n-alkanes (n = 5
to 20) and cyclic hydrocarbons at 40 and 55°C for various column

packings and CO, pressure programming in the range of 51 to 134 atm.

2
He notes that the pressure-dependent solvent power of the mobile
phase is the decisive factor in determining the migration rate and
resolution. Nieman and Rogers (114) have found that there is an
optimum temperature which depends upon the molecular weight range
when linear pressure programming is applied to separating the oligo-
mers of the silicone polymer, DC-710, with n-pentane as the mobile

phase. Klesper and Hartmann (108) have studied the effect of

*When a molecule is dissolved by a dense gas, the process is often
described as volatilization since the solute has become part of
the gas phase. Because of the action of the dense gas, the sol-
ute concentration in the gas phase can increase by more than a
factor of 1010 compared to the expected vapor pressure at agiven
temperature (29). Hence, molecules considered involatile at
typical GC conditions may be volatilized at temperatures signif-
icantly lower than GC conditions.
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pressure programming of various mixtures of n-pentane and methanol
mobile phase upon the resolution of styrene oligomers for analytical
and preparative scale DGC. Jentoft and Gouw (109) note that the
pressure programming elution time (95% n-pentane/methanol) of
coronene is one-third that of the isobaric conditions. Their
studies show that polystyrene oligomer elution times are alsc up to
three times as long with isobaric conditions as with pressure pro-
gramming. Finally, work by Bowman (46) indicates that linear
density programming is superior to linear pressure programming be-
cause of the large change in density caused by a small change in

pressure near the critical temperature (see Figure 1).

Capacity Ratio Temperature Dependence

Sie and Rijnders (115,116) first noted the strong temperature
dependence of the capacity ratio, a modified partition coefficient
(stationary phase solute/gas phase solute), in the region close to
and above the critical temperature of the gas. The same behavior
was also observed by Nieman and Rogers (114) in their experiments
which included mixed solvent gases. Just above the critical tem-
perature, because of the high density and the strong intermolecular
forces of the dense solvent gas, more solute is dissolved by the
dense gas resulting in a low value for the partition coefficient.
As the temperature is increased, the density of the gas decreases
with a simultaneous lessening of its solvent power so more solute
is partitioned in the stationary phase and the partition coeffi-
cient increases. At even higher temperatures the partition co-
efficient may remain essentially constant or decrease again. Be-
yond this maximum (or leveling point) in the partition coefficient-
temperature dependence the behavior is determined by the temper-
ature-dependent volatility of the solute as in conventional GC. If
both the temperature and the pressure are increased so that a liq-
uid-1like density is maintained, solute concentration in the dense
gas phase may increase from the solvent interaction and from the

increased solute vapor pressure. Therefore, temperatures need not
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be limited to a range near critical as long as the pressure can be
sufficiently increased. While higher temperatures and pressures
may be advantageous in some cases (28), such conditions will not be

suitable for thermally labile compounds.

Stationary Phases

Since dense gases are such powerful solvents for large, invol-
atile molecules, the stationary phase in dense gas~liquid chroma-
tography must be chosen with care (101). However, this problemmay
have been alleviated by the new bonded phase packings developed for
HPLC. The bonded phase packings and the pellicular or superficially
porous glass beads appear to be well-suited for DGC: the small par-
ticle diameters in narrow ranges yield lower theoretical plate
heights (117-119) as shown in GC and HPLC; however, the lower vis-
cosity of a dense gas compared to liquids causes a lower pressure

drop across the column than in HPLC (117).

e the above discussion, no differentiation has been made be-
tween liquid and solid stationary phases. In dense gas-solid chro-
matography (116) the dense gas is adsorbed onto the solid adsorbent
modifying it in situ, thereby eliminating the need for the usual
deactivation treatments. The solute peaks are sharp and symmetrical
with none of the typical GSC tailing. It has been proposed that the
dense fluid coats the solid surface so that the mechanismis actually
a fluid-liquid partition. In typical GSC the operating temperatures
are 100-300°C above the boiling points of the solutes to be sepa-
rated, far higher than is required for the same solutes in GLC where
a temperature giving a vapor pressure on the order of 10 Torr (120)
may be used. Dense gas-solid and -liquid chromatographies can
effect separations at significantly lower temperatures since the
minimum operating temperature is determined only by the critical
temperature of the solvent dense gas. Advantages of dense gas-
s0lid chromatography are the easier separations of close-boiling

isomeric hydrocarbons than with dense gas-liquid chromatography
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and the faster separations than with liquid-solid chromatography
(116).

Chromatograph System Selectivity

Selectivity in DGC is determined not just by the choice of the
solvent gas (and its temperature and pressure) alone but by the
combination of the solvent gas and the column packing (101). 1In
dense gas-solid chromatography, type selectivity is achieved with
a polar support and a non-polar dense gas while light/heavy selec-
tivity is achieved with a polar support and a polar gas (116). 1In
dense gas~1liquid chromatography, type selectivity is similarly best
obtained with a polar stationary phase and a non-polar dense gas,
but better light/heavy selectivity is obtained with a non-polar
stationary phase and a polar dense gas (111-115). The parabolic
solute solubility-solvent density relationship affects the selectiv-
ity. Lower densities may show typical GC boiling point selectivity
with a non-polar dense gas and a polar stationary phase while in-

creasing the density results in type selectivity (101).

5. GC/MS, HPLC/MS AND DGC/MS

While the examples given in the last section and those cited in
Table 1 clearly show the wide range of possible applications of DGC,
progress in this area has been hampered by the lack of a sensitive
and selective detector even though some attempts have been made to
overcome detection problems (121,122,183). Ultraviolet detection
limits the solute class, flame ionization detection limits the sol-
vent gas, and thermal conductivity detection as well as the first
two methods lacks specificity. Thus, research was initiated in
view of the demonstrated possibilities of DGC and the great exten-—
sions of DGC that would be possible with a mass spectrometer serv-

ing as a highly sensitive and selective detector.
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An interface between a mass spectrometer and a dense gas chro-
matograph is made instrumentally difficult by the necessary large
pressure drop (200-300 atm to 10_5 Torr) and the sensitive density-
dependent stability of dense gas/solute mixtures. Thus, it is
reasonable to investigate the limitations of both GC/MS and HPLC/MS
to establish the fact that DGC/MS is possibly superior to the other

techniques for a large range of compounds.

Ge/Ms

The ability of a modern gas chromatograph/mass spectrometer/
computer system (GC/MS/COM) to separate complex mixtures, perform
on-line mass analysis, and usually determine the composition by
searching files, all in perhaps half an hour, has tremendously aided
research in a wide variety of fields, including the areas of health,
pollution, and synthetic fuel development. However, GC/MS can be
used only with substances having some volatility (a vapor pressure
of 10 to 60 Torr) without thermal decomposition and, as observed by
Gouw et al (35), only about 10% of the two million compounds known
can be thus classified. While derivatization of involatile or
thermally labile compounds often permits their analysis by GC/MS,
this technique is very difficult to apply to a mixture of compounds
of unknown composition and structure. Also there can be difficul-
ties in derivatization of known compounds: non-quantitative con-
version, formation of mixed products, and unexpected reactions

(123).

HPLC/MS

Modern HPLC separates many mixtures that cannot be analyzed by
GC because the moving phase serves two purposes: solvation and
zone movement. Because of the mobile phase interaction with the
solute and the mild operating temperatures of HPLC, this area of
chromatography is suitable for analysis of involatile and/or ther-

mally labile compounds (''the other 90%"). HPLC, like DGC, is



13: 44 25 January 2011

Downl oaded At:

PRESENT STATUS OF DENSE GAS APPLICATIONS 91

limited by the lack of a sensitive and selective detector except in
the recently developing area of HPLC/MS. Several reviews (124,184,
185) describe and evaluate the various HPLC/MS interfaces and out-
line representative applications. Often high vaporization tem-—
peratures for both the solute and solvent (125,126) are used par-
ticularly with probe insertion and moving belt/wire transport
designs. Other HPLC/MS interfaces have utilized eluent splitting
techniques which decrease sensitivity (127), high pressure chemical
ionization techniques which may have a variable chemical ionization
agent due to solvent gradient elution (128-131), a silicome rubber
membrane separator which enriches the eluent in solute but limits
the type solvents used (132), or high temperature hydrogenation of
solutes which may result in complex mass spectra (133). Games et
al (123) have also reviewed HPLC/MS interfaces specifically com-—
paring the split system using the HPLC solvent as a chemical ion-
ization (CI) reagent gas and the belt transport system since these
two methods are most capéble of routine application in their opinion.
The first method has as its disadvantages: 1) 1% of eluate intro-
duced to the mass spectrometer, 2) variable CI reagent gas, and 3)
limitation to CI mode mass spectrometry. While the belt transport
system has a higher transmission to the mass spectrometer (30-40%)
and can be used with either electron impact (EI) or CI mass spectro-
meter modes, this interface is still limited in its applicability
to involatile species. Later work by Games et al (186) exclusively
with the belt transport system showed its use with a wide range of
compounds; however, there were still problems with thermally labile
compounds, compound class dependent sensitivity, and ion source

pressure fluctuations with aqueous solutions.

An extensive review of HPLC/MS interfaces is that of Dawkins
and McLafferty (134). The authors outline currently used non-MS
detectors for HPLC, the advantages/disadvantages of MS detection,
and design considerations for HPLC/MS interfaces and evaluate the

various presently used interfaces., The major disadvantage or in-
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strumentation limitation for MS detection is the volatility re-
quirement: a vapor pressure of 10-5 Torr is required for ionization
in a conventional ion source. Several methods--rapid heating, field
desorpzion, and direct chemical ionization (DCI)--have been used to
obtain spectra of involatile species and are described in this
reference. Thus far, only DCI with direct solution introduction
{now commonly called direct liquid introduction, DLI), has been
applied to a continuously operating HPLC/MS instrument.
The method (which was developed commercially at the same time as
the preliminary feasibility studies of the DGC/MS (187,188) were
completed) appears to give a high sensitivity and has a lower
volatility recuirement than other HPLC/MS systems. The interface is
quite similar to the DGC/MS interface in that the column effuent is
expanded as a jet (here, of liquid droplets) into vacuum at mild
temperatures., There is, however, some loss of sensitivity due to
eluent splitting and there is also a requirement of some thermal
stability. (See Reference 189 for a discussion of the optimization

of this kind of interface.)

A recently described interface combines the advantages of
direct liquid injection and the moving belt technique (190). Here
the licuid stream is concentrated by flow along a heated wire (with
95% evaporation of the solvent) with direct introduction of the

concentrated solution via a fine needle valve.

Arother related direct-liquid-introduction-type interface is
the crossed-beam HPLC/MS where the HPLC effluent is introduced into
a vacuum region via a capillary tube, the end of which acts as a
superscenic nozzle (135). A skimmer downstream of the expanding
effluent permits extraction of a molecular beam for sample intro-
duction into the mass spectrometer. Originally, a laser beam crossed
with the expanding jet was used to vaporize the solute/solvent mix-
ture. A modified design employs the laser (or alternatively, a
flame vaporizer) to heat the capillary tip to vaporize the mixture

before expansion through the capillary orifice. Ionization may be
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by either EI or CI. Problems initially encountered with this inter-
face include a somewhat low sensitivity (vl ug) to involatile com-
pounds, some pyrolysis of thermally labile compounds, and incomplete
vaporization and/or condensation of species within the molecular
beam. However, the system has been further refined (191) resulting
in an improvement in sensitivity (60 pg/s) with lessening of pyrol-~

ysis and condensation.

DGC/MS

An alternative and similar procedure to HPLC is DGC because of
its applicability to the same compounds as HPLC. The possibility
that a direct coupling of a mass spectrometer to a dense gas chro-
matograph would yield an instrument combining the advantages of GC/
MS and HPLC was first discussed by Giddings, Myers and Wahrhaftig in
1970 (136). The proposed interface depended upon the very rapid
expansion of the solution into a vacuum to form a supersonic molec-
ular beam which would carry the vaporized solute directly, with
minimal collision, into the mass spectrometer ion source. Thus, no
heating of the dense gas solution would be required, the temperature
being determined only by the critical temperature of the solvent gas
selected. There would be no veolatility requirement; instead, there
would be the requirement of solubility in a dense gas, but all sys-
tems soluble in a liquid should also dissolve in an appropriate
dense gas. The proposed interface-—with the inherent advantageous
supersonic molecular beam characteristics of fast expansion, nearly
collisionless transport (i.e., after molecular flow is established),
high-to-low pressure capability, centerline concentration of heavy
components in light/heavy mixtures, and low temperatures——seemed
suited to the instrumentation problem. Elementary calculations in-
dicated that while solute aggregation might be too fast for detec-
tion of isolated solute, several nonequilibrium effects, difficult
even to estimate, might well make the rate of aggregation slow
enough so that the coupling would be feasible. While the use of

supersonic molecular beams has become very widespread in recent
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years, this application is unique in the conditions imposed in the
beam system; the first DGC/MS instrument is described in detail

elsewhere (187,188).

Gouw et al (35) also have proposed the coupling of a mass spec-—
trometer and a dense gas chromatograph and have presented results
obtained with their preliminary design. While very few details
were given about the actual interface design, it does not appear to
be useful for involatile compounds. Column effluent is split so
that approximately 0.27%7 is expanded through a small capillary tube
from an external tee to the mass spectrometer sample inlet system.
The interface tee is stated to be wound with heating tape and heated
to as high a temperature as 45000. This implies that the entire
sample inlet system must also be at this temperature so that solute
volatility and thermal stability approaching that required for GC/

MS i3 necessary.

The need for a DGC/MS instrument should be ascertained. Obvious-
ly, it will be useful for compounds for which GC analysis is not
possible. However, because DGC 1s so similar to HPLC in terms of
applicability to solutes and in light of the rapid development of
HPLC/MS, one wonders if a DGC/MS is superfluous. Actually, all of
the direct-liquid introduction HPLC/MS interface designs operate
similarly to the supersonic beam DGC/MS interface. Comparison of
the design is more a question of where the vaporization and concen-
tration processes take place. Certainly DGC/MS will have to be
compared to HPLC/MS is terms of both chromatography (DGC vs HPLC)
and the interface/detector performance (sensitivity, dynamic range,
compound class, yield, enrichment, chemical effect, integrity of the
chromatogfaphic profile). There is no obvious area (except, per-
haps, the range of compound classes that can be chromatographed)
where DGC/MS should not compare favorably and in some cases even
show superiority. Moreover, the molecular beam interface for dense
gas to a mass spectrometer with or without the chromatography can

certainly be used for studying and monitoring dense gas systems.
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DGC/MS is a complement to, not a replacement for, GC/MS and HPLC/MS;
it seems to be the method most amenable for use in dense (super-

critical) gas work.

6. COMPILATION OF WORK IN DENSE GAS EXTRACTION
AND DENSE GAS CHROMATOGRAPHY

Some comments about the purpose, contents, and organization of
Table 1 are necessary. The purpose was to make a working summary
which would give a current listing of the dense gas/solute systems
that have been studied along with the temperature and pressure
ranges used with a particular combination of dense gas and solute.
The table is ordered by solvent gas. Each gas is assigned to one of
three groups—-inorganic, organic (C,H,0), and halogenated organic.
The first is ordered alphabetically then numerically: Ar, C02, H20,
N2, NZO’ NH3, SF6 ; for the second group the order is based upon the
number of carbon, then hydrogen, atoms. The order for the haloge-
nated organics is more arbitrary: CHF3, CClFB, CBrFB, CHCle, CCle2
and C2H4F2' The entries for a particular gas are arranged chrono-
logically. Dense gas mixtures follow the data for the pure major
component with the following notation: (Major solvent gas)/Modifier,
with the mixtures ordered by modifier according to the scheme used
for the major solvent gases including placing halogenated organic

modifiers (CH2C12, CClq) last.

Phase behavior of dense binary and ternary solutiomns is often
readily applicable to dense gas extraction and chromatography. When—
ever this appeared to be the case, the information was included in
Table 1. Moreover, there is a related large body of work reporting
solute solubilities in compressed gases (e.g., References 192-196)
but at temperatures often much higher than critical and often with
rather small, volatile solute molecules (e.g., acetone) that are
easily analyzed by GC. Perhaps these systems would provide useful

information for those interested in possible dense gas/modifier
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solvents but since they do not directly concern the solvation of
heavy, involatile species, they are not usually included here.
Often, two rather subjective criteria were applied: 1. is the gas
phase density > 0.7(p.) and 2. how does the solute size and
complexity compare to naphthalene which is easily dissolved by
several dense gases. Some simple systems studying solute solubility
in dense gases, e.g., naphthalene/ethylene, are included for his~
torical perspective but many have been omitted because they are

often quoted and regularly duplicated.

However, all references that could be found describing actual
dense gas extraction and chromatograph conditions are included.
When the references were patents, only the specifically described
examples were used; extensions to other gases and broader operating
conditions that are typically claimed in patents are not listed
here. The discussion about dense gas chromatography in Section 4
was an overview. More references are entered in Table 1 than were
cited in that section. It is hoped that the reader will find Table
l to be a current, extensive compilation that is somewhat informa-
tive about the chronological development of the area of solute solu-
bility in dense gases while providing background information on
which to base experimental selection of the solvent gas and operat-

ing conditiouns.
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legungstag (1972).

Offenlegungsschrift 2 142 205 (HAG AG; W. Roselius, O.
Vitzthum, P. Hubert), Anmeldetag (1971), Offenlegungstag (1973).

Offenlegungsschrift 2 127 596 (HAG AG; O. Vitzthum, P.
Hubert), Anmeldetag (1971), Offenlegungstag (1972).
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British Patent Specification 1 333 362 (HAG Aktiengesell-
schaft), Filed (1972), Specification published (1973).

Offenlegungsschrift 2 332 038 (Studiengesellschaft Kohle mbH;
K. Zosel), Anmeldetag (1973), Offlegungstag (1974).

Offenlegungsschrift 2 363 418 (Studiengesellschaft Kohle mbH;
K. Zosel), Anmeldetag (1973), Offengegungstag (1974).

U.S. Patent 3,923,847 (Studiengesellschaft Kohle mbH; W.
Roselius, O. Vitzthum, P.Hubert), Filed (1973), Granted (1975).

U.S. Patent 4,124,528 (Arthur D. Little, Inc.; M. Modell),
Filed (1974), Granted (1978).

K.G. Liphard and G.M. Schneider, J. Chem. Thermodyn., 7, 805
(1975).

U. van Wasen and G.M. Schneider, Chromatographia, 8, 274
(1975).

R.E. Jentoft and T.H. Gouw, Anal. Chem., 48, 2195 (1976).
L.M. Bowman, Jr., Ph.D. Thesis, University of Utah (1976).
R. Riha, Ph,D. Dissertation, Erlangen (1976).

H. Hederer, S. Peter, and H. Wenzel, Chem. Eng. J.(Lausanne),
11, 183 (1976).

E. Stahl and W. Schilz, Z. Anal. Chem., 280, 99 (1976).
E. Stahl, Rev. Latinoam. Quim., 11, 1 (1980),

E. Stahl and W, Schilz, Chem. Ing. Tech, 48, 773 (1976).
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52.

53.

54.

55.

56.

57.
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59.

60.

61.

62.

63.

64.

E. Stahl, J. Chromatogr., 142, 15 (1977).

R. Simon, Phase Equilibria and Fluid Properties in the
Chemical Industry, Estimation and Correlation, ACS Symposium

Series 60, (T.S. Storvick and S.T. Sandler, ed's.), American

Chemical Society, Washington, D.C., 1977, Ch. 13.
Offenlegungsschrift 27 09 033 (Deutsche Gold- und Silber-
Scheideanstalt vormals Roessler; E. Stahl, E. Schliltz, W.
Schilz), Anmeldetag (1977), Offenlegungstag (1978).

E. Stahl, W. Schilz, E. Schiitz, and E. Willing, Angew. Chem.
Int. Ed. Engl., 17, 731 (1978).

E. Stahl and E. Schltz, Arch. Pharm., 311, 992 (1978).

E. Stahl and E. Willing, Planta Med., 34, 192 (1978).

E. Stahl and W. Schilz, Chem. Ing. Tech., 50, 535 (1978).
G.M. Schneider, Angew. Chem. Int. Ed. Engl., 17, 716 (1978).
K. Zosel, Angew. Chem. Int. Ed. Engl., 17, 702 (1978).

P. Hubert and 0.G. Vitzthum, Angew. Chem. Int. Ed. Engl., 17,
710 (1978).

G, Brunner, Habilitationsschrift, Erlangen (1978).

U. van Wasen, Ph.D, Dissertation, Bochum (1978).

M. Modell, R.P. de Filippi, and V. Krukonis, 176th National

ACS Meeting, Division of Envirommental Chemistry, Miami Beach
(1978).

W. Ecknig and H.J. Polster, Chem. Tech. (Leipzig), 31, 89 (1979).

W. Ecknig and H.J. Polster, Chem. Tech. (Leipzig), 31, 245
(1979).

T.H. Gouw, R.E. Jentoft, and E.J. Gallegos, High-Pressure
Science and Technology, Sixth AIRAPT Conference, (K.D.
Timmerhaus and M.S. Barber, ed's.), Plenum Press, New York,
1979, Vol. 1, p. 583.

V.J., Krukonis, A.R. Branfman, M.G. Broome, and A.T. Sneden,
Preprint for AIChE National Meeting, Boston (1979).

E. Stahl and W. Schilz, Talanta, 26, 675 (1979).
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69.

70.
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77.

78.

79.

80.

81.
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I. Swaid and G.M. Schneider, Ber. Bunsenges. Phys. Chem., 83,
969 (1979).

K. Schaber, Ph.D. Dissertation, Stuttgart (1979).

R.A. van Leer and M.E. Paulaitis, J. Chem. Eng. Data, 25, 257
(1980).

R.A. van Leer, T.R. Bergstresser, and M.E. Paulaitis, Abstract
# 549, The Electrochemical Society Meeting, St. Louis (1980).

W. Eisenbach, Abstract # 546, The Electrochemical Society
Meeting, St. Louis (1980).

K. Niemann and W. Eisenbach, Abstract # 550, The Electrochem—
ical Society Meeting, St. Louis (1980).

M. McHugh and M.E. Paulaitis, J. Chem. Eng. Data, 25, 326
(1980).

E. Stahl and E. Schlltz, Planta Med., 40, 262 (1980).

E. Stahl, E. Schlitz, and H.K. Mangold, J. Agric. Food Chem.,
28, 1153 (1980).

E. Stahl and E. Schlitz, Planta Med., 40, 12 (1980).
[. Stahl and E. Willing, Mikrochim. Acta, 56, 465 (1980, TI).

U. van Wasen and G.M. Schneider, J. Phys. Chem., 84, 229
(1980).

E. Stahl and E. Willing, Pharm. Ind., 42(11), 1136 (1980).
Z. Alwani, Angew. Chem. Int. Ed. Engl., 19(8), 623 (1980).
Chem. Eng. News, 34 {(May 25, 1981).

J.P. Friedrich, G.R. List, and A.J. Heakin, (Meeting Abstract
#235), J. Am. 0il Chem. Soc., 58(7), 601A (1981).

R.T. Kurnick, S.J. Holla, and R.C. Reid, J. Chem. Eng. Data,
26, 47 (1981).

G. Brunner and S. Peter, Chem. Ing. Tech., 53(7), 529 (1981).

U.S. Patent 3,969,382 (Studiengesellschaft Kohle mbH; K.
Zosel), Filed (1974), Granted (1976).
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84.
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87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
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99.

100.

Offenlegungsschrift 24 41 152 (Studiengesellschaft Kohle mbH;
K. Zosel), Anmeldetag (1974), Offenlegungstag (1975).

Patentschrift 2 005 293 (Studiengesellschaft Kohle mbH; K.
Zosel), Anmeldetag (1970), Ausgabetag (1974).

Demande de Brevet d'Invention 71.03774 (Studiengesellschaft
Kohle mbH), Date de dépdt (1971), Date de la mise (1971).

Qffenlegungsschrift 2 221 560 (Studiengesellschaft Kohle mbHj
K. Zosel), Anmeldetag (1972), Offenlegungstag (1972).

S. Peter, G. Brunner, and R. Riha, DECHEMA Monogr., 73, 197
(1974).

G. Brunner, S. Peter, B. Retzlaff, and R, Riha, High Pressure
Science and Technology, Sixth AIRAPT Conference, (K.D.
Timmerhaus and M.S. Barber, ed's.), Plenum Press, New York,
1979, Vol. 1, p. 565.

S. Peter, G. Brunner, and R. Riha, Fette, Seifen, Astrichm.,
78(2), 45 (1976).

S. Peter and G. Brunner, Angew. Chem. Int. Ed. Engl., 17, 746
(1978).

Offenlegungsschrift 27 37 793 (S. Peter; S. Peter and G.
Brunner), Anmeldetag (1977), Offlegungstag (1979).

F. Panzner, S.R.M. Ellis, and T.R. Bott, Inst. Chem. Eng.
Symp. Ser., 54, 165 (1978).

T.R. Bott, Chem. Ind. (London), 228 (March 15, 1980).

M. Modell, Abstract # 551, The Electrochemical Society
Meeting, St. Louis (1980).

U.S. Patent 2,188,012 (Shell Development Co.; S. Pilat and M.
Godlevicz), Filed (1936), Granted (1940).

P.F.M. Paul and W.S. Wise, The Principles of Gas Extraction,
(J. G. Cook, ed.), Mills & Boon Limited, Londom, 1971.

H.M. Sebastian, H.M. Lin, and K.C. Chao, J. Chem. Eng. Data,
25, 379 (1980).

E.P. Zuze and G.S. Usakova, Z. Angew. Geol., 27(1), 37 (1981).

J.E. Blessing and D.S. Ross, Organic Chemistry of Coal, ACS
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109.

116.

111,

112.
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114.
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117.

Symposium Series 71, (J.W. Larsen, ed.), American Chemical

3ociety, Washington, D.C., 1978, p. 171.

?. K811, B. Brénstrup, and J. Metzger, Holzforschung, 33, 112
(1979).

W. Asche, Ph.D. Dissertation, Clausthal (1977).
A.H. Ewald, Trans. Faraday Soc., 49, 1401 (1953).

G.A.M. Diepen and F.E.C. Scheffer, J. Phys. Chem., 57, 575
(1953).

D.B. Todd and J.C. Elgin, AIChE J., 1(1), 20 (1955).

J.C. Elgin and J.J. Weinstock, J. Chem. Eng. Data, 4(1), 3
(1959).

R.L. Valteris, Ph.D. Thesié, University of Birmingham (1966).

G.F. GBthel, Ph.D. Dissertation, Technische Hochschule Aachen
(1966). (Work at Max-Planck-Institut fUr Kohlenforschung)

J.S. Patent 3,597,464 (Studiengesellschaft Kohle mbH; K.
Zosel), Application (1969), Granted (1971).

South African Application for Patent 69 4202 (Coal Industry
(Patents) Limited; W.S.D. Wise), Application (1969),
Application published (1970).

M.E. Paulaitis, K.P. Johnston, and C.A. Eckert, J. Phys.
Chem., 85, 1770 (1981).

P, K811, J. Metzger, and B. BrB8nstrup, Preprint for TELMA,
DGMT /TIPS Symposium, Bad Zwishenahn (1979).

Netherlands Patent 315634 (Pfeifer and Langen te Keulen),
Indienings datum (1973), Datum van terinzagelegging (1974).

S. Peter, G. Brumner, and R. Riha, Chem. Ing. Tech., 46, 623
(1974).

C.A, Irani and E.W. Funk, Recent Developments in Separation
Science, (N.H. Li, ed.), CRC Press Inc., Cleveland, 1977,
Vol. ITI, Part A, pp. 171-193.

U.8. Patent 3,119,771 (Phillips Petroleum Company; J.E.
Cottle), Filed (1960), Granted (1964).

T.P. Zhuze, Petroleum, 23, 298 (1960).
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i22.
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125.

126.

127.
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130.

131.

132.

133.

134,

135.

Offenlegungsschrift 1 952 233 (Institut Geologii i Razrabotki
Gorjuchikh Iskopacmykh; T.P. Zhuze and G.N. Yushkevich),
Anmeldetag (1969), Offenlegungstag (1971).

U.S. Patent 4,108,760 (Coal Industry (Patents) Limited; D.F.
Williams , T.G. Martin), Filed (1975), Granted (1978).

A. Calimli and A. Olcay, Holzforschung, 32, 7 (1978).

P. K¥11 and J. Metzger, Angew. Chem. Int. Ed. Engl., 17, 754
(1978).

S.T. Sie and G.W.A. Rijnders, Anal. Chim. Acta, 38, 31 (1967).
S.T. Sie and G.W.A. Rijnders, Sep. Sci., 2, 729 (1967).
S.T. Sie and G.W.A. Rijnders, Sep. Sci., 2, 755 (1967).

G.W.A. Rijnders, Column Chromatogr., Int. Symp. Sep. Methods,
Sth, 1969, (Chimia Suppl.), p. 192 (1970).

S.T. Sie, J.P.A. Bleumer, and G.W.A. Rijnders, Gas Chromatog-
raphy, 7th International Symposium, (G.L.A. Harbourn and R.
Stock, ed's.), American Elsevier Publishing Company, New York,
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G.W.A, Rijnders, Column Chromatogr., Int. Symp. Sep. Methods,
5th, 1969, (Chimia Suppl.), Discussion, p. 192, Comments by
Beugeling.

G.W.A. Rijnders, Chem. Ing. Tech., 42(13), 890 (1970).

M. Novotny, W. Bertsch, and A. Zlatkis, J. Chromatogr., 61,
17 (1971).

W. Bertsch, Ph.D. Thesis, University of Houston (1973).

T. Doran, Preprint of Chromatography 1972, Montreux, Switzer-
land, 1972, pp. 1-11.

J.A. Nieman and L.B. Rogers, Sep. Sci., 10, 517 (1975).
F.J. van Lenten, Ph.D. Thesis, Purdue University (1976).

F.J. van Lenten, J.E. Conaway, and L.B. Rogers, Sep. Sci.,
12(1), 1 (1977).

F. Panzner, S.R.M. Ellis, and T.R. Bott, Proc. Int. Solvent
Extr. Conf. (Toronto), Vol. 2, p. 685 (1977).
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