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Abstract - In the present lecture some activities of the author's group on
the thermodynamics and dynamics of pure and mixed fluids under high pres-
sure will be reviewed.

First the complex dependences of liquid-liquid, liquid-gas and gas-gas
equilibria and the related critical phenomena on pressure will be conside-
red, and it will be shown on recent data up to about 300 MPa that continu-
ous transitions exist between these different types of phase equilibrium
in fluid mixtures. For some alkanol mixtures the concentrations of the
monomeric and associated alkanol species in the coexisting phases have
been determined separately by near-infrared spectroscopy (NIR).

Some applications will be briefly described e.g. in supercritical fluid
extraction (SFE) of low-volatile and/or thermolabile substances and recent
high-pressure results will be presented for some ternary and quaternary
systems being of interest for the use of low-volatile moderators in SFE.
Analytical separations using supercritical fluid chromatography (SFC) and
the determination of some physicochemical properties (e.g. capacity rati-
os, binary diffusion coefficients) from constant-density or density-pro-
grammed SFC runs will also be considered.

The kinetics of phase separation in fluid mixtures has been studied using
pressure-jump and other transient techniques. Here the accent is on the
investigation of (nearly) isopycnic fluid systems (e.g. methanol+cycloche-
xane) in order to simulate microgravity conditions.

Finally the effect of pressures up to about 2 GPa on the mesomorphic phase
stability of some selected thermotropic 1liquid crystals will be
demonstrated using differential thermal analysis (DTA) and diamond anvil
cell (DAC) techniques.

1. INTRODUCTION

Liquid states can be approached on different ways, e.g. for a simple pure component from
low pressures via liquid-gas equilibria, from low temperatures via solid phases and from
high temperatures via gas—liquid equilibria or critical and supercritical states.

The present review considers two more sophisticated ways of approach to isotropic liquid
states both involving high pressures (see Fig. 1):

- the first way (for mixtures) starting at (relatively) high temperatures in the super-
critical one-phase region going via fluid phase equilibria and their related critical
phenomena and

- the second way (for a pure component) starting at (relatively) low temperatures from a
solid phase going via liquid crystalline states.

Considering the first way the stability ranges of liquid phases are limited to higher
temperatures by the critical region., For a pure substance (e.g. carbon dioxide) the vapour
pressure curve lg ends at the gas-liquid critical point CP where the coexisting liquid and
gaseous phases become identical. In Sections 4 and 5 of the present review it will be
explained on some characteristic examples how the critical parameters will be influenced by
the addition of one or even more substances. Such mixtures are of interest for fundamental
research and theory as well as for some applications e.g. in Supercritical Fluid Extraction
(SFE) and Supercritical Fluid Chromatography (SFC) (see Section 6). It should be mentioned
that several preceding Rossini Lectures were concerned with related problems e.g. that of
M.L. McGlashan (ref. 1) with details of the gas-liquid critical curves in binary mixtures,
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that of E.U. Franck (ref. 2) with high-pressure high-temperature effects and critical states
predominantly in aqueous solutions and that of K.S., Pitzer (ref. 3) with the theoretical
description of these and other critical phenomena.

Considering the second way it has to be taken into account that for a large and important
class of substances the melting transition is effectuated via anisotropic liquid crystalline
states exhibiting different degrees of positional disorder where, however, a considerable
amount of orientational order is remaining. In Section 7 some interesting high-pressure
phenomena of these substances are very shortly reviewed. Orientationally disordered
molecular crystals (ODMC) that also exhibit important transition states between solids and
liquids are not considered here; they have been discussed in detail elsewhere (see e.g. ref.
4).

It has, however, to be accentuated that the phenomena described in this paper can only be
treated on some selected examples. For details the reader is referred to several other
reviews of the author (ref. 5-21). The present review i1s a summary and an extension of
earlier review papers (e.g. ref. 15, 18, 19) considering some more recent, mostly
unpublished work that has been effectuated in the author's group at the University of Bochum
during the last years; for a list of references concerning recent publications see ref. 22,

2. LIQUID-LIQUID PHASE EQUILIBRIA IN SOME BINARY AND TERNARY
SYSTEMS: RECENT RESULTS ON SOME SELECTED SYSTEMS

The pressure dependence of the liquid-liquid critical phase behaviour of binary mixtures has
been extensively discussed in several preceding review papers (ref. 5-7, 9); for
experimental techniques and set-ups see e.g. ref., 16.

As a simple but characteristic example isobaric T(x) sections for the system pentane +
methanol according to synthetic measurements by Haarhaus (ref. 23) are presented in Fig. 2a.
This system exhibits upper critical solution temperatures (UCSTs) that rise with increasing
pressures i.e, dT /dp is positjive. Since (with some important simplifications; see ref. 5,
9) the molar excess enthalpy H will normally be positive at an UCST it follows grom a more
detailed thermodynamic discussTon that for dT /dp »>_0 the molar excess volume V_ will also
be positive. This is demonstrated in Fig. 2b where V_ is plotted against mole fraction x for
pressures up to 140 MPa at a constant temperature of 308.15 K; the data were obtained by
direct measurements, of the volume change in mixing AV_under pressure by Grasedieck (ref.
24). As expected V_ is positive and the experimental V_ data points are lying on straight
lines within the mf%cibility gap (see isobars at 100, 128 and 140 MPa in Fig. 2b).

Especially interesting pressure dependences have been found for mixtures exhibiting closed
miscibility gaps in isobaric T(x) sections (see ref. 5-7, 9). In Fig. 3a a closed loop is
schematically shown that disappears with increasing pressure at a socalled hypercritical
point HPl (type l). It may reappear again at still higher pressures at another hypercritical
point HP2 (type 1') or the closed loop only shrinks and then increases again with rising
pressure (type 2)., With similar simplifications such as mentioned above, H_  should change
its sign from minus to plus with 1lncreasing temperature at constant pressure and V_ from
minus to plus with increasing pressure at constant temperature in these systems. Examples
have been found e.g. in methylpyridine + water systems; they have been discussed in detail
elsewhere (ref. 5-7, 9).

Systems showing a critical phase behaviour according to types 1 and 1' are completely
miscible at temperatures and pressures between HPl and HP2 e.g. 3-methylpyridine + D,O or 3-
methylpyridine + H, 0 + a small amount of NaZSO added (ref. 5-7, 9, 25). For the latter
system binary diffusion coefficients D are ﬁiotted in Fig. 3b; they were measured by
Quednau (ref. 26) using photocorrelation Spectroscopy. The D values decrease when both HPI
or HP2 are approached respectively; this is in qualitative "agreement with theory according
to which D12 = 0 at a critical point.

Recent measurements by Ochel (ref. 27) on butanol + water mixtures where also closed loops
exist are shown in Fig. 4. For 2-butanol + H_ 0 a pressure maximum on the critical curve at
about 340 K and 90 MPa that was already known from earlier experiments (ref. 5-7, 9) has
been confirmed in the present measurements as well as an additional pressure minimum on the
low-temperature branch of the critical curve giving rise to additional UCSTs at rather low
temperatures., These s-shaped critical curves are also found for aqueous mixtures of 2-
butanol containing small amounts of 2-methyl-2-propanol (tertiary butanol) or l-butanol
respectively. At higher l-butanol contents of the 2-butanol the pressure minimum 1is not
longer detectable. At higher pressures lower critical solution temperatures LCSTs are also
found for the l-butanol + H,_O sytem in the low-temperature range that have been unknown up
to now. The consequence is that the binary system l-butanol + H_O also exhibits a closed
loop at high pressures corresponding to type 2 of Fig. 3a. New investigations are underway
where similar immiscibility phenomena are produced by the addition of in-salting and out-
salting electrolytes to butanol + water mixtures. S-shaped critical curves such as shown in
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Fig. 4 play an impoitant role in a classification of closed loop systems presented recently
by Mazur and Boshkov (ref. 54).

3. PRESSURE-JUMP RELAXATION EXPERIMENTS ON FLUID SYSTEMS

Since about fifteen years pressure-jump relaxation and other transient techniques are used
in the author's group for investigations on the kinetics of chemical reactions and phase
formation in fluid systems. In a review (ref. 28) the experimental methods and set-ups used
have been described and some selected results presented for the period till 1987; here also
details and references are given. In the present paper only some very recent developments
are treated the accent being on results that are of interest for microgravity research.
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In Fig. 5 a schematical three-dimensional pressure-temperature-molefraction phase diagram is
shown for the system cyclohexane + methanol. This system that exhibits upper critical
solution temperatures (UCSTs) rising with increasing pressure has a quite unique property:
The densities p' and p" of the coexisting phases ' and " are rather accurately the same and
can even be perfectly balanced by using deuterated cyclohexane or very small amounts of an
adequate additive. Consequently layering of the demixed phase in the earth's gravitational
field does mnot occur or is considerably slowed down. As a consequence microgravity
conditions can be simulated and phenomena studied that would otherwise only be detectable in
space e.g. in a space shuttle or in a rocket. In Fig. 5 it is also indicated by an arrow how
heterogeneous states are attainable very rapidly by a pressure jump into the two-phase
region.

Several cells for such measurements have been described in the review mentioned above (ref.
28). A more recent version of one of these cells is shown in Fig. 6 (ref. 29). Here a thin
layer (about 1 mm thick) of the fluid system under test is positioned between two sapphire
windows that can be thermostatted separately by pumping water through the hollow spaces in
the nuts, the nuts being closed with glass windows; thus different (positive or negative)
temperature gradients can be applied to the layer. Originally this cell was constructed for
negative pressure jumps using the bursting membrane principle well-known from investigations
on fast chemical reactions. Since in the present case positive pressure jumps are neccesary
to penetrate the two-phase region the pressure is rapidly increased by opening an electrical
valve between the cell and a buffer volume maintained at higher pressure. The state of the
layer after the jump is documented as a function of time by video or photography.

Some characteristic results are presented in Fig. 8. For the system shown in Fig. 8a (ref.
29, 30) the temperature gradient between the upper and the lower window was negative and
convection already existed before the pressure jump where the flow, however, was invisible.
By the pressure-induced separation of a finely dispersed precipitate the convection becomes
detectable as concentric rolls that are typical for a Rayleigh-Bénard instability. An
interesting detail is the fact that larger drops are concentrated in regions where the flow
is directed to the colder (i.e. upper) window; this is schematically demonstrated in Fig. 7.

After several minutes, however, a rather regular hexagon-like pattern such as shown in Fig.
8b can develop (ref. 28, 31). Systematic investigations have shown that structures of this
kind are produced by parallel temperature and concentration gradients along the layer; for
details see ref. 28, 31.

With a modified cell the measurements on the system ethene + hexane shown in Fig. 9 have
been made by Metz (ref. 32, 33). Here the temperature changes induced by the pressure jumps
are measured directly in the fluid mixture with rapidly indicating thermocouples of very low
heat capacity. For a pressure jump in the homogeneous region about the corresponding
isentropic temperature change is found (Fig. 9a). For jumps ending in the heterogeneous
range, however, considerable underpressing is possible and a kinetic 1limit can be
interpolated where phase separation (combined with the related enthalpy and temperature
effects) starts rapidly. This kinetic limit is plotted in Fig., 9b and compared with the
binodal curve; for a detailed discussion see ref. 32, 33. The transient temperature
measurements were supplemented by parallel light scattering experiments (ref. 32, 34),
Similar investigations have also been made for the formation of bubbles in pure liquids
(Stein, ref. 35).

4. FLUID PHASE EQUILIBRIA IN BINARY SYSTEMS INVOLVING A
SUPERCRITICAL COMPONENT: CLASSIFICATION BY ‘FAMILIES’

Normally the three different types of two-phase equilibrium in fluid mixtures namely liquid-
liquid (l1), liquid-gas (lg), and gas-gas (gg) equilibria are discussed separately. During
the last twenty-five years systematic investigations first in the author's laboratory and
later additionally in other groups have shown, however, that the limits between these three
forms of heterogeneous phase equilibrium are not well defined and that continuous
transitions occur. This hypothesis of a continuity of all phase equilibria in fluid mixtures
has been discussed in several reviews of the author where also references are given (ref. 5~
9, 11-17, 19, 20); for experimental techniques and set-ups see e.g. ref. 16.

Here the phenomena will only be shortly discussed starting from Fig. 10. For the type shown
in Fig. 10a and 10b the critical curve liquid-gas is not interrupted and runs through the
usual pressure maximum. At temperatures far below the critical temperature of the pure more
volatile component I separation into two liquid phases takes place additionally. The branch
11 of the critical curve corresponds to upper critical solution temperatures (UCSTs) as a
function of pressure that are slightly increased with rising pressure such as found e.g. for
the system pentane + methanol (see Fig. 2a).

The more the mutual miscibility of the two components decreases the more the branch 11 of
the critical curve in Fig. 10a and 10b will be displaced to higher temperatures. It can
finally penetrate the ranges of temperature and pressure for the critical phenomena liquid-
gas (lg) and may pass continuously into the liquid-gas critical line lg whereas the branch
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of the critical curve starting at the critical point CPI of pure component I ends at a
critical endpoint C on the three-phase line liquid-liquid-gas 1llg (see Fig. 10c and 10d). In
the literature the types shown in Fig. 10a and 10b or Fig. 10c and 10d are often attributed
to class II or class III respectively in the classification of van Konynenburg and Scott
(ref. 36, 37). Such classifications can be useful for a phenomenological discussion of the
critical effects in binary mixtures but it has to be kept in mind that continuous
transitions exist between the different types.

For still lower mutual miscibilities of the components critical~locus curves may be obtained
such as indicated in Fig. 10d by dotted lines (e.g. without any pressure maximum or minimum
or running directly to increasing temperatures and pressures). Since these types are
attributed to gas-gas equilibria of the second and the first kind respectively. Fig. 10
gives evidence for continuous transitions between liquid-gas, liquid-liquid, and gas-gas
equilibria.

This hypothesis was very successful and could be verified by studying series of binary
systems where one constant component I such as carbon dioxide, methane, ethane, ethene,
water etc., was combined with a component 11 that was systematically altered in size, shape,
structure, and/or polarity, the phrase "family" having been proposed for such a series of
related binary sytems.

As an example the p(T) projections of the phase diagrams of some members of the carbon
dioxide family are represented in Fig. 11, Here the fluid phase behaviour of the system CO2
+ octane corresponds to the type of Fig. 10a and 10b (class II system) whereas CO, +
hexadecane and CO, + 2,6,10,15,19,23-hexamethyltetracosane (squalane) belong to type 3™ in
Fig. 10c and 10d %class II1 systems) and CO, + tridecane corresponds to a transition type
(ref. 38). For the CHF, family presented in Fig. 12 the transition from class II to class
ITI c¢ritical behaviour™ is found between CHF, + hexane and CHF, + octane (ref. 39, 40).
Several families have also been studied by o%her authors e.g. F%anck (ref. 2) and Brunner
(ref. 53).

A part of the critical p(T) curve of the binary system CO, + hexadecane already shown in
Fig. 11 is again plotted in Fig. 13a and in addition that of CQ, + l-dodecanol which belongs
to the same type {(class III) but exhibits a lower mutual miscfbility at temperatures below
400 X. Isobaric T(w) sections (w = mass fraction) for p = const = 25 MPa (i.e. an isobaric
section just below the pressure minimum on the critical curve of CO, + l-dodecanol) and for
p = const = 15 MPa (i.e. an isobaric section below the pressure minima of the critical p(T)
curves of both binary systems) are represented in Fig. 13b and 13c respectively (ref. 41,
42), They are characteristic for such systems and will play an important role in the
discussion of the ternary system CO2 + l-dodecanol + hexadecane in Section 5.

In practical applications the knowledge of the concentrations of the coexisting phases is
more important than that of the corresponding mass or mole fractions since distribution
coefficients and separation factors are more informative if given in concentrations. As an
example in Fig. 14 the phase equilibria of binary 2-~hexanol + CO, mixtures at a constant
tempergture are shown in an isothermal p(log c) diagram (where ¢ = concentration e.g. in
mg.cm ) such as determined from near-infrared spectroscopy (NIR) by Friedrich (ref. 43,
44), The apparatus and the measuring technique have been described elsewhere (ref. 16, 43,
44). With the use of an integrated form of Lambert-Beer's law the total alkanol
concentration ct t was determined from the first overtone of the C-H stretching (1655-1790
nm) and the cofbination (2220-2370 nm) modes whereas the monomer concentration c¢ was
obtained from the first overtone of the 0-H stretching vibration, the difference %gnboth
corresponding to the concentration of associated alkanol species c . In Fig. 14 the total
pressure p is plotted separately against log cto , log ¢ s a% s log ¢ both in the
coexisting gaseous and liquid phases at 362.8 K. ft is anlqﬁkeresting reéﬁf% that in the
gaseous phase c > ¢ whereas in the liquid phase ¢ <C ;5 for details and additional
mo s mon ass
results see ref. 23, ff.

5. TERNARY AND QUATERNARY SYSTEMS INVOLVING A
SUPERCRITICAL COMPONENT: COSOLVENCY AND APPEARANCE OF
MISCIBILITY WINDOWS

Systems consisting of three and more components (amongst them at least one supercritical)
are not only interesting for basic research but also for some important applications e.g. in
Supercritical Fluid Extraction (SFE) and Supercritical Fluid Chromatography (SFC).

In the following four important cases are considered:

(1) a ternary system where a low-volatile component is dissolved in a supercritical binary
mixture consisting of supercritical 002 and a second solvent gas (e.g. ethane, nitrogen
etc.),

(2) a ternary system where a low-volatile component is dissolved in a supercritical solvent
(e.g. CO,) with the addition of a socalled entrainer that improves the mutual
miscibiligy (e.g. ethanol, acetone, dioxane etc.),
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(3) a ternary system where two low-volatile components are dissolved in one pure
supercritical solvent (e.g. CO.) and

(4) a quaternary system of the type supercritical solvent + component I + component II +
moderator that can be considered as a model system to study moderator effects on
solubility and selectivity of the two low-volatile components I and II in SFE.

These applications are being studied in the author's group since a long time. As an example
only one model system investigated recently will be discussed in somewhat more detail in the
following. It consists of CO, (as the supercritical solvent), l-dodecanol and hexadecane (as
low-volatile components to be dissolved and separated) and 1l,8-octanediol or dotriacontane
(as a moderator substance) respectively.

The critical p(T) curves of the binary systems CO, + l-dodecanol and CO, + hexadecane have
already been shown in Fig. 13a; both can be attributed to class III systems according to the
classification of van Konynenburg and Scott. In the experimental temperature range up to 393
K 1-dodecanol is less soluble in €O, than hexadecane whereas l-dodecanol and hexadecane are
completely miscible in the liquid range.

In Fig. 15 and 16 some characteristic ternary phase diagrams are shown. The isothermal
p(w,,w,) phase prism for T = const = 393 K in Fig. 15a (ref. 41, 42) demonstrates that here
the binary critical pressures are about the same and it could be expected that the same
would hold for the ternary mixtures, too. The ternary critical curve, however, runs through
a distinct pressure minimum giving evidence for a socalled "cosolvency effect", i.e. a
mixture of the two low-volatile components is better soluble in supercritical CO, than each
of the two components alone. Similar phenomena have been found for the solubif&ty of one
low-volatile component in a binary supercritical solvent (ref. 47-50). Besides they are
quite common in polymer solutions.

The cosolvency effect found in Fig. 15a is also visible in the isobaric T(w ,wz) prism of

the same system for p = const = 25 MPa in Fig. l6a where the ternary critical curve runs
through a distinct temperature maeximum and minimum respectively (ref. 41, 42), The effect is
even more striking for the T(w,,w,) prism at p = const = 15 MPa shown in Fig. 16b where

miscibility gaps over the whole experimental temperature range exist in the binary systems
CO, + l-dodecanol and CO, + hexadecane whereas - because of cosolvency - the ternary system
exﬁibits a socalled "miscibility window" (ref. 51). In Fig. 17 T(w) sections at a constant
CO, mass fraction of w(CO,) = 0.63 are given for three different pressures namely 25 MPa, 16
MPa and 15 MPa (ref. 41, 42, 51) demonstrating the existence of miscibility windows at 16
and 15 MPa respectively; here the solvent-free mass fraction of l-dodecanol is plotted on
the abscissa.

In Fig. 15b the p(wl,w ) prism at 393 K is shown for the ternary system CO, + l-dodecanol +
l-hexadecanol (ref. 41, 42), i.e. in comparison with the ternary system considered before
hexadecane is replaced by l-hexadecanol., Here the binary critical pressures differ more than
for the hexadecane system in Fig. 15a. Thus the effects are less spectacular but a tendency
versus cosolvency is still visible from the positve curvature of the ternary critical curve.

In order to study the influence of moderators the system CO, + l-dodecanol + hexadecane was
also investigated with the addition of increasing amounts of 1,8-octanediol or dotriacontane
as a moderator respectively. A detailed study of the highly complicated phase behaviour of
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ternary system COp + l-dodecanol + hexadecane at 25 MPa, 16 MPa and 15 MPa for W(COz)
a. Isobar at 25 MPa (Spee, ref. 41,42) = const = 0.63

b. Isobar at 15 MPa (Kordikowski, ref. 51) (Spee, Kordikowski, ref. 41, 42, 51)



High pressure investigations on fluid systems 1321

the resulting quaternary systems where also tricritical phenomena have been found is given
by Spee (ref. 41, 42)., Here only some of his results with respect to the moderator influence
on the separation factor o that is defined by

g 1
w(cl6) ) w(Clzol)

o =
1 g
w(Cl6) w(chOl)
are presented in Fig. 18.
1+2 1
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0.0 0.2 0.4 0.6 03 1. density of the mobile phase (Wilsch, ref. 56,
w(DEL)"/ ((Cr00l) +a(C. ) "+ (Dri)") 58). Mobile phase: C0,, 39.5°C, 1.25 g.min"1
12 16 Stationary phase: Spherisorb 0DS2.- Substan-
Fig. 18. Effect of moderators on the se- ces: Dodecyl (1), tetradecyl (3), hexadecyl
paration factor of the system l-dodecanol (5) and octadecyl (7) phenylether, phenylmy-
+ hexadecane + CO; at different ratios ristate (2), phenylpalmitate (4), phenylste-
w(C1201) /w(C16) in the liquid phase (") arate (6).
(393.2 K, 10-40 MPa; Spee, ref. 41,42) a. p(COp) = 0.82 g.cm‘3 (18.1 MPa)
a. Moderator l,8-octanediol b. p(C0y) = 0.68 g.cm‘3 (10.8 MPa)
b. Moderator dotriacontane c. log k' as a function of p(COy)

In Fig. 18a and 18b the separation factor o is plotted against the solvent-free mass
fraction of the moderator in the liquid phase for both cases. For the ternary system without
any addition of moderator (i.e. w = 0) & equals unity within the 1limits of
experimental error demonstrating tiﬂggergﬁgr supercritical solvent CO exhibits a high
solvent power but a poor selectivity here. With the addition of a moderator, however,
separation factors up to & N9 for 1,8 octanediol and down to o R0.5 for dotriacontane are
found at the highest moderator mass fractions used; these values are independent on the
total pressure and the ratio w(Clzol)/w(C 6) in the mixture within the experimental error in
mass fraction. These effects can qualitatively be understood from the assumption that the
(polar) l-dodecanol is preferably retained in the liquid phase by the low-volatile (polar)
diol and vice versa the (unpolar) hexadecane by the low-volatile (unpolar) dotriacontane
(ref. 41, 42).

These investigations that give evidence for a distinct extractive effect of carefully
selected moderators in Supercritical Fluid Extraction (SFE) are continued (ref. 51).

6. APPLICATIONS

In the following list that is an extension of similar earlier compilations (ref. 8, i1-15,
17, 19, 20) some selected fields are given where fluid mixtures are of interest:

Mineralogy, geology:
- formation and migration of minerals; geysers, volcanos; geothermal energy; hydrothermal
synthesis etc,
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Chemical reactions
- solvents with variable density, dielectric constant (permittivity), solvent power and
low viscosity e.g. CZH4’ NH3, CO2 etc,

Chemical industry
- LDPE, ammonia, methanol, acetic acid, oxo-synthesis, Fischer-Tropsch synthesis etc.

Petroleum and natural gas industries (NG, SNG)

- exploitation, separation, purification, storage, transport; tertiary oil recovery; oil
shales

Separation processes

- Supercritical Fluid Extraction (SFE) (caffeine, hops, spices, drugs, fragrances; coal,
lubricants; ethanol, vegetable oils, soy beans, glycerides; tobacco expansion)

- Supercritical Fluid Chromatography (SFC) (analytical, preparative; control of SFE;
physicochemical data e.g. capacity ratios, diffusion coefficients etc (see below))

Miscellaneous
- purification of adsorbents; wet air oxidation; drying of tissues; dying of fibers etc.

Since the field is in rapid development the list 1s incomplete.

The accent of modern activities is on Supercritical Fluid Extraction (SFE) and Supercritical
Fluid Chromatography (SFC) where pure or mixed supercritical fluids (also with the addition
of moderators) are used as solvents or mobile phases respectively, the most important
applications on an industrial scale up to now being the decaffeination of coffee and tea and
the extraction of hops. The increasing interest in this field is demonstrated by a rising
number of symposia (e.g. the "International Symposium on Supercritical Fluids" held at Nice,
France, in October 1988, see ref. 19), books (ref. 20, 77-82, most of them proceedings of
meetings), review articles (see e.g. ref. 5, 8, 9, 10, 17, 19) and original papers to which
the reader is referred for further details and references; at present several books on SFC
are in press (e.g. ref., 21),

In the following some recent own applications of Supercritical Fluid Chromatography (SFC)
will be treated in somewhat more detail. In SFC supercritical pure or mixed fluids are used
as mobile phases for the separation of low-volatile and/or thermolabile compounds. SFC has
become a well-established method of analysis (see e.g. references 19, 20, 21, 82, 83), and
in the meantime SFC chromatographs are already widely commercialized (ref. 55).

An informative example for an SFC separation using supercritical carbon dioxide as a mobile
phase is given in Fig. 19 (ref. 56-~58) where SFC chromatograms for a mixture of fatty
alcohol phenyl ethers qu fatty acid phenyl esters are shown at two different CO, densities.
At p(CO,) = 0.82 g.cm (Fig. 19a) the solvent power of the mobile phase is high resulting
in smali retention times t_; the separation of the substances, however, is incomplete. At
p(COz) = 0.68 g.cm (Fig. 19b) separation is good but the retention times t_ are much
longer. This situtation is typical, and in practice a compromise between selectivity and
retention times tr (that reflect the solvent power) must be found.

From the retention time tri the capacity ratio k] of a substance i can be calculated using

i
Eq. (1)
stat tat tat
c} ve v® €.~ ts
K' = . =K, —— = © (L
i Cimob Vmob i vmob to

where cmOb and VmOb or cstat and VStat are the concentration of a component i i%t%%d ﬁgg
volume of the mobile (mob) or the stationary (stat) phases respectively, K, = ¢y /ci
is the distribution coefficient of substance i between the stationary and the mobile
phases, t_. the retention time of substance i, and t_the retention time of an inert

component.r%he selectivity aij for the separation of two Substances i1 and j is defined by

= = ] | - . -
aij = Ki/Kj ki/kj (tri to)/trj to) (2)
It follows from Eq.(2) that two substances i and j can be separated if their capacity ratios
differ sufficiently.

Log k' values obtained from Eq.(l) are plotted against p (CO,) in Fig. 19c that again
confirms the conflict between retention time and selectivity mentioned above. At higher
densities even intersection points of some of the isotherms exist making the separation of
the corresponding substances impossible. These dependences on density, temperature and
eventually other parameters must be carefully considered in practical SFC runs. Often
separation can be improved by the use of temperature and density gradients (ref. 56, 58,
59).,
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The capacity ratio k! is also of interest from a thermodynamic point of view. Since it is
proportional to the distribution coefficient K,, the well-known description of K, by
equilibrium thermodynamics can also be applied to ki; for a detailed discussion see "e.g.
ref. 10, 56.

Whereas the capacity ratio k! is only determined by the position of the chromatographic peak
of substance 1 (i.e. the retention time t__.) in a packed or capillary column, the binary
diffusion coefficient D of a component i at infinite dilution in a supercritical solvent 1
(e.g. cog) can be obtained from the shape of the chromatographic peak of substance i in a

long void column using component 1 as a mobille phase., With some important assumptions that
are discussed in detail elsewhere (ref. 60-65) Dli can be obtained from Eq.(3) and (3a)
2 -
HETP . L = 0 (2)" = 2.Deff.tri = 2.Deff.L/v (3)
. _ 2 .2
with Dogg = Dy *+ (r .97)/(48 D ) (3a)

where O (z)2 is the variance of the (Gaussian) peak of substance i in length units, HETP the
height equivalent to a theoretical plate, D £f the effective binary diffusion coefficient,
D the binary diffusion coefficient (here ;% infinite dilution of substance i in component
l*, r, the internal radius and L the length of the void column, and V the mean velocity of
the mobile phase.

Systematic measurements on many substances in different solvents have been made in the
author's laboratory in order to determine Dl' values as a function of temperature, pressure,
and density of the mobile phase (ref. 10, %0—65). These data are of considerable interest
for the understanding of mass transfer in SFE and SFC. Some recent data are given in Fig. 20
(i = 2; see ref. 65). It is remarkable that stearic acid and oleic acid (with one double
bond in the chain) have about the same D 2 values whereas D1 is considerably smaller for
linolenic acid (having three double bondg in the chain) anf squalene (having six double
bonds in the chain and a considerably higher molar mass). The data indicate that higher
stiffness of the molecule and higher molar mass result in lower D values; for detaills and
a discussion of the significance of an effective molecular radius using a general form of
the Stokes-Einstein equation see e.g. ref. 65.

7. PHASE TRANSITIONS IN LIQUID CRYSTALS

In addition to temperature.and additives, pressure 1s an important parameter to influence
order and polymorphism of a liquid crystal. Therefore high pressure studies on liquid
crystals have become of growing interest during the last decade; for a state-of-the-art
review till 1979 see Chandrasekhar and Shashidhar (ref. 66).

Systematic investigations on the polymorphism of some selected thermotropic liquid crystals
have been performed in the author's laboratory as a function of pressure up to about 2 GPa
using differential thermal analysis (DTA) and diamond anvil cell (DAC) techniques. For the
DTA measurements the sample under test is enclosed in a gas-tight indium or lead capsule and
heated linearily under different gas pressures in a high-pressure autoclave. In DAC the
sample is squeezed between two diamond windows using a gasket support and observed through a
polarizing microscope, pressure being determined by the socalled ruby fluorescence method.
For details of the methods see ref. 68-70 and ref. 68, 73-75 respectively; because of the
relatively high temperatures involved the ruby fluorescence method had to be improved in the
present work (ref. 73, 74).

In the study of liquid crystals DTA and DAC are complementary methods: With DAC in addition
to first order transformations phase transitions of higher order also at very high pressures
can be observed that are not detectable in DTA whereas first order transition temperatures
determined as a function of pressure by DTA represent data at relatively low pressures that
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stal trans,trans-4-n-propyl-4'-cyanobicyclo-
hexane (3CCH) from DTA (Bartelt, ref. 69, 71)
and DAC (Kleemann, ref. 75) experiments
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Fig. 22, Textures of the liquid crystal trans,trans—h—n—propjl—h'—cyanobicyclohexane (3CCH)
from DAC experiments under high pressure (Kleemann, ref. 75)
a. Nematic phase (527 K, 800 MPa) b. Smectic phase (463 K, 450 MPa)

can additionally be used for the pressure calibration of the DAC equipment. In these
measurements the stability ranges of nematic, smectic and solid phases of some selected
liquid crystals have been determined and a whole pattern of high-pressure phenomena has been
observed e.g. pressure-induced as well as pressure-limited phases, tricritical points,
reentrant phenomena etc. For reviews of the own results and some more recent own
publications in this field see ref. 67-72 and ref. 73-75 respectively to which the reader is
referred for details.

In the following only one characteristic example will be considered in somewhat more detail.
In Fig. 21 the p(T) phase diagram of the thermotropic liquid crystal trans,trans-4-n-propyl-
4'-cyanobicyclohexane(3CCH) up to about 2 GPa is shown. The data have been obtained from DTA
experiments up to about 800 MPa (Bartelt, ref. 69, 71) and from DAC investigations in the
whole experimental pressure range up to about 2 GPa (Kleemann, ref. 75). The results confirm
the usual increase of the nematic range with rising pressure and give evidence for a stable
pressure-induced smectic phase above a triple point nematic/smectic/solid at about 360 K and
80 MPa. Both the nematic and the smectic phases could be identified by their textures
measured under pressure (see Fig. 22a and 22b). Thus Fig. 22 corresponds to one of the
extremely rare cases where textures have been observed directly under high pressure.
Because of its fascinating structures and colours (that are unfortunately not visible in the
reproduction) it is at the same time an example for the beauty of the world of liquid
crystals and science as a whole.

8. OUTLOOK

It has been shown in Section 6 that fluid mixtures are of considerable importance in many
fields of science and industry.

For some large-scale high-pressure processes in industry (e.g. oxo synthesis, LDPE), the
importance of highly compressed fluid mixtures will probably decrease already in the near
future since efforts are made to apply lower or even normal pressures (e.g. by using better
catalysts) in order to save compression costs. The interest in fluid mixtures with respect
to geothermal energy production, tertiary oil recovery, gasification and liquefaction of
coal etc, however, will increase considerably. For (relatively small scale) extractions
corresponding to rather expensive products (e.g. decaffeinated coffee and tea, hops, drugs,
spices, fragrances etc) Supercritical Fluid Extraction (SFE) will remain a promising
technique; here the legal situation (e.g. future prohibition of organic solvents in the food
and pharmaceutical industries) will be of primary importance. It is not necessary to
accentuate the progress here that might be obtained from a further development and
application of liquid crystals.
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Therefore investigations on fluid systems such as treated in the present review as a
function of temperature, pressure, composition and other parameters are and will remain to
be a challenge to experiment, theory and application at least during the next decade.
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