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Table 1. Examplesfor Common High-Pressure Processes

Application of High Pressure
and Near-Critical Fluids, NCF's
- a Tool for Novel Processes in
Roche

Abstract. The development of new processes by means of near-critical fluids, NCF's,
has gained increasing importance in the last few years. These processes include
physical separation processes for especially thermolabile substances as well as chem-
ical reactions in and with NCF's.
In this contribution, a short phenomenological description ofthe physical properties of
near-critical fluids is given and their influence on the other compounds is discussed.
Some general considerations with respect to high-pressure applications ofNCF' s along
with a rough overwiew of Roche activities in this field are described.
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High-Pressure Equipment - a Versatile
Tool

alliances formed on a friendly and scien-
tific basis remain until today. The first
alliance was with the University of ErIan-
gen (Prof. Peter), and later the Universi-
ties of Hamburg-Harburg (Prof. Brunner)
and Munich (Prof. Tiltscher) as well as the
ETH-Ziirich (Prof. Trepp and Prof. Baik-
er) followed.

Meanwhile the group around K. Stein-
er moved from Basle to Kaiseraugst into a
new erected pressure laboratory in order
to carry out these techniques on a broader
basis. In 1995, this building was further
enlarged by additional laboratories and a
mini-pilot hall, in which reactor design
studies (bubble column, trickle bed etc.)
and feasibility studies with scale-up fac-
tors of 10-100 for high-pressure chemical
reactions can be tested.

Displacement of common glass equip-
ment should be carried out with respect to
both:
- high-pressure and
- high-temperature application.

These prerequisites may allow to work
in a broad field of applications especially
in the field of reaction and reaction engi-
neering techniques as well as in separation
processes:
- The normal boiling point of a solvent is

no longer a barrier; extractions and
reactions can be carried out at much
higher temperatures (pressures, resp.).

- Instead of high-boiling solvents, low-
boiling ones can be introduced, that
means on one hand that higher pres-
sures will be the result at given temper-
atures. On the other hand, the removal
of the low-boiler from the product can
be carried out more completely.
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The remarkable achievements in the
field of the hydrogenation technique, the
familiarity of the coworkers with the pres-
sure technique or the increasing number of
patents and publications, especially from
the Japanese in the field of supercritical
fluid extraction, all these mentioned rea-
sons may have shared their contribution to
the initiative of Roche to introduce in 1984
for the first time the extraction techniques,
using compressed gases as solvents (so-
called supercritical or near-critical fluids)
- a pleasure for the author, who was the
first to get the order to install high-pres-
sure extraction equipment on a broader
basis.

At the same time, a cooperation with
external institutions was envisaged. The

Carsten Tiegs*

Meanwhile the application of high pres-
sure in chemical and technical processes
has gained old tradition, e.g. in the well-
known ammonia synthesis process as well
as in many processes in the petroleum
industry. Many of these processes using
elevated pressures are of major impor-
tance with respect to output and dimen-
sions (Table 1).

In Roche, too, processes at elevated
pressures, namely catalytic hydrogenations
and dehydrogenations, have been carried
out frequently since many years [1].

Under the leadership of K. Steiner the
hydrogenation techniques were substan-
tially improved, new pressure equipment
was designed not only for high-pressure
applications but also for higher tempera-
tures up to 3000 and several special devic-
es were constructed to fulfil all the service
assignments coming from the different
Roche-internal customers. These include
- screening experiments in small-vol-

ume vessels (typical: 1-10 ml),
- vessels for batch experiments in the

range up to 20 1,
- vessels for special applications (corro-

sion-resistant).
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Table 3. Properties of Compressed Gases VS. Gases and Common Solvents a)

a) G. Brunner, Chem.-Ing.-Tech. 1987,59, 12.

What Compounds/Gases are Suitable?

In Table 2, some of the NCF' s of inter-
est in the field of reaction and separation
processes are listed. Especially CO2 is
pointed out (in most publications dealing
with extractions) because of its benefits
with respect to
- inflammability,
- physiological harmlessness,
- cheapness etc.

NCF's consisting of hydrocarbons are
often banned with a high 'risk factor' with
respect to flammability and explosion risks
of these gases. In cases, in which CO2
reveals high solvent power in combina-
tion with good selectivity effects, it will
actually be the best choice. In contrast to
that one can argue, that huge amounts of
hydrocarbons are treated allover the world
in the petroleum industry and it is only a
question of precautions in handling these
gases. The use of, e.g. compressed pro-
pane as a (nearcritical) solvent is known

diagram (Fig. 1) is called the critical point
(CP). At this point, liquid and gas phase
become indistinguishable.

Properties like the density reveal dis-
continuous behaviour in the 'normal' re-
gions (gas, liquid and solid), but show
continuous behaviour above the critical
temperature (Tc). Thus, above Tc it is
possible to adjust the density to every
value, which is desirable in course of a
process.

In the critical region, properties like
the density p (as well as the viscosity 17)
vary greatly with only minor changes with
respect to temperature and/or pressure.
This offers the opportunity for creating
very effective phenomena (mass transfer,
kinetics), but shows at the same time the
need for proper experimental measure-
ments as well as for exact process control
in large-scale industrial applications.

The region above Tc and Pc is called
the 'supercritical region'. This region can
be enlarged to regions, in which the fluids
are in the liquid state, but have enough
compressibility to accomplish large chang-
es in their density (and therefore solubility
behaviour) induced by pressure changes.
This is normally the case if the process
parameters temperature and pressure lie
between 0.85 < Tr< 1 and 0.9 <Pr< 1, i.e.
not far away from Tc. Tr and Pr are the
reduced values (Tr = TITc and Pr = PI Pc).
Because of this behaviour, it is common to
speak of 'near-critical fluids' ,and the small
shaded area in Fig. 1 may be additionally
considered with respect to optimisation of
process parameters.
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What is a NCF?

For all mentioned cases, a lot of suit-
able equipment is meanwhile available in
the high-pressure labs in Kaiseraugst.
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alternative (in extractions), compressed
gases (in supercritical or near-critical
state) can be introduced [2]. This offers
the advantage of complete recovery of
these gases after extraction without
high-temperature treatment which is
extremely useful for the separation of
thermolabile substances. Further ad-
vantages will be explained in the text.

p
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Fig. 1. Working rangefor selected unit operations

Table 2. Some Gases and Solvents of Interest for Near-Critical Fluid Reactions and Extractions
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since several decades [3][4], but was not
used extensively for the recovery of high-
value substances. In parallel with both, the
increasing number of existing commercial
high-pressure units and the better under-
standing of basic thermodynamic behav-
iour, a renaissance on applications of hy-
drocarbons as NCF' scan be noticed [5][6].

The distinction into 'gases' and 'sol-
vents' in Table 2 shows roughly the possi-
ble applications. The 'gases' are suitable
for separation and purification processes
in one- or multistep procedures (e.g. su-
percritical fluid extraction, SFE, or super-
critical fluid chromatography, SFC) where-
as the 'solvents' offer additional opportu-
nities with respect to solubility enhance-
ment for SFE or SFC and particularly for
application in reactions under high pres-
sure, near-critical conditions.

It should be pointed out again, that
these solvents reveal unusual behaviourin
the nearcritical region (0.9 < Tr < 1). The
polarity of the mentioned alcohols will
vanish and they will adopt more and more
solvent properties of unpolar ones like
benzene, hexane etc., abehaviour which is
well-known from the behaviour of water
[7][8].

Why are NCF's Suitable?

Referring to compressed gases, the
properties are intermediate between gases
and common solvents. As can be seen
from Table 3, the diffusion coefficient of
compressed gases is much higher than for

common liquids and, additionally, the vis-
cosity is in between gas-like and liquid-
like behaviour. This offers special advan-
tages with respect to kinetic effects.

Because of their low boiling points
below or in the neighbourhood of ambient
temperatures, the mentioned gases reveal
high vapour pressures. In this way, a care-
ful removal of the gases only by pressure
expansion can be easily achieved. This is
of major value for thermolabile substanc-
es.

Moreover, in some cases very good
solvent capacities for other gases can be
noticed. For instance, CO2 is a marvellous
solvent for 02 or H2. With 02 or H2, CO2
will reveal its inflammable capabilities.
Additionally at higher pressures, 02 or H2
are miscible in all portions with especially
supercritical CO2, This gives the follow-
ing opportunities/advantages:
- the solvent itself is not oxidizable

(C02),

- explosion limits shift totally to other
concentration proportions,

Table 4. Effects of NCF's on Other Compounds

Effect

Oimtni hing of vi 'co IlY of liquid' can be
achieved by dis' lvcd CF; viscosity can
be lowered by factors of 100 and more!

Oimini 'hing of iot rfa ial ren ion

- the solvent is inflammable,
- stirring energy can be minimized (no

intense mixing of gases with liquids),
- the rate-limiting step of the reaction

may shift to another regime,
- a constant amount of O2 or H2 can

easily be adjusted in the mixture.

Effects of NCF's on Other Compounds

NCF's have not only properties for
themselves, as shown in Table 3, but re-
veal very strong effects in combination
with, e.g. organic substances of higher
molecular weight (Table 4).

Separation and Reaction Processes with
NCF's

In Fig. 2, an example for different
possibilities of applications for NCF's is
given. These processes can be carried out
alone but also in combination. The high-
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Fig. 2. Separation- and reaction processes with compressed fluids
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pressure labs of Roche are involved in all
the sketched processes. Beginning from
the left hand in Fig. 2, the separation
process may be an isolated one. Examples
for such processes are
- extraction of volatile high-value sub-

stances (e.g. polyunsaturated fatty ac-
ids from oilseed, flavours and aromes
from plant material, recovery of spent
catalytic material),

- supercritical drying of pharmaceutical
products (--7 removal of residue sol-
vents).
On the other hand, this process may be

useful to purify a liquid raw material,
which is submitted to a further chemical or
biological reaction. In all cases, in which
by-products will hinder the following re-
action or will lead to unwanted by-pro-
ducts, a purification with NCF' sin one- or
multistep procedures (countercurrent ex-
traction) will be useful.

Let's now enter the reaction part in
Fig. 2. Different reactions with/in NCF's
are possible. In one specific reaction at
Roche, an expensive rhodium catalyst
could be exchanged by a cheap rhuthe-
nium one. This was possible because of
high-pressure application of hydrogen.

In another Roche-relevant synthesis
step, a high-boiling solvent was substitut-
ed by a low-boiling one. This reaction was
carried out at even much higher tempera-
tures and pressures of now 5-15 MPa
because of the high vapour pressure of the
selected solvent at that temperature. The
following effects could be achieved:
- the low-boiling solvent can now be

removed much more easily and effec-
tive,

- the reaction rates are much higher be-
cause of the enhanced process temper-
atures. This gives the opportunity to
carry out the process in a small-vol-
ume vessel in continuous instead of
batch mode.
Other reactions in NCF' s are currently

under research. These may include homo-
geneous catalytic reactions [9] as well as
bioreactions [10]. Oxidations and hydro-

Table 5. Processes Today and in the Future
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genations in CO2 will be also of big inter-
est in future because of the inflammability
of CO2 and the unlimited mutual solubil-
ity of the gases in the critical region of
CO2, which gives the opportunity tochange
the observed chemistry radically. Addi-
tionally, CO2 is an excellent reaction me-
dium of its own, demonstrated by hydro-
genation studies [11].

We leave the reaction part and will
come again to a separation process in Fig.
2. This separation process could be again
a one- or multistep extraction procedure
using NCF's as mentioned above. Of spe-
cial interest in future will be the recovery
of high-value products from fermentation
broth systems [12].

In many cases, purifications of liquid
raw materials with NCF' s needs multistep
techniques like countercurrent multistep
column - or multistep mixer settler type
devices. Both types of apparatus are basic
equipment in the high-pressure labs in
Kaiseraugst and the purification of several
synthetic raw materials is of current inter-
est in Roche.

In collaboration with the Technical
University of Hamburg-Harburg it could
be demonstrated, that fatty-acid ethyl es-
ters can be separated by countercurrent
extraction with compressed CO2 [13]. In
another contribution together with the
ETH-Ztirich the suitability of a mixer set-
tler type device was demonstrated [14]. A
separation efficiency of 70-95% was
achieved depending on the operating con-
ditions.

All work carried out with respect to
near-critical fluid extraction isbased main-
lyon three parts:
- extensive measurement of phase equi-

libria with respect to pressure, temper-
ature, cosolvent-influence, sort of gas
and composition of feed,

- experiments with laboratory- and pi-
lot-scale equipment (countercurrent
columns, mixer settler, batch extrac-
tions),

- correlation of phase-equilibria meas-
urements, simulation and analysis of

Future pr e:.
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separation, scale-up procedures and
check of suitable methods.
Upon all three parts, Roche is currently

involved in experimental as well as theo-
retical work, again in collaboration with
the University of Hamburg-Harburg
[15][16] and the ETH-Ztirich [17].

Further separation processes may be
encountered as scetched in Fig. 2, namely
the regeneration of spent catalysts [18] or
the application of near-critical water for
the decomposition of harmful residues in
waste streams [19][20]. The latter pro-
cess, too, is under current research in Ro-
che.

lf the purity of the yielded products is
not sufficient high enough, a further sepa-
ration process is necessary. In many cases,
chromatographic methods are applied to
reach the envisaged purities. Along with
other companies and universities Roche
became involved in SFC-techniques. This
technique has received meanwhile con-
siderable attention and can be applied to
products of the vitamjns & fine chemicals
production of Roche as well as for phar-
maceutical and perfumes & flavour speci-
alities [21][22].

Again, NCF's play the major role in
this technique because of their mentioned
low viscosity and their viscosity-lowering
effects with respect to introduced liquids,
which makes them an ideal carrier for
chromatographic processes combined with
low pressure drops along the chromato-
graphic column. Additionally, the ease for
recovery of the NCF's from the products
afterwards can be mentioned here and the
recirculation of the NCF reveals neglect-
able problems in comparison with, e.g. the
HPLC method.

Further research in the field of high-
pressure/high-temperature techniques
have been commenced, namely membrane
separation processes and crystallisation
processes. In this field the applicability of
NCF's for Roche-specific processes will
be tested.

High-pressure techniques are among
those, which were forecasted to be intro-
duced on a broad basis in the next years
[23]. Looking into the future, the follow-
ing situation (besides biological process-
es) seems to emerge (Table 5).

Today, research will be considered by
results, which are available in short times
whereas the gain of basic knowledge plays
a minor role. This trend is contraproduc-
tive for a sound, long-term development
of companies.

With respect to high-pressure tech-
niques, Roche invested on long-term basis
and for the further future. Until the year
2000 the first high-pressure processes,
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Abstract. After an introduction summarizing the relevance of vitamin-E-active com-
pounds, a short overview about the work done at Roche (in Basel and Nutley, USA)
from the early 1960s to the 1990s is given. Selected research activities of the Basel
group during recent years on the synthesis and stereochemical analysis of tocopherols
and building blocks are described in more detail.
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soybeans, while palm oil has a high con-
centration of tocotrienols [4].

The industrial importance of this group
of compounds is based on their biological
and antioxidant activity [5]. The determi-
nation of the vitamin E activity by the fetal
resorption-gestation test in rats shows that
(RRR)- a- tocopherol (RRR -1) (from greek:
'"tOKO<;' and '<j>£pEtV' which means 'to
bring forth offspring') has the highest val-
ue of the eight naturally occuring com-
pounds RRR-l-RRR -4 and 5-8) and of the
eight stereoisomers of a-tocopherol [6]
(see Table 2). In addition, all tocopherols
and tocotrienols function as antioxidants
quenching lipid autoxidation reactions.

Two forms of a-tocopherol (or their
acetate derivatives) are produced for ap-
plication in feed, food, and pharma indus-
try. Currently, the totally synthetic a-to-
copherol all-rac-l ('synthetic vitamin E')
is obtained by acid-catalyzed condensa-
tion of all-racemic isophytol 9 with tri-
methylhydroquinone 10 [3][7] (Scheme
1) in a 15000-20000-t scale per year.
Main producers are BASF (Germany),
Rh8ne-Poulenc (France), Eisai (Japan),
and Roche (Switzerland). (RRR)-a- Toco-

-

5

RRR-1

tocopherol
R* = - -

~~
tocotrienol
R* -
l~

3' 7' 11'

Rich sources for vitamin-E-active com-
pounds in various proportions are edible
oils originating from plants. Typical ex-
amples are shown in the Fig. Sunflower
seeds contain a-tocopherol (1) almost ex-
clusively (Table 1). A mixture oftocophe-
rol homologues (mainly y- and 8-tocophe-
rol, 3 and 4) is contained in oil from

*Correspondence: Dr. T. Netscher
Vitamin Research and
Technology Development
F. Hoffmann-La Roche Ltd.
CH-4070 Basel

Vitamin E is the most important fat-
soluble antioxidant. The term vitamin E is
recommended to be used as the generic
descriptor for all tocol and tocotrienol
derivatives exhibiting qualitatively the bi-
ological activity of a-tocopherol [1]. The
naturally occuring components of this
group hitherto discovered are single-iso-
mer products. The (2R,4'R,8'R)-configu-
ration is found in a-, f3-, y-, and 8-tocophe-
rol (RRR-I-RRR-4), and a-, f3-, y-, and 8-
tocotrienol (5-8) possess (2R ,3'E, 7'E)-con-
figuration [2] [3].

1. Introduction

Stereoisomers of Tocopherols
Syntheses and Analytics


