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Tagungsband der internationalen GVC-Fachausschufisitzung
2Hochdruckverfahrenstechnik®, 3.-5. Marz 1999 in Karlsruhe

Die VDI-Gesellschaft Verfahrenstechnik und Chemieingenieurwesen (GVC) ist die
Fachorganisation der auf dem Gebiet der Verfahrenstechnik und des Chemieinge-
nieurwesens tatigen Ingenieure sowie der ihnen nahestehenden Berufsgruppen. Das
Rickgrat der technisch-wissenschafilichen Arbeit der GVC stellen die Gber 30 Fach-
ausschiisse dar, in deren Sitzungen ein Erfahrungsaustausch zwischen Spitzen-
fachleuten aus den Universitdten und der Industrie stattfindet. Jungeren Wissen-
schaftiern wird Gelegenheit gegeben, ihre Arbeiten zu prasentieren und auch noch
nicht ausgereifte Uberlegungen zur Diskussion zu stellen.

Der Fachausschul ,Hochdruckverfahrenstechnik®, z.Zt. unter Vorsitz von Prof. Dr.-
ing. G. Brunner, Technische Universitat Hamburg-Harburg, tagt im jahrlichen Wech-
sel an Hochschulen oder Forschungseinrichtungen, die sich mit Forschung und Ent-
wicklung auf dem Gebiet der Anwendung hoher Dricke in der Technik beschéftigen.
Die GVC-VDI veranstaltete seine diesjdhrige Fachausschufisitzung ,Hochdruckver-
fahrenstechnik" zusammen mit dem Institut fir Technische Chemie, Bereich Che-
misch-Physikalische Verfahren im Forschungszentrum Karlsruhe, um den techni-
schen Stand und wissenschaftliche Erkenntnisse zur Entwicklung von Hochdruck-
verfahren vor einem internationalen Publikum, vor allem aus Europa, zu prasentie-
ren und zu diskutieren. Unter den 35 akzeptierten Vortragen und 31 Postern fanden
sich 19 bzw. 7 Beitrage aus Europa und den USA. Die Zah! der Teilnehmer betrug
etwa 170, etwa 50 von ihnen kamen aus dem vorwiegend europaischen Ausland.

Eingeladene Vortr&dge wurden zu den Themenschwerpunkten Polymerisation und
Polymermodifikation in nah- und Uberkritischen Fluiden (Prof. E. Kiran, University of
Maine, Orono, USA), Reaktionen in heifem Hochdruckwasser (SCWOQO, Dr. H.
Schmieder, Forschungszentrum Karlsruhe, D) und Herstellung von kleinskaligen
Teilchen (Prof. E. Weidner, Ruhr-Universitdt Bochum, D) sowie zu den fUr viele
Verfahrensentwickiungen notwendigen Grundlagen zu Phasengleichgewichten und
Mischphasenthermodynamik (Prof. V. Majer, Université Blaise Pascal/C.N.R.S., Au-
biere, F) gehalten. Weitere Themenschwerpunkte waren der Einsatz Uberkritischer
Fluide in chemischen Reaktionen, zu Werkstoffen, zur Naturstoffbehandlung und in
Trenntechniken.




Proceedings of the International GVC-Meeting on ,,High Pressure
Chemical Engineering®“, March 3-5, 1999, Karlsruhe, Germany

The VDI-Gesellschaft Verfahrenstechnik und Chemieingenieurwesen (GVC) is the
organization of engineers and related scientists in the field of process and chemical
engineering. The backbone of the scientific-technical work of the GVC are the more
than 30 working parties; in their annual meetings experience and knowledge are ex-
changed between authorities from universities and industry. Young scientists have
the chance to present and to discuss their work and even not completed considera-
tions.

The working party ,High Pressure Chemical Engineering“, chaired by Prof. Dr.-ing.
G. Brunner from the Technical University Hamburg-Harburg, meets annually at uni-
versities and other research facilities involved in research and development in the
field of high pressure technical applications. This year, the GVC'VDI ran this mee-
ting in an international surrounding together with the Institut fir Technische Chemie
at the Forschungszentrum Karisruhe. State of the art and recent deveiopments and
results were presented and discussed in 35 oral presentations and 31 posters; 19
and 7 contributions, respectively, originated from european countries and the USA.
From the 170 registrated participants 50 came mostly from european countries.

Invited lectures were given to the main topics polymerization and polymer modificati-
on in near- and supercritical fluids (Prof. E. Kiran, University of Maine, Orono, USA),
on supercritical water oxidation (Dr. H. Schmieder, Forschungszentrum Karlsruhe,
D), on particle generation (Prof. E. Weidner, Ruhr-Universitat Bochum, D) and on
fundamentals of phase equilibria and thermodynamics (Prof. V. Majer, Université
Blaise Pascal/ C.N.R.S. , Aubiere, F). Further topics were concerned with the use of
supercritical fluids in chemical reactions, materials, natural food processing and se-
paration techniques.
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Polymerization and Polymer Modifications
in Near- and Supercritical Fluids

Erdogan Kiran
Department of Chemical Engineering
University of Maine
Qrono, Maine 04469-5737
E-mail: Kiran@maine.edu; Fax: 207-581-2323

This presentation is a review of the current state of high-pressure polymerization and polymer modifications in
near- and supercritical fluids, The topics covered include homogeneous and heterogeneous polymerizations in
pure fluids and fluid mixtures; polymer modifications through polymerization within swotlen matrices of host
polymers; polymer modifications through chain side group modifications; and depolymerization reactions,

Future directions and research needs are also presented.

Introduction

Polymerization is the process of converting
monomer(s) to long chain molecules. It is a basic
process to produce materials with
“microstructural” features. The microstructural
consequences of polymerization are reflected in
the molecular weight, molecular  weight

distribution, chain end groups, repeat unit,

orientation and chain regularity (as in tacticity),
monomer  sequence  distributions  (as  in
copolymers), branching, or crosstinking. The chain
microstructure influences the ultimate properties
of polymers that find ever increasing use in our
everyday life,

Polymerization reactions proceed either by the
“step growth” or the “chain addition” mechanisms.
Step-growth polymerizations require monomers
with at least two functional groups and are
involved in the manufacture of several industrially
important  polymers such as  polyamides,
polyesters, and in the formation of biopolymers
such as polysaccharides, proteins and polypeptides
in nature.

The chain  addition polymerizations require
monomers with double bonds. They require free
radical or ionic initiators to open the double bond
and form the polymerization path in the
manufacture of polymers such as polyethylene,
polypropylene, polystyrene, and polyvinyl chloride
which together constitute the majority of
polymers, about 70 % of all polymers produced. A
wide range of copolymers or terpolymers are

produced by chain addition polymerization of two
or three different monomers with double bonds.

Polymerization processes are carried out in bulk or
in a solvent with or without added stabilizers, and
may  proceed  under  homogeneous  or
heterogeneous conditions. Polymerization in the
presence of a solvent medium offers processing
advantages in terms of lowered viscosity and
elimination of localized heating that may lead to
adverse polymerization rates, But the presence of
traditional solvents introduces environmental
issues in connection with solvent removal or
recovery, kinetic issues related to chain transfer to
solvent. Presence of stabilizers may introduce
additional purity concerns if they need to be
removed from the final polymer. Use of near and
supercritical fluids as polymerization media is an
alternative  approach  which may alleviate
environmental issues by elimination of the use of
traditional solvents, or help the solvent removal or
purification steps while reducing the use of
conventional solvents. Indeed, over the past 10
years there has been a remarkable increase in the
interest in this area.

Several review articles on the use of near — or
supercritical fluids as polymerization or polymer
modification media have rvecently appeared [1-3].
The motivation and the rational are varied but
include the following: :

a) High pressures favor polymerization because
polymerization usually involves a decrease in
volume.




b) Precipitation thresholds or polymer molecular
weights can be controlled because dissolving
power of the supercritical fluids can be
changed by density of pressure.

c) Polymerization rates can be fine-tuned
towards producing polymers of desired
properties because the propagation or
termination rates can be modulated.

d} Monomer reactivity ratios may be tuned and
thus monomer sequence distributions and the
microstructure of copolymers may be
controlled.

e) Intimacy of the ion pairs in propagating chains
in ionic polymerizations can be adjusted to
alter the rate of polymerization, or
stereoregulation of the propagation because
the dielectric constant of the reaction medium
can be fine-tuned.

f) Reactions may be carried out in an
environmentally more acceptable manner
because reactions may be conducted in fluids
such as carbon dioxide (with or without
stabilizer additives or co-solvents depending
upon the system), and the polymer end-
product and the unreacted monomer(s) or
solvents can be conveniently separated.
Schemes can be devised to recover the
polymer in powder form with minimal
residual solvent entrapment.

g) Micro-structured composites and blends can
be prepared because a polymer can be swollen
in a supercritica! fiuid permitting infusion of
anothet  monomer and  its  in-situ
polymerization.

This talk will present a state-of —the art review of
the field with examples that have been selected to
highlight the different methodologies that are used
by different research groups (Buback at the
University of Gittingen, Luft at Darmstadt
University of Technology, DeSimone at University
of North Carolina, Beckman at University of
Pittsburgh, Kennedy at University of Akron,
Watkins at University of Massachusetts, Erkey at
University of Connecticut, Arai at Tohoku
University, and Kiran at University of Maine). The
tatk is organized in two major parts. Part | wil}
focus on polymerization reactions by chain
addition and step growth mechanisms, while Part
I will describe reactive modifications of polymers
via side group modifications, reactive blending, or
depolymerizations.

Part I. Polymerization Reactions

High-pressure polymerizations where the
monomer is both a reactant and a solvent

Polymerization  of  etliylene, From a
thermodynamic standpoint it has been long
recognized that pressure favors polymerization.
This is because successive additions of monomers
to form a polymer chain normally involves a
decrease in volume. Indeed, significant amount of
literature exists on high-pressure polymerization in
the liquid state, either in the bulk or in the
presence of a liquid solvent [4, 5]. Polyethylene is
historically the best example of commercial high-
pressure polymerization where the monomer
functions both as a reactant and a solvent and the
conditions are supercritical for ethylene [6]. The
polymerization is carried out in tubular reactors
using organic peroxide initiators at temperatures
above the melting temperature of polyethylene
(typically in the range from 140 to 300 °C) and at
pressures in the range from 1300 to 3000 bar [6-8].
Polymerization is controlled not to pass the
solubility limit of the polymer in the monomer. At
temperatures above 115 °C and pressures above
1900 bar, it is reported that miscibility of
monomer and polymer is maintained at all
conversions and polymerization of ethylene
proceeds in the homogeneous supercritical state
[6]. Miscibility and phase behavior of ethylene +
polyethylene or its copolymer is receiving renewed
interest and a comprehensive review has appeared
f9]. A recent publication has reported on the
critical points of ethylene + pofyethylene wax (M
= 1100) as a function of polyethylene
concentrations up to 3.5 mel % in the temperature
range of 413 to 513 K at pressure up to 93 MPa
[10]. Such information is especially helpful in
understanding and preventing fouling which is a
concern in polyethylene reactors [7, 8],

A new development in polyolefin synthesis is the
use of homogeneous single-site metaliocene
catalysts [11], which unlike traditional Ziegler-
Natta catalysts contain just a single atom, usually
titanium or zirconium. The catalysts are introduced
in the gas, solution and emulsion processes to
manufacture finear low density or high density
polyethylene, isotactic polypropylene, and a host
of  polyethylene  copolymers  [12]. In
homopolymerization of ethylene at 150 MPa and
453 K, productivity levels of 4400 kg of
polyethylene (M,, of about 400,000 and PDI of




about 2 ) per gram of catalysts is reported. These
homogeneous metallocene catalysts permit the
synthesis of polyolefins with better controt of side
chains, or controlling the properties of copolymers
that are inaccessible with heterogeneous Ziegler-
Natta type catalysts. [Ziegler —Natta catalysts are
mixtures of solid and liquid compounds containing
meta! atoms, such as TiCl; on a carrier like Mg Cly
together with trialkylaluminum compounds such
as AlEL]), Miscibility of polyethylene or its
copolymers produced by using metallocene
catalysis are expected to receive greater attention
in the coming years,

Copelymerization of carbon dioxide.
Copolymerization of carbon dioxide is another
examiple where the monomer may function both as
a reactant and a solvent. Historically, the interest
in copolymerization of carbon dioxide has been in
connection with a desire for carbon dioxide
fixation [13, 14]. Recent interest however is in the
use of CO, not only as a reactant, but also as a
solvent and in the possibility of producing
phosgene-free and thus environmentally desirable
synthesis and recovery of polycarbonates,

In a recent study [15], carbon dioxide was used as
the solvent for copolymerization of propylene
oxide with carbon dioxide. Polymerizations were
evaluated at pressures from 300 to 1200 psi at 60
°C using zinc {glutarate) catalyst. Polymerization
leads to both the carbonate [-O-CO-0-] and ether
[-O-] linkages in the chain. At pressures greater
than 700 psi, high selectivity for poly (ptoylene
carbonate) versus poly (propylene oxide)
formation was noted, with fraction of
polycarbonate linkages being in the range of 90-96
%. Carbon dioxide was shown be as effective a
solvent as methylene chloride for these
copolymerizations in terms of selectivity for
polycarbonate versus polyether (polypropylene
oxide) formation.

A muore recent example where carbon dioxide has
been used as a solvent and reactant is the
copolymerization of carbon dioxide with
cylohexenoxide to produce poly(cyclohexene
carbonate) [16]. In this study, in contrast to earlier
studies, a zinc-based but fluorinated catalyst that is
soluble in supercritical carbon dioxide was
developed and used. The catalyst has been shown
to lead to high polymer yields (as high as 69 %).
Polycarbonates containing greater than 90%
polycarbonate linkages with molecular weights of
50,000 to 150,000 have been reported.

Free Radical Polymerizations

Homogeneous  Solution  Polymerization In
Supercritical Curbon Dioxide, These
polymerizations require that the monomer, the
tnitiator and the polymer remain in solution
throughout the reaction. Because carbon dioxide is
not a very good solvent for majority of polymers,
homogeneous solution polymerizations have been
limited to either low conversion operations, orto a
few special, mostly fluorinated, monomer/polymer
cases that display high solubility in carbon
dioxide. A well-known example is the
polymerization of 1,1 dihydroperfluorooctyl
acrylate (FOA) [3, 17]. Nearly 40 wt % monomer
solution in carbon dioxide with AIBN initiator at
60 °C and 207 bar over 48 hr has been reported to
lead 1o a polymer of molecular weight 270,000
with polymer yield of about 65 %. Styrenes with
perfluoroalkyl side chains in the para position have
also been polymerized via solution polymerization
in supercritical carbon dioxide by the same group.

Another example is the polymerization of
octafluoropenty| acrylate (OFP) with AIBN as
initiator {18]. This monomer has been shown to be
polymerized in carbon dioxide at 65 °C and 3000
psi, resulting in a poiymer with a molecular weight
of Mw = 5000, with 45 % yield.

Homogeneous free-radical polymerizations of
traditional monomers such as styrene start with the
establishment of the phase boundaries for
monomer + polymer + fluid [19]. A recent study
[20]reports  that to maintain  homogencous
conditions in mixtures of polystyrene (11-13 %) +
styrene (37-44 %) + carbon dioxide (43-51 %},
one must maintain pressures higher than about 750
bar at 80 "C if the molecular weight of the polymet
to be produced is 10,000. These compositions
represent about 20 % monomer conversion
starting with about 50 % monomer containing
mixtures. For higher molecular weight polymers,
much higher pressures are required. At 500 bar,
with 45 % carbon dioxide, maximum monomer
conversion atlowable is about 10 %.

Heterogencous Precipitation Polymerization. In
these polymerizations, initially the monomer and
the initiator are miscible in the fluid but the
polymer that forms eventually phase separates.
The treshhold polymer chain sustainable in the
system depends on the fluid, and the P/T
conditions. Phase separation is influenced by the




solubility of the polymer in the fluid + unreacted
monomer which may serve as a co-solvent.

Early examples include polymerization of styrene
in supercritical ethane [21], propane, and butane
[19, 22]. It was shown that polymerization of
styrene in ethane at pressures in the range 12 to 25
MPa, and temperatures in the range 333 to 343 K
and concentrations 0f 3.33 — 6.66 wt % resulted in
polystyrenes of low molecular weight, M = 1000,
and low polydispersity (PDI = 1.2) [21]. In n-
butane polymerizations at 160 °C, using t-butyl
peroxide initiator, polymers with molecular
weights in the range M w= 11,000 to 20,000 with
PDI less than 2 were obtained in the pressure
range from 6.9 to 27.6 MPa. In this study, using a
recirculation loop, the polymers that reach the
phase separation limit at a given pressure were
precipitated and separated in a trap maintained at a
lower pressure, while the one homogenous phase
was recompressed and recirculated.

Recently, thermal and free radical precipitation
polymerization of styrene has been carried out in
supercritical carbon dioxide [23]. Thermal
polymerizations conducted at a constant CO,
density of 1.3 show that the yield would increase
from about 10 % to 40 % with temperature in the
range 170 to 200 °C, while the weight average
molecular weight would decrease from about
40,000 to 15,000. At 200 °C, weight average
molecular weight was noted to decrease from
about 25,000 to 15,000 with increasing pressure
from 4000 to 8000 psi. In the case of free-radical,
AlBN-initiated polymerization at 65 °C and 5800
psi, the weight average molecular weight was
about 15,000 with PDI in the range from 1.5 to
2.0.

Another example is the polymerization of acrylic
acid in supercritical carbon dioxide (20 wt %) with
t-butyl hydroperoxide as initiator [24]. The effect
of initiator concentration {2 to 6%), temperature
(160 to 350 °C) and pressure (2700 to 4700 psi)
have been reported The polymerizations were
conducted at 250 °C and 4500 psi. Contrary to
conventional free radical polymerizations, in these
polymerizations, it is reported that the initiator
amount does not influence the molecular weight,
even though in the absence of the initiator
polymerization would not proceed. No explanation
for this observation has been provided. Also, at a
given temperature, molecular weight was found to
decrease with pressure. For example, at 160 °C
weight average molecular weight decreased from

about 80,000 to 45,000 upon increase of the
pressure  from 2700 to 3700 psi while
polydispersity was reduced from about 10 to 7,
This behavior is somewhat similar to the thermal
polymerization of styrene indicated above. No
explanations for the unexpected pressure effect for
these systems have been provided.

It should be noted that in a recent study on
copolymerization of carbon dioxide and propylene
oxide in 1,3 dioxolane, it was also reported {25]
that the yield is enhanced with pressure from 200
to 600 psi, but with further increase in pressure
there is a decrease in the yield. This unexpected
affect of the Increased pressure was attributed to
the sweiling (expansion) of the solvent as a result
of greater disselution of carbon dioxide in the
solvent, which causes a reduction in the solubility
of the copolymer. At pressures greater than 600
psi, molecular weight of the polymer was observed
to decrease also.

These observations point to the complex nature of
the phase behavior of these systems and possible
solubility maximum for the pelymer in the binary
fluid system consisting of monomer plus carbon
dioxide.

Heterogeneous Precipitation Polymerizution in
Binary Fluid Mixtures — Density modulation and
Levitation. A recent approach in polymerization
studies is the use of binary fluid mixtures of
carbon dioxide with a traditional solvent to
increase the precipitation thresholds and thus
achieve higher molecular weights [26]. In this
context AIBN initiated free-radicat polymerization
of styrene has been reported in mixtures of carbon
dioxide with pentane, toluene and sulfur
hexafluoride [26]. 1t has been however shown that
up to 30 % level, pentane or toluene additions does
not alter the relatively poor nature of the fluid
mixture,as a solvent for polystyrene and molecular
weights remain much lower than achievable in
pure pentane or toluene. At 68 °C and 56 MPa, the
weight average molecular weights of the polymer
produced in toluene, pentane, or carbon dioxide
are 49, 000; 29,000 and 16,000, respectively. In
70/30-carbon dioxide/pentane or 70/30- carbon
dioxide/toluene mixtures, the weight average
molecular weights are 17,000 and 21,000. In these
mixtures, the effect of pressure follows the
expected trend, that is higher molecular weight
polymer is obtained when pressure is increased.
The polymerization trends in mixtures of carbon
dioxide with SF¢ however show unique features. In




these mixtures, at a given temperature, a wide
range of fluid densities are obtainable at different
pressures. This was used in a novel way to conduct
polymerization by matching fluid mixture density
to the density of polystyrene. This is referred to as
levitation polymerization. The concept is to hinder
precipitation of the polymer when the molecular
weight increases to a level where the polymer is no
longer soluble in the medium. This helps in
producing even higher molecular weights. Indeed
experiments conducted at 51 and 73 °C, show a
maximum in the polymer molecular weight if
polymerizations were carried out at pressures that
would give a fluid density close to 1,03, the
density of polystsyrene. For example, at 51 °C and
21 MPa, fluid density is 1.05 and the molecular
weight of the polymer is 175,000.

As pointed out in the previous section, molecular
weight maximum with pressure has been noted in
some other systems, however the fluid mixture
density information for those systems have not
been reported to test if density plays a key role in
those system also. The notion of solubility
maximum has not been evaluated for the
polymerization in the SF¢+ CO, mixtures.

The notion of levitation by density matching offers
the possibility for a  psuedo-dispersion
polymerization process that is free of added
stabilizers (such as surfactants) wused in
conventional dispersion polymerizations.

Heterogeneonus  Dispersion  and  Emulsion
Polymerization. In dispersion polymerization, the
monomer and the initiator are soluble in the
continuous solvent phase, the polymer phase
separates but is stabilized as a colloid with
stabilizer additives. Polymerization proceeds to
high degrees of polymerization and the end
product is recovered as spherical particles. In
emulsion  polymerization, the initiator is
preferentially dissolved in the continuous phase
and not the monomer phase, and the monomer
does not have high solubility in the continuous
phase.

For dispersion polymerization in carbon dioxide,
special stabilizer compounds have been developed.
These molecules have CO; - philic segments that
show high solubility in CO, and COpphobic
anchoring segments that are refatively insoluble in
carbon dioxide. They are either homopolymers
such as poly (FAO) which has an acrylic-like
anchor and flucrinated CO,-philic side chain, or

block copolymers of polystyrene and poly (FAO),
or block copolymers of polystyrene and
Poly(dimethylsitoxane) where the FOA or siloxane
blocks function as the CO;-philic segments (3, 27].
Another group of stabilizers are the comblike graft

copolymers, such  as  poly{methylmethacrylate~-co-
hydroxyethylmethacryabte}-grafl-poly(perfluoropropylene
oxide) [28].

These polymerizations have been successfully
carried out in carbon dioxide with high
polymerization rates to produce polymers of high
melecular weight that are recovered as [-3 micron
spherical particles, For example, polymerization at
65 °C and 205 bar, with PFAO as stabilizer and
using AIBN as initiator, polymethyl methacrylate
of Mn =200,000 to 315,000 have been produced
[27]. With a comb-like stabilizer at 65 °C and 380
bar polymethyl methacrylates in the molecular
range 100,000 to 355,000 have been produced
[28].

A recent study [29] demonstrates the dependence
of dispersion polymerizations on solvent quality
by conducting poly(FOA)-stabilized dispersion
polymerization of methyl methacrylate in
supercritical carbon dioxide in the presence of
different amounts of added helium. It is shown that
in the presence of helium, higher molecular weight
polymer, higher yields, smaller particles sizes and
a narrower particle size distributions are obtained.
At 65 °C and 344 bar, polymer produced in pure
carbon dioxide has a molecular weight of 204,000,
and a particle size and particle size distribution of
1.93 microns and 1.29. In the presence of 10 mole
¢, helium, molecular weight becomes 365,000,
particle size reduces to 1.64 microns with a
particle size polydispersity of 1.06. Tt is argued
that in the presence of He, solvent quality is
reduced, and as a result, critical chain length of
PMMA in the continuous phase is reduced, and the
polymer chain nucleates more effectively. When
more nuclei are stabilized, a reduction in particle
size is observed. Higher conversions and higher
molecular weights in CO, + He mixtures are
attributed to lower degree of sweiling which in
terns leads to higher viscosity and gel effect.

Tonic Polymerizations

Ionic polymerizations are either cationic where
polymerization proceeds by adding monomers to a
terminal carbocation, or anienic where monomers
add to a negatively charged terminal carbon.




Cationic polymerizations are normally conducted
at low temperatures to (-10 to —100 °C) in
chlorinated hydrocarbon solvents that have
sufficient polarity to promote active ion
generation. Recently carbocationic polymerization
of isobutylene in supercritical carbon dioxide has
been reported. It has been demonstrated that at
32.5°C and 120 bar, using an initiator system of 2-
chloro-2,4,4 trimethyl pentane / SnCl; or TiCl,,
isobutylene could be polymerized with 30 %
conversion and result in a polymer with Mn =
2000 and PDI = 2 [30]. Other systems that have
been reported include polymerization of 3-methyl-
1-butene and 4-methy!-1-pentene and synthesis of
phenol terminated polyisobutylene [31].

Some preliminary experiments on cationic
dispersion polymerization of isobutylene in
supercritical carbon dioxide in the presence of
polymeric surfactants has also been reported [32].

Step-Growth Polymerizations

Even though not as extensive as chain addition
polymerization, polymerization by step growth
mechanisms in supercritical fluid media is also
gaining attention.

By devising supercritical fluid based schemes to
remove the byproduct from the condensation
reactions, higher conversions are achievable, Even
though water does not show high solubility in
supercritical carbon dioxide, other condensation
products {i.e., phenol, acetic acid) which may have
higher solubility in carbon dioxide may be
extracted from the reaction mixture with carbon
dioxide and increase conversation. Removal with
carbon dioxide would be a desirable path
compared to vacuum methods employed in
traditional condensation polymerizations.

In a recent study supercritical carbon dioxide has
been explored as a medium for conducting melt
phase transesterification of bisphenols with
dipheny| carbonate to produce polycarbonate {at
vields approaching 95 %) at temperatures around
270 °C and pressures of about 3000-4000 psi. {33-
35]. Supercritical carbon dioxide provides a means
of efficient extraction of phenol, which is the
byproduct of reaction, and furthermore lowers the
viscosity of the molten polycarbonate for easier
handling. Swelling improves also the rate of
polymerization by increasing the surface area
available for condensate removal.
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Even though water has a low solubility in carbon
dioxide, it has been shown that it can also be
effectively removed with supercritical carbon
dioxide in formation of nylon 66 (a polyamide)
[34] In this polyamide formation, because of the
reactivity of carbon dioxide with amines, instead
of using hexamethylene diamine, reaction was
carried out with a nylon salt, Carbon dioxide was
shown to lower the melting point of the nylon salt
and permit polymerization to proceed at lower
temperatures. At temperatures around 270 °C and
over a reaction time of about 3 hr at 3000 psi
polyamides of high molecular weight (Mn =
25,000} have been produced.

Part II. Polymer Modification Reactions

Polymer modification through reactions in near-
or supercritical water. Polymer modifications in
near and supercritical fluids are being explored
with different objectives,

An interesting case of polymer modification
involves generation of functional groups on
ethylene based copolymers {36]. Recently, a
methodology has been described to convert the
functionat groups of ethylenc-acrylate, -CH (COOR)
- ethylene-acrylamide -CH (CONH,) - and ethylene-
acrylonitrile -CH (CN) - copolymers into an
ethylene acrylic acid -CH(COOH)- type copolymer
using near critical water (at temperatures of 250
and 300 °C and pressures of 300 to 1500 bar, An
attractive feature of such modifications that result
in reactive side groups is that these groups can
then be reacted to produce terpolymers from
binary copolymer materials.

It is shown that at 300 °C and 300 bar, nitrile
group of butadiene-acrylonitrile copolymers are
essentially all converted to amide (about 15 %)
and acid groups (about 83 %) within about 4
hours. Mechanistically the nitrile groups are first
converted to amide which is further hydrolized to
the acid groups, In the case of ethylene-
methlyacrylate copolymers, the ester groups were
converted to acid groups in one step almost
quantitatively at 275 °C and 300 bar within about 3
hrs. With ethylene-butyl acrylate copolymers
conversion was slow, and after 60 hrs at 250 °C
and 1500 bar, the content of —COOH groups
reaching 80 % with acrylate groups remaining
being at 20 %. These reactions are reported to




proceed mostly under heterogeneous conditions,
and it is indicated that full exploration of the
potential modifications would require
documentation of the phase behavior.

Another important area of polymer modification
with subcritical and supercritical water is the
hydralysis of polycondensation polymers such as
polyethylene terephthalate (PET), polyurethanes,
and nylons for conversion to their monomers [ 37].
Specifically, in supercritical water, 91 % monomer
recovery (terephthalic acid) is achieved at 400 °C
and 40 MPa in less than 15 min reaction times
[38). Studies of these reactions using a
hydrothermal diamond anvil cell to follow the
phase changes during the reaction of PET in water
demonstrate the complexities in terms of
simultaneous reaction and dissolution processes.

Unlike polycondensation polymers, polymers of
addition polymerization such as polyethylene and
polypropylene when depolymerized in inert
atmosphere (39) or in supercritical water (37) do
not convert to just the monomer but, but a
homologous series of otigomers (alkanes and
alkenes). Compared to pyrolysis in argen, for
polyethylene, the portion of the lighter products
increases in supercritical water depolymerizations
conducted at 693 K and water densities of 0.13 and
0.42 g/icm3. The l-alkene to n-alkane ratio also
increases in supercritical water and with density.
These are attributed to the fact that in argon
pyrolysis, the reaction proceed in the molten state
of the polymer, whereas in supercritical water,
some of degradation products are dissolved in
supercritical water and further decomposes to
smaller fragments, leading to differences in the
reaction phase. Mechanistically, the increased
alkene amount suggests that in supercritical water
beta-sicssion s more prevalent than hydrogen
abstraction reactions in the decomposition paths
37,351

These studies point to the possibilities for using
supercritical fluids as reaction media to control
product distributions.

Another example of polymer modification reaction
is the hydrolysis of cellulose in subcritical and
supercritical water [40]. Cellulose is shown to
hydrolyze rapidly { <1 §) in supercritical water in
the absence of any catalysts to glucose, fructose,
and oligomers (cellobiose, cellotriose, etc) with a
hydrolysis product yield of about 75 % at 400 °C
and 25 MPa. The self catalyzed hydrolysis of
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lignocellulosic materials and wood in water +
supercritical carbon dioxide mixtures has also been
reported [ 41, 42].

Supercritical water and carbon dioxide have been
used for controfled depolymerization of natural
rubber and automotive tires at 380 °C and 276, It is
shown that the extent of depolymerization and thus
the molecular weight of the degraded polymer can
be regutated by the selection of the fluid and
reaction conditions. Indeed, it is shown that greater
breakdown can be achieved in water compared to
carbon dioxide [43].

Polymer Modifications in Supercritical Carbon
Dioxide Medium, A number of  different
approaches are underway for modifying polymers
in supercritical carbon dioxide medium. These are
either chemical modifications such as side group
derivatization, or physicochemical modifications
such as in-situ blending.

Side group derivatization. Here advantage is
taken of modification by swelling and adsorption
of chemically reactive modifters and catalysts into
the potymer to generate different functional
groups. It has been shown that the pendant
hydroxyl groups of polyvinyl alcohol (PVA) and
poly-2-hydroxy propyl methacrylate can partially
be reacted with acetic or benzoic anhydride or
phenyl isocyanate to form new structures [44], to
form side groups with ester linkages. As a result a
copolymer is produced. Extend of modification
depends on the conditions and the swelling of the
polymer in the fluids. At 40-60 C and 2000-5000
psi over 24 hours the modification is only about
2% for PV A (due to its high crystallinity) but 70 %
for PHMPA, Extend of modifications is improved
with addition of acetone as co solvent to carbon
dioxide — this improves the solubility of the
reactants.

The transformation of chitosan into branched
chitosan derivatives by reductive alkylation in
supercritical carbon dioxide has been reported as a
new method to disrupt the hydrogen bonding and
render this natural polymer water soluble [ 43].

Polymer blends and inferpenctrating networks. A
promising area of polymer modifications is the
production of co-continuos phase blends by
carrying out polymerization of a monomer in a
host polymer swollen in supercritical fluid {46].
Polymer substrate is impregnated with a carbon
dioxide solution of the monomer and initiator




which is then polymerized, Phase morphologies
different than melt-mixing or blending are
produced. For example, if the polymer is
semicrystalline, swelling with carbon dioxide
opens up primarily the amorphous regions, and the
polymerization proceeds in the amorphous domain
of the host polymer.

In a recent study [47] of the polymerization of
styrene in carbon dioxide swollen high density
polyethylene at 100 °C and 240 atm using t-buty!
peroxybenzoate as initiator has shown that more
than 100 % mass uptake of polystyrene levels are
reached within about 15 hr reaction time. The
crystalline melting temperature of polyethylene in
these blends is reported to be the same as the
initial polyethylene, which is an indication of the
styrene polymerization proceeding only in the
amarphous regions of polyethylene matrix,

These polymer modification methodologies are
now being explored in the broader field of
interpenetrating networks, which are intimate
combination of two polymers, often both in
network form. At least one is synthesized or
crosslinked in the presence of other, and therefore
display interlocking configurations. In semi-
interpenetrating  networks, polymer 1 s
crosslinked, but polymer II is linear. In
thermoplastic IPNs, physical crosslinks are
involved. These are offered by the glassy blocks of
block copolymers, ar crystalline segments of in
semicrysalline polymers may act as physical
crosslinks. A recent example is the thermoplastic
IPN that has been produced by dissolving isotactic
propylene and ethylene-propylene-diene(EPDN)
terpolymer  in  supercritical propane and
crosslinking EPDN with t-buty] peroxide at 170 °C
and 680 bar [48].

Conducting polymers. A novel application area
of polymer modification is the synthesis of
conducting polymers, Polypyrrole is a relatively
air-stable organic conducting polymer normally
prepared by oxidative polymerization in water,
ethyl acetate, acetonitrile, methanol or diethyl
ether. Recently this polymer was synthesized in
supercritical carbon dioxide and supercritical
fluoroform (CHF;) using pyrrole 2-carboxylic acid
precursor monomer and ferric chloride FeCl; or
ferric triflate Fe (CF;50;); as oxidants [49]. Even
though FeCl; and the precursor monomer has
limited solubility in supercritical carbon dioxide,
pyrrole monomer and Fe (CF;80;); were indicated
to be soluble in supercritical carbon dioxide, FeCl;
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being more soluble in supercritical fluoroform.
The polymerization proceeds with the thermal
decarboxilation (loss of CO; ) from the precursor
monomer in supercritical carbon dioxide medium
at 80-100 °C at pressures 70- 130 bar.
Conductivities as high as 0.05 §/ cm  were
obtained — which are indicated to be higher than
obtainable  for  polypyrrole  prepared in
conventional solvents. In contrast to globular
morphology obtained in conventional precipitation
polymerizations, the polypyrrole samples prepared
in the supercritical carbon dioxide medium lead to
fibritlar morphology.

Another unique approach to preparation of
conductive polymers involves synthesis of the
conductive polymer as part of a matrix through
reactive blending. The motivation for this is to
overcome the poor mechanical properties such as
brittleness of conductive polymers such as
polypyrrole. The methodology invelves in-situ
polymerization of pyrrole by exposing a polymer
host (such as polyurethane foam) containing a
suitable oxidant to pyrrole vapor. In a recent study
[50] this methodology was extended to replace the
traditional organic solvents with supercritical
carbon dioxide for impregnation of the oxidant
into the foam and for removing the by products of
the pyrrole polymerization reaction form the
foams. Polyurethane foams were impregnated with
the oxtdant ferric triflate Fe (CF;80;); dissolved in
supercritical carbon dioxide at 45 °C/ 238 atm. The
solubility of ferric triflate at these conditions is
0.01 wt %. The impregnated foams were then
exposed to pyrrote vapor, Composites with about
3wt % conductive polymer displaying conductivity
levels of 0.03 S/cm were prepared by this
approach.

Future Trends

The interest in the polymerization and polymer
modifications will clearly see a significant growth
in the future. The trends in basic research and
applied aspects will include

a) Generation of more detailed phase information on
multicomponent systems which may include
mixtures of a monomer, or monamers (in case of
copolymerization), initiator, catalysts, stabilizers
(in dispersion or emulsion poymerizations), solvent
or solvent mixtures (i.e., carbon dioxide plus added
co-solvent), a polymer or polymer network blends.
There will be a greater level of interest in




b)

<)

d)

€)

)

At

understanding  the transient nature of the
composition that continuatly changes during
polymerization where monomer is depleted and the
polymer forms and its molecular weight and the
molecular weight distribution changes. The
question of miscibility therefore needs to be
addressed along the reaction coordinate in view of
the changing nature of the chain length and
microstructure of the polymer and the changing
composition of the medium.

Generation of more information on swelling of
polymers {being modified or synthesized) and the
influence of the solvent on the lowering of the glass
transition temperature or the melting/erystallization
temperature of the polymer that forms.

Generation of more information on the viscosity of
the reaction mixture during polymerization.

Generation of more information on kinetic
parameters telated to chemical and physical
aspects, such as polymerization rates and rate of
new phase formation and growth. Already
significant activity is underway at University of
Gotlingen that uses pulsed laser polymerization
technique to address these fundamental issues.

There will be significant effort to explore new
approaches to better control of molecular weight,
and molecular weight distribution, or chain
sequence distributions. Greater exploitation of
Metallocene catalysis, and adeption of Atom
Transfer Radical Polymerization methodologies
for high pressure and supercritical fluid media are

just two examples. Copolymerizations will be a

major focus arca with emphasis on microstructure
regulation via modulation of reactivity ratios. For
example taking advantage of the differences in
activation volumes has not yet been explored or
exploited in this context.

Polymer modification area through  in-situ
polymerizations, side group moditications, or
surfnce modifications via grafling or coatings, is
expecled lo grow, opening new paths for
producing microstructured composite  or hybrid
materials.

Polymerization with multifunctional monomers or
in the presence of crosslinking agents {o produce
pels and crosslinked systems offer  unique
potentials that have not yet been explored to any
significant extent.

Depolymerization or reactive schemes for recycling
will continue to be an active area.

In terms of fluid medium, majority of the effort will
continue to be in the use of carbon dioxide, alone or
with another solvent. Polymerization in binary fluid
mixtures will be an important area of activity.
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J) From processing perspective, schemes that
integrates polymerization with post processing
steps (such as recovery of the polymer or polymer
fractions in a target solvent- and / or impurity-free
physical form) will be under intense consideration
tc make the processes economically maore
altractive.
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Due to industrial and scientific interest the high-pressure phase equilibria of copolymer solutions in mixtures of
highly compressed supercritical ethylene and comonomers have frequently been studied, whereas only few pub-
fications deal with the effect of the addition of inert compounds.

In this work we investigated the influence of nitrogen, carbon dioxide, helium, methane, ethane, propane and
n-butane on the phase equilibria of such systems. The inert gases were added to solutions of poly(ethylene-co-
vinyl acetate)- and poly-(ethylene-co-1-hexene)-copolymers in mixtures of the monomers ethylene and vinyl
acetate or 1-hexene, respectively. Between 393 and 493 K we measured cloud point pressures and coexistence
data in a wide range of mixture compositions. Helium, nitrogen, carbon dioxide and methane were found to
reduce the copolymer solubility. At constant temperature, copolymer concentration and comonomer : ethylene
ratio, the influence on cloud point pressures decreases in order helium > methane > nitrogen > carbon dioxide.
Except methane, the alkanes did not act as antisolvents. Ethane did not have an observable effect on the phase
behaviour, whereas the addition of propane and especially n-butane resulted in a reduction of cloud point pres-
sures.

Introduction Materials and Methods

Highly compressed supercritical ethylene is known The copolymers were supplied by the Exxon Cot-
as a good solvent for organic compounds. Several poration, Houston, TX. The data are listed in Ta-
industrial processes, such as the polymerization of bles } and 2.

ethylene, take advantage of the solubility of poly-
mers and copolymers in this medium [1}. The chain

) . . L EV A-copol
molecules formed during the reaction are dissolved copolymer copolymer
in the monomer mixture. They can easily be sepa- number average MW 61900 g/mol
rated from the reactants by depressurizing. weight averags MW 167000 g/mol
Whereas the influence of liquid comonomers like polydispersity 270

vinyl acetate or 1-hexene on the phase behaviour of
lymer-ethylene and copolymer-ethylene systems ; .

ﬁzs been in{festigated in det);'tl] (2,3,4,5], ozllfy few melt index (463 K, 2.16 kp) | 1.0 g/10 min

studies on the addition of inert compounds have

been published [6,7]. The experimental data repor- Table 1. Data of Poly(ethylene-co-vinyl acetate)

ted so far have been determined in a very narrow

range of conditions.

incorporated vinyl acetate 27.5 wt%

This work contributes to the understanding of the copolymer EH-copolymer
impact of anorganic gases and alkanes on the phase number average MW 60000 g/mol
equilibria of copolymer-monomer mixtures at tech- weight average MW 129000 g/mot

nical conditions. Nitrogen, carbon dioxide, helium Ivdispersi 215

and alkanes like methane, ethane, propane and n- po ydispersity ’

butane were added to solutions of poly-(ethylene-co- incorporated 1-hexene 16.1 wt%

1-hexene) (EH) and poly(ethylene-co-vinyl acetate)

(EVA) in mixtures of the mohomers, Table 2. Data of Poly(ethylene-co-1-hexene)

Using two different high-pressure autoclaves we sy-

stematically measured cloud point pressures and co-

existence curves of these quasi-quaternary systems The purities and sources of the inert compounds and
in dependence on temperature and mixture compo- the comonomers vinyl acetate and 1-hexene are gi-
sition. ven in Table 3.
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1-hexene 97 wi% Acros
vinyl acetate 99 wt% Acros
ethylene 99.995 wt% Linde AG
methane 99.5 wt% Linde AG
ethane 99.95 wt% Linde AG
propane 99.5 wt% Linde AG
n-butane 99.5 wt% Linde AG
nitrogen 99,996 wt% Linde AG
carbon dioxide | 99.995 wt% Linde AG
helium 99.996 wt% Linde AG
2,6-di-tert-butyl- | 99 wt% Aldrich
4-methyl-phenol Corporation

Table 3. Purities and Sources of Materials

Apparatus and Procedure

The autoclave used for the cloud point measure-
ment is designed for a maximum pressure of 250
MPa at a temperature of 513 K (sea Fig. 1). In or-
der to vary the inner volume and the pressure, the
apparatus is equipped with a metal beilow (6, Fig
1). Its extension, which is measured by means of a
position transducer (2), can be changed by pumping
the hydraulic oil isododecane into its interior, For
that purpose, the metal bellow is connected to a hy-
draulic pump via a high-pressure tube. Valve 1 is
used for the dosage of isododecane, The autoclave
volume can be changed in the range of 14.5 to 19.0
ml. Depending on the pessure level, the corraspon-
ding pressure variation is up to 80 MPa.
In order to fill in exact amounts of ethylene and
further compounds, two needle valves (5 and 8) are
arranged at the top of the apparatus. Valve 5 s
connected to the ethylene storage system from which
compressed ethylene can be dosed into the auto-
clave. The temperature is adjusted by means of an elec-
trical heater. Three thermocouples are arranged at the
bottom of the apparatus.

53 6 738

¥

9
1 hydraulic vaive 5 ethylene valve
2 position transducer 6 metal bellow
3 thermal shield 7 metal stick
4 high-pressure 8 needle valve
screwing 9 sapphire window

Figure 1. The Small Autoclave
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The cloud point pressures are measured opticaily. Two
opposite sapphire windows are installed in the auto-
clave mantle. The interior of the apparatus is illu-
minated by a lamp, so that the phase state of the mix-
ture can be observed,

At the beginning of a mixture preparation, the copo-
lymer and 2, 6-di-tert-butyl-4-methyl-phenol, which
is used as an inhibitor, are placed in the autoclave.
After evacuation, the liquid comonomer is sucked
into from a burette. Finally, the calculated amounts
of the inert gas and ethylene are metered into it via a
store vessel or, respectively, the ethylene storage sy-
stern described above. While heating to the preset
temperature, the apparatus is shaken in order to mix
the components. The mixing process is accelerated
by means of three metal platss placed around the metal
bellow.

After homogenization, the pressure is reduced step-
wise by means of the metal bellow, while the phase
state is observed optically through the sapphire win-
dow. By the occurance of cloudiness the phase sepa-
ration at the cloud point pressure is indicated. The
procedure can be repeated at different temperatures
in order to measure cloud point curves,

The measurement of coexistence data is performed
in a similar autoclave which is shown in Fig, 2. In
comparison with the apparatus described above there
are two main differences. First, the autoclave is lar-
ger. The volume can be varied betwean 660 and 700
ml. Secondly, the apparatus is equipped with two
special sampling valves (2 and 4, Fig. 2),

A mixture to be investigated is prepared the same
way as described above. Afier homogenization it is
demixed by a reduction of pressure. The autoclave is
then fixed in vertical position, so that samples can
be taken from the heavy and light phase by means of
the valves 2 and 4. The liquid and gaseous parts are
analyzed gravimetrically or, respectively, using gas
chromatography.

6 7 8
1 position transducer 5 screwing
2 sampling valve 6 outlet
3 metal bellow 7 sapphire window
4 sampling valve 8 ethylene valve

Figure 2. The Large Autoclave




Results and Discussion

In the following sections the influences of inert
gas concentration, comonomer : ethylene ratio and
temperature on the phase equilibria of EVA- and
EH-copolymer solutions are discussed.

Cosolvent and Antisolvent Effects of Inert Gases

The addition of inert compounds to solutions of
copolymers in supercritical ethylene can cause either
an increase or a decrease of solubility. In Fig. 3 the
cloud point pressures of the quasi-ternary systems
EVA-copolymer / ethylene / inert gas are plotted
versus inert gas concentration. Experiments were
performed at a temperature of 433 K. The solutions
contained 13wt% of the caopolymer,

210
# helium
m nitrogen
190 4 A methane
e CO2
o ethane
170 4 O propane /.
A n-butae -
e
_ y A
é 150 - T
Py
: /l/ -
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Sy h )
110 - R T « RN
N
A
90 —r— T—r— —
0 4 8 12 16

Inert gas cancentration [wi%}]

Cloud Point Pressures of the Systems
EVA / Ethylene / Inert Gas
T =433 K; «(EVA) = 15 wi%

Figure 3.

Helium, nitrogen, carbon dioxide and methane were
found to act as antisolvents. The addition of 15 wt%
of the gases caused a cloud point pressure increase
of 59.4 MPa for nitrogen, 38.2 MPa for methane and
4.4 MPa for carbon dioxide. However, helium
influenced the phase behaviour most distinctively.
For the mixture containing 2 wt% helium the cloud
point pressure rose by 68 MPa.

Except methane, the alkanes did not act as antisol-
vents. Ethane did not have an observable influence
on the phase behaviour, whereas the addition of pro-
pane and n-butane resulted in a reduction of cloud
point pressures, For the mixtures containing 15 wt%
of the gases the pressures were 11.5 MPa, regpec-
tively 18 MPa lower.

All effects can be explained by means of Prigogine’s
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rules [8]. If a compound is added to a mixture of two
components in which it is solved similarly, it will
act as cosolvent. Short-chain alkanes like propane
and n-butane are soluble in ethylene as well as in
copolymers. These gases meet the rule and cause a
decrease of clound point pressures. In contrast, the
solubility of small N,, CO, or methane molecules in
copolymers is much lower than in ethylene. Thus,
these inert gases are antisolvents.

The inert gas influences on the cloud point pressures
of EH-copolymer solutions in ethylene were found to
be similar to those described above. Fig. 4 shows the
results obtained for a EH-copolymer concentration
of 15 wt% and a temperature of 433 K.
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Figure 4.

In contrast to the EVA systems, the addition of etha-
ne, propane and n-butane results in a stronger re-
duction of cloud point pressures. Non-polar interac-
tions between the alkanes and both the copolymer
and ethylene lead to significant cosolvent effects.

Influence of the Comonomer : Ethylene Ratio

The addition of comenomers like vinyl acetate and
1-hexene to solutions of the corresponding copoly-
mers in ethylene is known to improve the solubility
[2,3,4,5] and hence to reduce cloud point pressures.
As shown in Fig, 5, this rule is also valid in the
presence of inert gases, e. g., nitrogen.
For constant concentrations of the copolymer (15
wit%) and of nitrogen (5 wt%) the cloud point pres-
sures of the quasi-quaternary system EVA / vinyl




acetate / ethylene / nitrogen decrease continously
with rising comonomer ; ethylene ratio. Due to their
solubility both in the copolymer and in the solvent
ethylene / nitrogen, vinyl acetate and 1-hexene were
found to act as cosolvents for all mixture composi-
tions and temperatures.

160
t e T=303K
140 4. 4 T=413K
[
f5§\ o T=433K
120 ‘m o T=453K
= ] T s T=473K
§ 1001 o T=493K
1=
80
60
40 - T T T T
0 0,2 0,4 0,6 0,8
(VA)/ (e(VA) +eB) [-]

Figure 5.  Cloud Point Pressures of the System
EVA / Vinyl Acetate / Ethylene / N,
¢(EH) = 15 wt%; c¢(N;) = 5 wt%

Temperature Dependence

As shown in Fig. 5, the temperature influence on
cloud points depends on pressure level. At high
pressures they decrease with rising temperature. In
this region the molecular density of the solvent is
liquid-like. Thus, the copolymer solubility increases
with temperature. For higher vinyl acetate ; ethylene
ratios and lower pressures, the cloud point curves get
closer and finally intersect at approximately 60 MPa,
At lower pressures the opposite temperature effect is
found. Under these conditions the solvent properties
are gas-like and consistently the solubility of long-
chain molecules decreases with rising temperature.
The pressure-dependent temperature effect on cloud
points was observed for all systems copolymer / co-
monomer / ethylene / inert compound.

Coexistence Curves

The effect of the addition of methane on the coexi-
stence data of EVA-copolymer solutions in ethylene
is demonstrated in Figs. 6 and 7. Experiments were
performed at a constant temperature of 433 K. Si-
milarly to the cloud points, the coexistence curves
are shifted to higher pressures when methane is
added. The maximum cloud point pressues are 120.2
MPa for the system EVA / ethylene and 145.5 MPa
for the solutions containing 10 wt% of methane,
Furthermore, the addition of the inert gas results in a
decrease of the critical concentration from 19 wt% to
8 wt%, whereas the corresponding critical pressure
rises from 114 to 144 MPa,

18

150

120
shadow curve

60 coexigtence curves
30 cloud point curve
04 r T T T
0 20 40 60 80 100
Copolymer Cancentration [wt%]
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Figure 7.  Phase Diagram (433 K) of the System
EVA / Ethylene / Methane (10 wt%)
Conclusions

Whereas the cosolvent effect of comonomers on
the copolymer solubility in supercritical ethylene
has frequently been reported, this work shows the
influence of the addition of inert compounds on
such systems. Helium, nitrogen, methane and
carbon dioxide were found to act as antisolvents. In
contrast, n-butane, propane and, under certain
conditions, ethane improve the copolymer solubility
in mixtures of the corresponding monomers,
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Free-radical polymerization in homogeneous phase of supercritical CO;
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Although polystyrene (PS) is practically insoluble in supercritical (sc) CO,, styrene polymerizations may be
carried out in sclution of CQ,, because of the cosolvent action of the styrene monomer. Experimental cloud
point curves for ternary PS/styrene/CO, systems demonstrate a significant influence of polymer molecular
weight on the solubility. Individual rate coefficients of the propagation and termination reaction, & and k,, have
been measured by pulsed-laser-assisted techniques and by conventional chemical initiation for both
polymerization in bulk and in solution of scCO,. For the homopolymerizations of butyl acrylate (BA), methyl
methacrylate, and styrene only a moderate influence of CO, on the propagation rate are found. The termination
rate coefficient is however strongly enhanced in the presence of scCO,. These findings are assigned to the poor
solvent quality of CO,. A few copolymerization experiments have been carried out for the BA-styrene system.

The data show no influence of CQO; on the reactivity ratios.

Introduction

Supercritical carbon dioxide (scCO.) has been
demonstrated to be a promising alternate solvent
medium for free-radical polymerizations [1]. Most
studies so far refer to reactions in heterogenous
phase. Very few studies have been carried out on
homogeneous phase free-radical polymerizations in
CO, of conventional monomers, such as
(meth)acrylates and styrene. The associated
polymers show only a very limited solubility in
scCO, [2], with polystyrene (PS) being almost
insoluble in scCOs, even at polymer concentrations
as low as 5 wt.%. Nevertheless it appeared
rewarding to try to carry out such fluid phase
reactions, because during a polymerization the
ternary system with monomer, polymer, and CO; is
present. As a consequence of some cosolvent
activity of the monomer, a considerable range of
monomer conversion should be accessible in
homogenous phase of scCO,. For the buty! acrylate
(BA) system it has been demonstrated that BA
significantly reduces cloud point pressures [3]. The
intention of the present paper is to perform free-
radical polymerizations of BA, methyl methacrylate
(MMA), and styrene in CO; up to considerable
monomer conversions and to measure propagation
and termination rate coefficients. Pulsed-laser-
assisted techniques are used in the majority of these
experiments [4, 5, 6]. In addition, a few
copolymerization experiments have been carried out
for BA and styrene in CO, and reactivity ratios are
determined. The kinetic information on individual
rate coefficients and reactivity ratios is compared
for polymerization in CO, and in bulk. To further
extent the knowledge about polymerization in
scCO, cloud point curves for PS/styrenc/CO;
systems differing in polymer molecular weight are
performed.
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Experimental Methods

Polymerization experiments are performed
using pre-mixed solutions of monomet and CO,. A
schematic diagram of the experimental set-up for
the preparation of the monomer/CO; mixture is
given in Fig. 1 and has been detailed elsewhere [4].
The major components are a HPLC pump, a
pressure intensifier, an optical high-pressure cell,
and a mixing autoclave equipped with a magnetic
stir bar and a cooling device. After filling monomer
and CO; into the mixing autoclave, the mixture is
stirred for one hour and subsequently fed into an
optical high-pressure cell. During filling, the
pressure is kept constant to avoid demixing of the
solution. Once reaction pressure and temperature
are reached, the high-pressure cell is disconnected
from the pressure branch and inserted into the
sample compartment of a FT-IR/NIR spectrometer
{IFS 88, Bruker, Karlsruhe, F.R.G.). Initial
monomer concentrations and the degree of
monomer conversion during the reaction are
determined via quantitative NIR spectroscopy in the
region of the first overtones of the C-H stretching
modes. Details are given elsewhere [4].

The application of PLP techniques towards the
study of BA polymerization kinetics has already
been described [4]. Termination rate coefficients for
styrene are obtained from chemically initiated
polymerizations using 2,2' azo{bis)isobutyronitrile
as the initiator. Monomer conversion is monitored
by means of on-line FT-IR/NIR spectroscopy [7].
The apparatus used to measure cloud point curves
has been detailed in reference [8].
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Figure |. Experimental set-up for the preparation of reaction mixtures,

Results and Discussion

Cloud point measurements for polystyrene
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Figure 2. Cloud point curves for PS/styrenc/CO,
systems differing in polymer molecular

weight (see text).

20

Cloud point measurements are performed for
systems containing about 10 wt.% PS, 40 wt%
styreng, and 50 wt.% CO,. The mixture serves as a
model system for styrene polymerizations in 50
wt.% CQO, at a monomer conversion of 20 %. Fig, 2
shows cloud point curves for PS samples of different
molecular weights: My = 3900 (x), 8000 (o), 10800
{A), and 17500 (+).

Above the curves the system is homogeneous,
A strong influence of polymer molecular weight on
the polymer solubility is seen, For the two lowest
molecular weights, an almost temperature
independent cloud point pressure around 300 and
400 bar, respectively, is found. At higher molecular
weights, the cloud point pressure steeply increase
towards lower temperature, Even at My = 17500
homogeneity may be reached at 80°C by applying a
pressure of 1500 bar,

FPropagation rate coefficients for butyl acrylate and
methyl methacrylate polymerizations in CO,

From pulsed-laser initiated polymerization and
analysis of the generated polymer by size-exclusion
chromatography (SEC), the product of k, and
monomer concentration cy is determined as a




function of CO. content, of pressure, and of
temperature [4]. Figure 3 gives the ratio of k;cm
values for polymerizations in CO, and in bulk as a
function of the relative initial monomer
concentration wy (referring to the pure monomer
density). Reaction pressures and temperatures were
as indicated in Fig. 3. For each system a reduction
of the propagation rate by 40 % is observed for the
highest experimental CO, content. A similar
reduction in &, has also been reported in the
literature [9]. From the pressure and temperature
dependence of k, measured for high CO, contents
activation volumes and activation energies are
calculated that are identical with the corresponding
bulk data [10]. The observations are assigned to the
poor solvent quality of CO; which is associated with
more compact polymer coils as compared to the
situation in bulk and with a lower monomer
concentration in the vicinity of the free-radical site
[4]. The observed decrease in kycy (see Fig. 3) is
most probably due to a decrease in local monomer
concentration rather than to a reduction in k,. This
explanation is in accordance with results from PLP-
SEC experiments in CQO,, where low molecular
weight material is produced. Under such conditions
no influence on %, was observed {5, 11].
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Figure 3. Ratio of kycy values for homopoly-
merizations in CO; and in bulk of BA
and MMA. wy is the weight fraction of
initial monomer concentration relative 10
the correspending bulk value.

Termination rate coefficients for butyl acrylate and
styrene homopolymerizations in CO;

Fig. 4 shows the conversion dependence of k:
for BA polymerizations in bulk and in 46 wt.% CO;
at 40°C and 1000 bar, Over the entire conversion
range k&, is Thigher in CO, solution. For
polymerizations in bulk, k increases up to a
monomer conversion of about 10 %, followed by a
narrow plateau region. From 15 to 40 % of
monomer conversion k decreases slightly, For
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polymerizations in CO; the initial 4 value is close
to the bulk value, In contrast to bulk
polymerizations, the increase in 4 is steeper and
extends up to monomer conversions of about 20 %.
For higher conversion, within experimental
uncertainty a constant % is observed. The initial
increase of %, is supposed to be due to decreasing
solvent quality associated with the consumption of
monomer and with the increasing polymer
concentration. The reduction in solvent quality
results in more tightly coiled polymer molecules.
Polymerization in scCO; leads to a more
pronounced lowering of solvent quality and thus a
stronger influence on & is observed. An
enhancement of %, originating from a decrease in
solvent quality has already been discussed in the
literature [e.g. 12, 13, 14].

i 46 W.% CO,

o0
o
1

=
Lh
1

log,, (k / (L'mol "s™))

70 20 Kl

conversion /%

50

Figure 4. Conversion dependence of & for BA
polymerizations at 40°C and 1000 bar

[61.

The pressure dependence of % has been
investigated for polymerizations in bulk and in
scCO, (42 wt.%) at 40°C. The activation volumes
are identical within experimental uncertainty.
Investigations into the temperature dependence of
k, however, resulted in slightly, but distinctly
different activation energies. This difference is
another indication of the impact that solvent quality
has on the termination behavior.

Plotted in Figure S is the pressure dependence
of k, for thermally initiated styrene polymerizations
at 80°C. The triangles refer to polymerizations in
41 wi.% CO, and the dashed line represents bulk
data extrapolated from reference [15]. In the
presence of CO,, k values are by one order of
magnitude higher than in bulk. The activation
volume of k&, AVi(k) = 17 cm’mol’, is however
identical for both reaction media [11]. The observed
enhancement of %, is more pronounced in styrene
than in BA polymerizations, which is probably due
to the lower solvent quality that CO, offers for PS,
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Figure 5. Pressure dependence of k, for thermally
initiated styrene polymerizations at 80°C.
For details see text.

Copolymerization of styrene and butyl acrylate in
5cCO;

Copolymerizations of styrene and BA are
performed at 80°C and 300 bar in solution of CQ,
41 wt%) and in bulk. In order to avoid a
noticeable composition drift, monomer conversions
were limited to 4 %. Copolymer compositions are
derived from 'H-NMR spectra. Figure 6 shows a
plot of styrene copolymer mole fraction, Fs, vs.
styrene monomer mole fraction, f;,. Reactivity ratios
tsa and rg, are obtained via non-linear least squares
fitting of these copolymer composition data, Within
experimental uncertainty identical values of rgs and
rs, are obtained for copolymerizations in scCQO, and
in bulk. The full line in Fig. 6 represents the fit to
the combined Fy, - f5, data set.

1.0
rg = 0.84

rpa =023
08k BA

0.6+

o
0.4

0.2+ & bhulk

e s5¢CO,

0.0 1 1 ] 1
0.0 0.2 04 0.6 0.8

S
Figure 6. Styrene mole fraction of the copolymer,
Fs, vs. styrene moncmer mole fraction,
Jsu for styrene-BA copolymerizations at

300 bar and 80 °C.

1,0

Conclusions

Because of the cosolvent activity of the
monomer, free-radical homopolymerizations of BA
and styrene may be carried out in homogeneous
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phase of CO; up to considerable degrees of
monomer conversion. Whereas the termination
reaction is strongly influenced by the presence of
CO,, propagation rate is only slightly different in
bulk and in CO, solution. Investigations into
copolymerizations of BA and styrene show that the
reactivity ratios, rgs and rg, are not influenced by
CO, to a significant extent.
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Production of Elastomers in Supercritical Carbon Dioxide
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Experiments have been carried out aimed at the development of a new process design for the production of
clastomers in supercritical carbon dioxide. The ternary phase behaviour of an ethylene-propylene-
copolymer(EPM) with carbon dioxide and ethylene has been investigated. The results show that carbon dioxide
is an antisolvent for EPM, but the antisolvent effect decreases significantly at higher temperatures.

A catalyst based on a late-transition-metal complex has been found to polymerise 1-hexene at high CO,
pressure. The polymerisation has succesfully been carried out using a cationic palladium diimine complex as the
catalyst. The influence of CO; on the catalyst activity has been investigated at low pressures and appears to have
no significant influence. It is expected that lower o-olefins (ethylene, propylene) can be polymerised as well at
supercritical conditions, since the catalyst proved to be aclive in polymerising 1-hexene at pressures and
temperatures at which pure CO, would be supercritical and since the catalyst is known to be able to polymerise
these monomers at atmospheric pressure in oganic solvents as well,

Introduction

Many polymers are currently being synthesised on
a large scale in organic solvents, e.g. the production
of EPDM in hexane. From an environmental point of
view, these processes are undesired, due to
ingvitable losses of the solvent. Another major
drawback of polymerisations in organic solvents is
the inefficient removal and recovery of the solvents,
see Fig. 1. One of the objectives of the present study
is to avoid the recovery steps of the organic solvent
in elastomer production by replacing the organic
solvent by supercritical carbon dioxide (scCO2). The
CO, can easily be removed compared to organic
solvents and CO; offers an environmentally benign,

non-toxic, non-flammable  and  inexpensive

alternative as a reaction medium,
environment

Monomer(s)

-—> P

Selvent
Solvent
recovery

polymer

Figure 1: Visualisation of the relative effort required
for polymerisation (P) and solvent recovery in
traditional polymerisation processes,

In recent years, supercritical carbon dioxide has
become an interesting medium for a range of
polymerisation processes. Polymerisations using
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radical [1,2,3,4,5] and carbocationic [6,7] initiators
and homogeneous catalysts [8] as well as
polycondensations have already been carried out in
scCOs.

For a polymerisation process to be successful,
phase behaviour plays a key role. Because of the
very low dielectric constant £ and polarizability o/v
of scCO,, only volatile or relatively non-polar
compounds are soluble in scCO; [9]. As for
polymers, only fluorinated [5,10] or silicon- [11]
based polymers and (perfluor-)polyethers [12,13] are
soluble. Although some elastomeric polymers do
exhibit strong swelling behaviour [14], their phase
behaviour will Jead to precipitation polymerisation
when the polymer is not stabilised by surfactants
[15). Because literature on the phase behaviour of
temary mixtures is extremely rare, the phase
behaviour of CO;, cihylene and a random ethylene-
propylene-copolymer, EPM, has been investigated
and some preliminary results will be shown in the
present contribution. Further experimental and
modeling results of the ternary phase behaviour will
be published [16].

Another important factor in a polymerisation
process is the interaction of the solvent with the
propagating species of the growing polymer chain.
Ziegler-Natta and related catalysts based on early-
transition-state metals are extensively used for the
polymerisation of olefins. Although these catalysts
can produce high molecular weight polymers of
ethylene and c.-olefins, they are incompatible with
functionalized vinyl monomers, due to their highly
oxophilic nature. For the same reason these catalysts
are likely to be incompatible with CO,. Catalysts
based on late-transition-state metals (Pd, Rh) are less
‘oxophilic’ and are more likely candidates for
polymerisation reactions of olefins in scCO;. The

GvC .
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use of homogeneous catalysts in scCO; is still rare,
but is of increased interest [17,8,18,19]. A main
point for the successful use of homogeneous
catalysts in scCO; is the solubility of the catalyst,
The solubility of a neutral or cationic homogeneous
catalyst can be increased by modifying the ligands
with perfluorated groups [19], whereas the solubility
of cationic homogeneous catalysts can also be
increased by highly soluble counter anions. Because
scCO; has a low dielectric constant, the anion must
also be good non-coordinating like tetrakis-(3,5-
bis(trifluoromethyl}phenyl)borate (BArF), which has
previously been used in scCO, [18]. This anion is
also used in the present study.

Materials and Methods
High pressure phase behaviour

Materials: Carbon dioxide (Messer Nederland
B.V,, grade 4,5) and ethylene (Aga Gas B.V., grade
3.5) were used as received. Hydroquinone was
added to prevent the polymerisation of ¢thylene,

Method: The temary phase behaviour was
examined in an optical high-pressure cell designed
for pressures up to 4000 bar and temperatures up to
450 K. The cell, which is provided with sapphire
windows and magnetic stirring is a modification of
the one described by Van Hest and Diepen [20], For
a detailed description of this apparatus and of
experimental techniques we refer to De Loos et al.
[21].

The lower critical solution temperatwes of the
ternary system EPM, ethylene and CO, were
measured as isopleths (P, T-sections for constant
composition) by visual observation of the onset of
phase separation of the homogeneous phase by
lowering the pressure (the so-called cloud point
pressure).

Catalyst
The catalyst used in this study was developed by

Brockhart et al. [22) and was prepared according to
literature procedures. The catalyst is shown in Fig. 2.

T-‘-

Figure 2: Structwe of homogencous paliadium
diimine catalyst used in this study
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Polymerisations at low pressure

Materials; CH,Cl, was distilled over CaH,.
1-Hexene (97%, Aldrich) was dried over molsieves
under an argon atmosphere. A stock solution of the
catalyst was made in CH;Cl,, which was stored at
-30°C under an inert atmosphere.

Method: The polymerisations were performed
under an Argon or CO, (Hoek Loos, grade 4.5)
atmosphere. The polymerisations were conducted as
follows: a solution of I-hexene with CH:Cl, was
heated to the required reaction temperature, followed
by the addition of a known amount of catalyst stock
solution, After the required reaction time, the
polymerisation was terminated by injecting a small
amount of concentrated HCL The polymer was
isolated by evaporating the solvent and monomer
residu.

Polymerisations at high pressure

Materials; 1-Hexene (97%, Aldrich) was distilled
over potassium. CO, (Hoekloos, grade 4.5) was used
as received. The catalyst was powdered and was put
in a glass ampul in a glove box.

Method: A glass ampulla containing the catalyst
was put in a 75 mL high pressure reactor equiped
with two sapphire windows, a stirrer bar and a
heating jacket, The reactor was sealed and purged
with CO,. After purging, the reactor was filled with
liquid CO; using a HPLC pump. The reacter was
conditioned at the required reaction temperature at
85 bar. 1-Hexene was added to the reactor using a
second HPLC pump. The reaction mixture was
equilibrated using a magnetic stirrer. The pressure
was raised by addition of liquid CO, until the
required pressure was reached. After the required
reaction time, the reactor content was vented
through a gas trap. The glue-like polymer was
collected, dissolved in n-hexane, filtered over Celite,
evaporated under reduced pressure and dried under
vacuum,

$

HPLC pump

HPLC pump

Purge HP Reaclor Gastrap

co.
ylincfer

Figure 3: High pressure setup for polymerisation of
1-hexene

Results and discussion

High pressure phase behaviour

Fig. 4 shows the phase behaviour of a random
ethylene-propylene-copolymer (EPM) in CO, and
ethene. The results clearly show that CO, is a good




antisolvent, as expected, especially at low
temperature. However, at higher temperatures the
antisolvent effect decreases. We also tested whether
10 wt% polymer could be dissolved in pure CO,, but
this proved to be impossible within a range of 1000
to 3000 bar and 40 to 170 °C.
Polymerisations of a~-olefins

therefore  expected to be
polymerisations,

in scCO, are

precipitation

4 0 wt% CO2 Y 20.0 mt% CO2

4000
3500

3000 | e

e
~.

2500 - \""-»,.\__‘

Pressure (bar)

2000

1500 = * ; * 4
50 60

Temperature (°C)

Figure 4: Cloud point pressures of 10 wt%o EPM
(Mn=46 kg/mole, Mw/Mn=2.5, 46 wt% ethylene), x
wt% CO, and 90-x wi% ethylene as a function of
temperature.

Polymerisations at low pressure
Preliminairy polymerizations of 1-hexene have

been conducted to test whether the catalyst would be
affected by CO,. The results using the same catalyst
stock solution are shown in table 1. The 1-hexene
could not properly be dried over molsieves and
proved to contain water, It is believed that the water
reduces the activity of the catalyst significantly by
complexation, Further differences in yield can be
ascribed to slow deactivation of the catalyst over
time as the experiments 1 to 4 were performed in
that sequence, From these experiments, it was
concluded that CO, does not inhibit or deactivate the
catalyst to a large extent, although the results are not
conclusive in this respect,

Table 1: Polymerization of 1-Hexenc under Argon
and low CO; pressure.

Experiment | Reaction condition® Yield (g)
1 Argon, 1 bar 1.34
2 Argon, 1 bar 1.26
3 CO,, 4.8 bar 1.23
4 CO,, 4.8 bar 1.15

“Reaction conditions; 0,03 mme! catalyst, 50 mL
1-hexene, 50 mL CCLH,, 25°C, 3 hours reaction

time
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Polymerisations at high pressure

Following the described method, a glass ampulla
containing 0.045 g catalyst has been put in the
reactor and 10.67 g 1-hexene is added subsequently.
The mixture appears to be homogeneous above
approximately 100 bar and 34.5 °C. After raising the
pressure to approx. 150 bar, the homogeneous
solution turncg slightly vellow, indicating that the
catalyst has at least partially been dissolved. The
mixture turned opaque at the same time indicating
the formation of an insoluble polymer phase. The
pressure was further raised to 239 bar by adding
CO,. The reaction mixture furned more opaque
during a reaction time of 2 hours and the pressure
decreased to 227 bar. A rubberlike polymer has been
obtained at a yield of 2.40 g,

As the palladium complex is able to polymerise a
range of o-olefins and functionalized monomers in
organic solvents, it is expected to do so in scCO; as
well. In our view this opens the way to a whole
range of new polymerisation processes.

Conclusions

The results of the investigated ternairy phase
behaviour of EPM, ethene and CO, show that CO; is
an antisolvent for the polymer. The antisoivent
effect decreases as the temperature increases.

The preliminairy results regarding the catalyst
indicate that the catalyst is not affected by CO, and
that production of elastomers based on olefins can
be performed using the catalyst investigated.
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Mathematical Modeling of Dispersion Polymerization of Vinyl Monomers in
Supercritical Fluids
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Department of Chemical Enginecring and Chemical Process Engincering Research Institute
Aristotle University of Thessaloniki , P.O. Box 472, 54006 Thessaloniki
cypress@alexandros.cperi.forth.gr, Fax: ++30 31 996198

Conventional dispersion polymerizations of unsaturated monomers are commonly conducted in aqueous or or-
ganic dispersing media. Supercritical CO; represents an environmentally sound alternative to both, climinating
the use of toxic and flammable organic solvents, and the generation of large volumes of aqueous waste. Using
supercritical CO; as a medium for the free-radical dispersion polymerization of vinyl monomers, the polymer
can be easily isolated as a free-flowing powder by simply venting the CO,. The aim of the present work was to
develop a comprehensive mathematical model for the quantitative prediction of the time evolution of the
monomer conversion, molecular weight distribution and particle size distribution in the free-radical dispersion
polymerization of MMA in supercritical CO,. Simulation studies were carried out to determine the effect of
process parameters (e.g. temperature, initiator concentration, etc.) on the time evolution of monomer conver-
sion, pressure and number and weight average molecular weights. The predictive capabilities of the present
model are demonstrated by a direct comparison of model predictions with reported experimental data on the
polymerization of MMA in scCO,.

. rapidly react with monomer molecules to produce
Introduction : . .

) o polymer chains that are insoluble in the monomer

In the plastics manufacturing industry, more phase. Aggregation of the closely spaced polymer

than 7 billions metric tons of organic and halogen- chains results in the formation of unstable polymer
ated solvents are used worldwide each year as proc- microdomains. The reaction mixture consists mainly
ess aids, cleaning agents and dispersants. Thus, sol- of pure monomer, since the polymer concentration is
vent-intensive industries are considering alternatives less than its solubility limit (e.g., monomer conver-
that can reduce or eliminate the negative impact that sion <0.1%). Thus, the polymerization during this
solvent emissions can have on the environment. In stage can be described as a solution polymerization.
order to reduce the environmental burden, one has Stage 2: Due to the very limited stability of the
to find ways of making plastics that arc environ- microdomains, they rapidly aggregate to form the
mentally friendly from the start, A more radical de- primary particle nuclei, also called domains. From
velopment would be to eliminate any source of this point on, polymerization occurs in two phases,
harmful solvents and make quality polymers using a namely, the polymer-rich phase and the continuous,
new kind of solvents (e.g. supercritical carbon di- monomer-rich phase. This stage extends from the
oxide) which is relatively harmless and inexpensive. time of appearance of the separate polymer phase to

Conventional dispersion polymetizations of un- a fractional monomer conversion, X,, at which the
saturated monomers ar¢ commonly conducted in monomer concentration in the continuous phase
aqueous or organic dispersing media. Supercritical disappears. Tt is assumed that, during this stage, the
CO; represents an environmentally sound alterna- rate of mass transfer of monomer and solvent from
tive to both, eliminating the use of toxic and flam- the continuous phasc to the polymer phase is very
mable organic solvents, and the generation of large fast so that the latter is kept saturated with monomer
volumes of aqueous waste. Using supercritical CO: and CO,. The overall polymerization rate is given
as a medium for the free-radical dispersion polym- by the sum of the polymerization rates in the two
erization of olefinic monomers, the polymer can be phases.
easily isolated as a free-flowing powder by simply Stage 3: Finally, at higher monomer conversions
venting the CO,. A free-radical dispersion polym- (X, < X < 1.0), polymerization continues only in the
erization [1] is a heterogeneous process by which polymer-rich phase, which is swollen with monomer
latex particles are formed in the presence of a suit- and CO,, thus, the monomer mass fraction in the
able stabilizer from an initi.ally !mmoge.neous reac- polymer phase decreases as the total monomer con-
tion mixture. From a kinetic point of view the po- version approaches a final limiting value, During
lymerization of MMA is considered to take place in this stage, diffusion controlled phenomena (e.g., gel-
three distinguished stages [2]. effect and glass-effect) become very important.

Stage 1: During the first stage, primary radicals The morphological properties (c.g., mean parti-
formed by the thermal fragmentation of the initiator o gize porosity, etc.) of the particulate product are
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directly related with the nucleation, growth and ag-
gregation of the primary polymer particles formed
during the carly stages of dispersion polymerization,
In the subsequent section the heterogeneous polym-
erization kinetics of MMA in scCO, are reviewed.
Based on the postulated kinetic mechanism, dy-
namic molar species balances for the monomer, ini-
tiator, solvent, “live” and “dead” polymer chains,
are derived. The calculation of monomer distribu-
tion in the (wo phases is the subject of section 3.
Finally, in section 4, a comparison of model predic-
tions with experimental results on the time evolution
of monomer conversion, pressure and number and
weight average molecular weights is presented.

Reaction Mechanism and Molar Species Balances

The free-radical dispersion polymerization
mechanism of MMA in supercritical CO, can be
described in terms of the following elementary reac-
tions [2]:

Initiation:
kg, .
I, — 2 m
* k j L4
Propagation:
k.

R +M;—2>Ri; )
Chain transfer to monomer:

. Kem; .
Rx.j + M.i —d Px + Rl,j 4)
Termination by disproportionation.

. L] kld 1
Rx,j + Ry,j rd -y Px + Py (5)
Termination by combination:

L] kiu‘
R +Ry;— Py ©)

In the above kinetic scheme, the symbols 1 and
M denote the initiator and monomer molecules, re-
spectively, Primary radicals formed by the frag-
mentation of the initiator are denoted by the symbol

I". The symbols R} and P, are used to identify

the respective “live” macroradicals and the “dead”
polymer chains, containing X monomer units. It
should be noted that the above elementary reactions
can take place cither in the monomer phase (j=1)
or/and in the polymer phase (j=2),

Based on the above kinetic scheme, the differen-
tial equations describing the time wvariation of
moenomer, initiator, “live” and “dead” polymer
chains in each phase can be denved:

1 d(M];Vy)
V; dt B

o - ™
-k, [M],Zl Ry s —Kpm, [M]"Z.R;”'
x= x=
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1 dqm;v)

v, =—ky,1]; (8)
1 d(RS;1V))
Vj——ai—iﬂ(zf kg, 1 +k g, IM];
DR D B(x - D)+ K, IM] TR 5T,
¥ (9)
{{1-3 (x-Dik, +kg JIM]; +
(ke, +ku YD Ry DIRS jlo;
y=1
1 4R, V) &
VJ_TJ— = ,Z;: (K g, M
+ky, IR 1R ] (10)
y=I1
1 2 x—t
+ng K, ZI[R;,J- IR Jo;
= y=
where 8(x) is the Kronecker’s delta function;
1 ifx=0
800:{0 ifx#0 ()

and ¢= V; /V is the volume fraction of the “j” phase.
Equations (9) and (10) represent the net rate of pro-
duction of “live” polymer chains of length x in
phase j and the net rate of production of “dead”
polymer chains of length x, respectively. These rates
can be obtained by combining the reaction rates of
the various elementary reactions describing the gen-
eration and consumption of “live” or “dead” poly-
mer chains of length x. :

To reduce the infinite system of molar species
balance equations, for “live” and “dead” polymer
chains, the method of moments [2] is invoked. Ac-
cordingly, the average molecular properties of the
polymer (e.g., M, M.} ar¢ expressed in terms of the
leading moments of the “dead” polymer molecular
weight distribution. Following the developments of
Kiparissides et al. [2], the moments of the total
number chain length distribution of “live” macrora-
dicals and “dead” polymer chains are defined as;

My= 2 xRy =D xP,i=0,1,2,.
x=1 x=|

(12)
where Ay is the “i” moment of the “live” NCLD in
the “j” phase and p, the “i” moment of the “dead”
NCLD. The corresponding moment rate functions
are subsequently obtained by multiplying each term
of equations (9) and (10) by x' and summing up the
resulting expressions over the total range of varia-




tion of x. Accordingly we obtain the following mo-
ment rate equations:

“Live” polymer moment equations:
I’M.j = kadj [I}J(PJ +kﬁ'nj [Nﬂjkod(‘pj

+k,, M] ,-{Z[L]M,j}cp - (13)
k=0
—-{km +kfm, )[M]j +k1]?\.0,}-}li.j(pj

“Dead” polymer moment equalions:

rul

. (14)
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The number and weight-average molecular
weights can be expressed in terms of the moments of
the NCLDs of “live” and “dead” polymer chains as
follows:
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Monomer Distribution

One of the major issues in the development of a
comprehensive mathematical model for the disper-
sion polymerization of MMA in scCO; is the accu-
rate prediction of the reactor pressure with respect to
time. This requires a complete account of monomer
and solvent distributions in the various phases,
namely, the monomer-rich, and the polymer-rich
phase. The separate monomer-rich phase will be
present up to the critical monomer conversion, X,
at which the monomer concentration in the continu-
ous phase disappears. The monomer disappearance
in the continuous phase is followed by a pressure
drop in the reactor. In stage 2, the polymer-rich
phase is saturated with monomer and solvent, thus,
the monomer polymer ratio remains constant, re-
flecting the equilibrium solubility of monomer in the
polymer phase. In what follows detailed mass bal-
ance equations are derived for the calculation of the
MMA distribution in the two phases. As mentioned
in the introduction, the MMA polymerization in
scCO; is considered to take place in three stages.

Stage 1. 0<X<X,. In the first stage, the monomer
mass distribution in the monomer-rich phase, M,,
and in the polymer-rich phase,M,, will be given by
the following equations:

M, =M, (1-X); M,;=0 (17
Stage 2: X,<X<X_. In the sccond stage, the mono-
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mer distribution in phases 1 and 2 will be given by
the following equations:

M, =M0[(1—X)-—XI[XC(1+K)]+X/(I+K)] ;
M, =M X1/ X, ~1)/(1+K) (18)

X, = 0,0, /0,0 T 0P+ OrnPu] (19

where X, is the critical monomer conversion, ¢z,
(2,5, B2.m are the polymer, solvent and monomer vol-
ume fraction, respectively, and K relates the mass of
solvent to the mass of the monomer in the swollen
polymer-rich phase:

V2.sps /(Vz,mpm) =K (20)

Stage 3: X,<X=I. In the third stage, the polym-
erization takes place only in the polymer phase un-
der monomer starvation conditions. Accordingly,
the monomer distribution in the two phases takes
the following form:

M, =0 ; M,=My{1-X) 1)

Results and Discussion

In the simulation studies it was assumed that
both the initiator decomposition rate constant, ky,
and the propagation rate constant, k;, had the same
values in the two phases. The swelling of polymer
particles was attributed to the monomer and CO,
solvent. Finally, the critical monomer conversion, at
which the monomer disappears from the continuous
phase was set equal to 40%.

At high monomer conversion, all the elementary
polymerization reactions can become diffusion-
controlled. Specifically, the diffusion-controlled
initiation, propagation and termination reactions
have been related to the well-known phenomena of
cage, glass- and gel-effect, respectively. In the pres-
ent study, the initiator efficiency, f, was assumed to
be constant. Furthermore, the variation of propaga-
tion rate constant, ky,, with conversion was assumed
1o be negligible. The gel-effect has been attributed to
the decrease of termination rate constant caused by a
decrease in the mobility of polymer chains, due to a
sharp increase of the reaction mixture viscosity. To
take into consideration the variation of the termina-
tion ratc constant with conversion, the following
semi-empirical correlation was applied:

th = klug(xsn (22)
where g(X,T) is a decreasing function of monomer
conversion and temperature,

In order to achieve a direct comparison of model
predictions with reported experimental data on the
polymerization of MMA in scCO,, the following
polymerization conditions were considered {3}, [4].
The reaction temperature was set equal to 338.15 K,
while the initial pressure was equal to 380 bar. The
initial reaction mixture consisted of MMA monomer
(10.0 g), CO, (33.478 g), initiator (5 mg AIBN / g



MMA), and stabilizer (5.0358 g). The reaction was
carried out in a constant volume cell of 55 cm?,

In Figures 1, 2, 3 and 4 model predictions for
moenomer conversion, polymer phase volume, pres-
sure and molecular weight averages are plotted with
respect to the polymerization time. In Figure 1, the
variation of monomer conversion is plotted as a
function of time. The continuous line represents the
model predictions while the discrete points represent
the experimental conversion measurements [3], The
observed sharp increase in monomer conversion is
due to the appearance of the gel-effect. Apparently,
there is a good agreement between model predic-
tions and expenmental data.

In Figure 2, the volume of the polymer-rich
phase is plotted with respect to time. Notice that the
swollen polymer phase initially exhibits a sharp in-
crease due to monomer-solvent absorption. This
volume increase of the swollen phase continues up
to the time at which the monomer concentration in

the continuous phase disappears. Subsequently, the
volume of the swollen polymer phase decreases due
to the polymerization of the absorbed monomer, On
the other hand, the non-swollen polymer phase ex-
hibits a continuous increase with monomer conver-
sion.,

In Figure 3 the pressurc model predictions and
discrete experimental data are plotted with respect to
time. Given that the polymer density is higher than
the monomer density one would expect a monotone
pressure decrease. Instead, an initial pressure in-
crease is exhibited followed by a slow decrease of
pressure with time. This anomalous behavior can be
explained by the non-ideal behavior of the ternary
(e.g. monomer-CO,-polymer) system.

The model predictions of number and weight-
average molecular weights are shown in Figure 4.
The discrete points represent experimental values
obtained by Hsiao et al, [3]. Apparently, there is a
good agreement between model predictions and ex-

perimental data which demonstrates the predictive
capabilities of the present model.
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Figure 1; Variation of monomer conversion with
reaction time ( e : experimental data), [3].
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Calculation of High-Pressure Phase Equilibria in Polymer Systems
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Abstract Calculations of high-pressure phase equilibria with the SAFT - equation of state are presented and
compared to experimental data. Example systems arc low-density polyethylene (LDPE) - cthylene,
polyethyleneglycol (PEG) - propane and a ternary mixture of polystyrene (PS) - cyclohexane - carbon dioxide.
Effects of the molecular weight distribution of the polymer on the phase equilibria are considered using the
concept of pseudocomponents. The results show that SAFT is able to correlate and predict high-pressure phase

equitibria for different types of polymers.

Introduction

Fluids with high volatility play an important role
in polymer processing. They can combine good
solubility at high pressures with good separability
from the polymer by pressure release. In the near-
critical region the solvent power of a fluid is well
tuneable due to the big influence of the pressure on
density. Supercritical gases are used as antisolvents
in combination with normal technical solvents to
affect the phase separation kinetics in order to yield
certain particle structures. Dissolved gases in
polymer solutions significantly decrease viscosity
e.g. in spinning processes.

Calculations of phase equilibria for polymer
systems at high pressures require a thermodynamic
model which includes beth, the temperature and
pressure dependence of the chemical potential.
Equation-of-state models fulfil this requirement in
contrast to most of the common activity-coefficient
models.

The present work gives calculation examples with
the Statistical Associating Fluid Theory (SAFT)
equation of state for three different polymer-solvent
systems at high pressure; low-density polyethylene
(LDPE) - ethylene, polyethyleneglycol (PEG) -
propane and the termary mixture of polystyrene
(PS) - cyclohexane - carbon dioxide.

The influence of the molecular-weight distribution
of the polymer is considered by the concept of
pseudocomponents.

Theory

The SAFT-equation of state has been developed by
Chapman et al. {1} and Huang and Radosz [2, 3].
SAFT is a perturbation theory which was derived
from an expression for the free Helmholtz encrgy.
Molecule segments of equal size and interaction
energy are lined up to form a chain molecule. For
gach non-associating substance three pure-
component parameters are required: the segment
number (r), the segment volume (vg) and the
segment-segment interaction parameter (u,/k). For
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each pair of substances there is one binary
interaction parameter (ky). The different chain
lengths of molecules of the same polymer type are
specified by a different segment number r, while
the other parameters are kept constant for all chain

lengths.

Results

In the phase diagrams presented, the symbols
denote experimental data and the full lines denote
calculations with the SAFT-equation of state. Table
1 gives the pure-component parameters used for
the calculations. The segment number is given in
terms of the ratio M/r to clarify, that r is
proportional to the molecular weight M. The
binary k; parameter for LDPE - ethylene is 0.058,
binary parameters for PEG - propane and PS -
cyclohexane - carbon dioxide can be found in [4]
and [5] respectively.

Table 1: Pure-component SAFT parameters used in
this work

M/r Voo up’k reference
[g/mol] | [em®mol] K}
PS 21,969 12.000 226.50 [4]
LDPE 19.622 12.000 216.15 [2)
PEG 24.703 13.159 342,68 5]
cyclohexane 21.199 13.502 236.41 [2]
ethylene 19.212 18.150 212.06 1]
carbon dioxide 31,058 13.578 216.08 i2]
propane 16.356 13.457 193.03 2]

LDPE - ethylene
Fig. 1 shows the phase equilibrium for the system

LDPE - ethylene for two different LDPE's which
are characterised by their weight-average
molecular weight M,. Experimental data and
polymer characteristics are taken from de Loos et
al. |6]. PE99 denotes a polydisperse LDPE with M,
= 56 kg/mol, M,, = 99 kg/mol and M, = 185
kg/mol. PE8 denotes a polydisperse LDPE with M,
= 7.6 kg/mol, M,, = 8.8 kg/mol and M, = 104




kg/mol. Table 2 pgives the pseudocomponents
which were used for the calculations and were
obtained from a fit to the characteristical data M,,
M, and M,, Mp denotes the molecular weight of a
pseudocomponent and xp their mol fraction within
the pure polymer.

Table 2: Pseudocomponents and their mole
fractions within the polymer
LDPES kg/mol LDPE99 kg/mol
Mp fg/mol] Xp Mp [g/mol] xp

1 213.7 0.3443%10"° 775.0 0.000004
2 320.6 0.2290%10°® 1370.0 0.000071
3 4809 0.1176+10' 2422.1 0.000801
4 721.4 0.000004 42819 0.006134
5 1082.1 0.000E17 7569.9 0.031297
6 1623.1 0.002006 13382.5 0.103903
7 2434.7 0020610 23658.3 0.218863
8 3652.1 0.115550 41824.6 0.284819
9 5478.1 0.315918 73939.9 0.222620
10 8217.2 .368537 1307152 { 0.101433
1 12325.9 0.156560 2310858 | 0.026102
12 | 184888 0.020071 4085267 | 0.003668
13 277332 0.000621 7222170 | 0.000271
14 415999 0.000003 1276776.5 |  0.000010
15| 62399.8 0.2774%10°% | 22571584 | 0.1878%10°
16 { 93%99.8 0.2016%107"% | 3990333.7 | 0.1613%10°%

The experimental data as well as the calculated
isotherm for LDPEY9 (Fig. 1) show a bend at about
5 weight% polymer which is due to the occurrence
of three-phase, This phenomenon was theoretically
described for very polydisperse polymers by Solc
[71. In contrast, it can be seen from the
experimental data, that the cloud-point curve for
the narrowly distributed polymer LDPE8 has a
smooth curvature over the whole concentration
range. Furthermore, the miscibility gap lies at
much lower pressures than that of the large
polymer. Both, the dependence of the phase
equilibrium on the mean molecular weight and the
occurrenice  of  three-phase  demixing are
represented well by the calculations.
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Fig. I: Phase diagram for LDPE - ethylene for two different
molecuiar weights and molecular weight distributions of LDPE
(LDPE & kg/mol: My = 8.8 kg/mol, M./M, = 1.18; LDPE 99
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kg/mol: My, = 99 kg/mol, Mu/M, = 1.76) at 167°C, Symbols:
experimental data [6], Lines: SAFT calculations,

PEG - propane
Fig. 2 presents the phase diagram for the

monodisperse PEG 4000 (M, 4000 g/mol,
MM, < L.1) - propane system at 60°C and
120°C. The 60°C-isotherm increases slowly at low
pressures, In this region a PEG-rich liquid phase
coexists with a propane-rich vapor phase, After a
sharp bend at about 23 bar the isotherm rises fast.
At this point three phases coexist; a liquid PEG-
rich phase, a liquid propane-rich phase and a vapor
phase which almost exclusively contains propane,
The abrupt change in solubility results from the
change in solvent density as the system pressure
exceeds the vapor pressure of the pure solvent. In
contrast to 60°C the 120°C isotherm has a smooth
course towards higher pressures. At this
temperature the propane is supercritical (T popane =
96.65°C) and its density therefore changes
continuously,

The SAFT calculations capture the described
effects very well. Even a prediction (k; = 0) from
pure component parameters results in qualitatively
comparable isotherms. For the presented
calculations the k; parameters for PEG - propane
are -0,00089 for 60°C and -0.01210 for 120°C.
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Fig. 2: Phase diagram for PEG (4 kg/mol) - propane for 60°C and
120°C. Symbeols: experimental data [5], dashed lines are drawn for
clarification. Fult lines; SAFT calculations,

PS - cyclohexane - carbon dipxide

The influence of carbon dioxide on the solubility of
polystyrene in cyclohexane can be seen in Fig. 3.
The PS concentration lies between 7 and 11
weight% for all systems. Experimental data for a
quasi-monodisperse PS (M, = 93 kg/mol, M,, =
101 kg/mol) have been measured by Bungert et al.
[8] and de Loos [9]). UCST data for the binary
system PS - cyclohexane given as full points in Fig.
3 have been measured by Wolf et al, [10],

Starting from a CO, concentration of 0 weight%
the LCST curve of the polystyrene - cyclohexane
system is shifted to lower temperatures with rising




CO; content. At a concentration of 21.25% CO;
the LCST curve detaches from the VL-transition
line and merges with the UCST curve. The
experiments show that in the region around 20%
CO, the miscibility gap shifts dramatically to
higher pressures, an addition of 1.11% carbon
dioxide lifts the phase-separation pressutc by 27
bar. This is because the free-volume effect of the
dissolved carbon dioxide goes together with the
enthalpic interactions responsible for UCST
demixing,

The lines in Fig. 3 denote SAFT calculations. The
numbers indicate the concentration (weight%) of
carbon dioxide in the system. A prediction of the
ternary system from pure-component and binary
data leads to qualitatively correct results. The
excellent quantitative result shown here for carbon
dioxide concentrations between 0 and 16.5
weight% have been achieved by fitting the binary
k;; parameter of polystyrene - carbon dioxide to the
ternary data. For higher carbon dioxide contents -
in the region of very high sensitivity with respect to
the gas influence - the demixing pressures are
overestimated in comparison with the experimental
data,

In addition to the good correlation for carbon
dioxide concentrations up to 16.5% SAFT correctly
predicts the merging of the LCST and the UCST
curve and even the shape of the L-UCST curve is
in remarkable conformity with the experimental
data.

i P8 {0k « cycichexans » carken doside
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Fig. 3. Phase behavior of the polystyrene (100 kg/mol} -
cyclohexane - carbon dioxide system. Symbols (experimental data)
: 0 0 weight% CO, content [8], 5% [9], 10.2% [9], 16.5% (8], x
19.5% (8], CI 21.25% VLE and LLE points [8], & 22.36% [8]. *
0% UCST curve [10]. Lines: SAFT caleutations, CO, contents
(weight%) as indicated.

Conclusions

Phase equilibria for three different applications in
high-pressure polymer technology are calculated
with the SAFT-¢quation of state.

SAFT is able to correlate and predict the influence
of temperature, pressure and molecular weight for
polymer-solvent systems with different polymers as
polyethylene, polystyrenc and polyethyleneglycol.
Gas solubilities in polymers and gas-antisolvent
effects are well represented.

The influence of the polydisperse molecular-weight
distribution of the polymer can be considered by
the concept of pseudocomponents. The demixing of
widely-distributed polymers in a mixture with a
solvent is predicted in accordance with the
experimental data.

List of Symbols

k; binary interaction parameter of SAFT

M molecular weight [g/mol]

M, number-average molecular weight [g/mol]

Mp molecular weight of pseudocomponent
[8/mol]

M, weight-average molecular weight [g/mol]

M, z-average melecular weight [g/mol]

r segment number, SAFT parameter

xp mol fraction of pseudocomponent with

respect to the polymer [mol/mol]

[1] Chapman W. G., Gubbins K. E., Jackson G., Radosz M., Ind. Eng. Chem. Res. 1990, 29, 1709-1721

{2] Huang S.H., Radosz M., Ind. Eng. Chem. Res. 1990, 29, 2284-2294

[3] Huang S.H., Radosz M., Ind. Eng. Chem. Res. 1991, 30, 1994-2005

[4] Bebme S., Sadowski G., Arlt W., Modeling of the Separation of Polydisperse Polymer Systems by
Compressed Gases, accepted for publication in Fluid Phase Equilibria, 1999

[5] Wiesmet V. Weidner E., Behme S., Sadowski G., Adt W., Experiment and Modeling of High-Pressure
Phase Equilibria in the Systems PEG - Propane, FEG - Nitrogen, and PEG - Carbon Dioxide, submitted to

Journal of Supercritical Fluids, 1999

[6] de Loos Th. W., Poot W., Dicpen G. A. M, Macromolecules 1983, 16, 111-117
(7] Solc K., Collect. Czech. Chem. Commun, 1970, 3(5), 665-673
[8] Bungert B., Sadowski G., Arlt W., Ind. Eng, Chem. Res. 1998, 37, 3208-3220

[9] de Loos Th. W., personal communication, 1994

[10] Wolf B. A., Geerissen H., Coll. Pol. Sci. 1981, 259, 1214-1220




34




GVC-Fachausschu , High Pressure Chemical Engineering®, March 3-5, Karlsruhe, Germany, 1999 FZK

Modeling of Kinetics and Structural Properties in
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Modeling polymer structure and molecular weight distribution is an attractive and powerful tool to gain insight
into the kinetic details of elementary reactions determining these properties. Ethene (co)polymers are an ideal
object for such investigations as all relevant types of elementary polymerization-related processes can be ob-
served: initiation, propagation, chemically and diffusion controlled termination, transfer to polymer (including
backbiting) and B-scission of secondary macroradicals. In'copolymerizations with acrylates, branching becomes
highly relevant due to the o-H atom on the acrylate monomer. BC-NMR spectroscopy which is carried out for
the analysis of the branching structure, in addition provides monomer sequences in these copolymers which
contain valuable information about propagation kinetics. Using a wide variety of analytical techniques, such as
on-line infrared/near infrared spectroscopy, quantitative '*C-NMR spectroscopy, elemental analysis and size
exclusion chromatography (SEC) allows to deduce detailed kinetic information. The rate coefficients that have
been determined by these techniques are introduced into models for homo- and copolymerizations which are
capable of describing conversion and polymer propertics simultaneously. For the ethene homopolymerization
the focus is directed toward the description of polymerizations under widely differing reaction conditions. In
copolymerizations the development of the kinetic model is more in focus. The simulations have been carricd
out using the program package Prepici®.

Introduction

Ethene homopolymerizations may be regarded as Kinetic Scheme of Ethene Polymerizations

the archetype of polyreactions carried out in super- Scheme 1 shows the set of elementary reactions of
critical fluid phase where reaction conditions may a model used for cthene homopolymerization.
be continuously varied. Although being a well- Initiation, propagation, termination, and transfer
established* process with a production capacity of reactions to monomer and medifier follow the
about 17 Mio. t/a this reaction still is of scientific general scheme. For transfer reactions (o polymer
interest. Current aclivities are directed toward quite different approaches are reported in the lit-
describing the kinetics and polymer properties in erature. We use the concept that has been put for-
ethene homo- and copolymerizations by simula- ward by Lorenzini et al. [2] in which transfer to
tions that are based on well-defined physically polymer and P-scission of the formed secondary
reasonable models using kinetic rate coefficients macroradical are considered as sequential proc-
being derived from independent experiments. It is ¢sses. This secems to be close to what is happening
the enormous flexibility of the ethene polymeriza- in reality.

tion carried out in supercritical fluid phase which For the initial propagation step of initiator-derived
asks for an adequate simulation of the kinetics and and modifier-derived radicals as well as for secon-
polymer properties to guide the optimization of the dary macroradicals it is assumed that the rate coef-
technical process. In copolymerizations with ac- ficient of ordinary propagation may be used. These
rylate monomers, the homogeneous fluid phase approximations do not introduce large uncertain-
range is further extended, as these comonomers act ties as has been tested by model calculations,
as cosolvents. Modeling of copolymerizations re- Propagation and termination rate cocfficients have
quires a lot of additional kinetic parameters to be been derived from time-resolved single pulse laser
known and also to test the applicability of co- polymerization experiments [3]. The transfer rate
polymerization models. Within the subsequent text, coefficient to monomer is obtained from the aver-
after a brief discussion of the modeling of ethene age degree of polymerization of polyethylene sam-
homopolymerization, aspects of the simulation of ples prepared at low polymerization rate and con-
ethene-methyl acrylate copolymerization will be version [4]. The modifier endgroups in the polymer
outlined. The medeling of polymerization kinetics backbone, as determined by infrared spectroscopy,
and {co)polymer structurc has been exclusively are used to quantify the associated transfer reac-
carried out using the PREDICI® program package tions, Backbiting rate and transfer to polymer arc
1L quantified by the number of short- (SCB) and long-
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chain branches (LCB), as derived by quantitative
C-NMR spectroscopy. The full molecular weight
distribution (MWD}, measured by SEC, is used to
fit the P-scission rate. It should be emphasized that
the use of independent sensors for the determina-
tion of each individual rate coefficient is extremely
important as polymer properties and conversion
result from a complex coupling of the individual
elementary reactions, For predictive purposes the
rate coefficients should be represented as a function
of temperature and pressure by physically reason-
able models.

% 52, R, (1)
R, %—E&>R1 (1a)
Ry +E—%X 3R, (10)
R, +B—2 3R, @
R; +X—~—’fi’*¥~->Pi+RX ©)
R, +E— P +R, @
R; &)Ri +SCB 5

Ri + Pj j'kuP > Pi + RJ, sec (6)

R, o +E—2>R,, +LCB ()

Rj e —2>Riy + P, ®

R, +Rj—hemt 5P 9

R; +R,; LN P (10)
Scheme 1; Elementary reactions in ethene

homopolymerization: 1: initiation, laf:;
initial propagation steps of initiator and
modifier radicals, 2: propagation, 3.
transfer to modifier, 4: transfer to
monomer, 5: backbiting, 6: transfer to
polymer, 7. propagation of secondary
macro radicals, 8: B-scission, 9/10: ter-
minatton by combina-
tion/disproportionation

The kinetic scheme for copolymerizations is much
more extended. At least two additional termination
and three additional propagation steps need to be
considered. Moreover, each ¢lementary reaction of
macroradicals splits into four reaction steps for the
home-reaction of the comonomers and the cross-
reactions in-between the species. Propagation kine-
tics in bulk copolymerization can be adequately
described by the penultimate unit medel of Fukuda
[5]. Ethene copolymerizations with acrylates can
be nicely represented by the implicit penultimate

unit model. For termination kinetics a variety of
approaches exists [6,7] that are based on aspects of
chemical and diffusion control. As the copolymeri-
zation takes place in an ethene-rich regime it is
assumed that termination reactions are dominated
by ethene-like reactions. The reactivity ratios can
be determined applying the Mayo method. How-
ever, the evaluation of radical reactivities (see
betow), required by the implicit penultimate unit
model, is less straight-forward. The analysis of
monomer sequences in the copolymer provides
information about propagation rates in copolymeri-
zations. Models and experimental techniques to
characterize branching structure and the full MWD
in copolymers are rather scarce in the literature.
Whereas some information on characterization of
SCBs exists [8], the methodelogy for determining
LCBs is not clearly worked out and examples of
recent data will be presented below,

Polymer Properties in Ethene Homopolymeriza-
tions

Conversion profiles in cthene homopolymeriza-
tions can be simulated via PREDICI in good quality
for any reactor of known backmixing characteris-
tics. This section focuses on the description of
MWDs and branching indices. Fig. 1 shows a
comparison of experimental MWDs with simula-
tion results for ethene homopolymerizations car-
ried out in an almost ideally mixed high-pressure
vessel in the presence and in the absence of propi-
oni¢ aldehyde as modifier at moderate conversion,

ethene + modifiar, 212 *C
e ¢ thens + modifier, 212 *C (simulation)

045 — ethene, 190 *C
] = = gthens, 190 *C (simulation)
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Figure 1: Comparison of simulated and experi-
mental MWDs for polyethylene pro-
duced in an ideal mixed vessel al mod-
erate conversion

Although the degree of polymerization is signifi-
cantly different, both sets of experimental data are




adequately described by using the same kinetic
model and applying identical rate coefficients. The
question arises, whether this is also true for a tech-
nical high-pressure tubular reactor. For a given
pressure and temperature profile, excellent agrec-
ment of simulated and experimental MWDs is
found, using the same model, rate coefficients and
associated activation parameters. The only excep-
tion to this is a slightly different frequency factor
for the [3-scission rate.

The entire kinetic information on homopolymeri-
zation introduced up to this point goes into the sub-
sequent modeling of copolymerization reactions.

Propagation Kinetics and Polymer Properties in
Ethene Copolymerizations

In copolymerizations, the copolymer composition
is controlled by the reactivity ratios » which char-
acierizes the ratio of homo- to cross-propagation of
a macroradical (m=k;11/k,12; index 1 denotes eth-
ene, index 2 comonomer). Applying the Mayo
equation (Eq. 11} »; and #; can be derived from a
plot of copolymer composition F (mole fraction)
versus the mole fraction fof the monomer mixture.

ﬂ'flz"'f['(l-fn)

- amn
B T U-7)en A7)

Using the implicit penultimate model, propagation
kinetics are additionally affected by radical reac-
tivities 5. These quantities reflect the influence of a
penultimate unit on the homo-propagation step
according to Eq. 12.

5 = Foau (12)
: kp.ll!
(13)
nhth
kP-ll kM“ ;T f;
ryfi+—

The propagation rate coefficient of a homo-
propagation step is calculated via Eq. 13. For a
large number of copolymerization systems these
radical reactivities have been determined from
average propagation rate coefficients measured by
the PLP-SEC-technique. In e¢valuating reactivity
ratios and radical reactivities for ethene copolym-
erizations, two difficulties have to be overcome.
First, the synthesis of copolymer with a high ac-
rylate content takes places in a very ethene-rich
environment, This requires the acrylate content of
the monomer mixture to be monitored with a high
accuracy in order to determine the reactivity ratio
of the acrylate, #2, via Eq. 11. Second, the PLP-
SEC technique, which is a powerful, IUPAC-
recommended tool for measuring (average) propa-
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gation rate coefficients, can not be easily applied to
such polymerization systems, Fortunately, a lot of
kinetic information is contained in the sequence
distribution of the copolymer. This is illustrated in
Eq. 14 which relates the concentration ratio for two
types of monomer triads, 122 and 121, with the
reaclivity ratio r,. The triad sequence concentra-
tions are determined by quantitative '>C-NMR.
c(122) _ en ki kan 6 (14)

= =kmz'cz =G
e120)  eny Kz G koG :

kp.Zl | G

The higher the acrylate content, the better is the
accuracy of r;. There exists more than one ratio of
such triad concentrations, which serves for »;
measurement and which, thus can be used as a
consistency check. Eq. 15 gives the relation be-
tween the ratio of triad concentrations and the ratio
of homo-propagation rates of the monomers.
e(121) _ éni ki Cakomcc FRO1 Ky (15}

(221 cR!'kp.ll'cz'kpm'cl Foq

For known ethene propagation rates, which have
been determined for high-temperature high-
pressure conditions [3], the propagation rate of the
acrylate is accessible, PLP-SEC experiments pro-
vide such data only up to about 15 °C. It is grati-
fying to note that the extrapolated value of methyl
acrylate homopolymerization &, derived from PLP-
SEC experiments is in excellent agreement with
the value derived from monomer triads in copoly-
mer synthesized at 150 °C. Radical reactivities can
be derived from combined fitting of composition
data and average propagation rates. The confidence
ellipsoid of these parameters for an ethene-methyl
acrylate copolymerization at 150 °C and 2000 bar
is shown in Fig, 2.

036 -
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Figure 2: Radical reactivities in ethylenc-methyl
acrylate copolymerization at 150 °C and
2000 bar

BC-NMR also provides access to the amount of
SCBs and LCBs in the copolymers. The branching
indices of copolymers synthesized at various con-
versions are shown in Fig. 3. As compared to eth-
ene homopolymers, both indices are significantly



higher than in polyethylene which is due to the
action of the o-H atom on the acrylate, This com-
parison is illustrated by plotting the number of
LCBs for cthene homopolymers synthesized at
similar conditions as dashed line in Fig. 3.
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Figure 3: Short- and long-chain branching indices
for ethylene-methyl acrylate copolymers
synthesized at 150 °C and 2000 bar and
various conversions X'

It is interesting to see that the number of SCBs
slightly decreases with conversion which is not
found in ethene homepolymerizations. The reason
for this type of behavior is not yet clear. To test
whether the model can also describe copolymeri-
zation MWDs, Fig. 4 compares a calculated MWD
with an experimental one.

150 4

w(log M)

504

log( M / g mol't)

Figure 4: Comparison of simulated and experi-
mental MWDs for a ethylene-methyl ac-
rylate copolymer synthesized at 150 °C
and 2000 bar with 15 mol% acrylate
content

Considering the complexity of the kinetic scheme
and the large number of model parameters which
have to be determined independently, the agree-
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ment is rather satisfying. It turns out that acrylate
repeat units undergo approximately 25 times more
long-chain branching than ethylene units and
about 2 times more B-scission reactions.

The data shows that modeling may be successfully
applied to describe (co)polymerization parameters
such as concentration profiles, structural properties
of the polymer and MWD. Further work however
remains to be done in order to fully model co-
polymerization kinetics and copolymer properties
in extended ranges of pressure and temperature,
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Polymer Modification by Supercritical Impregnation

O. Muth!, Th. Hirth and H. Vogel
'Fraunhofer Institut Chemische Technologie, Postfach 1240, D-76318 Pfinztal
e-mail: om@ict.fhg.de; Tel.: +49 (0)721/4640-152; Fax.: +49 (0)721/4640-1 [1
*Technische Universitdt Darmstadt, Petersenstrafie 20, D-64287 Darmstadt

Supercritical carbon dioxide (scCQ,) is used for polymer modification by the impregnation of polymer sheets
with vinylic monomers and polymerization takes place inside the swollen polymers. The result of this process
are new polymer blends with mixed gradients from the surface to the inner bulk, which are inaccessible by
common techniques. For this reason the modification of poly(vinyl chloride) (PVC) with poly(methacrylic acid)
(PMAA) was chosen as a model-system to evaluate the limits of supercritical impregnation. Up to 16 % (g g
of the watersoluble PMAA could be generated inside the hydrophobic PVC. The opaque appearance and
electron microscopic investigations of these blends indicated that both polymers formed a hetreogeneous
mixture and the PMAA-phase existed of single sites (diameter < 200 nm) inside the PVC-matrix. Thermal
analysis showed, that these blends are thermal unstable and therefore can not produced with common mixing
methods like melt mixing. Another pecularity was the evidence of a mixing gradient, which was determined to
be linear from the surface to the inner bulk. The maximum PMAA-impact reached 180 pm. Comparative
experiments with impregnation under normal conditions demonstrated the necessity of scCO, during both the
impregnation and polymerization processes. Without scCO, only a neglible mass gain could be achieved,
Carbon dioxide acts as a low molecular mass plasticizer which does not enhance the compatibility between the
polymeric substrate and the impregnating monomer, but accelerates the impregnation kinetics.

Introduction and poly (tetrafluoro ethylene) (PTFE) as polymeric
Polymers are widely used in many sophisticated substrates and styrene (8), methyl methacrylate
applications. Sometimes it is necessary to change the (MMA) and methacrylic acid (MAA) as
application profile by physical and chemical impregnating monomers. The initiator was always
modifications. Commercial techniques like CVD AIBN. From the possible polymer / monomer-
{Chemical Vapor Deposition) or microwave plasma combinations the system PVC-(P)MAA was chosen
can only reach to the surface or sometimes cause as a model-system to investigate the limits of
much damage to the polymers and the modifying supercritical impregnation. This system seemed to
substances. Therefore thermally unstable com- be interesting because of the generation of a water
ponents are disclosed from these modification soluble polymer PMAA inside a hydrophobic PVC-
techniques. matrix. Furthermore, basic  information for
appropriate modification is necessary. For this
Materials and methods purpose swellable polymers and process parameters
Supercritical fluids (SCF), especially super- for impregnation in the homogeneous phase had to
ctitical carbon dioxide have unique mass-transport
properties, which are engaged during extraction and SCF-solution SCF-solution
impregnation applications. With scCO, it is possible o ‘ ,
to obtain deep ranging polymer modifications b impregnation M i
p ranging polymer Y : preg .
avoiding thermal stresses. - —= > i MM
Watkins and McCarthy [1, 2] have developed a iMm MM
new process for polymer modification. In the - tod
following study this process was applied with some substrate Ims%ﬁ?t?:t:
changes. It can be broken down into several steps
shown in fig. 1. The first step is the impregnation of
a substrate with vinylmonomers (styrene, acrylics) decompression

and a radicalic initiator (AIBN) in supercritical CO,.
In a second step after decompression the reaction is
started by a rise in temperature within a CO.-

a
-

polymetization

. . ) modificated
atmosphere. The impregnation- and reaction substrate
parameters control the modification results.
This work focused on  bisphenol A Figure 1. Scheme of the polymer modification,
poly(carbonate) (PC), poly(vinyl chloride) (PVC) M = monormer, i = initiator.
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be found and were topics of earlier investigations
[3 - 6]. Experimental details are described there too.

Resulis and discussion

Table 1 gives the percentual mass gain
(100 x g g") of the original substrate after the
modification. It can be seen, that PTFE showed the
lowest mass increase, which concurs with the low
swelling capability of PTFE with CO, alone. The
highest mass gains are obtained in the modification
experiments with PC and PVC as substrate and
MMA and S as the impregnating monomers. This is
due to the high compatability (PYC-MMA) and the
increased swelling capability.

The exceptional system PVC-(PYMAA demon-
strates the opportunities of this new modification
process. Thermal analysis of these new blends
showed a decomposition of the PMAA at
temperatures > 130 °C, Therefore these blends
cannot be produced with common methods like
melt-mixing, because the PMAA would significantly

Figure 2. Electron microscopy of PVC-PMAA
(93:7) with OsO,-contrast.

decompose during the extrudation step.

Table 1. Percentual mass gain (100 x g g") of PC,
PVC and PTFE after modification
MMA, S and MAA.

with

50,4 4,7
117,4 76,7 4,0
MAA- | 83 11,1 <0,1

PVC-PMAA-blends appear opaque because of
the incompatibility of both polymers, which lead to
heterogeneous blends. This was confirmed by
electron microscopy. Fig. 2 shows ulira thin cuts of
PVC-PMAA blends. After contrast with OsO, the
PMA A-phase can be observed as black spots with a
diameter of < 200 nm, indicating a separate PMAA-
phase. The PMAA could partly be extracted with
water. The extract showed a molecular mass of
1.27-10° g/mol and a polydispersity of 2.8. In
comparison with virgin PVC, the modified PVC
reacts hydrophilic and some samples can be
completely wetted with water. By increasing the
PMAA content the mixtures become more brittle.

Supercritical carbon dioxide enables not only
unusual mixtures of polymers but also leads to
blends with uncommon properties: X-ray surface
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investigations from cross sections of the blends gave
information about the distribution of PMAA inside
PVC. Fig. 3 shows the chlorine distribution of a
cross section of PYC-PMAA blends, The low Cl-
content on the surface indicates the distribution of
PMAA, which means high concemtrations on the
surface and low concentrations in the bulk. Thus,
these PVC-PMAA mixtures have linear gradients
from the surface to the inner bulk with a maximum
PMAA-impact of about 180 pm. Common polymer
forming techniques would result in different layers
and not in gradients.
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Figure 3. Relative chlorine content as a indicator
for the PMAA destribution in PVC-
PMAA.

In further experiments the SCF-impregnation was
compared with an impregnation in neat MAA.
Again the percentual mass gain was chosen as a




critetion of successful modification, Fig. 4 shows
the results of this comparison. It can be seen, that
both impregnation and polymerization under
supercritical conditions result in the highest mass
increase (experiment A). On the other hand,
impregnation in neat MAA and polymerization at
ambient pressure results in a very small mass gain
(experiment C). Therefore CO, acts as a low
molecular plasticizer, which enhances the mobility
of MAA inside PVC. A considerable diffusion of the
monomer is only observable in plasticized PVC. The
comparison between the experiments B and C
indicates that even during the polymerization s¢CO,
increases the mobility of the monomer, so that in
order to obtain high mass increases both
impregnation and polymerization should performed
in supercritical swollen polymers. The relative Jow
maximum mass gain of around 7 % also shows, that
CO, only enhances the diffusion kinetics and not the
compatibility between substrate and monomer.

imp.: 4 h at 40 °C
1 B Pol:4hat8o°C

mass gain / (%)
O =2 NWHEOODN®

':p.;',,',p 1 250 bar | 250 bar | 1 bar
i 30% | 30% | 100%
“psgii)| 80bar | 1bar | 1bar
Figure 4. Comparison of supercritical with
commen impregnation.
Conclusions
Supercritical carbon dioxide is a powerful tool to
refine polymeric samples by impregnation

techniques. It does not enhance the compatibility
between substrate and modification species, but
accelerates the impregnation kinetics. In this way it
is possible to generate polymer blends, which are
inaccessible by common techniques. For successful
impregnation a swellable substrate and the solubility
of the impregnation species is necessary. From the
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model-system PVC-PMAA it can be seen, that this
process reaches sites close to the surface. So the
impregnation with SCF is usefull for bodies with a
large surface to volume ratio.

It was not the aim of this work to optimize the
properties of PVC by modification, but to give clues
for the use of supercritical carbon dioxide in the
refinement of polymers, A future application field is
the generation of membranes (separation, filtration)
or the modification of ion exchange resins. A
combination with common polymer-forming
processes would enhance the application field of
supercritical carbon dioxide.
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Preparation and Evaluation of Supercritical Fluid Bonded Liquid
Chromatography Stationary Phase

Mark M. Robson_, Richard Dmoch,lan Bromilow, Keith D. Bartle and Peter Myers
Express Separations Ltd, 175 Woodhouse lane, Leeds, LS UK

A new procedure has been devised for the bonding of alkoxy silanes to silica particles in supercritical carbon
dioxide solvent. Stationaty phases for HPLC are produced with high carbon loadings without the requirement of
end capping. These have properties when tested with manufacturers test mixtures which shows them to be highly
stable and reproducible, and comparable to conventionally bonded columns. The method is applicable to the
manufacture of a wide range of stationary phases such as octadecyl, aminopropyl, cyanopropyl, and

perfluoroalkyl silicas.

Introduction

Silica is the most commeonly used support material
in liquid chromatography and is used as polar
packing in normal phase liquid chromatography or
as a support material for the non-polar chemically
bonded phases used principally for reversed phase
liquid chromatography. A number of reactions have
been used to bond groups to the silica surface so as
to modify its surface and hence its chromatographic
properties [1-3].

The preferred method, used to produce the majority
of commercial stationary phases, uses either chloro
or alkoxy (usually methoxy or ethoxy) silane
derivatives with one, two or three reactive groups to
produce a mono or oligomeric layer on the silica
surface,

(surface) Si-OH + X-Si-R3 — Si-0-5i-Rs,

where X is commonly Cl. A base such as pyridine
is used to drive the reaction to the right resulting in
a surface bond Si-O-Si-R

When a monofunctional ligand is used, surface
coverage can be more predictable because only one
surface hydroxyl is required for the reaction to
proceed. The recent introduction of disopropyl
octadecylsilane  stationary phase with non-
phosphate containing mobile phases has seen a
significant increase in the stability [3] of silica
based stationary phases. Monofunctional phases
tend to be more sensitive to hydrolysis since it only
requires one surface bond to be broken for the
whole silane group to be lost, trifunctional silanes
have the possibility of forming three surface bonds
and are thus more strongly retained. However,
trifunctional ligands are harder to bond
reproducibly due to multipte bond formation with
the surface, with the possibility of subsequent
polymerisation. When the stationary phase is
required to operate in moderately hydrolysing
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conditions then trifunctional ligands are normally
used.

The work reported here describes the development
of a supercritical fluid bonding technique using
alkoxy silanes, to produce stationary phases with a
high surface coverage without the requirement of
end capping.

Experimental

All the experiments utilised supercritical CO; to
dissolve the derivatising reagents followed by
reaction with the silica surface. The effects of
various parameters are investigated and detailed
below. The following bonding reagents have been
successfully bonded on to silica:

Trimethoxy octadecylsilane ((MeO)3S5i0D)
Methoxy dimethyloctadecylsilane
(MeO(Me),Si0D)

Ethoxy trimethylsilane (EtOSi(Me)s)

Trimethoxy 3,3,3-triflouropropylsilane ((OMe);
SiCaFs)

where OD represents octadecyl.

Evaluation of the bonded phase was performed on a
HPLC system comprising: a Waters 616 HPLC
pump;, Waters 600S controlier; Waters 486 tunable
absorbance detector, Waters WISP 710B auto
sampler; Du Pont HPLC column oven; The
chromatographic data was processed with a Waters
Millenium data system. All solvents were degassed
on line using a helium sparge.

Batch honding of silica.

Bonded silica samples used in this work were
prepared in a sealed autoclave. This consists of a
thick walled stainless steel vessel with a Viton O
ring seal and a connection to a SSI stainless steel
valve.




Silica used for supercritical fluid bonding
experiments,

This work used Waters Spherisorb S5W silica,
batch H05229, particle diameter 5 um, pore volume
0.5mL g, pore diameter 8 nm.

Waters high purity, high pore volume silica
(denoted HP/HV) particle diameter 5 um, pore
diameter 10 nm.

Waters Spherisorb S3W silica, particle diameter 3
um, pore volume 0.5 mL g, pore diameter 8 nm,

The silica (10g) was mixed with 3g of the silane
reagent to be bonded and 20 mL of pentane, The
pentane was used to ensure homogeneous mixing of
the bonding reagent and silica. The pentane was
evaporated and the resulting silica sturry was added
to the bomb, When highly porous silica designated
(HP/HV) was bonded, an extra 10 mL of pentane
was required to form a sturry.

The autoclave was part filled with silica and sealed,
connected via an SSI valve to a ISCO CO, pump,
and filled to the required pressure. The autoclave
was then placed in a Carlo Erba Fractovap Series
4160 GC oven and heated at the reaction
temperature for approximately twenty hours, The
temperature was measured via a thermocouple (Pt-
Rh) in physical contact with the autoclave.

Bonded silica clean up.

When the reaction was complete, the autoclave was
removed from the oven while still at the reaction
temperature and the supercritical CO; vented into a
fume cupboard. After cooling the autoclave was
opened and the bonded silica removed, washed
three times with pentane (300 mL), and then
allowed to dry at room temperature.

Results

Influence of reaction temperature and time on
carbon loading

The conventional method of preparing bonded
stationary phases utilises the reaction of chloro or
methoxy silanes in a refluxing organic solvent and
this therefore limits the temperature of the reaction.
The maximum temperature is determined by the
solvent used and therefore high temperature
optimisation of the reaction cannot be used. The
other disadvantage of using a liquid reaction
medium is that the diffusion coefficient of the
reactant is lower in a liquid than in a supercritical
fluid, and it is therefore harder for the reactants to
penetrate the silica pores.

Using supercritical CO, the optimum reaction
temperature was measured by determining the
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variation in carbon loading of the stationary phases
while keeping the pressure and reaction time
constant (at approximately 20 hours) and varying
the temperatare between 117°C and 170°C. The
optimum carbon lpading was observed for a
bonding temperature of 150°C.,

Application of different bonding reagent

All the bonding reagents used in this work were
alkoxysilanes. Methoxy or ethoxysilanes were used
since it was necessary that the alcohols produced
during the bonding process (MeOH and EtOH)
wete soluble under the reaction conditions and that
the initial silane was soluble in supercritical CO,,

Evaluation of supercritically bonded stationary
phases using HPLC

The supercritically bonded stationary phases were
cvaluated by using a series of mixtures; a) standard
test mixture; b) a metal activity test; and ¢) a
mixture of base, neutral and acidic compounds, A
number of the stationary phases were evaluated.
The stationary phases were packed into 4.6 mm i.d.
% 25 cm column by Phase Separations Lid to ensure
reproducible packing of the column

Standard test mixture

The test mixture comprises {4] dimethyl phthalate,
nitrobenzene, anisole, diphenylamine and fluorene.
This is a standard test mixture to determine the
residual silanol activity and the chromatographic
efficiency of the column,

The mobile phase was acetonitrile 70 %, water 30
% at a flow rate of 1 mL per minute; column
temperature was ambient, and the detector
wavelength was set at 254 nm.
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Figure 1. a-b Comparison of columns containing
Waters Spherisorb SSW ODS2 and the stationary




phase from experiment B21/1 using the standard
test mixture.

Figure 1 a,b compares the chromatograms from
columns packed with Waters Spherisorb S5W
ODS2 and the packing from experiment B21/1.
Waters Spherisorb S5W ODS2 and  B2l/1
produced similar chromatograms, the peaks from
neutral compounds are symmetrical while the basic
compounds show tailing as would be expected for
silicas containing approximately 1500 ppm sodinm.

Metal activity test mixture

The metal activity test [5] is designed to reveal the
degree of end capping; the trace metal activity of
the stationary phase is determined from the ratio of
the retention times of naphthalene (n) to 1-
nitronaphthalene (nn) peaks (n/mn). A properly
deactivated or end capped stationary phase should
have a n/nn ratio of 1.4 or greater, while a non-
deactivated stationary phase has an n/nn of less
than 1.2

The test solution comprised of acetylacetone (20 uL
per 100 mL), l-nitronaphthalene (5 mg per 100
mL) and naphthalene (30 mg per 100 mL) in
methanol.

The mobile phase was 60 % methanol, 40 % water
containing 0.5 % sodium acetate at a flow rate of
0.5 ml per minute, columnn temperature was
ambient and detector wavelength was set at 254
nm,

Figure 2 a,b shows the chromatograms obtained on
columns packed with Waters Spherisorb S5W
ODS2 and the packing material from experiment
B21/1. It can be seen that Waters Spherisorb S5W
ODS2 (n/nn = 1.52) is completely end capped
compared to B21/1 (n/nn =1.28). It is interesting to
note that the supercritical bonding process has
improved the silica deactivation process slightly
compared with a conventionally prepared non-end
capped stationary phase. It is not possible, however,
1o end cap the supercritically bonded stationary
phases and further deactivate the surface.
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Figure 2. a-b Comparison of columns containing
Waters Spherisorb S5W ODS2 and stationary phase
from experiment B21 with the metal activity test
mixture

Base/neutral/acid test mixture

The base/neutral/acid test [6] is designed to
determine both residual silanol activity and
chromatographic efficiency. The mixture consists
of the following compounds: aniline, phenol, o-, m-
, pioluidine, N, N-dimethylaniline, methylbenzoate
and toluene.

The mobile phase was 55 % methanol, 45 % water
at a flow rate of 1.0 mL per minute, column
temperature was ambient and the detector
wavelength was set at 254 nm.

Figure 3 ab compares the chromatograms for
columns packed with Waters Spherisorb S5W
ODS2 and material from experiment B21/1 which
gave comparable separations but noticeable
differences in peak shape. Tt is evident that a
colurnn packed with material from experiment
B21/1 has significantly increased retention
compared to Waters Spherisorb S5W ODS2,
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Figure 3. a-b Comparison of columns containing
Waters Spherisorb $5W ODS2 and stationary phase



from experiment B21 with the base - neutral test
mixture,

There is significant variability in the retention and
symmetry of the N, N-dimethyl aniline peak on the
supercritically bonded stationary phases, but the
origin of this effect is unclear. The best
supercritically bonded stationary phases in terms of
carbon leading (from experiments B34 and 37) give
comparable symmetrical peaks and hence silanol
deactivation to that of Waters Spherisorb S5W
ODS2,

Discussion

The measured surface area of Water Spherisorb
SSW is 180 m* g, the calculated surface area of an
equivalent amount of 5 um silica solid is <1 % of
the measured area, so that it can be concluded that
the majority of the silane reacts inside the silica
pores. The use of a higher reaction temperature and
therefore an increased diffusion coefficient should
allow the silane to diffuse deeper into the pores.

The majority of the supercritical bonding
experiments were performed with silica as received,
and since the surface water content was unknown
therefore it is possible that the silane polymerised
due to high surface water content. The silica was
pretreated in air at 250°C for 24 hours to provide a
surface comparable to that used in conventional
bonding procedures and to remove the physically
adsorbed water. The carbon loading from the silica
heated to 250°C was 11.4 %. From this it is
concluded that the increase in Cygz carbon loading
between conventionally and supercritically bonded
silica (7 % compared to 12 %) is unlikely to be due
to silane polymerisation,

The supercritically bonded stationary phases were
comparable to Waters Spherisorb S5W ODS2 in the
degree of silanol deactivation as measured by the
symmetry of peaks from basic compounds. The
degree of end capping as measured by the increase
in n/nn ratio compared to a non end capped silica
(1.28 to 1.20) suggests that a small amount of the
increase in carbon loading can be attributed to end

capping.

There is a significant increase in retentivity of the
supercritically bonded; this confirms that there is a
significant increase in Cjy loading compared to
Waters Sphetisorb S5W ODS2, where a significant
proportion of the carbon loading is due the end
capping with trimethylsilyl,
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Conclasions

A new stationary phase bonding technique has been
developed which utilises the enhanced solubility
and diffusion coefficients of silanes in supercritical
CO,. In this method silica is coated with a
homogeneous layer of silane and heated in
supercritical CO;. The technique has the advantage
of increased carbon loading, reduction in the
quantities of organic solvents required and speed of
manufacture.
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Effect of cocatalysts on ethylene/1-hexene copolymerization with
metallocenes under high pressure
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Today it is accepted that cations are the catalytically active species in metallocene polymerizations. The active
cations are formed by the reaction of metallocene precursors with a cocatalyst, With only small modifications
these catalyst systems could be introduced into existing high-pressure polymerization plants. This article shows
the influence of the cocatalyst methylaluminoxane (MAO) and the cocatalyst system A1(Bu)o/[NHMeo(CeHs)l*
[B(C4Fs)a] on the performance of ethylene/1-hexene copolymerizations in a continuously operated autoclave at
1500 bar, 210°C with a residence time of 240 s. The premixed solution of metallocene precursor and cocatalyst
was continuously metered into the reactor by means of a syringe-type pump. The concentration of 1-hexene in
the feed was varied between 0 and 70 mol%. Zirconocene-based catalyst systems showed a strong influence of
the [Al)/[Zx] ratios on productivity with both cocatatysts, Up to certain [Al)/[Zr]-ratios the productivity increased
with mcreasmg [A1}/[Zr] ratios. To achieve the best productivity, catalysts based on zirconocene/ Al(Bu)s/
[NHMex(CeHs)]™ [B(CeFs)]” need much smaller [AIl/[Zr] ratios than MAO-based systems. Very low
productivities were found with a titanocene/Al(Bu)s/[NHMe(CeHs)]™ [B(CsFs)a]” catalyst, while the analogue
titanocene/MAO system produced the same amount of polymer as zirconocene-based systems. The productivity
of MAO-based systems decreased with increasing comomomer concentration, whereas in one case the
Al(Bu)y/[NHMe,(CsHs)]™ [B(CsFs)4] -based catalyst showed a rate enhancement effect with small amounts of 1-
hexene in the feed. The incorporation of 1-hexene into the polymer is not significantly influenced by the
cocatalyst nsed.

Experimental
Introduction All polymerizations were performed in a con-
Since the discovery of Sinn and Kaminsky {1] that tinuously operated high pressure autoclave of 100 ml

capacity, In each experiment the pressure was
150 MPa and the average residence time was 240 s
(Fig. 1). The temperature was adjusted to 483 K by
the amount of catalyst in the feed and an electric
heater. The mixtures of monomers were
continuously fed into the reactor along the stirrer.
The desired ratic between ethene and 1-hexene in
the feed was adjusted by mass-flow controllers.

. . . Ethene (99.8%) was taken from bombs and further
The syntheses of catalytically active systems using a , .
metatlocene dialkyl and a cation-forming agent like purified by molecular sieves and a copper catalyst. A

- - d to pressurize ethene
[NHMe,(C, (,Hs)]+ [B(CgFs)a] opens the way to MAO- twq stage compressor was use A
free catalysts. These catalysts show the same activity while 1-hexene was metered by a membrane pump.

as MAO-based systems, but they are more sensitive The catalyst solution was fed into the reactor by a
towards impurities and require very pure monomers. syringe-type pump. Due to the high concentration of

Less sensitive and more casy to handle are temnary the catalyst solution it was diluted with toluene

systems based on a metallocene dichloride, a certain before entering the reactor. Both {oluene and
amount of an aluminium alkyl and a cation forming ll-htlaxer%e wete purified prior to use by refluxing and
agent. In these systems the aluminium alkyls are distillating with Na/K alloy.

; . The pressure was maintained constant by an motor-
acting as a scavenger and as an alkylating reagent of 16 p Y
the n%eta]locene di%hlcride 2], § redgent driven outlet valve controlled by the process

computer. Behind the outlet valve, the pressure was
released to normal. The polymer was separated in
melted or powdered form from the unreacted
monomers. When the steady state was attained
within 10 min, the polymer samples were collected

methylaluminoxane (MAQO) is a very effective
cocatalyst for metallocene-based catalysts in the
polymerization of ethylene and cther a-olefins many
efforts have been made to use these highly active
catalytic systems in an industrial polymerization
process. The limiting factor is the high amount of
cocatalyst required, which increases the costs of the
catalytic system.

The purpose of this work is to study the influence of
the alumininm-corntaining cocatalyst and of the
comonomer l-hexene on high pressure, high
temperature polymerizations.
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in different separators, The unit was operated by a
computer, which recorded data such as temperature,
pressure and mass flow during polymerization tests,

The catalysts based on MAQ were prepared as
follows; The metallocene dichloride was dissolved
in toluene and the required amount of MAO was
added to get the desired [Al})/[Zr] ratio.

The activation of the MAQ-fTee catalytic systems
based on the metallocene dichloride, triisobutyl
aluminium and [Me,PhNH]" [B(C4Fs)4] is described
by the following procedure. Metallocene dichloride
was dissolved in toluene and mixed with 10-200
equivalents of triisobutyl aluminium. After 20 min,
this solution was added to a solution of [Me,PhNH]"
[B(CeFs)a]” in toluene. In each case, the ratio
between borate and metallocene was 1.3 mol Bor
/mol Zr.

High Pressure Unit

comoncmer

ovtdel valve

separalor

Figure 1: High pressure polymerization unit

Results and discussion

Influence of the [Al}/[Zr] ratio

In the first two series of experiments we studied the
influence of the [Al)/[Zr] ratios for the two systems
Me,Si{indH,}1.Z:ClMAC  and  Me,Si[ind],Z2xCl,
[TiBA/[Me,PhNH] "[B(CsFs)s]. In Figure 2 the
necessary [Al)/[Zr] ratios are compared. The solid
black line with the black squares shows the
conversion for the MAO-gystem in a homopoly-
merization with a catalyst concentration of 0.01 mal-
ppm. As can be seen 22000 mol Abmol Zr are
required to get the maximal conversion. A further
increase of the aluminium compound results in only
a small influence on the conversion. For the MAQ-
free activated system only an [Al}/[Zr] ratio of 200
mol Al/mol Zr is needed to obtain the same
conversion in a copolymerization with 20 mol% 1-
hexene in the feed (catalyst concentration 0.5 mol-
ppmy. The amount of cocatalyst needed might be
due to the so-called scavenger effect discussed in the
literature [2}]. But as shown recently it is not
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sufficient to adjust a minimum concentration of
alumininm-alkyl in the reactor to obtain the best
productivities. The zirconocene concentration in the
reactor and the [Al}/[Zr] ratio of the premixed
catalyst solution has to be additionally con-
sidered {3]. Both catalytic systems showed poor
incozporation of the comonomer.
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Figure 2: Influence of the [Al}/[Zr] ratio on
conversion

Influence of 1-hexene

Halfsandwich catalysts with constraint geometry are
well known to incorporate comonoemers more easily.
A new monocyclopentadienyl complex "Pr{Cp)(2-
PhO)TiCl; was synthesized and tested in the pilot
plant. High activities were achieved when activated
with MAO, whereas low amounts of polymer were
produced using the MAO-free activation method.
Figure 3 shows the  productivity of
Me,Si[IndHL1,Z1CL,/MAO and the ‘Pr(Cp)(2-
PhOYTiCly/MAQO catalysts with respect to the
1-hexene ratio in the feed.

A

---- O 'P(CP)2-FhO)TICL, / MAC
| —— W MeSi[lndH ] ZCl, / MAO

300

200

productivity [t polymerimol M]

O~
[
0 20 30 40 50 € 7o 86 80
1-hexene (feed) [mol%)

00

Figure 3: Influence of 1-hexene in the feed on pro-
ductivity, [Al}/[Zr]=20000




The ‘Pr(Cp)(2-PhO)TiClyMAQ systems shows
strong dependency on the amount of 1-hexene in the
feed. With an increasing comonomer fraction the
productivity sharply decreases from 400 to 10 t
polymer/mol metal. The Me,Si[IndH,].ZrClyMAQO
system shows weaker dependency on the 1-hexene
ratio, Even at 1-hexene homopolymerization 30 t
polyhexene/mol metal can be obtained. The
incorporation of 1-hexene in the polymers was
determined by means of C-NMR spectroscopy.
According to the method of Fineman-Ross the
copolymerization parameters were calculated as
15=63, 15=0.02 for the Me,Si[IndH,],ZrCL,/MAO
and 1p=27.8 15=0.04 for the 'Pr(Cp)(2-PhO)TiCly/
MAO system. As already known from low pressure,
low temperature polymerization processes the
monocyclopentadienyl catalyst shows a better
incorporation of the comonomer [4]. The product of
e * 1y =1 for both systems indicates that a
statistically random copolymer is formed.

Copolymerization behaviour of the Me,Si[Ind],
ZiCl/ TiBA/ [Me,PhNH]'[B(CFs)s]” system in
comparison with ‘Pr(Cp)2-PhOITiCl,/MAQ

In an additional series of experiments we
investigated the ethene/l-hexene copolymerization
with a cationically activated metallocene dichloride.
In Figure 4 the productivity of Me,Si[Ind],ZrCly/
TiBA/ [Me:PhNH] [B(CcFs)al”  with an [Al)/[Z1]-
ratio of 200 and of 'Pr(Cp)(2-PhO)TiCL/MAO with
[A}/[Zx]=20000 are compared.
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Figure 4; Productivity of
Me;Si[Ind},ZrCL/TiBA/[Me,PhNH] [B(CeFs)a]
versus ‘Pr(Cp)(2-PhO)TiCL/MAO

in ethene/1-hexene copolymerizations

The productivity of the cationically activated
Me,SifInd},ZrCl; is about ten times lower than the
MAO-activated catalyst. With small amounts of 1-
hexene in the feed the productivity of the MAO-free
catalyst system increases. With more than 10 mol%
comonomer in the feed the productivity of both
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systems decreases. The copolymerisation parameters
of the MAO-free system were close to those of the
monocyclopentadienyl complex with values of
=28 and 1z=0.05. This might be due to the less
bulky anion [B(CsFs)]” which allows the sterically
demanding I-hexene easier access to the zircon
center.

The rate enhancement effect

As can be seen in Figure 5 the catalyst system
Me,Si{Ind],ZrCly TiBA/ [Me,PhiNH] [B(CsFs)]
shows an increase of the rate of ethene poly-
merization with small amounts of 1-hexene in the
reactor. This phenomenon, which is discussed by
several authors in regard to low pressure
polymerizations, is called rate enhancement efféct.
In a low pressure polymerization the system
Me,Si[Ind],ZrCl/MAO showed an acceleration
factor of 2.6 at a 1-hexene/ethene ratio of one [3].
As shown in Figure 5 in our process the rate of
ethene polymerization is accelerated about 1.8 times
at a [1-hexene]/[ethene] ratio in the reactor below
0.5. This could be due to the nearly solvent-free
conditions in high pressure processes, which cause a
higher comonomer concentration in the reactor.

Higher ratios inhibit the rate of ethene
polymerization.
14 i
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Figure 5: Rate enhancement effect

Copolymers are more soluble in the solvent used in
slurry processes, and thus the homogeneous system
avoids diffusion problems. The conditions used in
the high pressure, high temperature polymerization
results in a homogeneous, one-phase system. The
acceleration effect can thus not be ascribed to a
diffusion phenomenon,

A possible explanation for the rate enhancement in a
homogeneous system is that 1-hexene is able to
generate more catalytically active sites out of
reversibly formed dormant sites.



Conclusions

The reported results show that ternary catalyst
systems  such as MepSi[Ind},ZrCly/  tritsobutyl
aluminium and [Me,PhNH]" [B(CsFs)s]” could
replace metaliocene/MAQ-based catalysts in high
temperature, high pressure polymerization. The
copolymerization parameters for MAO-containing
as well as MAO-free systems show that under high
pressure, high temperature conditions the
incorporation of 1l-hexene in polyethylenc is not
favoured.

To gain a better insight into polymerizations with
such catalyst systems, further investigation of the
polymerization process and the activation method is
underway.

The authors gratefully acknowledge financial
support from the Bundesministerium filr Bildung
und Forschung and BASF AG.,

Forrmulae

Me,Si[IndH,),ZrCl;  dimethylsilyl-
bis(tetrahydroindenyl)zirconium dichloride

Pr(Cp)(2-PhO)TICl,  iso-propyl(n’-cyclopenta-
dienyl)(r'-2-phenoxy)titaninm dichloride

Me,Si[Ind},ZrCl, dimethylsilylbis(indenyl)-
zirconium dichloride

[Me,PhNH] [B(CeFs).] dimethylaniliniumtetrakis-
(pentafinorophenyl)borate

MAO methylaluminoxane
TiBA triisobutyl aluminium
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Abstract In the present work, the influence of a dense gas (carbon dioxide) on the phase behavior of
polymer/solvent systems is examined. For this purpose, a high-pressure autoclave was_ built which allows
measurements at temperatures up to 250°C and pressures up to 200 bar. Samples can be taken even from very
high-viscous phases. At first, the influence of CO. on the LCST curve of the model system
polystyrene/cyclohexane was investigated. An increasing amount of CO, shifts the LCST curve to lower
temperatures and higher pressures. At a gas content of about 22 weight % the LCST curve merges with the
UCST curve, The composition as well as the polymer distribution in each of the coexisting phases in the two-

phase region was determined.

The elimination of a low-molecular-weight additive from the polymer using gas-induced liquid-liquid
separation is examined for the model system polystyrene/diocty] phthalate/ cycylohexane/carbon dioxide.

~ Introduction

Liquid-liquid phase separation induced by the
addition of a compressed gaseous antisolvent to a
liquid mixture is a well-known technique (SAS)
that can be applied to the recovery of polymers as
well as to molecular-weight fractionation of
polymers.
For the design and evaluation of separation
processes based on this effect, it is crucial to get a
better insight in the underlying principles and phase
equilibria. Especially in the investigation of
complex systems such as polydisperse polymers
with additives or impurities, it is necessary to get
information on the composition of the coexisting
phases, Therefore, in this work an apparatus is used
which allows to take samples from all phases and to
analyze them concerning composition and polymer
distribution. The influence of the gaseous
antisolvent (carbon dioxide) on the polymer
solubility, on the polymer fractionation and on the
additive content in the polymer is investigated.

Experimental

The experiments were performed in a variable-
volume autoclave of about 1000 ml designed for
vapor-liquid-liquid  and  vapor-liquid  solid
experiments at pressures up to 200 bar and
temperatures up to 250°C. Two fused-glass
windows allow for visual observation of the whole
inner diameter. The volume is varied with a metal
bellows. Samples can be drawn from the phases via
short stainless steel capillary tubes. Mixing is
achieved via rocking the autoclave at variable
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angles from the horizontal position. A detailed
description has been given in [1].

For the experiments the autoclave is filled with
polymer, solvent and gas and then equilibrated to
the temperature of interest and to a pressure in the
one-phase region. Once a homogencous solution is
established, the autoclave is moved to a vertical
position and samples are taken from the top and the
bottom to confirm proper mixing and the
concentration. Then, the pressure is lowered until
the solution becomes cloudy. Upon further lowering
the pressure, samples are taken to determine the
composition of the coexisting phases,

Materials

The experiments were performed with
anionically synthesised polystyrenes from BASF
(PS40: M,=37.800 g/mol, M,=42,700 g/mol,
PS100: M,=93,000 g/mol, M,=101,400 g/mol;
PS160: M,=147,900g/mol, M,=15%,600 g/mol}.
The solvent was cycylohexane — (Fluka,
purity>99.5%). The gas was carbon dioxide (Linde,
technical grade, purity>99.5%).

General Phase Behavier

Fig. 1 shows the general phase behavior of a
polymer solution with the two regions of liquid-
liquid phase separation at low temperature (UCST)
and high temperature (LCST). At constant polymer
concentration and for a given temperature the
cloud-point curve indicates the pressure which is
needed to form a homogencous mixture, At low

GV%Q':)




pressures a part of the solvent evaporates forming a
vapor phase. The corresponding VLE line is almost
identical with the vapor-pressure curve of the pure
solvent, The adding of a gas to the system shifts the
LCST curve to lower temperatures and higher
pressures whereas the UCST curve is not much
effected. At a certain gas content the LCST and the
UCST merge to form a single two-phase region (L-
UCST behavior). At this gas concentration the L-
UCST curve touches the VLE line,

LL

2as contents

v

v

T

Fig. 1 General phase behavior of a polymer solution with increasing
gas contents

Fig. 2 shows the experimentally determined phase
behavior for the system polystyrene/cyclohexane
fcarbon dioxide.

As it can be seen the LCST curve is dramatically
shifted to lower temperatures with about 40K per
5wt% gas added to the system. At the same time
higher pressures are needed to keep the gas in the
solution, At a gas content of 21.3 wit% the LCST
curve and the UCST curve merge.
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Fig. 2: Phase behavior of the PS100 - vyclohexane - carbon dioxide
system. Symbols are experimental data at different CO; contents as
indicated: 5% de Loos [2], 10.2% de Loos [2], 0% UCST curve
Saeki et al. [3], all other data this work.

The phase behavior becomes evident from the
ternary phase diagrams which were measured for
different pressures at a temperature of 170°C
(Fig.3). In pure polystyrene only about 4 wi%
carbon dioxide dissolve {4]. An increasing amount
of cycylohexane increases the solubility of the CO,.
On the other hand, an increasing amount of gas
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causes a liquid-liquid phase separation of the former
homogeneous polymer solution. Therefore, a three-
phase vapor-liquid-liquid area appears. While
lowering the pressure from 135 bar until 71.2 bar
the gas solubility in the liquid phases decreases and
the vapor-liquid region becomes larger. At the same
time the liquid-liquid region becomes smaller until
it disappears at a lower pressure,

Cydokexune

170°C, 135bar

Palystyrene Carban Diadde

170°C, 101bar

170°C, $8bar

170°C, 71.2bar

Y] 5 ]

Fig. 3: Temary phase diagrams for PS100-cyclohexane-carbon
dioxide at 170°C and different pressures. The carbon dioxide
solubility in pure polystyrene is interpolated using data from {4].
Full circles denote two-phase liquid-liquid coexistence data,
triangles denote three-phase VLLE separation,

Molecular-Weight Fractionation

Whereas the experiments described above were
carried out with a very narrow molecular-weight
distributed polystyrene now the effect of molecular-
weight fractionation is investigated. For this
purpose polystyrene was used which was a 50/50
mixture by weight of two monodisperse samples
PS40 and PS160. Experiments were catried out at
170°C and different pressures(Fig, 4). Starting from




a bidisperse feed solution the polystyrene-rich phase
confains most of the long chains whereas the
polystyrene-lean phase contains most of the short
chains at higher pressures, When further lowering
the pressure the polymer-lean phase is essentially
f{f& of long chains.

0.2

0.3

Fig. 4: Pressure vs. polymer-weight-fraction diagram for the LLE
region for polystyrene (mixture of PS40 and PS160) in the mixed
solvent cyclohexane+carbon dioxide at 170°C. Feed composition:
9.4 weight % PS (PS40 : P8160 = 1:1}, 13.4 weight% CO,, 77.2
weight% oyclohexane, Full circles denote coexisting polymer
concentrations, the BEC curves show the polymer distributions in
the coexisting phases (white area: PS160; black area: PS40).

Partitioning of additives

To investigate the scparation of a low-
molecular-weight component (additive) from a
polymer by gas-induced liquid-liquid demixing the
partitioning of a model substance (dioctyl phthalate
DOP) on the two liquid phases was determined.
Measurements were carried out for the system
polystyrene (9.6wi%) /cyclohexane (75.75 wi%)
fcarbon dioxide (14wit%) /DOP (0.65 wt) at a
temperature of 170°C and a pressure of 100bar.
Fig. 5 shows the concentrations in the two phases
and the SEC analysis of the solvent-free polymer
(including DOP). The DOP contents in the
polymer-rich phase was found to be significantly
fower than in the solvent-rich phase.
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Fig. 5: Partitioning of DOP (dioctyl phthalate) in the polystyrene-
eyclohexane-carbon dioxide system. Full circles denote the
composition of the two liquid phases. SEC diagrams show the DOP
contents in the solvent-free polymer.

Thus, the DOP contents in the solvent-fres polymer
could be decreased from 6.3 wi% in the feed to 2.2
wt% in the polymer-rich phase.

Conclusions

The influence of CO, on the phase equilibrium
in polystyrene/ cyclohexane was investigated. With
increasing gas contents the LCST curve was shifted
to lower pressures and merged with the UCST curve
at a CO, contents of about 21.3 wt%. The liquid-
liquid phase separation induced by the addition of
the gas results in an almost polymer-free solvent-
rich phase and a polymer-rich phase. Depending on
pressure and initial polymer concentration a
separation of the polymer by chain jength can be
accomplished. Especially, it is possible to cut-off the
short-chain end of the molecular-weight
distribution. Using the same effect, low-molecular-
weight components (additives) can be separated
from the polymer.
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The polymerization of ethylene in high pressure autoclaves is usually carried out in a single-phase. However,
under certain pressure and temperature conditions, a two phase-system can be formed. In the present study, a
comprehensive mathematical model is developed to describe the two-phase high pressure free-radical
polymerization of ethylene in an autoclave. The thermodynamic phase behaviour of the ethylene-polyethylene
mixture is calculated based on the Sako-Wu-Prausnitz equation of state, The effect of initiator and solvent
partition coefficients on the polymer molecular properties is investigated and model predictions are compared
with available experimental data. Although the present study is limited to a simple CSTR, the model can easily
be extended to more complex reactor configurations by means of a generalized compartment approach.

Introduction

The high pressure free-radical cthylene
polymerization is an industrial process of significant
economic importance. Two reactor technologies,
namely, tubular and autoclaves, are currently employed
in the production of low density polyethylene (LDPE).
High-pressure LDPE reactors typically operate at high
temperatires (150 - 330 °C) and pressures (1200 -
3500 atm). Under these conditions, the reaction
mixture behaves as a supercritical fluid.

An autoclave is a constantly mixed vessel made up
of two or more reaction zones in series, separated by
disks and stirred by a vertical stirrer shaft. Despite the
large specific power input to the reacting system (20 -
100 kW/m®) effected by high agitation rates, the zones
are not considered perfectly mixed due to the very fast
reaction kinetics. The polymerization of ethylene in
autoclaves is practically carried out in an adiabatic way.
Cooling of the reaction mixture is effected by the
introduction of cold monomer at several side-feed
points along the reactor. The reaction temperature in a
zone is controlled by manipulating the corresponding
initiator feed rate. Tt is important to point out that
cautious reactor control is required because the reactor
usually operates at an open-loop unstable steady-state.

The polymerization of ethylene in high pressure
autoclaves is usually carried out in a single-phase.
However, under certain reduced pressure and
temperature conditions, a two phase system is
formed. One phase, the polymer-rich phase,
contains primarity polyethylene and the other, the
monomer-rich, contains mainly ethylene. The
presence of a viscous polymer-rich phase increases
the probability of forming hot spots and can result
in runaway reactions {(¢.g., ecthylene and
polyethylene decomposition reactions). Thus, the
termination reaction in the polymer-rich phase can
become diffusion-controlied leading to an increase
of the ratio of propagation rate constant to the
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termination rate constant Ik/k, (gel-effect).
Nevertheless, in many cases, it is desirable to carry
out the polymerization in the two-phase region. It
has been reported that LDPE produced in a two-
phase system exhibits better film properties because
the polymer has a narrower MWD and a lower
degree of long chain branching (LCB). However, in
a two-phase system, the initiator consumption rate
is in general higher than that in a single phase
system. Phase separation in autoclave reactors is
usually achieved by lowering the pressure of the
reactor or by adding an inert gas such as N to the
reaction mixture which acts as an antisolvent.

To model the molecular and compositional
developments in an LDPE autoclave, a comprehensive
kinetic mechanism describing the free-madical
polymerization of ethylene is considered. Dynamic
mass, molecular species, macromolecular properties
and energy balance equations are derived for each
volume segment of the multizone autoclave reactor to
simulate the transient reactor behaviour. The method of
moments based on the statistical representation of the
number chain length distribution is employed to reduce
the infinite number of molecular species balances into a
low-order system of moment differential equations.

The paper is organized as follows: In section 2
some computational aspects concerning  the
thermodynamic phase equilibrium of the ethylene-
polyethylene mixture are presénted. In section 3 the
kinetic mechanism of the ethylene polymerization is
described and the reaction rate functions are derived for
a two-phase polymerization system. In section 4 the
effect of initiator partiion coefficient on model
responses is investigated and a comparison of model
predictions with available experimental data is carried
out.
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Thermodynamic Phase Equilibrinm Calculations

The phase behaviour of LDPE-ethylene mixture
is of great importance in any modeling study
involving a two-phase system. The polymerization
of ethylene in high pressure autoclaves is usually
carried out in a single-phase. However, if the
pressure and temperature are reduced, a two-phase
system is formed,

In this work the Sako-Wu-Prausnitz equation of
state [1] was employed to study the phase behaviour
of the ethylene-polyethylene mixture,

p_RI(V-b+bo) _ a
V(V-b)  V(V+b)

where a, b and ¢ are the parameters of the EOS. For
¢ = 1 the SWP equation reduces to the Soave-
Redlich-Kwong EOS. The third parameter ¢ extends
the applicability of the equation to system
containing large molecules. It should be emphasized
that SWP EOS is not a simple three-parameter EOS
because the third parameter ¢ has a strict physical
meaning, since the product 3¢ denotes the total
number of external degrees of freedom per
molecule,

It has been shown both experimentally and
theoretically that the phase behaviour of a polymer-
solvent mixture depends on the polymer’'s MWD. In
Figure 1, model predictions of the LDPE-Ethylene
clond point temperature are compared with
experimental data of Luft and Lindler [2] at 130 °C
for a polyethylene with M,=11000. As can be seen,
the model results are in good agreement with the
experimental data. Figure 2 depicts the molecuiar
weight distributions in the vapor and liquid phases
as well as the overall polymer MWD for a two-
phase system at 1500 bar. It is apparent that the
MWD of LDFE in the vapor phase contains the
lower molecular weight polymer fractions of the
overall MWD,

In the presence of solvent(s) or other inert
compounds the phase equilibrium behaviour of the
multi-component mixture can be very complex. In
such a case, one needs to know accurately the values
of the various interaction parameters, calculated
from phase equilibrium experimental data.
Unfortunately this kind of information is not always
available or/and cannot easily be obtained.
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Kinetics of Ethylene Polymerization

At high pressures and temperatures, ethylene will
undergo free-radical polymerization in the presence of
an initiator (e.g,, peroxide, oxygen, azo-compounds), A
general kinetic mechanism describing the free-radical
polymerization of ethylene in a high-pressure reactor
includes initiation and . propagaticn reactions,
termination by both combination and
disproportionation, molecular weight control by
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Figure 1: Model predictions and experimental
measurements of cloud point pressures for the
cthylene-LDPE system
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Figure 2: Model predictions of the liquid and
vapour MWDs for the ethylene-LDPE system

transfer to monomer and to CTA, long chain
branching (LCB) formation by transfer to polymer,
short chain branching (SCB) formation by
intramolecular transfer and double bond formation by
p-scission of tert- and sec- radicals.[3], [4], [5]:

Calculation of the rate functions for two-phase
system

For the modeling of a two-phase ethylene
polymerization reactor, the corresponding molar
specics rate functions in each phase have to be
known. The total polymerization rate will be given
by the sum of the respective polymerization rates in
the two phases. Te model the two-phase ethylene
polymerization the following assumptions are made:
() The two phases are in thermodynamic
equilibrium; (ii} The total reaction volume will be
given by the sum of the volumes of the two phases;
(iif) The concentrations of monomer, initiator(s),
solvent (and chain transfer agents) in the polymer
phase can be expressed in terms of the respective
partition cocfficients and concentrations of the
individual species in the monomer phase. The
termination reaction becomes diffusion-controlled
leading to an increase of the ratio (ky/ky).

To calculate the reaction rates of the various
molar species in each phase it is necessary to know
concentrations of respective species in each phase.




Using the SWP EOS one can calculate the weight
fraction of polyethylene in each phase at a given
temperature and pressure.

Let us assume that W,, W, and W, denote the
total mass of polymer, monomer and solvent,
respectively in a two-phase polymerization mixture.
The superscripts 1 and II denote the respective
pelymer and monomer phases. The polymer mass

fractions cp]I, and cpg will be given by:

1 u

ol = We W
PowWL W+ W wr+wl+w)
Assuming that the values of W,, Wy, and W, are
known (e.g., from the solution of the model mass
balances) and the values of ¢, and ¢, can be
obtained from an EOS, the mass fractions of

monomer and solvent in the two phases can be
calculated:
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Accordingly, the volumes of the two phases will be
given by the following equations:
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Finally, the initiator and solvent concentrations
in the two phases can be expressed in terms of the
respective partition coefficients:

K =0/ 5 K,=[8)/[5)" %)
The total polymerization rate will be equal to the
sum of the polymerization rates in the two phases.
[Total Rate of Polymerization | =

Polvmerization Rate in Phase I ] +
[Polymerization Rate in Phase Il | =

£V + 2V = I MR TV + MR VE (8)
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The total moment rate functions of the “live” and
“dead” polymer chain distributions as well as the rate
functions of all other species are derived in a similar
way.

Results and Discussion

In this section the effect of the initiator partition
coefficient, K; , on the polymer propertics is
investigated. It is assumed that the autoclave has a
volume of 1 m® and operates at a pressure of 1300
bar and of temperature of 250 °C. For simplicity,
the autoclave is represented by a single CSTR with
a mean residence time of 30 sec. The weight
fraction of the solvent (n-hexane) is assumed to be
7.5 % of the total feed stream. Furthermore, it is
assumed that the solvent partition coefficient is
equal to the partition coefficient of ethylene. The
ethylene distribution in the two phases is calculated
from the solution of the Sako-Wu-Prausnitz EOS.

In Figure 3 the total specific initiator
consumption rate is plotted with respect to the
initiator partition coefficient. As can be seen, the
total initiator consumption rate decreases as Ki
increases (e.g., the amount of initiator in the
polymer phase increases). In Figure 4 the variation
of the polymer polydispersity index is plotted with
respect to the partition coefficient, Ki As the
initiator concentration in the polymer phase
increases the polydispersity index increases. Finally,
Figure 5 depicts the effect of the solvent partition
coefficient on the weight average molecular weight,
Notice that an increase of the solvent partition
coefficient leads to a decrease of the weight average
molecular weight, in agreement with the frec-
radical kingtics theory.

In Figures 6-8 model predictions are compared
with reported experimental data [6] on the two-
phase high pressure ethylene polymerization in an
autoclave. The experimental reactor had a volume
of 0.9 It, and the ethylene feed rate was equal to 39
kg/hr. The experiments were carried out at a
constant pressure of 1200 bar and two different
temperatures (230 and 240 °C) in the presence of t-
butyl-peroxybenzoate. No solvent was used. Phase
separation was induced by the use of an inert gas
MNa).

In Figures 6-8, the effect of the % weight Nz in
the feed stream on the WAMW, polydispersity
index and LCB content is shown for two different
values of the initiator partition coefficient. The lines
(e.g., continuous and broken) represent model
predictions while the discrete points correspond to
experimental measurements. Despite the large
variability in the experimental measurements, the
model predictions follow satisfactorily the
experimental observations.
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Figure 3: Effect of initiator partition coefficient on
the specific initiator consumption
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Figure 4: Effect of initiator partition coefficient on
polydispersity index
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Figure 5: Effect of solvent partition coefficient on
weight average molecular weight

Constantin and Machon [6] showed that phase
separation occurs as soon as small amounts of
nitrogen are added to the reaction mixture. Under
these conditions (e.g., two-phase system),
polymerization of ethylene does not lead, as one can
expect, to the formation of high molecular weight
polvmer chains with increased long chain
branching. It is likely that a decrease in ethylene
concentration, due to the presence of nitrogen,
results in an increase of the radical concentration in
order to maintain a constant polymerization rate,
which, in turn, causes a decrease of the average
chain length, This is in agreement with the
observed [6] increase in the specific initiator
consumption rate (¢.g., g of initiator/Kg of LDPE)
with respect to the nitrogen concentration.

The present analysis represents a first attempt {o
simulate the two-phase ethylene free-radical
polymerization. Current efforts are focused on the
prediction of the MWDs in the two phases.
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Figure 7: Effect of % wt nitrogen in the feed stream
on polydispersity index
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Figure 8: Effect of % wt nitrogen in the feed stream
on long chain branching per 10° carbon atoms

Comparison of model predictions with experimental
data obtained for a two-phase LDPE autoclave is in

progress,
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Recently some promusing applications have been developed, where mass transfer in the polymer phase, by
support of a supercritical fluid, is of main importance: Some examples are: The dyeing of Polyester with
superctitical CQ,, membrane separations of gas/fluid mixtures and the treatment of polymers with supercritical
fluids to change their properties (generation of foams, extraction of impurities etc) [1]. In order to get a better
understanding of the behavior of glassy polymers in a supercritical CO, atmosphere, sorption of CO; in
Poly(Ethylene-Terephthalate) has been investigated. Some properties of PET, such as the glass transition
temperature and the polymer density, are changing due to the sorption of CO,. These properties were determimed
by measuring the equilibrium values of the sorption and swelling at temperatures from 40 to 120 °C and
pressures up to 300 bar. The experimental method, used in this work, is based on gravimetrical measurements of
the mass transport with a simultaneous cptical investigation of the swelling behavior on a single polymer sample.
Some kinetic data of the diffusion of CO; in the polymeric matrix were measured i order to determine diffusion
coefficients, The diffusion coefficients were caleulated by a classical diffusion model for cylindrical solids.
Finally, the behavior of PET in supercriical CO, was compared to the behavior of an other glassy polymer
(Polycarbonate),

temperature is determined by the change of the slope

Introduction in the swelling vs. temperature diagram. By
At atmosphertc conditions (20 °C and 1 bar) PET measuring the swelling and sorption, the density of
belongs to' the kind of polymers that are in 4 glassy the polymer can be investigated. To evaluate the
state. It is vsually hard, brittle and has 2 restricted mass transfer mechanisms it is important to know if
polymer chain mobility [2]. Mass transfer in a glassy there is no over-all volume change on mixing, i.¢. if

polymer is commonly described by the dual mode the increase i volume of the polymer sample is
sorption model. There are two populations of sorbed equal to the volume of the fiuid sorbed at vapour
molecules: 1) adsorbed in microvoids and 2) pressure existing in the experiment [7].

dissolved in the polymer matrix. This dual mobility
of the sorbed molecules is typical of glassy polymers

that are in a statc below the glass transition Experiments
temperature. At normal pressure the glass transition An experimental method [8] to measure mass
temperature (T} for PET varies between 70 and 110 transfer in solid materials at elevated temperatures

°C, depending on state and history of the polymer {40-120 °C) and elevated pressure (up to 350 bar)
sample [3]. History means especially the mechanical has been used to investigate the changing properties

and thermal “pre-treatment”. Additional to the of polymer sampiles. It is a combination of a
history dependency, there is an influence of the gravimetrical detemmination of mass transfer, from a
pressure on Tg, due to the quantity of absorbed gas: supercritical finid phase to a solid phase, within a
Tq decreases with increasing pressure [4]-[6]. Above high pressure autoclave and a simultaneous optical
the glass transition temperature, glassy polymers control. As shown in Figure 1 the apparatus consists

change their properties similar to those of rubbery of a high pressure version of a magnetic coupled
polymers [2]. PET in a supercritical CO; atmosphere balance, MSW (Rubothemm, Gemmany), connected to

at 100 to 120 °C and pressures around 300 bar isin a two view cells (Sitec, Switzerland). The first view
state well above the glass transition point. The rate cell, directly mowumted under the magnetic coupled
of diffusion is mmch less than that of relaxation, In balance, enables the determination of the change in
this case, mass transfer can be described by Fick’s volume of the solid sample, via a CCD camera, and
law of diffusion [2]. with the second view cell the concentration of the

solute in CO,, can be monitored via a VIS -
Above the glass transition ternperature, there 1s a photometer. The high pressure part of the apparatus
higher mcrease of the swelling with rising can be thermostated by a heating system to a
temperature,” due to the higher chain mobility in the constant temperature within +1K,

polymer [4]. Therefore the glass ransiton

59




Figure 1: Flow sheet of the sorption apparatus

A combination of sorpdon and swelling
measurements bas been used to mvestigate the
change of the polymer density. By placing a
cylindrical polymer sample mto the view cell, still
connected to the MSW, the swellmg could be
measured via a video camera: The two-dimensional
projection area of the rotationally symmetric sample
has been recorded, from which the vohmne is
calculated. Simultaneously, the change in weight of
the polymer sample has been recorded. For alt the
swelling and mass transfer experiments of PET in
this work, we used monofibers of about 1,3 mm in
diameter.

Results and Discussion

Swelling of the Polymer

In order to examine the swelling behavior of the
polymer in a supercritical CQO, atmosphere, the
thermal expansion of the material, the mechanical
compression under pressure and the swelling
through sorption need to be distinguished. Therefore
the change in volume at atmospheric pressure and
clevated temperatures was investigated first. The
mechanical compression under pressure  is
comparatively small, so it was considered to be
negligible. Finally the swelling by sorption could be
distinguished from the other effects. Experiments
were performed at 100 and 300 bar and different
temperatures. For these experiments, the polymer
samples have been prcheated to eliminate the
thermal expansion at atmospheric pressure. Figure 2
shows the measured volume changes for PET at both
conditions for temperatures from 40 to 120 °C. It
can be recognized, that the increase of the volume,
due to mass transfer, at 300 bar is higher than that at
atmospheric pressure. The increase of the slope
indicates the glass transition temperature Ty, above
which the swelling increases significantly. At
atmospheric pressure this change of the slope can be
determined at around 90 °C. At 300 bar, it can be
recognized that the glass transition temperature (Tg)
decreases to around 70 °C.
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Figure 2; Swelling behavior of PET and PC in CO,
at different conditions.

The swelling of PET in a high pressure CO,
atmosphere is compared to an other glassy polymer:
Polycatbonate (PC), shown in Figure 2. The
sweliing of PC reaches more than three tmes the
values of PET over the range of 40 to 120 °C, At
lower temperatures (40 to 60 °C), the swelling is
decreasing with increasing temperature, due to the
decreasing CO,-density, which results in a decrease
of sorbed CO,. Whereas at higher temperatures (70
to 120 °C) the swelling is increasing with imcreasing
terperature. In this temperature range, the positive
temperatare influence becomes dominant compared
to the density influemce. This results in a higher
sorption and swelling behavior of the polymer. The
glass transition temperabme for PC at 300 bar is
determined to be aroimd 70 °C. It has been observed,
that the swelling of both polymers is not totally
reversible: After depressurisation the volumes of the
samples do not totally retum to their original state.
This effect is also observed in the literature {2]. &
secms, that the exposwre of these materials to
penerants {such as CO.) can induce permanent
structural changes similar to those of mechanical and
thermal treatment,

Sorption of supercritical CO»

The sorption of supercritical CO, m PET was
measured at temperatures from 80 to 120 °C and
pressures from 50 to 350 bar.
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Figure 3: Sorption of CO; in PET




Results are shown in Figure 3. It can be recognized,
that at lower pressures up to 200 bar, the sorption
decreases with increasing temperature, whereas at
pressures above 200 bar the sorption increases with
mcreasing temperature,

Polymer density

The polymer density, calculated from sorption and
swelling experiments, decreases with increasing
pressure due to the increasing sorption of CO,
(Figure 4). The calculated partial density (p pcoz) of
the sorbed CO; in the polymer phase is higher
compared to the ambient density of the fluid {pcoz)
at pressure existing in the experiment,
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Figure 4; Change of the polymer density with
pIessare

Table 1 shows a sclection of calculated partial
densities compared to the ambient density of the
supercritical fluid.

P [barl/ T PPCl | pcos [kg/m’] | ppeos [kg/m]
300/ 120 586,0 885,9
300 / 100 662,1 11022
100/ 120 166,9 757,3
100/ 100 188.1 1020,1

Table 1: Calculated partial density of sorbed fluid
compared to ambient density of the fluid (CO,)

Diffusion coefficients

In order to study the sorption behavior of CO; in
the PET fiber, several experiments at different times
have been performed. From the sorption data the
diffusion. cocfficients have been calculated by a
classical diffusion model for cylindrical solids, as
described by Crank [7]. The diffusion coefficient has
been determined as constant, at a single temperature
and pressure combination, for all investigated times.
The diffusion coefficients for 100 and 120 °C and
various pressures, show a range from 3,5x10™ to
7,0x10"" [m%s] (Figure 5). They increase with
increasing temperature and pressure.
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Figure 5: Diffusion coefficient of CO, in PET
compared to Literature [2]

Summary

The cumment paper shows some basic investigations
on the behavior of glassy polymers in 4 supercritical
CO, atmosphere. The results lead to a basis to
various processes that are concemed in the treatment
of polymers with supercritical fluids, e.g. the dyeing
of polyester.
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Sorption phenomena of swelling sorbents like polymers cannot be measured adequately by either gravimetric or
volumetric methods, since the volume needed for buoyancy correction or dead space determination,
respectively, depends not only on pressure and temperature of the sorptive gas but also on the amount of gas
absorbed.

The oscillometric method proposed here allows to determine the inertia of mass by measuring the oscillating
motion of a disk filled with the sorbent. By combining this method with gravimetric or volumetric
measurements it is possible to determine simultaneously the change in volume of the disk’s filling and the
amount of gas absorbed in the sorbent. The sample can be either pulverous, pelletlike or of dense cylindrical
shape,

Combined oscillometric-gravimetric measurements have been carried out for the system polycarbonate/CO; in
the pressure range 0 <p <6 MPa at T =293 K. Sample data for the change in volume and the amount
absorbed determined from these measurements are presented and discussed to a certain extend.

Introduction Fig. 1. The disk’s outer ring can be filled with a
The classical methods to measure sorption polymer sample of mass m’ and specific bulk
phenomena in swelling sorbents like polymers, i.c. volume V. The sample can be of either pulverous,
gravimetric or volumetric measurements, require pelletlike or dense cylindrical shape. A stem is
an information about the pressure, temperature and attached to the disk for stabilization and a mirror
load dependent volume of the polymer sample for to reflect a laser beam to detect pendulum’s
buoyancy correction or dead space determination. motion.

The change in volume of a polymer due to sorption

of gas is usually determined by measuring the

change in length of a thin polymer film [1], thus

allowing only to determine 1-dimensional changes <t

of the polymer and requiring to manufacture a Rotational

polymer film. An _oppcal method. developed Pendulum #)  Microbalance _é)
recently allows on principle to determine changes -

in the cross-sectional area of a polymer drop [2], 5 o, |V Polymer [ r—=— |

requiring a liquid like state of the polymer, m® | V& |Sorbent

However, changes of the 3-dimensional drop o 0 ~ m

volume itself cannot be measured in this way. \% ® - E
In this paper a new oscillometric method is v.F

proposed to measure the inertia of mass by B

observing the oscillating motion of a disk filled

with the sorbent. The use of a rotational pendulum =N

leads to an additional information about the (3- S

dimensional) volume of the disk’s Afilling.

Combining this method with either gravimetric or Vacuum Pump

volumetric measurements allows to determine the

amount absorbed and the volume of the polymer Figure 1: Experimental setup for oscillometric-
sarople simultaneously. Sample data for the gravimetric measurements.

sorption and swelling behavior of the system

polycarbonate/CO, are presented. Observing the pendulum’s oscillating motion in

vacuurn and atmosphere, ie. determining the
angular frequency © and the logarithmic

Theory . .
The rotational pendulum basically consists of an decrement A of each damped harmonic oscillation,
oscillating disk suspended on a thin wire within a the moment of inertia of the disk can be calculated.

pressure vessel. A sketch of the setup is shown in
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Taking into account the fluid mechanical relations
holding for the flow induced by the disk’s motion,
the following relation between the parameters for
each measurement can be derived [3, 4]:

2
1+A% (_“i] -1

O = 1+AZE @ &
osc - AO“’O
Arawy

Here Ap and op, indicate the parameters of the
empty disk in vacoum. Ay, ©g correspond to the
loaded disk in vacuum and Ag, wp to the loaded
disk under atmosphere, ., is defined by the ratio

@

_ Mpse
Qa.s‘c TP
m

where m,,. is an effective mass accelerated in
addition to the sample mass m” and the mass of the
empty disk my.

This effective accelerated mass consists of the total
mass absorbed m, the mass of fluid not absorbed
within the disk’s filling m’ and an effective mass
Am' corresponding to the moment of inertia of the
boundary layer of fluid’s flow around the disk.
Relating these quantities to the mass of polymer
sample one gets the working equation of the
rotational pendulum [3, 4]

Qe =m+p (" -V)+p7 AV, 3)
where V" is the specific bulk volume of the disk’s
filling, V is the volume of the dense polymer
particle and AV an effective volume of the fluid
flow’s boundary layer which serves as a calibration
function for the pendulum.

Gravimetric or volumetric measurements deliver
the working equation:

Qgrav =m- fo (4)

Combining Eqns. (3) and (4) one can determine
the bulk volume of the disk’s filling, provided that
the calibration function AV of the pendulum is
known from measurements with inert materials,
e.g. glass beads [5]:

vt = plf(gm ~ Q) - AV (3)
Assuming the ratio b= V/V" = Vy/V',, determined
from the values Vo and V', respectively, in a
reference state (i.e. vacuum or standard
atmosphere), to be constant, one can determine the
specific volume of the loaded sorbent:
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V(p.T.my=b-¥" (p.T,m)- (6)

With this result the mass absorbed m can be
calculated from either oscillometric or gravimetric

measurements through Eqns, (3) or (4},
respectively. For gravimetric data one gets;
m=Q,, +p V(p,T,m)- Q)

Now, one has determined a complete data set
T, Vm), ie. a single point of the thermal
Equation of State of the loaded sorbent.

Apparatus and Materials

A schematic diagram of the experimental
installation for simultaneous oscillometric-
gravimetric measurements is given in Fig. 1. It
consists of a microbalance (type 4104 S, Sartorius,
Géttingen, Germany) and a rotational pendulum
developed in our laboratory {3]. These elements are
connected by proper tubing and complemented by
auxiliary equipment like gas circulator, vacuum
pump, thermostat, thermocouples, manometers,
valves etc..

The rotational pendulum consists of the oscillating
disk systemz and a surrounding pressure vessel
withstanding pressures up to 10 MPa. Both parts of
the installation are thermostated by means of a
water bath allowing a temperature range of
293K<T<353K [5].

Determination of angular frequency (®) and
logarithmic decrement (A) of penduluim’s motion is
based on an optical system. A laser beam is
reflected by the mirror attached to the stem of the
oscillating system. Thus, pendulum’s motion is
imaged in a plane where the times (f) of the
reflected laser beam passing through two
photodetectors are recorded. The motion’s
parameters are then determined by fitting the
parameters of a damped harmonic oscillation to the
measured times (f). Details of this procedure,
which is also well known from oscillating disk
viscometers, are described elsewhere [3, 5].
Temperatures within pendulum’s pressure vessel
were measured with a platinum resistance
thermometer with an uncertainty of 01K,
Pressures were measured with a strain gauge
(pressure range < 6,9 MPa) obtained from burster
prizisionsmesstechnik (Gernsbach, Germany) with
a relative uncertainty of £0.1%.

Polycarbonate pellets of approx. 3 mm in diameter
where obtained from the department of chemical
engineering of the Technical University of Berlin,
Germany (Prof. Arlt).

Carbon dioxide (purity 99.995%) was obtained
from Messer Griesheim (Krefeld, Germany),




Experimental

Simultancous oscillometric-gravimetric measure-
ments were carried out for the system
polycarbonate / CO; at 293 K in the pressure range
0<p<6 MPa. The pendulum’s disk was filled
with 97.5 g of polycarbonate sample. The mass of
sample in the microbalance was 2.67 g.

After evacuating the system to p <0.1 Pa for 48 h,
CO, was added to the apparatus in steps of approx.
1 MPa. Since, after increasing the pressure, even
after 4 days no equilibrium was reached, every data
point was taken after a time period of 48 h.

Results

In Fig. 2 the swelling isotherm of the system
polycarbonate/CO; at 293 K calculated from ¢q. (6)
is shown. While the oscillometric signal Q. rises
steadily, the gravimetric result (g, is strongly
curved and even becomes negative at higher
pressures.

Polycarbonate / COp, T= 293 K
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Figure 2: Swelling isotherm of polycarbonate/CO,
at293 K.

The swelling isotherm shows two lincar branches.
At lower pressures up to 3.5 MPa the volume (V)
shows a slight increase with load. At higher
pressures (p >4 MPa) a larger slope of the
swelling isotherm is observed, indicating a glass
transition at this pressure. However, in interpreting
the data in Fig. 2, it should be taken into account
that they do not refer to equilibria states in strict
sense but to quasi equilibrium attained after 48 h.
Fig. 3 shows the sorption isotherm of the system
polycarbonate/CO, at 293K calculated from
eq. (7).

Additional measurements for different systems are
underway in our laboratory and will be reported in
due time.
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Figure 3: Sorption isotherm of polycarbonate/CO;
at293 K.
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‘Light Scattering Investigations of Polydimethylsiloxane in sc-CO
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An optical high-pressure~cell was constructed for the investigation of the angular dependence of scattered light
at different temperatures and pressures. With this set-up it is possible to either analyze the scattered light by
photon correlation spectroscopy and obtain dynamic properties like hydrodynamic radii, or by the angular
dependence of the total intensity to study static properties e.g. radii of gyration. Some preliminary results of
polydimethylsiloxane dissolved in supercritical carbondioxide are presented.

Introduction

Supercritical Fluids (scf’s) are of increasing
importance in science and technology caused by
the fact that their physical properties can be
adjusted by variation of pressure and temperature.
Supercritical carbondioxide (sc-CQy) is on the one

hand of special interest because of its
environmentally and  biologically  benign
nature[1,2] on the other hand because of the

moderate critical parameters of T.=31.1°C and
=73.8 bar.

Se-CO, is due to its non-existing permanent
dipole moment and the very low polarizability a
very poor solvent. Based on this most of the
polymers are insoluble except of some fluorinated
polymers and polydimethylsiloxane (PDMS)[3].
About thermodynamic quantities of polymers in sc-
CO; is not much known[4].

By light scattering techniques it is possible to
investigate the hydrodynamic and thermodynamic
properties of binary systems in dependence of
composition, pressure and temperature[5,6]. Thus
the application of light scattering techniques to
these supercritical solutions are very desirable.

Theory and Data treatment

Static light scattering (SLS) is a fundamental
method to determine the molecular weight, radius
of gyration and the second osmotic virial coefficent
of the solvent. By this technique the total intensity
of the scattered light is measured in dependence of
the scattering vector q and the concentration of the
polymer,

In photon comelation spectroscopy (PCS) the
time dependence of the scattered light is
investigated by computing the intensity
autocorrelation function g®(t)[5]. From this the
field autocorrelation function g’(t) has to be
calculated by the Siegeri-relation:

(AN 1

g(l>(t) = §(ft_) ()

where £ is a factor which is due to the coherence of
the scattered light. The autocorrelation fanction of
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a monodisperse sample in solution results in a
simple exponential decay in our time-window.

g(l) (t) = exp{%} )

In many cases polymer samples show a
distribution in their molecular weight. Such
polydisperse samples can be described by a
Kohlrausch-Williams-Watts-function.

g = exp{— [ﬁ—] Bm} 3)

The ensemble averaged value of the time (1) is

given by;
1 1
T)= I"( )‘c 4)
) Prww \Prww
The correlation time (z) corresponds to the
diffusion coefficient D by:
1
D=— (5)
(v
where
q= 4”;" sin($ /2) 6)

the scattering vector is with 9 the angle between
the incident and the scattered beam, A the
wavelength and n the refractive index of the
solution. The hydrodynamic radius ry is given by
the Einstein-Stokes relation:
. ™
6nnD
with k the Boltzmann-constant, T the absolute
temperature and v the viscosity.

Materials

PDMS has been synthesized by amionic
polymerization and characterized by GPC. The
number averaged molecular weight M, is 113
kg/mol with a dispersity index of 1.21. This
sample has been coded PDMS113. CO; (Linde,
Germany) grade 4.5) was used without further
purification.




Experimental
The complete set-up is illustrated in Fig. 1.

Polarizer HP-cell
Lehs /

e
Laser e \gs Beam-stop

Pinhole \
Analyzer
Singte-mode

Corretator Fiber

Detector

Fig, 1:Sketch of the complete light scattering set-
up.

A frequency doubled Nd:YAG-Laser (Adlas,
Germany) was used at a wavelength of 532 nm.
The beam is collimated by two lenses and finally
polarized. The scattered light is focused in an
optical fiber and detected by a single photon
detector (8O-SIPD, ALYV, Langen, Germany) and
analyzed by a correlator (ALV 5000/, ALV,
Langen, Germany). The polarization of the
scattered light is due to different properties of the
dissolved molecules. For the here introduced
measurement both polarizers have been parallel,
vertically to the table plane (VV-geometry) to
investigate the translational diffusion.

The optical fiber with ist focusing lens is
mounted on a goniometer stage to collect light at
different angles S,

High pressure light scattering cell

Qur high pressure light scattering set-up is
equipped with special features which are optimized
for investigations of polymers in sc-CO,. A vertical
cross section of our cell is shown in Fig. 2.

The range of $ is given by the channels through
the steel body from 0° to 180°. The window is
cylindrical quartz, Fused quartz shows no
anisotropic features like birefringence or pressure-
induced birefringence, The maximum temperature
is 120°C and maximum pressure in the experiment
is 50 MPa where the steel body is constructed for
100 MPa. The temperature is controlled by a
home-made controller which keeps the temperature
constant within 10,2 K.
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Fig. 2; Vertical cross section of the High-pressure
cell. 1, 8, 13= GY%-connector, 2= MI10
screw, 3=14701 steel-body, 4, 9=0O-ring,
5, 12=heater, 6=inlet valve, 7=outlet
valve, 10=cylindrical window, 11=channel
for scattered light

Liguid CO, is pressurized by a programmable
HPLC-pump(Jasco, 880-HP, USA), The solution
inside is stirred by a magnetic stick stirrer from
outside.

Results and Discussion
Fig.1 shows the PCS measurements of PDMS
113 in s¢-COs.

1.0

0.8

0.64

0.4+

normalized g=(f)-1

0.2+

0.0

log,, (t/s)

Fig. 1:Angular dependence of the correlation
function of PDMS 113 in sc-CO;
measured at 40,3 MPa and 316,15 K. The
inset shows 1/(t) vs. ¢*.

The calculated radii and diffusion coefficents are
summarized in Tab. 1.




Tab. 1: Summary of the PCS-data and evaluated
quantities of PDMS113 in sc-CO; at 40.3
MPa and 316.15 K

Angel  Correlation  Diffusion Radius
8/° time coefficient 1y /nm
{t) /s D/ m3%!

25 8,46 x 10°  3,03x 107° 7,0
35 542x10° 244 x 10" 8.7
45 341x10°  239x10"° 8,9
55 224x10°  2,51x10™%° 8,5
65 1,61x10° 2,59 x 107° 8,2
75 1,30 x 10% 2,50 x 107° 8,5
90 1,00 x 10°  2,39x 107¢ 8,9
115 794x10° 2,12x10" 10,0
125 7,7%6x10° 1,97 x 101 10,1
135  701x10° 200x10'° 106

Haug et al, [7] as well as Mark [8] have published
the following relation of the molecular weight
dependency of the radius of gyration ro, in the ©-

state:
Ip, /MM= 0,027-JM,, / gmol™

which results for PDMS113 in 1o = 9.1 nm.

The found hydrodynamic radius ry for the
PDMS113 is in good agreement with the calculated
re, for @-conditions, but a bit smaller. This can be
interpreted by a solvent effect. A smaller radius is
obtained by a bad solvent with a negative second
osmotic virial coefficient. This would indicate that
under these conditions sc-CO, is not a good solvent
for PDMS. The same result was found in a neutron
scattering experiment by Melnichenko et al.[9].

®

Conclusions

The constructed cell and our set-up is suitable to
investigate polymers in s¢c-CO,. From the angle
dependency of the carried out PCS measurements
we obtained the diffusion coefficient and the
hydrodynamic radius of PDMS in sc-CO,. These
values are a bit smaller but in good agreement to
data from literature which have been obtain in
conventiona! solvents in the ©-state. This would
indicate that sc-CQO, under this conditions is still a
bad solvent for PDMS.

On the other hand SLS investigations have to be
carried out as well to get the radius of gyration and
the thermodynamic properties like the pressure and
temperature dependency of the second osmotic
virial coefficient of sc-CO; to PDMS which is
sensitive quantity of the solvent quality.

69

References

1, T. Kaiser, Science , 1996, 274, 2013

2. H. Black, Environ. Sci. Technol., 1996, 30,
125A

3. E. Buhler, A.V. Dobrynin, J.M. DeSimone,
M.Rubinstein, Macromol., 1998, 31, 7347

4, F, Rindfleisch, T.P. DiNoia, M.A. McHugh,
J. Phys. Chem., 1996, 100, 15581

5. B.J. Beme, R. Pecora,””Dynamic Light
Scattering’’, Wiley, New York, 1976

6. M.D. Lechner, Ber. Bunsenges. Physik.
Chem., 1977, 81, 992

7. A. Haug, G. Meyerhoff, Makromol. Chem.,
1962, 53, 91

8. 1.E, Mark, 'Physical Properties of Polymers

Handbook’®, AIP Press, Woodbury, New

York, 1996

Y. Melnichenko, E. Kiran, G.D. Wignall,

H.D. Heath, S.Salaniwal, HD. Cochran, M.

Stamm, submitted fo Science

o



70




DRAGER TESCOM g

PraZL%Oﬁlaben die Losun,

Durch die R5-485 Schnittstelle kann mittels PC oder
Userinterfaces auf die Regler zugegriffen werden,

ER 3000

Netzweork mit his
zu 32 Reglern

Rirckfihrung
pneum. Hilfsenergie

Mefiumformer
b

71




72




Materials

73



74




GVC-Fachausschuf , High Pressure Chemicel Engineering®, March 3-5, Karlsruhe, Germany, 1959

High Pressure Surface Plasmon- and Optical Waveguide Spectroscopy
( Pressure Dependence of Thickness and Refractive Index of Thin PMMA-Films)
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Total internal reflection (TIR) and attenuated total reflection (ATR) measurements in the Kretschmann
configuration have been performed at 25 °C with PMMA-film (of ca. 2.5 um thickness) spincoated on top of a
50 nm thick gold layer, as a function of applied hydrostatic pressure, ranging from p = 1-10° to 1050-10° Pa.
The analysis of guided optical modes allows for the separate determination of the refractive index # and the
thickness ¢ of polymer films as a function of pressure. The pressure media in contact with the PMMA-films
were water, ethanol and methanol. Thermodynamic theories for the density of solids and fluids in combination
with the Lorentz-Lorenz-equation for their optical properties fit the experimental data quite well,

Introduction

Surface plasmon spectroscopy (SPS) or waveguide
spectroscopy are optical methods to analyse thin
12 and thick 2 polymer films, The variation of
temperature is standard to investigate e.g. the glass
transition temperature 7 of ultrathin layers A
Pressure technique are not combined with SPS so
far. To our knowledge, the used set-up is the first
one, that offers the possibility to study the
thickness ¢ and the refractive index » of polymer
films at diffcrent pressures and temperatures.
Additionally, we can measure the refractive index
of any liquid (pressure medium) at pressures up to
1050-10° Pa.

Experimental

A thin (gold) metal layer is evaporated onto
sapphire slide. Plasmon surface polaritons (or
surface plasmons for short) are resonantly excited
by the p-polarized light of a laser coupled via a
prism in our set-up at an angle of incidence which
corresponds to the energy- and momentum-
matching conditions between the photon and the
surface plasmon.>>” The coupling prism was
positioned on top of the sapphire window in the
cylindrical high pressure cell (Fig. 1). As window
material two sapphire are used. The optical axis is
chosen in such a way as to avoid birefringence
effects under applied pressure. Gold wire rings are
used as sealing between the steel cell and the
sapphire windows.

The sapphire prism (with the same orientation of
its optical axis as that of the windows) was index-
matched to the thin sapphire windows using a
suitable index fluid. A small slit in the top cover of
the cell allows for the coupling of the HeNe laser
beam (A=633nm) to the prism and after reflection
fall onto the detector. All measurements were
performed at a constant temperature, controlled by
a thermostat.
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For TIR measurements the sapphire window was in
direct contact to the pressure medium, e.g., water,
methanol, or ethanol, For the ATR investigations a
50 nm thick gold layer was evaporated directly
onto one side of the 2.5 mm thick sapphire window
in a vacuum chamber. Poly(methyl methacrylate)
(PMMA) of molar mass M,=150,000 g/mol was
obtained from Fluka and used without further
purification. The polymer was first dissolved in
purified  diethyleneglycoldimethylether at a
concentration of 15-18 wt %. The solution was
filtered two times. Polymer films were prepared by
spincoating on top of the gold layer. Subseguently,
all samples were dried for 12 h at 7 = 90 °C and
heated up to T = 130 °C for several minutes in
vacuum, By this treatment of the film at a
temperature above the glass transition temperature
Tg anisotropy effects due to the spin coating
processes should be minimized.

Theory
In order to quantitatively analyse the experimental
data a theoretical model will be presented that




characterizes the behavior of the polymer films
under hydrostatic pressure. This is achieved by
combining standard equations of optics > and
thermodynamics ™2 in order to describe the
dependencies of # and 4 of a polymer film on
pressure. The Clausius-Mossotti equation describes
the dielectric constant £ as a function of materials
parameters. ¥; Clausius-Mossotti equation:

-1 a'N,
£+2 3M

p )

with &’ = o/(4xgy) the polarizability volume, g =
8.854.107 C*(Jm) the dielectric constant in
vacuum, A the molar mass, p the density, and Ny
Avogadro’s number. With & = n’ we obtain:
[Lorentz-Lorenz equation)

Ry = [ - D+ 2D(vy) @

with Ry, = (d#3). "N, the so called Lorentz-
Lorenz-constant, and u,(p,T)= I/p the specific
volume depending on temperature 7" and pressure
j2

Alternative expressions to the Lorentz-Lorenz-
equations have been introduced by Eykman or
Gladstone and Dale, respectively *.

Rep = (p-1)-u;,= const 3)
Re = (7*-1)/(n-0.4) -v= const 4)

The pressure and temperature dependence of Ry,
(and likewise of Rz, and Rgp ) are neglected in
these simple theoretical approaches. Values for
Ug(p,T) can be found in the literature or estimated
with Tait’s eguation. The specific volume (the
volume in general) changes with a variation in
temperature or pressure according to:

Ul T.p) = Us,” [1 + ar- &y (5)

with v, the specific volume at standard conditions
(po = 1.013.10° Pa, T, = 25°C), ar the thermal
expansion, and %, the compression of a material.
The simplest approximation for a7 and %, is a
linear behavior, respectively:

ar = (1/vg") (Buy/8THT - Tol = ar-[T- T
kp = (”Uspoj'(ausplap)'lp ‘PO] = KO'LD 'Po]-

oy is the thermal expansion coefficient and & is
the bulk compressibility at standard conditions
(p~1.013-10° Pa, 7,=25°C ), respectively.

The bulk compressibility x, (necessary to calculate
k,) is given by the volume change .
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The volume change is connected to the {measured)
change in film thickness according to !;

e (2]

0l V° d, d,

()

V is the total volume, o is the film thickness,Vy is
the volume and 4, the film thickness at standard
conditions, respectively.

A more general approach, which is due to Tait
B considers deviations from this linear
behavior. The compression is no longer linear in p,
and depends on 7, too. This leads to Tait’s
equation:

e _ %BO )
KD+p

B(D) is a temperature depending parameter, as
shown in the literature 32412,
The solution of this differential equation is:

_ 1 BDH+P 8
k, =, B(T) m[ B(T)HJ ®)

Introducing a power series according to Yamashita
12 and inserting Eq. (8) into Eq. (5) leads to:

_ L0l ) P 9
u,p(p,T)-u,p{l x,B(T) 1n[1+B(T)]} )

The combination of Eq. (9) and the Lorentz-
Lorenz-equation, Eq. (2), then gives the
dependence of the refractive index n as a function
of pressure and temperature:

{08 (1-k)+2Ry

T) = (10)
"D =Tk Ry,

Results and Discussion

The measured reflectivity scans were compared
with calculations for & model layer system by using
the transfer matrix algorithm, based upon Fresnel’s
equations ’. The variables in Fresnel’s equations
arc the layer thickness and the dielectric constants
of the materials. These parameters are varied until
the measured reflectivity scans are fit by the
simulated ones as good as possible, Firstly, we
considered the pressure medium itself. Next, we
checked the pressure dependence of the gold layer
by modeling the surface plasmon resonance curve,
Finally, we measured and modeled polymer films
spincoated onto the Au layer.




Pressure Medium

Firstly, we recorded reflectivity scans of the system
sapphire/water (alternatively sapphire/methanol
and sapphire/ethanol) at several pressure values.
One set of scans is shown in Fig. 2. The angular
position of the edge for the total internal reflection
(B, in the scans shown in Fig. 2, gives the ratio
between the refractive indices of water and
sapphire ¥, respectively: .

System: sopohitaivwater
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Here, 8, is the angle of total internal reflection
within the prism, varying with the applied
pressure, n{H,0O) and n(sapphire) are the refractive
indices of water and sapphire, respectively,

The sapphire window was always mounted with
the same constant torque so that any mechanically
induced change in n(sapphire) could be neglected.
This set up then enabled us to measure refractive
indices of fluids as a function of the applied
pressure, with an accuracy of An=+0.003. This was
demonstrated for water, ethanol and methanol for a
pressure range from p = 1.10° to 1050-10° Pa, as
shown in Fig. 3.
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The measured data are compared with the
theoretical prediction of Eq. (3). The constant Ry,
(Ru, = 0.2063 om®/g for water; Ry, = 0.2810 cm’/g
for ethanol, Ry = 0.2191 cm’/g for methanol at 7
= 25°C, A=633 nm) we take from the
literature'®'?.

Measurements of the refractive index of fluids
versus pressure have been reported many times
before '%'¥ with different methods. Our results
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are in good agreement with those basic
experiments and with theoretical predictions given
in those papers. We, too, find no significant
difference in using the equations from Lorentz-
Lorenz, Gladstone-Dale or Eykman for pressure
values p < 1050-10° Pa.

Gold Layer

The next step was to look at a pure gold layer
under pressure (in this case water was the pressure
medium). The measured reflectivity scans showed
a shift in the resonance angle to higher values with
an increase in pressure. This shift of these curves,
however, can be completely modeled by changing
n(H;0) only. Therefore, this effect is attributed to
an increase of the pressure medium density and
therefore to an increase of n(H,0) according to the
Lorentz-Lorenz Eq. (2). The gold layer is stable
and remains unchanged in its optical properties in
aqueous environments up to pressures of p =
1050-10° Pa.
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PMMA Films

Finally, polymer films and their optical and
mechanical behavior under pressure were studied.
Since the density of bulk PMMA is well known as
a function of pressure 2°2%?) we started our
experiments with thick films (4 ~ 2.5 pm)
assuming that these films behave like bulk
material, Therefore, the theoretical approach
derived in Eq. (4)-(10) can be used. The knowledge
of the specific volume as a function of pressure
(and temperature) then enables us to calculate the
refractive index of PMMA as a function of pressure

with Eq. (10).
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Fig. 5 shows reflectivity scans for such a thick
PMMA film at 6 different pressure values, as
indicated. Two contributions to the pressure
induced shift of the guided modes have to be
considered. The first is the increase of n{H,O) with
the increase in p, as discussed above. The second is
a density change in the PMMA film itself. Each
scan (at a given pressure) ailows then for the
determination of a pair of data, one for the
thickness and one for the refractive index value of
the layer (n,d), provided n(f1,0) was determined
before as shown in Fig. 3.

Simulations of the waveguide mode spectra were
performed using the transfer matrix algorithm, as
mentioned above. The modeled thickness d(p) and
refractive index n{p) of the polymer film thus
obtained are shown in Figs. 6 and 7, respectively.
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The linear approximation for the thickness
decrease as a function of pressure , is valid for
pressure values of p < 800 10° Pa *. For higher
pressures, only Tait’s equation describes the data
with sufficient accuracy.

From the data, we can caiculate the PMMA bulk
compressibility as: xy = 277-10"% /Pa, which is in
good agreement with literature data of xp = 245.10°
12 /pa %Y. The parameter B(T), was determined to
B(T=25°C) = 4724 10° Pa. _
Using Eq. (10) we then can calculate the refractive
index of PMMA as a function of pressure, shown
as the solid line in Fig. 7. For R, we used a value
of 0320 cm’g ** In the pressure range
investigated, omce again we found that the
empirical equations from Eykman or Gladstone
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and Dale are as good as the Lorentz-Lorenz-
equation .

Conclusions

We built an experimental set-up for surface
plasmon and waveguide spectroscopies and
demonstrated its capability to measure the
refractive index of fluids and thin dieclectric films
under hydrostatic pressure conditions, We chose a
simple and  well-known  system  (gold/
PMMA/water) to test our apparatus and compare
our results with previous measurements with other
techniques on bulk samples '*2,

In a first set of experiments we determined the
pressure dependence of the refractive indices for
water, methanol, and ethanol. The results were in
quantitative agreement with literature values and
could be equally well described (within the
experimentally accessible pressure range) by the
theorics given by Lorentz-Lorenz, Eykman, and
Gladstone-Dale. For a PMMA-film of ca. 2.5 pm
thickness, bulk behavior was confirmed up to
pressure values of p=1050.10° Pa with a
quantitative description of the thickness given by
Tait's equation, The pressure dependence of the
refractive index was again equally well described
by Lorentz-Lorenz, Eykman, or Gladstone-Dale
formulas.
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1 Introduction

After the experiments by M. Modell and 8. Amin'to

convert carbohydrates in supercritical water at the

Massachusetts Institute of Technology [1] in the

mid 1970’5 the potential of the supercritical water

oxidation process was recognised, and a very active

chemical and engineering R & D began in the
eighties especially at National Laboratories and

Universities in the US. At this time the subcritical

Wet Air Oxidation (WAQ) has already been  suc-

cessfully used but the new process promised sig-

nificant advantages [2]:

s higher oxidation efficiency by higher reaction
temperature and density,

e very much lower residence time caused in part
by the one-phase mixture of reactants which
avoids interfacial transport inhibitions leading
to much more compact reactors, and

e to meet the release standards in one process
step for the gaseous and aqueous effluents
without additional process steps as needed for
the WAOQ.

From the engineering point of view two additional

challenges emerged under supercritical operating

conditions:

s more strength corrosion of reactor and heat
exchanger construction materials, and

¢ drastically decreased solubility of salts result-
ing in precipitations within reactor and feed
preheater causing fouling and even the possi-

bility of plugging.

Figure 1 shows a simplified engineering diagram of
the process containing the main components.
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Fig. I: Simplified SCWO process diagram, {3]

It includes the preheater for efficient recovery of
heat from the reactor effluent indispensable for
commercial (civil) use regarding the competitive-
ness with traditional waste treatment (incineration,
landfill storage etc.).

To achieve the desired conversion efficiency of 98
% (for some hazardons wastes much higher) tem-
peratures of 500 to 600 °C at pressures between 25
to 35 MPa (economic compromise) and a reactor
residence time of up to one minute are used. Essen-
tially three reactor concepts (Figure 2) were devel-
oped and studied: tubular reactor [4,5], tank reactor
with the reaction zone in the upper part and a cool
zone in the lower part of the tank to dissolve the
salts [6]) and the “transpiring wall reactor” with an
inner porous pipe which is rinsed with subcritical
water to prevent salt deposits at the wall [7].
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Fig. 2: Reactor concepls

A fourth concept also shown in Figure 2 is the
hydrothermal burner which cools the wall by coax-
ial introduction of high amounts of water [8]. As




oxidants mainly air, oxygen and hydrogen peroxide
were tested. Mostly, Ni based alloys were used as
reactor construction material,

Besides the investigations of numerous model com-
pounds real wastes from chemical, pharmaceutical
and food industry, municipal sewage, military and
nuclear waste simulates were tested in bench and
pilot scale plants [9].

2 R&D Basis

The physico-chemical fundament of the Supercriti-
cal Water Oxidation Process is based to an impor-
tant part on the work started in the fifties by E. U.
Franck and his collaborators [10,11,12]. Much
experimental work to determine the destruction
efficiencies and kinetic data for the oxidation of
organic and inorganic model compounds under
SCWO conditions was performed since the 80°s,
Examples are listed below (table 1).

These data allow conversions of more than 99 %
under typical supercritical conditions in less than 1
minute residence time. It was seen very fast that the
»oxidation chemistry is not a the problem for this
process.

Table 1: Destruction efficiencies (D.E) for the
oxidation of selected compounds {13}

Compound DE. /%
2,4-Dinitrotoluene 83-99
Acetic Acid <999
Ammonia 20,3-99.99
Aniline 19,9
Carbon monoxide

Cyanide 86,1
Dichloromethane 97.6-100
Ethanol 99.03-99 997
Formic Acid 92,8-93,3
Hexachlorocylohexane 99
Hydrogen 22.8-99.9
Methane

Phenol 85-99,993
PVC 100
Pyridine 4-99.99
Thiophene 44,9
Toluene 97-99,999
Trichlorethylen 09,9999 999
1,1,1-Trichloroethan 10-99,4

Even the oxidation of dioxines with high destruc-
tion efficiencies is documented in [14]. The partly
de novo formation of dioxins is supressed at suffi-
cient high temperatures [15].

The analysis of the effluents indicates a bottle neck
for the destruction of only some small (and harm-
less) organics like acetic acid. Besides these some
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other, notoriously bad to oxdise compounds are:
pytidine, urea, ammonia, acetonitril, aniline.
It can be seen that in general the oxidation chemi-
stry is working very well. Studies with respect to
the efficiency of the oxidants like air, O,, H:O,,
KMnQ,, KMnOQ.+ Q; are described in [16].

The global kinetic data were complemented by
modeling the kinetics with elementary reaction
pathways [17,18] adapting free radical mechanisms
to SCWQ conditions.

Tab. 2: Destruction efficiencies (D.E.) for the oxi-
dation of halogenated aromatic compounds [13]

Compound D.E./%
2.4-Dichlorobenzene 997
2.4,6-Trichlorophenol 99,995
Tetrabromobisphenol A 99
3-Chlorobiphenyt 99.99
2-Chlorophenol 99.0
4-Chlorophenol 99,99
PCB 99-99 999
PCB 99,9999
PCB 99.99
Pentachlorophenol 99,99
Dioxines 99,99939

In order to demonstrate the high potential of SCWO
as an end of pipe process many real waste waters
were treated in bench sclae and pilot plants with
very high destruction efficiencies. Table 3 shows
some applications.

Table 3: Destruction efficiencies (D.E) of real
waste effluents treated with SCWO 137

Waste D.E./%
Activated sludge 50-99,8
Brewery effluents bis > 99,99
Electronic scrub >99.9
Hanford waste >99.9
Sewage sludge 85-99 4
Municipal sludge > 99,99
Navy hazardous wastes 95-99, 92
Paper mill effluents 81,37-99,98
Percolate 96,5-99 8
Chemical & pharmaceutical <99,997
industry

Chemistry 85-99,99
Polymers 99,95-99,92
Rocky Flats >999

Some of these applications are covered by lab- and
bench-scale experiments carried out at FZK
[19,20]. Results for SCWO of real waste effluents
at 260 bar are put together in table 4.



Tab. 4: Results with industrial wastes in the bench

for SCWO amount only to one third of the incin-

scale plant af FZK eration costs in the US,
Waste | Feed-TOC | Conv. | Temp. | Solids Tab. 5. Cost estimations by EWT [24]
water ppim Yo °C
1.000 26 450 - Raw Flow Rate 0,3 t/h
Pharma 7.000 83 410 - Organic Conc. 35 %
20.000 97 550 . Plant Flow 0,9 th
. 23.000 99 99 550 . Organic Conc, as nun 10 %
Chemistry 4.500 99,98 550 . Unit costs 2114744 %
2.000 98 450 + Qperating Costs 313 000 $/year
Paper 2,000 99 300 + Credits 34 000 $/year
11,000 97 300 + Net Operating Costs 313 000 $/year
Sewage 1.000 85 500 + Operating Cost
Works 630 98 550 + 365 diyr 110 $/t raw waste
5.400 99,8 550 ++ 250 diyr 160 $/t raw waste
Capital Recovery Cost
Extensive investigations were performed concer- 10 yr life, i=8 % 120 $/t raw waste
ning the corrosion behavior of different metals, Total Treatment Cost
alloys and ceramics up to high pressures and high 365 dfiyr 230 $/t rtaw waste
temperatures by the group of Latanision {21] and 250 diyr 280 $/t raw waste
Boukis [22] who will present recent results on this Total Treatment Cost
conference. 250 d/yr,waste: 50 % C 1600 $/t C

3 Current Status of SCWO

United States:

The only commercial plant for civil waste treatment
is operated in Texas since 1994 by the Huntsman
Corporation [4]. The plant is designed and con-
structed by ECO Waste Technology (EWT) sup-
ported by the comprehensive development work
done at the University of Texas [23]. Figure 1
shows a scheme of the process. The tubular reactor
made of a non specified incolloy has a length of
200 m and works at temperatures between 540 and
600 °C at 250 to 280 bar. The nominal throughput
amounts to 1100 kg/h. The feed is mainly a mixture
of alcohol and amines. The total organic carbon,
TOC in the aqueous feed amounts to more than 50
g/l. Typical organic concentrations are given with
10 w%. TOC oxidation efficiencies of 99.988 and
99,929 % for the amines corresponding to 10 and 3
mg/ TOC in the aqueous effluent are achieved.
These values meet the standards for direct release.
Nitrate is found with 6.4 and ammonia with 2.7
mg/l in the efftuent low enough to meet even the
German standards (Abwasser V, Anh. 22). In the
off-gas 0.6 vppm NO,, 60 vppm CO, 200 vppm
CH, and 0.12 vppm SO, are measured as typical
concentrations. The German standards (17.
BImSch) require for low hydrocarbons an important
lower release than 200 vppm; the CO value is near
the limit. The plant is not suited for processing
wastes with higher chlorine content and salt con-
taining waste, EWT operates a pilot plant, however,
where such material was successfully treated. The
company does not describe the reactor type used for
the pilot plant. By comparison with traditional
waste treatment costs EWT concludes that the costs
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Cost estimations by M. Modell gave values from
151-621 US $ per dry ton for a 5-100 tons per day
system [25], relating to 500-2100 US $ per ton
Carbon assuming 30 % carbon in the dry substance.

Today the main activities in the US are directed
towards hazardous wastes from the defence sector.
Such wastes include propellants, explosives,
smokes, dyes, poisons and nuclear waste. The pro-
grams are exccuted in a tight collaboration between
the institutions of the US Forces and National
Laboratories, Universities and the industry {26].

At the Los Alamos National Laboratory the treat-
ment of radioactively contaminated ion exchange
resins and other wastes is tested with a lean vessel
reactor (stainless steet, Ti lined) at 46 MPa and 540
°C. For explosives after a hydrolytic pretreatment a
150 m long tubular reactor is used at 110 MPa (!)
and a rather low temperature of 450 °C to increase
the salt solubility.

Wastes coming from the Air Force will be treated
in a tubular reactor built by General Atomics. The
plant has a throughput of 450 Vh; start up was
planned for 1998. General Atomics, ECO Waste
Technologics and the University of Texas are the
partner of the Air Force program.

At the US Army about 10 000 t of colored smokes
and dyes (polyaromatics, salt) wait for treatment by
SCWO. The plant is designed to treat 36 kg waste
per hour at 600 °C with a residence time of only 10
sec. The transpiring wall reactor built by a consor-
tium led by the Foster Wheeler Corp. was previ-
ously tested at Sandia National Laboratory [27].
The Army also plans to treat the nerve gas VX by
SCWO.




The US Navy tested for the disposal of Naval ves-
sel wastes (sewage, shower water, paint, solvents,
fuels) two SCWO demonstration plants (140 kg/h
feed) in test in 1998. One plant uses a tubular reac-
tor built by General Atomics [28] and the other a
transpiring wall reactor designed by Foster
Wheeler/Acrojet.

Europe:

Most of the European development work is done in
Germany. Besides the R&D activities described
above at FZK a fiim-cooled two-zone reactor (po-
rous inner pipe rinsed with cool water to avoid salt
deposits) is in test (EU collaboration) since 1998
{29]. Another double pipe reactor with an inner
pipe made of alumina is used for the treatment of
halogenated hydrocarbons [30].

The Fraunhofer Institute ITC develops a tubular
reactor for treatment of electronic scrap in collabo-
ration with Daimler Benz, Ulm, and built a mobile
plant (20 1/h) 1o treat hazardous waste at the source
of generation [31].

The Technica! University Hamburg Harburg has
investigated a combination of soil extraction by
supercritical water followed by SCWO of the pol-
lutants [32]. Former activities at the Technical Uni-
versity of Munich [33] and by MODEC together
with a consortium of pharmaceutical companies
(200 m tubular reactor with high flow velocity to
transport particles, 90 Vh feed) [34] were termi-
nated in 1996,

In Sweden Chematur Engineering, AB has built a
250 kg/h pilot plant (EWT license) for pulp and
paper mill slndge and other wastes and is planning
a larger plant for treatment of electronic scrap.

In France CN.R.S. (University Bordeaux) together
with Elf-Aquitaine plans the construction of a pilot
plant [35].

At the University of Valladolid in Spain a film-
cooled reactor filled with alumina balls with a vol-
ume of 151 is operated at 20 kg/h feed (8-18 %w
organics) and 600-700 °C. It is planned to treat
industrial wastes in an up-scaled pilot plant [36].

Japan [37]:

Organo Corp. in Tokyo has acquired licenses of
MODAR (acquired 1996 by General Atomics) and
MODEC and built the first plant in Japan. Together
with the Japan Sewage Agency detoxification of
sludge is obviously a major task. The Japanese
companies Hitachi and NGK are also licensees of
MODEC. The Shinko Pantec Co.in Kobe has
signed a cooperative agreement with EWT to de-
velop the technology for the Japanese market. The
companies Komatsu & Kurita have an agreement
concerning technical support by General Atomics,
For recycling of residues from plastic production
Kobe Steel has developed a hydrolytic “monomeri-
sation” process in supercritical water and built a
commercial plant in 1997. A similar process for
treatment of radioactively contaminated resins is
investigated by Mitsubishi Heavy Ind. Kubota,
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Sumitomo Heavy Industry and Toshiba are other
companies active in SCWO.,

R & D work supporting the industrial activities is
done for example at the Tohokn National Industrial
Research Institute (PCB’s, polymers), at the Ku-
mamoto University (sewage) and at the Tokyo
University (kinetics).

4 Further R&D Need

One of the most outstanding problems to be solved
is possible plugging and corrosion caused by preci-
pipitated solids, particularly by salts.

There are, in general, two types of salt phase beha-
viour depending on wether the solubility curve does
intersect the critical curve (Type I} or not (Type )
[38]. Type I systems are often salts soluble in water
at ambient conditions; NaCl-H,O is a typical ex-
ample, and its solubility curve is shown in Fig. 1:
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Fig. 1: NaCi solubility in water as function of pres-
sure and temperature [39]

Type 1I salts - Na,50,, K;80,, Na;CO,, CaS0O, -
are generally less soluble; the solubility of Na,S0,
in SCW is about 1 ppm at 250 bar and 450 °C about
thus 3 orders of magnitude less than that of NaClL
The solubility of CaSO, at 250 bar and 450 °C is
only about 1 ppb [40].

For a better understanding of these problems more
systems have to be studied in detail, particularly the
dynamics of the nucleation process. Nucleation
kinetics was studied for the system NaCi-Na,SO,-
H,O by the Tester group at MIT [41]. Besides the
many salt-water binary phase systems determined
until now, ternary (saltl-salt2-water) systems have
to be determined. The determination of the binary
and ternary phase diagrams has to be completed
with data of the kind of the precipitate, e.g. mor-
phology, stickiness, transportabilty, and with the
corrosion activity including phosphate, nitrate and
other halogens than chlorine.

Nevertheless it will be necessary to develop salt
separation systems and/or new concepts to ensure a
sufficient long continous operation time for wastes
containing high contents of salt.




Another challenge connected with deposits of
insoluble material and suppressing fouling is to
make available an efficient heat exchanger to reco-
ver the heat in an economic way.

5 Spin Off - Further Applications

The path of the hydrothermal non-oxidizing treat-
ment of organic wastes was followed since the late
eighties. The main objective of the work at the
Batelle Pacific Northwest Laboratory [42] was the
gasification of wet organic wastes and biomass
waste preferably at subcritical conditions. Under
these conditions the major gas products are meth-
ane and carbon dioxide. Residence times of more
than 10 min. are required to achieve conversions of
90 % and higher. The effect of different catalysts on
the reaction paths, conversion efficiency and tar and
soot formation was studied.

Antal [43] has investigated the gasification of wet
biomass (aquatic plants etc.) under supercritical
conditions using coke catalysts. At pressures >22
MPa and temperatures of up to 650 °C hydrogen
and carbon dioxide with small amounts of methane
and carbon monoxide are found in the product gas
at residence times of about 30 sec,

At the Forschungszentrum Karisruhe the gasifica-
tion of model compounds, wet organic wastes and
biomass is systematically investigated in batch
experimenis and tubular flow reactors since 1994,
At temperatures of 600°C and pressures of up to 35
MPa the feed can be completely gasified to hydre-
gen and carbon dioxide as main products suppress-
ing tar and soot formation. Contained or added
alkali metals have a significant influence on the
gasification efficiency and the reaction paths. Kruse
et al. will report our results and Penninger will
present an engineering concept for the production
of hydrogen from wet biomass at this conference.

A further development that could be considered as a
spin-off of the SCWO R&D are the investigations
of the high pressure incineration in carbon dioxide
instead of water. The experiments in a tubular flow
reactor with different model compounds (alcohols,
aromates, amines) at typical SCWO conditions
show that comparable high oxidation efficiencies of
98 % (TOC) and higher can be achieved in carbon
dioxide [44]. Only small differences are observed
concerning the ignition behaviour and the reaction
paths. The understanding of the surprising findings
shall be improved by elementary reaction model-
ling. The results have also a considerable potential
of application. A clean-up of liquid or solid mate-
rial (catalysts, absorber etc.) by sc-CO, extraction
could directly follow the integrated high pressure
incineration step.
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Production of Hydrogen from wet biomass
by Supercritical Water Gasification.

Johannes ML.L. Penninger*
SPARQLE International B.V.

18 Boerhaavelaan, 7555 BC Hengelo-The Netherlands

e-mail spgl@introweb.nl
fax +31.74.250/5285

Water, in its critical state ( T >374 C, P > 22 MPa) is a potent medinm for the conversion of organic substrates. It
has been shown by Antal et al. [1] that biomass-type materials can be converted completely into a fuel gas which
is rich in hydrogen. This was achieved by treating an aqueous shurry or solution of the organic precursor in a
continuous flow reactor at 600 C and 30 MP2a and maintaining a reaction time of 1 minute or less.

These observations provided the basis for a feasibility study {2], supported by an EU Exploratory Research
Award, into the technical and economic potential of SWG.

The results show that aqueous rest biomass in particular holds potential as a feedstock for fuel gas production by
SWG. A survey shows that rest biomass is abundantly produced throughout the EU countries, as a by-product of
agriculture and industrial activities and could repiace in some EU countries as much as 10 % of the natural gas
consumption when SWG would have come into practice.

This presentation deals with some aspects of the feasibilty study, in particular the chemistry of SWG and the
conceptual process which needs to be developed. The supply potential and the prevailing economic constrains of
SWG are illustrated.
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Modeling, Design and Scale-Up of an SCWO Application Treating Solid
Residues of Electronic Scrap Using a Tubular Type Reactor
- Fluid Mechanics, Kinetics, Process Envelope
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The design of a tubular suspension reactor for supercritical water oxidation of a complex solid waste consisting
of polymers, ceramics and metals was investigated. The work focuses on solid particle behavior within the
system and thermo-chemical considerations. Computing settling velocities for all of the experienced conditions
in an SCWO process provides an idea of particle motion. Furthermore, models are deployed in order that the
minimum velocities required to convey the particles through the tube may be estimated. Measured chemical
kinetic data on the degradation of the organic portion was utilized to assess the thermo-chemical operation in a
large scale plant. Finally, a process envelope in which the further design studies can be carried out was set up.

Introduction

Electrical appliances and electronic support arg
still well on their way to becoming the technical
standard in households, in industry, in cars and for
professional purposes. Since the innovation cycle
for new products is extremely short, the amount of
resulting electrical and electronic scrap feeds a
market on its own, While electrical applications
such as’ vacuum cleaners do not cause
environmental problems, the printed circuit boards
do.

Daimler-Benz has designed and established a
new plant for the mechanical processing of printed
circuit boards [1]. Basically, the scrap is crushed
and ferro-magnetic components are removed. The
next stage of process is a ¢cryogenic grinding and a
classification using sigves. The gained particle
classes are forwarded separately into an ¢lectrostatic
separator which is optimized with respect to each
specific particle size range. The smallest class
(<100pm) is not processed for economical reasons.
We receive an extremely rich metal fraction (>97%)
and a mixed fraction consisting of polymers,
ceramics, glass and metals. The recovery rate for
metals is very high, e.g. for copper about 95%. The
ferro-magnetic fraction and the metal fraction are
sold to a metallurgical plant and recycled. However,
the dust fraction and the mixed fraction cannot be
treated in blast furnaces, or in standard incinerators,
nor can they be landfilled [2].

For the further treatment, conventional thermal
processes such as pyrolysis and gasification were
investigated, but they do not meet all of the require-
ments with respect to economical, ecological and
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technical concerns. A monitoring of new thermal
processes resulted in Super-Critical Water
Oxidation (SCWQ) as a favorable option [3].
Feasibility studies at the Fraunhofer-ICT
demonstrated the total destruction of the organic
content. Research on the design of such an SCWO
application which treats residues of elecironic scrap
has been underway since then — as a joint project
between Fraunhofer-ICT, Pfinztal, and
DaimlerChrysler, Ulm. .

Figure 1 shows the scaled, basic flowsheet of an
SCWO unit processing a 10 wt.-% suspension with
an oxygen supply exceeding stoichiometric demand.
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printed e
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non-f, metals
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Basic flowsheet for the recycling of elec-
tronic scrap according to the DB
concept, scaled with respect to mass flow

Figure 1,

We decided to operate the SCWO unit continu-
ously and to use a plug flow reactor (PFR) system.
Here, we present several basic considerations for the




design of such a plant with the main focus on the
solid particles. We consider the described waste
merely as an example since the concepts can be
transferred to other complex solid mixtures.
Geometric Dependency

In addition to three standard relations for de-
signing the geometry of PFR system, equation (2, 3
and 4), we have to take the sensitivity of the fluid
density (1) into account,
Table 1. Equation for design of the geometry of a
PFR system

y=afp
@

p=fT.p) ey

v = 4P fnd? (3)

Lo = TreaoV

)

Figure 2 illustrates that changing operating con-
ditions or design parameters by only a small factor
might result in dramatic changes to other numbers,
e.g. the reactor length varies by an order of magni-
tudes.
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Results and Discussion

Fluid Mechanics

One major obstacle when treating solids deploy-
ing SCWQO is the sedimentation. The drag
coefficient Cp for different flow regimes is
calculated according to Table 2.

Table 2.  Flow regimes and their drag coefficients
for spherical particles
Regime Re Co
General Cp = fRe) &)
Stokes Re<l 24/Re
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(6)

A B
Intermediate | 1<Re<1000 | Ro & JRa e oM
Intermediate,
linearized 1<Re<1000 | 19 / Re

&
Newton Re>1000 approx. 0.5

€]

Setting up a force balance on a single particle
and solving it for the settling velocity, we obtain the
following;

4z A
42 Ao,
3Cs pr

(10)

Since the Reynolds number is dependent on the
velocity, it was necessary to run iterations and take
the

care in  implementing appropriate

approximation.
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Figute 3. Settling velocities from ambient to
supercritical conditions

The settling velocities are determined for tem-
peratures and pressures ranging from ambient to
600°C and 300bar, respectively. The fluid is consid-
ered as pure water, and the properties are calculated
using NBS steamn tables [4]. The exemplary chosen
solid is a spherical particle consisting of copper and
has a diameter of 100um.

The settling velocity is plotted in Figure 2 over
the temperature and the fluid density. Therefore, the
piot relates three important figures within the
SCWO of solids: the temperature which has a
significant effect on the destruction kinetic and,
hence, on the length of the reactor, the density
which affects the size of the plant, and the settling
velocity which is an indicator for solid behavior
within the process. The spreading of the data points




reflects the supercritical behavior, as the density is
dependent on both temperature and pressure,

As a result of this investigation, we found that
the settling velocity can increase by a factor of six,
For less dense particles, of course, the effect is even
more dramatic since the difference in density be-
tween solid and fluid is slighter.

Further investigation was carried out on the
transport of solids through the suspension flow re-
actor. The density of the suspension p,, depends on

the mass concentration ¢, the fluid density p, and
the solid density o, and can be expressed as fol-
lows:

Pr=cpps +(—cp)pop (11)
whereby the volumetric concentration is given as
follows:

(12)

1
T B P,
Pr  Pr

There are several models for determining the
critical velocity at which the suspension is carried
through the pipe without saltation and with about
the same velocity as the fluid described in the
literature. Two of them were chosen to predict the
slurry flow behavior:

¢ model I according to Spells for keeping parti-

cles in suspension — for horizontal pipes of
0.025m to 0.30m diameter J; [5]:

0.775 ﬁfs‘
vl= 0.0251((2’,. —"’LJ gd{ﬁﬂﬂ-) (13)
e Pr

» model 2 developed by Davies, and Oroskar and
Turian [6,7] and success-fully used for an
SCWO application treating solids [8]

0.09 0.54

v:’=fsw[’°—“] (Zg—m—"s "”] e
e Pr

where

o = 1080+ 0, ) B - ¢, )0 ak® . (14b)

The plug flow velocity is given by equation (3).
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Figure 4. Fhid and suspension density and tube
and critical velocities over temperature
Although the settling velocity increases with ele-
vating temperature due to the changes in fluid den-
sity and viscosity, the plug flow velocity inside the
PFR is far enough away from the critical velocities
with respect to both models at supercritical tem-
peratures at all times. In fact, the bottleneck for con-
veying the solids through a suspension reactor is not
the supercritical region but, instead, the region at
ambient or subcritical temperatures at which the
fluid is still a liquid. This characteristic was also
experienced at the ICT bench scale plant.

Kinetics
Degradation during SCWO is usually modeled
by means of a power law for the reaction rate [5,10}:

r = k[Org’ [H 01 [0, 1° (15)
with the Arrhenius expression
k=k,exp(-E,/RT) . (16)

For our specific complex waste, the kinetic was
investigated in MIT’s CSTR system, which is de-
scribed in detail in [11]. The temperature was
varied from 400° to 480°C while the pressure was
kept constant at about 275bar. The waste
concentrations were so low that the generation of
water was negligible. The supply factor of oxygen
based on the stoichiometric amount was set as two
or slightly higher, The residence time was, as a rule,
approx. 1.2min.

The kinetic parameters were regressed to the
following values as a preliminary result using a very
simple model with a=/ and b=¢=0 and with no
further dependency [12]:

k,=1.6-10° and E, = 41k /mol .



Once we also know the heat value and roughly
the chemical composition of the waste, especially of
the reacting constituents, we can simulate the opera-
tion of the PFR. The results are shown in Figure 5.
The SCWO system is modeled with a cold stream
injection which prevents gluing and sticking of the
polymers. The water-oxygen stream is heated to
400°C and the system pressure is set at 275bar, Any
heat transfer and any heat capacity, e.g. of the inerts
and the metals in the sludge, are neglected. It turns
out that the concentration should not exceed 10 wt.-
% in order that the temperature constraint of 600°C
for the commonly used tubing material Inconel 625
may be observed.

One might argue that cooling the reaction part
of the tube allows a higher concentration to pass
through the SCWO system. However, not only
would the reaction be slower but also the conversion
into CO; would drop, as Figure 6 indicates.
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Process Envelope
Two major parameters which are of interest are

waste concentration and mass flow. The limitation
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on the concentration has already been shown.
Furthermore, depending on the concentration, we
can obtain minimum mass flow rates by calculating
the minimum velocities at which particles are
conveyed through the cold part of the tube; see
Figure 7.
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Figure 7. Process envelope for solids and geometry
as per Figure 4 at 300°C and 275bar
In order to allow a minimum residence time but
also to keep the transportation of the solids feasibly
long, small tubular reactors are the best choice,
Cooling of the reaction zone is an option in
order to increase the conceniration. However, it
results in a longer residence time, and hence in a
longer reactor tube. Basically, this requires an
cconemic trade-off study.

Conclusions

The above considerations and madels enable us
to move towards an optimal system, observing deci-
sions on the basic configuration made earlier. We
can vary the geometry and the operating conditions
and simulate the general response. Of course, there
some shortcomings remain to be overcome, in pat-
ticular the extrapolation of the kinetics at higher
temperatures and the fact that we neglected heat
transfer and heat capacities in our first approach.
However, a process envelope may be given and
design studies performed.
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Significant electrical potentials can develop during the deposition of films and particles from supercritical water
solutions. The source of these potentials can be process-induced electrokinetics or extemally applied voltages. Results
of previous experiments from this research group have shown that electrokinetic potentials and applied biascs affect the
crystatlinity, morphology, and deposition rates of ceramic and carbon films from aqueous supercritical jets. These
potentials can be predicted by electrokinetic theory when there is a charge transfer between the double layer in a fast

flowing fluid and its conduit.

One standard method to investigate the effect of potentials in electrochemical solutions is to construct “Pourbaix
diagrams” which are basically phase diagrams presenting the Gibbs free energy in terms of pH and electrical potentials.
Pourbaix diagrams are difficult to construct for aqueous solutions at high pressures and temperatures. This work also
introduces the rigorous calculations of high pressure and temperature Pourbaix diagrams needed to describe the

supercritical deposition process.

Introduction

Inorganic species dissolved in near-critical or
supercritical water were first investigated by Hannay
and Hogarth over a century ago [1-4]. In addition to
their scientific interest, such solutions have great
economic importance in a variety of fields. Naturally
occurring mineral-rich waters or brine solutions at high
temperatures and pressures are important in the
formation of geclogical features such as ore deposits. In
power production, near-critical and supercritical
solutions occur in turbines and nuclear reactors, where
dissolved solids cause materials problems by both
deposition and corrosion. Similar problems are
encountered in the oxidation processes for the
destruction of organics in wastewaters. An
environmentally benign process to deposit ceramic
films and particles from supersonic jet expansions of
such selutions is being perfected at the University of
Nebraska Supercritical Fluids Processing Laboratory.
The depaosition process is merely a rapid expansion of
an undersaturated aqueous supercritical solution[5].
The expansions in high pressure turbines and other
flowing systems can be viewed as analogous in many
respects, with a major difference being that the
deposition products are unwanted scale and corrosion.

In the film deposition process, as in power generation
processes, the expanding high temperature, high
pressure solutions are moving rapidly over “stationary”
surfaces. Electrokinetic theory predicts that in such
cases, a double layer will be created at the interface of
the stationary solid and the flowing fluid. Charge
transfer will occur as this double layer is sheared. The
magnitude of the “streaming potential” created by this
flow 1s given by:

£

A =—AP 1
- M
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where @ = streaming potential, g =zeta potential, x =
solution conductivity, = permittivity, AP =the
pressure drop in the fluid, and 1, = viscosity [6]. In
expansion processes of supercritical solutions, pressure
drops can be high (over 30 MPa), viscosity low 10°
poise), and the other properties will depend on the
concentration of ionic species in the water. Even for
pure water, the generated potentials in supercritical
expansions can be quite significant.

Experimentally, it is easier to measure streaming
currents than streaming potentials. Streaming currents
in water jets have been reported and modelled in the
literature[7,8,9]. In the supercritical system, the
existence of the double layer shearing was confirmed by
streaming current measurements. These measurements
gave streaming currents up to 2 orders of magnitude
higher than expected from the dissociation of water
alone based on pH predictions using Marshall and
Franck{10].

Electrochemical influences on the deposition process
would be expected to manifest themselves in two ways:
1) the thermodynamic equilibrium within solution
being expanded might shift under the influence of these
fields, and 2) any deposition at the surface-solution
interface might be influenced by induced or applied
biases on the surface or by electrokinetic changes of the
species 1n the expansion.

The experimental work at Nebraska, which included
applied bias voltages as well as the electrokinetic,
flow-induced voltages, has verified that both effects
occur. This paper will concentrate on the theoretical
and computational methods developed to predict these
effects, using the carbon-water system as an example.
The method should be generally applicable.
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Figure 1. The carbon-water system at
25 C and 0.1 MPa

Experimental Methods

Film and particle deposition equipment has been
described in detail elsewhere[5]. Pressurized water is
heated before entering a dissolving cell where it
contacts an inorganic solute at supercritical conditions,
forming a solution, which is then expanded through 2
nozzle to form a free jet. After expansion, the solution
and condensates can be either be collected as a film or
passed on to a quadrupole mass spectrometer for time-
of-flight or compositional analysis. The temperature of
the substrate on which the films are grown may be
regulated. Streaming current was measured at the
nozzle using 2 Keithly electrometer.

Computational Methods

One common method to investigate the effect of
potentials in electrochemical solutions is to construct
“Pourbaix diagrams™[11]. Pourbaix diagrams are phase
diagrams of aqueous systems constructed by writing the
Gibbs free energy in terms of pH and electrical
potentials, Pourbaix diagrams are routinely used by
electrochemists to study corrosion, electrodeposition,
and similar processes. On Pourbaix diagrams, regions
of corrosion and passivation are delineated by the
indicated regions of thermodynamic stability of varicus
dissolved species.

Pourbaix diagrams are routinely constructed for
conditions at 25 C and 0.1 MPa.. For the near-critical
and supercritical systems, there are few published
calculations, in part because the rigorous calculations
are not trivial [12,13]. When high temperature
diagrams have been published, pressure effects have
often been assumed to be negligible. If the rigorous
calculations are done to describe the equilibria in the
high pressure, high temperature solutions, it becomes
apparent that the pressure effects can be significant.
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Figure 2. The carbon-water system at
400 C and 50 MPa

In order to calculate the diagrams, the species and
reactions of interest must be determined. After they are
determined, the rigorous calculations, using the HKF
method, can be done using SUPCRT92 [14]. For any
species not in the data base, literature values must be
found and used for Gibbs free energy of formation. For
the Pourbaix diagrams shown below, only C; species
were considered, both as CO combinations and as
methane and methanol. With the hydrogen and oxygen
combinations, a total of 12 species and 14 reactions
were specified.

Results and Discussion

Figs. 1 and 2 are the Pourbaix diagrams for the
carbon-water system at 25 C and (.1 MPa and 400 C
and 50 MPa, respectively. In the calculations, the
pressure effects were found to be higher for charged
than neutral species. One of the most striking aspects
of the comparison of the two figures is that in the high
pressure, high temperature figure, the stability region
of water is considerably reduced.

For the film deposition process, this reduced stability
region for water means that operating with a small
negative potential can mean the products would be
expected to be anhydrous, in spite of the overwhelming
preponderance of water in the system. Indeed,
experimental analysis of the films produced confirms
this.

There are also implications for other applications,
especially where corrosion and scaling are to be
avoided, Both of these are functions of the ionic species
present, as well as the free hydrogen ions. Investigating
the existing species in the water might indicate how
controlling potentials may lead to passivation
protection from corrosion.

In addition to the anhydrous nature of the films, with
the applied negative biases, films became more
diamond like, as shown by Raman, x-ray diffractions,
and transmission electron microscopy. Adhesion to the
deposition substrate varied directly with the hyperbolic
sine of the bias, in agreement with the adhesion theory
of Derjaguin[15].




Conclusions

Electrochemistry is very important in high pressure,
high temperature water systems. The self-induced
electrokinetic potentials in flowing systmes can
influence both the reactions which occur in solution, as
well as those at the interfaces of the fluid and the solid,
where corrosion, scaling, or desired product formation
takes place. The HKF scheme for calculating the
equilibrium Pourbaix diagrams at temperature and
pressure is a useful tool in predicting system behavior
and optimizing operating conditions.
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Abstract

The Super Critical Water Oxidation process is very effective in destruction of hazardous agueous wastes con-
taining organic contaminants, During oxidation of acidic chlorine, sulfur or phosphorus containing wastes the
corrosion of reactor material proceeds very fast. Test tubes made of Ni-base alloys and lined with Titanium
grade 2 are used as reactors and examined after experiment. Typical experimental conditions are temperatures

up to 600 °C and pressures up to 34 MPa.

The corrosion of Titanium grade 2 in 0.1 - 0.2 moVkg sulfuric acid solutions with 1.5 - 3 mol/kg O, under
certain T, p conditions is too high for technical applications

Introduction

Organic compounds can be oxidized with oxy-
gen in the Supercritical Water Oxidation process
(SCWO). Due to the low density and dielectric
constant of supercritical water (T 2 374°C, p 2 22.1
MPa), its solvancy for organic compounds and oxy-
gen is high and the conversion of organics into
carbon dioxide and water is fast. In the presence of
heteroatoms, the corresponding mineral acids are
formed additionally.

The common heat resistant materials like Ni-
Base alloys and stainless steel, failed in acidic solu-
tions under SCWO conditions.

Titanium grade 2 has been found to be well cor-
rosion resistant in oxygen containing ([02]=3
mol/kg) hydrochloric acid solutions even under
SCWO conditions [1, 2]. Only some general corro-
sion, far less than 40 pum/100 h was measured. In
sulfuric or phosphoric acid solutions corrosion of
titaniym is considerably faster than in HC] of the
same concentration. In both cases acid concentra-
tion was up to 0.2 mol’kg ([02}=3 molkg) and no
localized corrosion was observed [2]. In the present
work the results of the detailed metallographical
analysis of the experiments with H2804 solutions
are discussed.

Corrosion tests

Titanium grade 2 - lined tube reactors were used
for the corrosion tests. By this experimental tech-
nique the whole temperature range from room tem-
perature up to the maximal experimental tempera-
ture is covered in a single experiment and titanium
is tested under typival SCWO - conditions.

The outer pressure tubes were made of a Ni-base
alloy. The liners were thin-walled (0.5 mm) tubes

made of titanium grade 2 with an ID of 7.4 mm and
1000 mm length. Both ends of the liner were
welded or bonded to the outer pressure tube. The
accuracy of the liner's wall thickness measurement
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Corrosion penetration depth of Ti-iners after exposurs to
H,S0, as function of the temperature, p ~ 25 MPa

During the experiment, the temperature of the
solution increased from ambient values at the en-
trance of the reactor up to the maximun tempera-
ture (450 or 600 °C) in the middle part of the reac-
tor and falls again to ambient values in the outflow
part.




The temperature of the reactor material is very
close to the temperature of the solution due to the
low flow velocity. The temperature profile of the
reactor was measured

05

Cross section of the reactor
H:504 and 3 molkg Oz T=450 °C, p=25 MPa, t=65h.

Cross section of the fééétor after exposure‘ to 0.2 moné
H:804 and 3 molikg Q.. T=530 °C, p=27 MPa, (=135 h.

Metallographical analysis of the entrance and
middle part of the reactor shows acceptably low
corrosion rates. The highest corrosion rates are
measured in the outflow part of the reactor. There,
at temperatures between 450 and 600 °C the upper
part of the liner was completely dissolved. This
behavior is still not completely understood and
further experiments are necessary.

Conclusions

In 0.2 mol/kg sulfuric acid solutions titanium
grade 2 shows corrosion rates in the order of 0.5
mm/100 h above 400 °C,

The use of liners made of this material is not
recommended in the temperature range from 400 to
600 °C.
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The SCWO-process is accompanied with the inconvenience of the reactor material corrosion, and the preci-
pitation of salts. For the treatment of hazardous aqueous waste the SUWOX-process presents the solution of both

these problems.

Material corrosion is overcome by the development of a double wall reactor. In case of acid formation in the
supercritical reaction, alumina is used as a suitable housing material.

The precipitation of salts is avoided by the appropriate adjustment of the operating conditions. In this way
> 90 % of the salts dissolved in the investigated leachates pass the entire process. A minor portion of the salts

requires the pre-separation before entering the process.

Introduction

The Supercriical Water Oxidation (SCWO-)
process brings together water, the organic pollutant
and oxygen at temperatures of 400 - 600 °C and
pressures of >250 bar [1]. Under these conditions
water possesses a high solubility for organics and a
complete miscibility with oxygen [2]. A high reac-
tive single fluid phase exists where the inherent
transport limitations of multi-phase systems are
absent. As a result, the oxidation rates are very
rapid, and high destruction rates are obtained inside
small volumes of fully contained systems [3]. Many
of the hydrocarbons however, contain heteroatoms,
such as chlorine or other halogens, sulfur and phos-
phorus which form acids. These acids together with
oxygen dissolved in supercritical water represent a
highly corrosive fluid system, and the pressure ves-
sel materials available today do not withstand this
attack [4]. The possible neutralization of the acids
brings along the formation of salts. These salts and
more important, the salts dissolved in the industrial
and municipal organi¢ waste water streams, precipi-
tate at supercritical conditions causing blockages
inside the components of the facilities [5]. These two
problems of material corrosion and salt precipitation
prevented, up to now, the practical application of the
SCWO-process. At the  Forschungszentrum
Karlsruhe, a novel SUWOX- (Superkritische Wasser
QOgidation) facility was developed which overcomes
both of the problems and provides the technical
requirements for an environmentally friendly de-
struction of hazardous aquecus waste in supercritical
water.

Reactor Design

To cope with the problem of material corrosion a
concentric double wall reactor was developed [6]
consisting of an external pressure vessel and an
inner reaction vessel (Fig. 1).
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Figure 1. Scheme of the SUWOX-Facility

The pressure vessel is made of a licensed stain-
less steel or nickel base alloy. The confinement of
the SCWO-reaction is ensured by an impermeable,
corrosion-resistant reactor material, e. g ceramic or
metal. Between the inner wall of the pressure vessel
and the external wall of the reactor vessel, a small
annnies is located. Inside this annulus a sparse flow
of inert water serves as a coupling medium between
the two confinements with respect to pressure and
temperature,




Both process streams, the organic pollutant solu-
tion and the hydrogen peroxide, used as the oxidant,
are pumped to system pressure and intensively
mixed just before entering the reaction vessel. In the
first section of the vertical upward flow, they are
heated up to the desired supercritical reaction tem-
perature, The destruction of the pollutants takes
place inside the vertical, temperature-controlled
reaction zone,

In a horizontal effluent zone, heat is removed by
a second concentric annular flow. Thus subcritical
temperatures are reached inside the central, corro-
sion resistant effluent tube.

The two annular flow streams join at the top of
the vertical part of the facility and penetrate the
inner reactor housing via a small annular gap. They
merge in the central upflow, and when joined to-
gether leave the rector through the horizontal effln-
ent tube, Therefore this design of the facility ensures
that the corrosion resistant parts are not exposed to
mechanical load and the pressure vessel does not
undergo chemical attack by the reaction products.
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36000C /) T T T

crilical
Vapor curve

000 jp—_———

TP{NaCH)

sai*k (L+V) hatle-saturaled|vapor

750 bar
cooxisling

600*
550°

T
I
1
|
I
|
|
:
11

Temperature —a-

szocf 0 4 STRER A 4 2

CPiHor /N = 200 bar -

366°

Ho.t*
200

1 0 [ 2
Log wt % NaCl

Figure 2. T-x Diagram, H,O-NaCl [8]

The technical realization and the experimental
testing of the SUWOX-facility was followed by
extensive investigations of the influencing process
parameters, using the industrial solvent dichlo-
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romethane as the pollutant. The experiments were
carried out at pressures of 250 bar to 420 bar, and
temperatures of 300 to 460 °C. High destruction
rates of > 99,99 % are measured depending on the
O,-stoichiometry, and total oxidation to carbon di-
oxide is obtained at residence times between 40 and
220 sec [7].

In these experiments pH-values of <1 are
achieved, thus demonstrating the save confinement
of highly corrosive conditions and the practicability
of the SUWOX-facility.

The second problem, the precipitation of salts at
supercritical conditions, is managed by taking a
process operational action; the increase of the sys-
tem pressure, The slope of the critical curve of the
system H;O-NaCl is shown in Fig. 2, indicating a
pressure-temperature-concentration-dependence [8].
The diagram shows the appearance of multiphase
regions along the critical curve in which the pre-
cipitation of salt will occur. However, the diagram
also shows that while the temperature is kept con-
stant the area of homogeneous solution remaing
present with increasing pressure. This means that the
precipitation of salt can be prevented by the aug-
mentation of the system pressure, i. e. by increasing
the density,

o) S = =2
. T | = 2| =
Salt concentration, + + & &
Feed o ] D < z
] ) T e + +
41 2| 251800
21 2] 88 52|82
2 = S |« <
Operating conditions
P [bar] 400 | 400 402 | 400 | 481
T [FCY 420 | 421 423 | 421 422
Q.-stoichiometry -an - 2 - -
Input [g/h]
NaCl 116 | 111 103 | 2.32 2.22
Nay S0, - - - | 232 2.22
H,0, - | 6.26 13.0 - -
CH,Cl, e - 5.6 - -nn
Output [g/h]
NaCl 108 111 108 | 2.35 2,28
NayS04 - | 130 | 225
CH,Cl, - — | 2*10?] - -n
Material transfer
NaCl [%] 99.1 | 100 105 | 101 103
NazSO4 [%] - - — | 560 | 101
Destruction rate {%] -- - | 99.96 = -

Table 1. Solubility of Salt at T =420 °C, p=400
bar and 480 bar

As shown in Tab. 1 the NaCl is kept in soluble
state at p = 400 bar and T = 420 °C, and the simulta-
neous destruction of dichloromethane is obtained. In
the presence of an additional salt component,
Na,80,, augmenting the pressure to p = 481 bar, i. e.
increasing the density from pago=0.42 g/om’ to
paso = 0.5 g/cm’, is required to maintain both salts in




the supercritical solution. The necessity of a high
fiuid density to keep the salts in solution during the
SCWO-process, requires operating conditions at
which the number value of the system pressure
(in bar) is located above the reaction temperature
(in °C) (p> T). This means a turn-around of the
operation parameter values with respect to the "nor-
mally considered” SCWO-process operating condi-
tions (T>p). Our experiments and the literature
indicate that the efficient destruction of the pollut-
ants under these changed operating conditions fur-
ther exists.

Experimental Results

The aim of the experimental investigations is to
prove the destruction of authentic harmful sub-
stances in the SUWOX-facility. Therefore, the
leachates from dump sites are considered to be the
suitable subject for testing. These aqueous species of
waste are characterized by the load of organic pol-
lutants and of inorganic salts. Successful testing
requires the proper adjustment of the operating van-
ables to achieve complete destruction of the organics
and to prevent the precipitation of salts.

The experiments were started using the leachates
of a municipal dump sitc as the pollutant. These
waste waters are less characterized by high, or in
particular dangerous load of pollutants - the DOC-
value is in between 360 to 660 mg/l - but rather by
the presence of salts in the range of g/l.

In the first experiment, the operating conditions
were adjusted to a system pressure of 480 bar and a
reaction temperature of 425 °C. The O»-
stoichiometry was 2.7 and the residence time was
between 4 to 5 min, Under these conditions, the
expected results could not be achieved. Neither the
complete destruction of the organic compounds, ror
the throughput of the salts in aqueous solution was
obtained.

The destruction rate is analyzed to be 93 % in the
aqueous phase. The main oxidation product, how-
ever, is CO,, smaller portions of CO, CH, and H; are
measured in the effluent of the gas phase. The
amount of sulfate analyzed in the aqueous effluent is
62 %, and the precipitation of salt is observed inside
the reactor. :

The augmentation of the system pressure to
500 bar, while keeping the reaction temperature
constant at 425 °C, leads to a significant improve-
ment of the experimental results. A material de-
struction rate of 99.32 % is attained, and the cotnpo-
nents in the gascous effluent are analyzed exclu-
sively as CO; and O,. The measured TE-values of
PCDD/F are in the range of the facility's bank value.
The main constituents of the salts: chloride, sulfate,
nitrate, sodium and potassium ions remain in solu-
tion and thus are passing the facility. The calcium
and magnesium ions remain, to a certain amount, in
the solution. The missing portions of the latter ions
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are detected as thin, locally restricted areas of pre-
cipitation in the heating zone of the reactor. They are
analyzed as CaSQ, and Mg(OH),, with minor por-
tions being Ca-Mg-Si-mixed oxides.

A considerably more demanding medium tested
in the SUWOX-facility is the leachate water of an
industrial dump site. It is characterized by the high
concentration of dissolved salts of 200 g/l The
DOC-value is 6 g/l and the COD-value reaches 15
g/l. About 5 % of the dissolved organic compounds
consist of highly environmentally dangerous pollut-
ants, such as; aromatic hydrocarbens, volatile halo-
genated hydrocarbons, chlorobenzenes, chlorophe-
nols, polychlorinated biphenyls and chloroanilines.
The TE-value of PCDD/F is 2 ng/l. This pollutant,
not being diposed in Germany, is considered to be a
tough milestone for the demonstration of feasibility
of the SUWOX-process. To avoid any risks in the
first experiment, the leachate is diluted by the factor
of ten before processing.

Due to installation reasons, the operating condi-
tions are set to the maximum possible system pres-
sure of 500 bar. The process temperature is set to
426 °C (o obtain a high solubility of salts in the
supercritical state. The very high supply of oxygen
(18-fold O,-stoichiometry} and the long residence
time (8.5 min) are adjusted to gain complete de-
struction of the pollutants,

Operating Pressure: 500 bar

conditions Temperature: 426°C

Effluent

Gas phase Oxidation products: CO;3, O3, << Ny

Aqueous phase | Input BOC: 503 mg/l
Destruction rate: >99.2 %

Material Oxygen: 100 %

halance Carbon: 105 %

Inorganics: Input {mg/] Output [%)]

total: 19822 91

compounds:

- Chloride 11497 88

- Sulfate 317 55

- Calcium 95.0 42

- Silicon 63 42

- Magnesium 350 94

- Sodium 5345 93

- Potassium 2520 95

pH-value 6.7 6.3

Table 2. Destruction of the Pollutants in Leachates
from an Industrial Dump Site

The experimental results are listed in Tab. 2. In
the effluent of the gas phase, considerable amounts
of the remaining oxygen are analyzed. Besides
traces of nitrogen, only carbon dioxide is found, The
desired conversion of the organic matter to CO, and
H.0 is obtained. The rate of destruction is measured
0 >99.2 % referred to the DOC-amount in the input
of the aqueous phase. The quantities of PCDD/F are
effectively destroyed. The values attained are lo-




cated slightly above those of the facility's blank
value, and fall below the limitation of direct dis-
charge set by the supervising ageéncy.

The behavior of the inorganic components is also
shown in Tab, 2. Besides listing the amount of ions
and the pH-value of the input flow of the pollutant,
the recovery rates of the ions, and the pH-value in
the aqueous effluent leaving the SUWOX-facility
are listed, The total amount of ions analyzed in the
feed solution is 19.8 g/l, and in the effluent solution
18 g/l of this amount is retained, i. ¢. 91 % of the
salts are passing through the process. About 60 % of
the calcium precipitates form a thin layer of CaSO,
in the heating zone of the reactor,

To avoid this undesired deposit of salt the in-
staltation of a pressure and temperature controlled
pre-precipitation, of the low soluble salts in the
organic feed stream, is installed (see Fig. I). The
experimental investigations of the system containing
chloride, sulfate, calcinm and sodium ions in an
aqueous solution, indicate that the precipitation of
CaSQ0, is attained, whereas the solubility of NaCl
and Na, SO, is fully retained (Fig. 3). In this diagram
the system pressure is set to 500 bar, and the tem-
perature at which the precipitation occurs is 150 °C.
When the sysiem pressure is set to 250 bar, the ex-
perimental finding is that a temperature of about
320 °C is required to attain salt precipitation. This
indicates that with increasing system pressure the
required temperature decreases to achieve the pre-
cipitation of CaSQ,,

The issues of further investigations in the
SUWOX-facility are the behavior of salts in depend-
ence of pressure and temperature, and the demand of
oxygen and the required residence time to achieve
the complete destruction of the pollutants.
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Fig. 3. Precipitation of CaSQO, at p =500 bar,
T = 150 °C in a salt pre-separator
Conclusions )

The SUWOX-reactor is designed in a way that in
dependence on the expected problem of corrosion,
caused by the components of the pollutants, the
appropriate corrosion resistant reactor material can
be installed. In cases of the formation of mineral
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acids during the SCWO-reaction, it has been proven
that the use of alumina as a reactor material with-
stands pH-values < 1 (with the exception of hydro-
fluoric acid formation) without corrosive damage.
Moreover, it is shown that the precipitation of salts
at supercritical conditions is substantially prevented
augmenting the system pressure. The increase of the
water density in the supercritical state to p-values of
about 0.5 g/cm® causes the main components of the
salts (s. 2. NaCl and Na;S0,), being dissolved in the
investigated leachates from dump sites, to remain in
solution during the supercritical process. At operat-
ing conditions of 500 bar and 426 °C, complete
destruction of organic pollutants is nearly obtained
while >90 % of the salt load passes through the
SUWOX-process. The low soluble salts (s. a.
CaS0,) precipitate in the heating zone of the reactor.
This causes the need to prevent them from entering
the process. That can be achieved by a pressure and
temperature controlled pre-precipitation of these
salts in a small salt separator installed into the or-
ganic feed stream before they enter the SUWOX-
reactor.

The experiments are continued pursuing the ef-
fect of further system pressure increase on the solu-
bility of salts. Furthermore, the requirements of
oxygen supply and residence time, to obtain high
destruction rates, are investigated.
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An equation of state (EOS) based on the welt-known cubic Redlich-Kwong-Soave equation (RKS) with three
modifications was regressed and used to model thermodynamic properties of pure species and mixtures from
ambient to supercritical conditions. These changes involve a volume-translation, an o-function with polar pa-
rameters and more sophisticated mixing rules. For all of the investigated substances (H;O, COg, Na, Oy), inaccu-
racies occurred close to the critical points and, for higher pressures, around the critical temperatures. However,
the average etrors of the simulations were remarkably slight in general. The expansion to mixtures was also pos-
sible. The simplicity of the EOS and its stability lead to fast and reliable representations of the thermodynamic
behavior of these four key substances within the process of supercritical water oxidation (SCWO). Hence, the
EOS and its regressed parameters enable simulation of SCWO with only one EOS throughout the whole process.
The accurate and easy prediction of the thermodynamic properties is of major interest for setting up mass and

energy balances, for performing chemical kinetic investigations, and carrying out flow studies.

Intreduction

A major step when modeling chemical processes
is the identification of the running conditions and
finding an appropriate equation of state to represent
the physical properties to a certain extent of accu-
racy. Modeling of supercritical processes involves
some general problems independently of the single
process.

High pressure applications move the system away
from ideal gas behavior. The system is quite sensi-
tive around the critical point. Neither EOS developed
for liquid substances nor EOS developed for gascous
substances have the right background for modeling
species in the supercritical region where they exhibit
either liquid-like or gas-like behavior depending on
the physical property,

Systems involving water experience those prob-
lems even more gravely as the system pressure is
higher than for other typical supercritical fluids, e.g.
carbon dioxide. Also, the sensitivity of water around
the critical point is extremely high due to the fact
that the hydrogen bonding is partially dismissed and
water changes its strong polar attitude into a moder-
ate one [1].

The aim of this work is to support the process
modeling of an SCWO application by providing a
fairly accurate representation of the physical proper-
ties. The scope of the process simulation includes
calculation of mass and energy balances for the
overall SCWO process (black box) and also for
single steps or even along the fluid pathway (glass
box).
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Considerations for the Equation of State

The process conditions of interest are tempera-
tures and pressures ranging from ambient to 600°C
and 300bar, respectively. The main, and dominating,
component is water, and its density varies within the
process from 1000kg/m? to 0.5kg/m?,

The EOS should represent the density and the
enthalpy/heat capacity of pure substances over a
wide range of temperatures and pressures fairly well,
especially for water. It should be extendible to mix-
tures of water, hydrocarbons and gases while keep-
ing a reasonable accuracy.

The EOS should be simple in terms of the
mathematical configuration in order to keep numeri-
cal changes of the parameters predictable. Therefore,
it should be explicit either in pressure or in volume.
This also enables the calculation of derived proper-
ties, e.g. fugacity. Furthermore, the EOS should have
just a few adjustable parameters. This keeps the
equation stable and the computation fast — a great
advantage since the calculation of the physical prop-
erties is supposed to support the appropriate simula-
tion of the process, including sensitivity studies and
optimization routines, and not to hinder it

Selected Equation of State

In order to meet the above requirements, a cubic
EOS based on the van-der-Waals equation was cho-
sen, The basic structure is a Redlich-Kwong-Soave
equation (RKS) [2,3], yet the specific volume is
translated through ¢ in order to represent the density
more accurately [4,5]:




RT ao

= - 1
P v+e—b (v+o)v+e+bh) (L
with the volume translation
P — ifT <1 (@)

1+¢, ~T,
2
((Co_b)cz +1] ¢
c=bat ) f7.>1 (3
]+CZ(M+I}_TF and Cl;to
4
C=Cys fT >land ¢, =0. (4

Instead of the original RKS-o-function, a func-
tion developed by Boston and Mathias (BM) in-
volving polar parameters p; was used [6]:

Vo =14+m(1-T>) - po(1=T. X1+ p,T, + psT7),

T, >1 (5
a(T) = e 7.1 (6)
with ¢, =1-1/d | (7
and d =1+05m— po(1+p, +ps). (8)

The parameter m shows a slightly different de-
pendency on the azentric factor ® compared to the
RKS equation;

m =0.48508 +1.55191ew — 0.15613w" . (9)

For the extension to mixtures, Schwartzentruber
and Renon (SR) introduced new mixing rules [6]:

FEZM%(M;)%[I“%.U —1y(x, _xf')] (10)
[

2

b= xx, bt ((—x,;) (1)
i

where the temperature-dependent binary interaction
parameters are calculated as follows:

Koy =key +KoyT+kay [T (12)
kpij = ko + kb T+ k3 [T (13)
L =10+ LT+ T (14)
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with

koo=k (15a,b,c)

adj aji ? kb‘ij = kb.jr' and ij = ljr' :
The selected and regressed EOS will be referred
to as the VIBMSR equation.

Regression Procedure

The literature tabled below was utilized as refer-
ence data for the pure substances water, oxygen,
nitrogen and carbon dioxide.

Table 1.  Reference data for the regression
Species Source Number of
data pointsg
Water | NBS/NRC Steam Table, | 1232 (v), 977(h),
1984 [7] 911 (e
Oxygen | Nat, Std. Ref. Data of
the USSR, 1987 [8]; 720
IUPAC, 1976 [9] 575
Nitrogen | IUPAC, 1977 [10] 324
Carbon | IUGPAC, 1973 [11] 2935

Pioxide

There is also some reference data on these con-
ditions available for the binary aqueous mixtures
[12,13,14,15] and for the gas mixture N,-CQ, [16].
Due to the lack of extensive data on the H,0-0O, -
system, its sirnilarity to the H;O-N; systemn has been
taken advantage of [17, 18].

The software package AspenPlus’™ [19]was used
for the regression of the parameters and for the com-
putation of the physical properties, making use of the
obtained parameters.

As the temperature and pressure were varied at
the same time, the regression was quite likely to be
unstable or to abort completely. Hence, the strategy
was to regress all three c;-parameters first and, sub-
sequently, the three polar parameters p; Finally, the
interaction parameters were gained.

The results are plotted over the intensive num-
bers as a relative error which is defined as follows:

calculated value — reference value (16)
reference value )

relerror =

Results and Discussion

Pure Substances

As mentioned above, water is the key component
in terms not only of molefraction but also of its char-
acteristic of changing its thermodynamic behavior
dramatically when entering the supercritical region.
Therefore, our work focused on this substance,




In Figure 1, the L-V coexistence curve for pure
water is plotted according to NBS and several EOS.
In addition to the VTBMSR-EOQS, the approaches of
RKS and Peng-Robinson (PR) [20] were chosen
since they are often declared as good high pressurc
EOS [21]. Furthermore, the Rackett equation [22] is
also shown although it is not really an EOS but a
density model for liquid phases. The ideal gas cor-
relation is plotted for the saturated gas. The figure
demonstrates the power of the VIBMSR-EOS. 1t is
far more accurate than the two other cubic equations.
Only for densities close to critical is the Rackett
equation superior to the VIBMSR-EOS. This indi-
cates reasonable phase equilibria calculations using
the regressed VIBMSR-EOS,
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Density [kg/m®)
Figure 1. Density predictions for several EOS for
H,0O along the L-V coexistence curve

Figure 2 shows the relative error for density cal-
culations using the VTIBMSR-EOS and the regressed
parameters over the whole range of pressures and
temperatures, While the error is largest around the
critical temperature, it docs not exceed 14%, In the
supercritical region, the relative error is approxi-
mately 5%.

The approach for the heat capacity of water,
which is plotted in Figure 3, is, in general, quite
effective. However, for supercritical pressures and
around the critical temperature, the error reaches
30%. This is caused by the extreme heat capacity
peak at this temperature for supercritical pressure
(theoretically, ¢, converges to infinity at the critical
point [23]). Nevertheless, the VIBMSR-EOQS still
simulates the behavior best [24].

For the other three components, the errors are
slighter or even negligible. Yet, the representation of
the thermal and caloric properties reveals some
deficiencies of the EQS around the critical point for
all of the substances. For oxygen and nitrogen this
does not lead to any drawbacks as their crifical
points are far away from the operating conditions of
SCWO, The higher critical values of carbon dioxide
might cause inaccuracies when calculating the gas
phase separation after the oxidation.
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Figure 3. Relative error in the heat capacity of H;O

Mixtures

Figure 4 illustrates the need for regressing of in-
teraction parameters: the specific volume and the
heat capacity of the water-carbon dioxide mixture
(%co:=0.05) are calculated by taking the data of the
pure components from the literature and weighting
them by the molefraction. The resulting numbers are
compared to the reference data of the mixture [13]
by computing the relative error. While the specific
volume shows a maximum error of about 35% and
rapidly converges toward zero at higher tempera-
tures, the heat capacity starts off with substantially
ereater errors and converges at higher temperatures,
However, from approx. 500°C on, the mixtures dem-
onstrate behavior similar to that of an ideal mixture.

Figure 35 sets out the improvement in the simula-
tion of thermodynamic behavior by the VTBMSR-
EOS compared to its basic model, the RKS equation.
The more sophisticated g-function pushes the caleu-
lated caloric values for pure components closer to
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the real ones [24], but the more advanced mixing
riles and the regression of their parameters also
contribute greatly to this considerable accuracy,

140 ——e e R
190 - -~ gpec. Volume at 250 bar
100 4 -+--spec. Volume at 300 bar
— —4— Enthaipy at 250 bar
T 80 oy
byl &~ Enthaipy at 300 bar
& 6
S 801
T 401
£ 201 Temperature [°C]
0 gt : et
2350 qgg’,,f’ 450 500 550 500 6
e
-40

Figure 4. Relative error when calculating proper-
ties of the mixture H,0-CO, with
Xcor=0.05 by weighting the pure values
compared to reference data
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Figore 5. Relative error on the enthalpy of the
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Conclusions

It has been shown that the proposed EOS, in-
volving a volume-translation, a sophisticated a-
function with polar parameters and more compli-
cated mixing rules, specifies reasonable accuracy for
the modeling of the thermodynamic behavior of
aquecus mixtures at elevated pressures and tem-
peratures — even in the supercritical region. Around
the critical points, their closeness to the real values
drop but only for small regions.

The structure of the EOS is relatively simple and
the parameters ¢; and p; can be related to density and
caloric properties, respectively, although there are
some interactions. Therefore, only slight effort is
required to predict the physical properties. This
enables the EOS to be deployed usefully in process
modeling and simulation.
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Gasification of Biomass and Model Compounds in Hot Compressed Water
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Experimental results of the gasification of biomass (straw, wood, sewage sludge) and model compounds in su-
percritical water are presented. The experiments were carried out in three batch and two tubular reactors in a
temperature range of 300-600°C and pressures up to 70 MPa. Glucose and sucrose were chosen as model com-
pounds for cellulose. Vanillin and pyrocatechol as aromatic compounds are model compounds for lignin. The
influence of salt addition and solid catalysts on the gasification was also investigated.

Introduction

For the growing future energy demand, energy
from biomass may contribute in a non negligible
amount. Such a strategy would avoid the net in-
crease of carbon dioxide in the atmosphere and it
would help to fulfil the obligations of the European
Union to reduce the carbon dioxide release.

Today the main part of energetic use of biomass
consists in incineration of wood with a rather low
energy vield. An increase of the efficiency can be
expected by gasification and use of the fuel gases in
turbines or even fuel cells. For wet biomass and
wastes the less investigated gasification in hot com-
pressed water shows considerable potential advan-
lages [1, 2].

Experimental

In this paper, experiments carried out in three
batch and two tubular reactors are reported. The
reason for using different reactors is to study
whether differences like unequal heating rates and
surface to volume ratios influence the results. Real
bicmass can be investigated only in batch reactors
up to now because feeding of small flows of suspen-
sions is difficult,

Batch reactor I is made of Inconel 625 and has
an internal volume of 1000 ml. It is constructed for
pressures up to 28 MPa at temperatures up to 500°C
and equipped with a stirrer. The experiments were
carried out with vanillin and sucrose as model com-
pounds (0.25-0.75 mole/kg) mainly in the presence
of NaCH (0.25-0.75 mole/kg) and a solid catalyst
(1.7-6 g/kg Raney Nickel, pellets of Nickel etc.).
The temperature was adjusted between 300-490°C
and the pressure between 10-27 MPa. Typical results
are given in table 1. :
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Fig. 1: Experimental set-up of batch reactor [1

Batch reactor 1I {up to 700°C and 100 MPa, fig.
1) has an internal volume of 100 ml and is made of
Nimonic 110. A stirrer with magnetic coupling is
used for mixing. In this reactor, mainly the reactions
of model compounds (0.25-0.5 wt.% vanillin and
lignin) were studied in the range of 350-600°C, 20-
70 MPa and residence times up to 4 hours. In some
experiments K,CO, (0.02-0.46 wt.%) was added.

Batch reactor 111 (up to 500°C and 50 MPa, fig,
2} is a tumbling autoclave with an intemmal volume
of 1000 ml and is mainly used for the study of the
chemical behavior of common biomass feedstocks
like wood, straw, and sewage sludge (1 wt.%). For
comparison also experiments with vanillin (1 wt.%)
with and without K,CO; addition were conducted. In
most experiments the temperature was 450°C and
the pressure 35 MPa.

In the experiments carried out in batch reactor I
and batch reactor ITI, the model compounds or bio-
mass were heated up together with water. In the
experiments carricd out in batch reactor II, the
modei compounds were injected in the reactor when
the water had reached the desired temperature.
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Fig. 2: Picture of the tumbling reactor (batch reactor
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Fig. 3. Experimental set-up of tubular reactor I,

Tubular reactor 1 {(up to 600°C and 32 MPa) is
constructed for oxidizing aqueous wastes in super-
critical water (description see [3]). Here, the degra-
dation of vanillin and glucose (0.1-0.4 mole/kg) was
studied in the presence of K,CO, (0.001-0.002
mole/kg) and KOH {0.002-0.02 mole/kg) at 550 and
600°C, in the pressure range of 27-31 MPa and with
residence times up to 2 min. Selected results are
given in table 2.

A second flow reactor (tubular reactor II) was
constructed to study special aspects of the hydropy-
rolysis of model compounds like pyrocatechol, glu-
cose and glycine in the range of 400-600°C, 25-30
MPa, in the presence of KOH (0.002 mole/kg) and a
residence time of 2 min,

After all experiments the gas phase was meas-
ured by gaschromatography and the total organic
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carbon content (TOC) of the liquid phase is deter-
mined. In selected experiments the composition of
the liquid effluent was determined by mass spec-
trometry and quantified by SPME-GC,

Results

At temperatures below 500°C the maodel com-
pounds (e.g. sucrose) are not compietely gasified in
the absence of alkali compounds like K,CO, and
KOH, even if the residence time is 4 hours (batch
reactor I). In these experiments, a lot of soot and tar
is formed and the CO content is significantly higher
than in the presence of alkali compounds (table ).

The use of Raney nickel leads to a further in-
crease in the gasification efficiency and to a in-
creased formation of methane at 400°C (batch reac-
tor [). This was expected because nickel is a catalyst
for hydrogenation and hence increases the reaction
rate of the hydrogenation of CO to methane. At
higher temperature hydrogen is the favorite product
and therefore nickel influences the gas composition
to a much smaller extent. Some solid catalysts based
on Fe,0, were also studied, they lead to a compara-
ble high conversion like nickel but to higher CO
formation,

In order to understand what kind of compounds
are included in the residual TOC and how the com-
position in the liquid phase is influenced by tem-
perature, pressure and salt presence, experiments
with vanillin and lignin were carried out. The reason
for the low gasification rate of the model com-
pounds in the absence of salts is, that in the studied
temperature range up to 530°C the aromatic rings
are not degraded completely, The reaction of vanil-
lin in hot compressed water leads to a variety of
other aromatic compounds like different phenols. At
400°C the main product is pyrocatechol, which is
the hydrolysis product of vanillin. The yield of py-
rocatechol increases with pressure (fig. 4) which is
in accordance with the assumption that the ability of
water to be a reaction medium for hydrolysis in-
creases with density.

The gas phase composition after the gasification
of biomass (straw and wood, batch reactor IIT) is
similar to the composition after the reaction of
model compounds in the presence of potassium salts
{table 1). The influence of salt addition to the reac-
tion of biomass is of minor importance compared to
the degradation of moedel compounds, because these
materials contain salts. In table 1 is shown that the
addition of K,CO; decreases drastically the CO
content after gasification of vanillin, while the CO
content after wood gasification was influenced to a
much smaller extend. The salt content of straw is
higher than of wood, therefore the addition of
K,CO; has no significant influence on gas phase




composition and gasification efficiency. Sewage
sludge is an exception, despite of the relative high
salt content, the CO-content is high and the gasifi-
cation efficiency low. This has to be investigated in
further studies at higher temperatures.

Concentration of Key Compounds
100 A Phenol
55y Methoxyphenal
80 (53 Pyrocatecliol

5
E
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E 4
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g 20
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Fig. 4: Concentration of phenol, methoxyphenol and
pyrocatechol after reaction of vanillin in supercriti-
cal water as a function of pressure. (Batch reactor 1,
400°C, 2 h reaction time).

Table 3: Influence of the reaction time

(600°C, 25 MPa, 0.2 mole/kg pyrochatechol, 0.0018
mole/kg KO, tubular reactor I1)

Time Hy CH4 cCO - COz TOC

/sec. Vol% Vol% Vol% Vol% /%
30 66.1 1.4 0.5 32.1 0.6
60 66.4 1.9 0.6 301 0.3

120 63.1 2.4 0.5 32.1 < 0.1

As mentioned above, the addition of alkali salts
to the model compounds leads to a decrease in CO
formation. The reason for this influence is likely the
known catalysis of the water- gas shift reaction (I)
by alkali compounds [2]. The maximum hydrogen
yield is given by stoichiometry. For example in the
case of glucose the optimum hydrogen yield can be
achieved if 6 molecules of water react with one
giucose molecule ().

CO+H,0 = CO, + H, (M
CH 06+ 6 HyO — 6 CO, + 1214, (1)

For illustration to which extent water participates
in the reaction, a stoichiometric factor y is calcu-
lated, which gives the number of water molecules
per carbon atom reacting via equations analogous to
equation (111},

Example glucose:
1/6 CoHOy + ¥ HO -3 (y +1) Hy+ y €O, + (5-y) CO (i
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In the case of vanillin the addition of K,CO; in-
creases the stoichiometric factor from 0.52 to 0.98
{table 1: 450°C, batch reactor 111).

The influence of the alkali compounds on the gas
phase composition was also confirmed for the model
compounds vanillin and glucose by flow experi-
ments (tubular reactor [, table 2). In both cases the
CO formation is decreased and the conversion as
well as the stoichiometric factor is increased by
KOH or K,CO,. Similar results are found for pyro-
catechol: if KOH is added than pyrocatechol is gas-
ified completely in two minutes (table 2 and 3). The
tiquid efftuent has no color, no odor and no measur-
able organic carbon content. Very good gasification
efficiency is also found for glycine, which was used
as model compound for amino acids and proteins,
The nitrogen contained in glycine reacts nearly
complete to [NH,},CO, found in the aqueous efflu-
ent.

Table 4: Influence of concentration (glucose, tubular
I, 2 min. reaction time)

Glucose  Salt H, CH, co Cco, TOC
mole/ kg  moteky Vel% Vol% Vol Vol% %

$50°C, 31 MPa, K;CO,:

0.1 0.001 40.5 4.5 0.9 54 8.1
0.2 0.002 34.0 6.6 03 59.1 17.0
600°C, 30 MPa, KOH:

0.1 0.002 32.7 3.0 0.2 588 0.4
02 0.02 63.3 16.9 0.5 252 025
0.4 (3.02 65.5 11 0.5 23 0.20

The gas composition of the pyrocatechol gasifica-
tion changes only to a small extent with reaction
time (table 3). Only the methane yield increases and
the TOC in the liquid effluent decreases signifi-
cantly after a longer reaction time.

Higher concentrations usually lead to lower hy-
drogen yields and higher residual TOC content. This
effect vanishes at higher temperatures and higher
alkali concentrations (examples in table 4). If KOH
is added, the gas composition is influenced by the
formation of K,CQ,. Therefore the CO, content in
the gas phase is lowey than in the cases K,CO, is
added before reaction gtable 2.4).

Outlook

A pilot plant for the gasification of biomass is
planned. For a technical process, the following as-
pects has to be studied:
s Feeding of the solid biomass.
»  Selection of hydrogen-resistant materials.
s Efficient heat exchange.



- Table I: Batch experiments
Reactant T p t Ha CHy CoO COn TOC Soot,Tar Y (&)
°C MPa min  Vol% Vol% Vol% Vol% %(l) % of TCy

Batch reactor 1 (48 experiments):

Sucrose 390 26 240 8 8 4.4 71 97 (3) 889 nd,
(0.5 mole/kg) {4)
Sucrose (0.25-0.5 mole/kg) 400 26 240 29 I 1.6 53 8i 3) 34.6 n.d.
+ NaOH 480 20 240 58 11 1.4 24 54 (3) 56 n.d.
Sucrose 300 10 240 22-64  2-23 03-5  30-67 53-79(3) <dp n.d.
{0.25-0.75mole/kg) 400 26 240 26-49 1228 <05 27-50  0-3203) 0-34 n.d.
+ NaOH, + Raney Ni 480 26 240 58 14 <0.3 26 <0.13) <01 n.d.
Vanillin 390 26 240 44-61 2135 <0.1 1520 19-3303) <139 n.d.
(0.25-0.75moler/kg) 450 26 240 72273 10-11 <004 14-17 <01 (3) <66 n.d.
+ NaCH, + Raney Ni 480 26 240 7374 8-11 0.05 t4-18 <01 3 0-196  nd
Batch reactor [E (15 experiments):
Vanillin 450 35 120 223 133 394 251 71.8 n.d. 0.52
(10g/kg) 500 3i.5 120 40.9 13.1 74 387 295 n.d. 0.86
Vanillin (10g/kg) 450 35 120 459 150 05 186 265 n.d, 0.98
+K2C03 500 315 120 409 14.6 15 430 219 n.d, 0.50
Wood (10g/kg) 450 35 120 289 19 33 48.8 8.2 n.d. 0.49
Wood (10g/kg) +K2C0O3 450 35 120 34.2 15.3 0.7 50 18.8 n.d. 0.57
Straw (10g/kg) 450 35 120 328 18.5 1.4 472 16.5 n.d. 0.55
500 315 120 35.0 18 0.4 46.7 16 n.d. 0.58
Straw (10g/kg) +KoCO3 450 35 120 427 16.5 1.0 39.7 17.9 n.d. 0.68
500 315 120 437 156 012 406 75 n.d. 0.65
Sewage Sludge (10g/kg) 450 35 120 488 170 28 31.3 45.17 n.d. 0.79

(1): % TOC = 100 » motle organic C in the liquid effluent/ mole C in reactant; (2): Calculated stoichiometric factor;
(3): TOC not measured but estimated from solid carbon content and gas phase composition;(4): n.d. = not determined

Table 2: Flow experiments
Reactant T p t H> CHy Co CO2 TOC  SootTar Y (2}
oC MPa min  Vol% Vol% Vol% Vol% %(]) %of TC,

Tubular reactor 1 (52 experiments):

Glucose (0. Imole/kg) 550 27 2 260 75 293 36 406  nd. {4 038
600 31 2.1 331 6.0 28.9 31.9 8.23 n.d. 0.38
Glucose (0.1-0.3 550 31 23 2947 19-87 0.1-1.9 46-69 4819 nd 0.64-0.82
mole/kg)+ K2CO4 600 31 23 2837 23-73 0.2-41 55-67 392 nd 0.72-0.81
Glucose (0.1- 600 30 2 35-66  3-11 0.1-0.6 2265 0224 nd. 0.267-
0.4mole/kgH KOH 0.76
Vanillin 600 27 175 359 8.9 384 16.8 32.2 n.d. 0.75
(0.07 molefkg) 30 2 37.8 9.6 323 202 319 n.d. 0.80
Vanillin(0.07 molekg)+ 600 27 175 462 15.8 1.2 36.8 18.2 n.d. 1.00
KaCny 30 2 434 173 i.8 37.5 211 n.d. 0.98
Tubular reactor 11 (20 experiments):
Glucose 400 30 2 4.1 1.5 412 45.1 63 23 -0.14 (6)
(0.2 mole/kgy+ KOH 500 30 2 15.1 53 53.4 21.8 38 16 0.12(6)
600 25 2 57.2 3.7 0.5 33 <Q.1 <0.1 1,12
Pyrochatechol 600 25 2 63.1 24 1.4-63 32.1 0.1 <0.1 1.5
(0.2 mole/kg)+ KOH
Glycine 3 600 25 2 57 1.8 0.8 414(3) 15 0.1 n.d. (3)

(0.6 mole/kg)+ KOH

(5): The nitrogen contained in the glycine is converted completely to [NEl4]2C03, therefore the CO9 yield is low;
(6): Negative values because in equation (1) the equilibrium C + CQOg « 2 CO was not considered.

References: [3] H. Goldacker, J. Abeln, M. Kluth, A. Kruse, H.
{1] S. Ramayya, A, Brittain, C. DeAlmeida, W, Schmieder, G, Wiegand, Proceedings of 34 Inter-
Mok, M. J. Antal, Ir., Fuel 66, 1364 (1986). national Symp. High Pressure Chemical Engineer-
[2] D. C. Elliott, M. R. Phelps, L. 1. Sealock, Jr,, E. ing, 7-9 Oct. 1996, Ziirich, Switzerland,

G. Baker, Ind Eng. Chem. Res. 33, 566 (1994),
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The dehydration of 1,4-butanediol to tetrahydrofuran in sub-and

supercritical water

Dipl.-Ing. Thomas Richter, Prof. Dr.-Ing. Herbert Vogel*,
Technische Universitit Darmstadt, Fachbereich Chemie, Institut fur Chemische Technologie,
Chemische Technologie I, Petersenstrae 20, D-64287 Darmstadt
Fax: 06151/ 163465, e-mail: hervogel@hrz1 hrz.tu-darmstadt.de

Water plays an important role in many chemical reactions: as a solvent, a reaction partner or a catalyst. Many
organic substances do not react or react only insufficiently with or within water at lower temperatures. This
behaviour changes dramatically when the temperature is increased. A broad scope of the properties of the aque-
ous reaction-mixture ( e.g. p, &, pPKy, ¢p), especially near the critical point, can be changed through minor tem-
perature- and pressure variations. This can provide alternative reaction pathways, i.e. the chemical environ-
ment can be adapted without the need to find alternatives for the solvent water. One cause is the change of the
intermolecular interaction of water molecules during the transition into the supercritical condition. In order to
investigate the synthesis-potential of supercritical water (SCW), hydration- and dehydration reactions of vari-
ous model compounds were carricd out under sub- and supercritical conditions. These reactions were carried
out without
involving catalysts (acids, bases) to overcome the disadvantages of common reaction-conditions (e.g. use of
mineral-acids, salt-yields and low space-time-yield). 1,4-butanedioi dehydrates in sub- and supercritical water
selectively to tetrahydrofuran (THF), without the addition of an acid catalyst. No other products were detected.
THF has proved fo be stable under the applied reaction conditions. The conversion increases significantly with
the temperature. At 300 °C (25 MPa) a conversion rate of 10 %, was obtained, which increases to 70 % at 380
°C (25 MPa) with 2 minutes residence time.

Introduction
Today, the production of tetrahydrofuran
(THF) via dehydration of 1,4-butanediol (BTD) is Methods

carried out in liquid-phase at elevated temperatures A mini plant with a plug-flow reactor was
in the presence of a dehydrating agent, e.g. a min- built. The plug-flow reactor has a length of one
eral acid {1,2,3]. The disadvantages of using a min- meter and a volume of 50 mi. A flow sheet of the
eral acid are the waste disposal of the soiled acid plant is given in Fig. 1. Detailed information about
and the high costs of a corrosion-resistant reactor. the mini plant and the analytics are given in [11].

The reaction mechanism under conventional condi-

tions is well known [4,5]: i
—_ fort tlow fast
L \g 1 - 6 L

+ | - ky k3 ;:::.:‘:

OH “OH . @0‘[’; 1 ? - Q+H+ é - .....,......T =
Many examinations about the dchydration of h_:_ e cﬁm
alcohols in SCW are known in literature; mostly [5» . R
monohydric alcohols e.g. ethanol [6,7,8] or pro- T
panol [9,10] are described there. In most cases the Figure 1. Flow sheet of the high pressure plant.
reaction products were olefins. These examinations
were carried out in small batch- or plug-flow reac- The reaction temperature was varied from 300 to
tors (volumes < 5 ml) where there was no exclusion 400 °C and the reaction pressure from 23 to 35
of catalytic wall effects. The measurements in this MPa. The residence times were adjusted from 15 to
paper were carried out in a plug-flow reactor with 165 s

“technical” dimensions,
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Results and Discussion

By changing the reaction medium to sub-
and supercritical water (SCW), it is possible to
discard the use of a mineral acid. The dehydration
of BTD to THF in SCW has a selectivity of nearly
100 %. Only traces of CO, and CO were detected,
THF has proved to be stable under the applied reac-
tion conditions.

Increasing the temperature from 300 to 380 °C one
can notice a rise in the conversion rate at all pres-
sures, reaching a maximum at 380 °C. A further
rise in the temperature will cause the conversation
rate to decrease (Fig. 1). The addition of 1% (g g”)
acetic acid will cause the conversion rate and the
rate constant to increase, which can be explained by
the ionic mechanism, Furthermore, the maximum of
the conversion rate shifts from 380 to 400 °C (Fig.
2.

30

80
&~ -+
:" 70 ~ 23 MPua|
& a0 +
S0t 25 MPa
240 -~ 30 MPa
-
% 30 4 =35 MPa
8 20 -+~ 30 MPa
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0 ¢ - } ' }
290 310 330 350 370 380 410

Temperature / °C

Figure 2. The conversion rates of the dehydration
of
BTD to THF showing the dependence on
the temperature at various pressures,

At subcritical conditions the pressure dependence of
the conversion rate is small (Fig. 3). The maximum
of the conversion rate at 300 and 350 °C are at
25 MPa in both case. At near-critical conditions
(380 °C) there is a strong pressurc dependence at
low pressures, at supercritical conditions (400 °C)
at high pressures. The maximum of the conversion
rate shifts at 400 °C to a pressure of 30 MPa (Fig.
3.
50
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Figure 3. The conversion rates of the dehydration
of
BTD to THF showing the dependence on
the pressure at various temperatures.

Based on the ionic mechanism the dissociation
constant of water should show an influence on the
conversation rate and on the rate constant. For the
first step of the reaction (the protonation of the 1,4~
butanediol) the presence of protons is crucial, Ap-
roaching the critical point, the pK,, value increases
and therefore the self-dissociation of water de-
creases accompanied by a reduction of density. In
Fig. 4 the interdependence of the conversion rate at
25 MPa and the Ky-value is shown.

1,0E-10
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+ 1,0E-12
r 1,0E-13
+ 1,0E-14
r 1,.0E-15
r 1,0E-16
r 1,0E-17
+ 1,0E-18
r 1,0E-19
r 1,0E-20
1,0E-21

M

P Y WA T TN S0 U VOO ¥

5T Conversion rale

0 + + t t t
280 310 330 30 370 390 410
Temperature/°C

Figure 4. Conversion rate at 25 MPa and at various
temperatures compared with the Ky~value
of water.

It could be unmistakeably shown that the addition of
acetic acid results in an increase of the conversation
rate at all temperatures. The shift of the maximum
of the conversation rate from 380 °C to 400 °C was
particularly apparent. The reason for this can be
tracked down to the pK,, value which only plays a
minor role for the supply of protons due to the pres-
ence of acid.

The rate constants were calculated via a first order
equation. They are given in Tab. 1,

Table 1. Rate constants of the dehydration of BTD

to THF.
Pressure / Temperature / | Rate constant /
MPa °C 107 ¢?
23 300 0,62 (9)
23 350 4.4 (2)
23 380 6,9 (8)
23 400 3,8 (7)
25 300 0,91 (9)
25 350 4.1(5)
25 380 8,8 (5)




25 400 3,8 (6)
30 300 0,66 (3)
30 350 3,7 (2)
30 380 9.8 (2)
30 400 8,4 (3)
35 300 0,50 (3)
35 350 3,5(2)
35 380 9.9 (6)
35 400 6,4 (4)

The activation energies which are calculated from
the rate constants are shown in Fig 5. They rise
with increasing pressure.

+ 1% (g g™ acetic ucid

20 22 24 26 28 30 32 34 36 38
Pressure / MPa

Figure 5. The activation energies of the dehydra-

tion

of BTD to THF at various pressures.

The iomic mechanism, which predominates under
conventional conditions, could be confirmed by
measurements in the subcritical as well as in super-
critical statc. Homolytic mechanisms dominates in
"ion" dissociated water (high pKw values). The
addition of an acid should counteract a reaction,
which has a homolytic mechanism. This was not
observed. Furthermore, there were no other products
detected. Thercfore no hints of change in the
mechanism were revealed.

Conclusions

The dehydration of BTD to THF is a
successful reaction under common conditions, but
has some disadvantages based on the use of mineral
acids. These problems can be solved by using SCW.
With a maximum conversion rate of 75 % (380 °C,
30 MPa, 140 s residence time) without the addition
of an acid and up to 90 % (400 °C, 30 MPa, 120 s
residence time) with an addition of 1 % (g g") ace-
tic acid the dehydration in SCW is an appropriate
alternative. The selectivity of THF is always nearly
100 %.
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To our knowledge the hydrolysis of starch with water and carbon dioxide at elevated pressure and temperature
has not yet been investigated. We have therefore carried out these experiments with the aim of optimizing the
reaction conditions to obtain a maximum yield of the valuable products such as maltose, glucose and fructose.
The hydrolysis of starch was performed in a tubular reactor measuring 4.02 m in length and having an inner
diameter of 6 mm. Experimental conditions were such that the temperature ranged from 170 to 300 °C and the
pressure was varied between 60 and 240 bar. An increase in the yield of products was observed when carbon
dioxide was used as a catalyst. But only the dissolved and dissociated carbon dioxide has an influence on the
hydrolysis of starch. The temperature is the parameter which has the strongest influence on the hydrolysis of
starch in water. The glucose vield varied only little with the initial starch concentration, eventhough this was, in
one case, increased by a factor of 50. The kinetic study was carried out with the assumption, that the type of all
reactions are the first order. The activation energy and frequecy factor for the decomposition of starch and
formation of products were calculated, We present in this article the hydrolysis of starch with carbon dioxide as
catalyst as an alternative to the traditional acid catalyzed process. Comparing with the traditional acid catalyzed
process the hydrolysis of starch with carbon dioxide as catalyst has the advantage, that two process units, one for
neutralizing the solution and a second one for removing the resulting salt with ion exchangers, could be
eliminated.

Introduction hydrolysis the solution is neutralized and the
The hydrolysis of many biopolymeres at high resulting salt is removed using an ion exchanger.
pressure and high temperature is already examined. Starch is an  alpha-linked  polysaccharide.
The studies on the hydrolysis of glucose were carried Furthermore it is composed of two components with
out within a range of temperature from 150 to 300°C different molecular weights: 20 - 30 % of linear
[11[21[3]). A detailed kinetic investigation of the amylose and 70 - 80 % of branched amylopectin (see
hydrolytic reactions of glucose near the critical point Fig. 1). The hydrolysis of starch is an acid catatyzed
was done by Kabymela [4]. Mok examined the acid hydrolytic decomposition where a C-O-C linkage is
catalyzed hydrolysis of cellulose at a pressure of 345 cracked between two glycopyranose units and a
bar and at a temperatare ranging from 190 to 225 °C water molecule is inserted.
[5]. However, to our knowledge the hydrolysis of oo oM
starch, though being the economically most - _
important biopolymere, has not been investigated so \
far. The goal of our work is to determine the best S Dwn o s Amjopekin
conditions for the formation of the valuable products I o -
like maltose, glucose and fructose. Instead of \ ] 4 Amose
traditional acid catalyzed process the hydrolysis of

starch was camied out with carbon dioxide as Figure 1. Sketch of a starch molecule

catalyst. The advantage is that two process units, one

for neutralizing the solution and a second one for Apparatus and experimental procedure
removing the resulting salt with jon exchangers, The experiments were carried out in a tubular reactor
could be eliminated. of 4.02 m length an inner diameter of 6 mm and an
About 70 % of the annual 17 million tons world outer diameter of 10 mm. The used Inconel 600
production of starch is converted to glucose- tubes were made of a corrosion resistant and
containing sweeteners [6]. Starch is usually hightemperature  resistant  nickel-based  alloy
converted to glucose by using either an acd (2.4816). The flow chart of the whole apparatus is
catalyzed or an enzymatic process. The initial shown in Figure 2.

suspension for the acid catalyzed process is a 40 wt.
% starch suspension which is acidified to a pH of 4 -
5, usually using hydrochloric acid. After the
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Figure 2. Scheme of experimental apparatus
1. water storage tank 2. Pump 3. nitrogen storage
tank 4. compressor 5, pressure compensator 6. check
valve 7, preheater 8. carbon dioxide storage tank 9.
compressor 10. plenum chamber 11. check valve 12.
high-precision pump 13. backflow check valve 14.
magnetic stirrer 15. starch suspension storage tank
16. pump 17. check valve 18. mass flow measuring
instrument 19-23. sample port with cooling system
24, heat exchanger 25. pressurizing valve 26,
separator 27. gasometer

Analysis

The concentration of liquid products, maltose,
glucose, fructose, 1,6-anhydro-B-D-glucopyranose
{Levoglucosan) und 5-hydroxymethylfurfurol (HMF)
were analyzed by HPLC. The HPLC equipment
consisted of a pump (Merck-Hitachi-L.7100), an
autosampler, and an integrator, The used ET 300/7.8
NUCEOGEL SUGAR Na carbohydrate column
contains 300*7.8 mm bed packed with a calcium-
exchange polymer in Na+ form. The HPLC was
operated at a floe rate of 0.5 mL/min demineralized
water. The oven (Sykan S4110) was operated at a
temperature of 72°C. The detector used was a RI
detector (RI-IV LDC Analytical). The products of
hydrolysis of corn starch that were identified by
HPLC are shown in Fig. 3.

15,910
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17,160
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Retention Time [min]
Figure 3. HPLC chromatograms of a liquid sample
from corn starch hydrolysis at 250°C, 240 bar and
the residence time of 50 sec.
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Results and discussion

Hydrolysis of starch with carbon dioxide

In the course of this work the hydrolysis of corn
starch, the most important kind of starch, in water
and CO, at high pressures and temperatures was
investigated. The experiments were performed at a
temperature between 170 and 300 °C and a pressure
between 60 and 240 bar. Concentration of starch
varied from 0.2 up to 10 wt. % and the residence
time varied from 0.4 up to 20 min.

In this work the added quantity of carbon dioxide is
expressed in degree of saturation, which is the ratio
of the added carbon dioxide by the maximum soluble
quantity of carbon dioxide in water at given
conditions. A degree of saturation of more than 100
% means that carbon dioxide is in excess. Figure 4
exemplary shows the results of the hydrolysis of
starch at 230°C and 240 bar. The initial starch
concentration was 0.2 wt. %. The water was
saturated with nitrogen to exclude the influence of

oxygen.
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Figure 4. Product yields under influence of carbon
dioxide as a function of residence time

Influence of the concentration of carbon dioxide

The influence of the concentration of carbon dioxide
on the formation of glucese is shown in Figure 3.
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Figure 5. Glucose yields with different CO,
concentrations as a function of residence time

It can be seen very clearly that the glucose yield is
significantly higher than without the use of carbon
dioxide. The yield can be increased from 5 % to 60
% by adding carbon dioxide. The effect on the
formation of glucose increases with increasing
carbon dioxide concentration. However, the
formation of glucose at 96 % and 153 % degree of




saturation of CO; is almost the same. This is caused
by the H+ ions being the real catalyst in the acid
catalyzed hydrolysis. Therefore only the dissolved
and dissociated carbon dioxide has an effect on the
hydrolysis of starch. The excess carbon dioxide stays
in the gas phase and has no direct influence on the
hydrolytic reaction. However, the density of carbon
dioxide is about a third of the water density even at
elevated pressures and temperatures. Since the
massflowrate of liquid phase is constant, the excess
carbon dicxide affects the residence time obviously.
Influence of temperature

It was discovered that the temperature, compared
with the other wvariables like pressure and
concentration of acid, had the strongest influence on
the hydrolysis of starch in water {7]. The influence
of different experimental temperatures, on the
formation of glucose is shown in Figure 6, It can be
seen that at the beginning period the hydrolysis
reaction is faster at higher temperatures than it is at
lower temperatures, thus more glucose is formed.
Likewise the decomposition of glucose is faster at
the end of hydrolysis at increased temperatures, The
reason s that the higher temperature accelerates both
formation and further decomposition of glucose.
This effect increases with increasing temperature.
The maximum yields of glucose at 190 °C and 210
°C oceurring late were not measured because of the
limitation of the apparatus. However, with regard to
previous experiments [8] there are reasons for
assuming that the maximum yield occurs earlier
when increasing temperature. The self-dissociation-
constant of water increases at elevated temperature,
therefore both hydrolysis of starch and further
decomposition of glucose are accelerated.
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Figure 6. Influence of temperature on the glucose
yield when hydrolyzing corn starch with an excess of
carbon dioxide

Influence of pressure

Previous work [9] confirmed that the pressure itself
has no influence on the hydrolysis of corn starch.
The effect of changing the pressure within our
experiment’s range on the dielectric-constant and
self-dissociation constant of water is so small that the
hydrolysis of starch is hardly influenced. Further the
hydrolysis of starch is strongly influenced by the
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dissolved and dissociated carbon dioxide. The
solubility of carbon dioxide is dependent on the
pressure and temperature, like Figure 7 shows.
Therefore the hydrolysis of starch is indirectly by the
pressure influenced.
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Figure 7. The solubility of carbon dioxide as
function of the pressure and temperature [9]

The experiments were carried out in the aqueous
phase at pressures of 60, 120, 180 and 240 bar, to
ensure that the hydrolysis of starch prevails over the
pyrolysis. The influence of pressure on the
hydrolysis of corn starch when adding carbon
dioxide is shown in Figure 8. All experiments shown
in Figure 8§ were carried out with excess carbon
dioxide at 230 °C and an initial starch concentration
of 0.2 wt. %. However, previous investigations
showed, that the hydrolysis of starch was not
influenced by degree of saturation, if the saturation
degree is more than 100 %.

The glucose yield increases with an increase in
pressure, because the maximum solubility of carbon
dioxide in the agueous phase increases with
increasing pressure. More dissolved carbon dioxide
accelerates the hydrolysis of starch and produces
more glucose.
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Figure 8. The influence of pressure on the glucose
yield with excess carbon dioxide

Influence of initial starch concentration

For industrial applications the space-time yield of
the product is of major importance. The
experimental results are shown in Figure 9 as
glucose yields as function of residence time. The




glucose yields are in a narrow range even when
increasing the initial starch concentration 10 or 50
times. This leads to the conclusion that the resuits,
which were obtained in this work with the low initial
concentration, are transferable to higher initial starch
concentration conditions,
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Figure 9. Glucose yields at different initial starch
concentrations

Kinetic modeling
The kinetic study of hydrolysis of starch in near
critical water was carried out by assuming the first
order reactions. The reaction scheme is considered
as follows.
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Figure 10. Arthenius plot for the hydrolysis of starch
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Figure 10 and 11 show the arrhenius plot for the
hydrolysis of starch and further decomposition of
glucose. The activation energy Ea and frequecy
factor kO for different reactions were evaluated.

Conclusion

The hydrolysis of starch with water and carbon
dioxide at elevated pressure and temperature has
been investigated. An increase in the vyield of
products was observed when carbon dioxide was
used as a catalyst. But only the dissolved and
dissociated carbon dioxide has an influence on the
hydrolysis of starch. The temperature is the one
parameter which has the strongest influence on the
hydrolysis of starch in water. The yields obtained for
glucose varied only little with the initial starch
concentration, eventhough this was, in one case,
increased by a factor of 50. The kinetic study was
carried out with the assumption, that the type of all
the reactions are the first order. Comparing with the
traditional acid catalyzed process the hydrolysis of
starch with carbon dioxide as catalyst has the
advantage, that two process units, one for
neutralizing the solution and a second one for
removing the resulting salt with ion exchangers,
could be eliminated.
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Hydrogenation at Supercritical Conditions

Magnus Hirréd*® Maj-Britt Macher® Sander van den Hark® and Poul Meller®
b Augustenborggade 21B, DK-8000 Aarhus C, Denmark
® Chalmers University of Technology, Department of Food Science,
¢/o SIK, POBox 5401, SE-402 29 Goteborg, Sweden
E mail: magnus.harrod@fsc.chalmers.se fax; +46-31-83 37 82

In hydrogenation of liquids, hydrogen is mixed with the liquid and brought in contact with .a catalyst. The
reaction rate is limited by the concentration of hydrogen at the catalyst surface. The reasons are the transport
resistances for the hydrogen: between the gas phase and the liquid phase; through the liquid phase; and
between the liquid phase and the catalyst. .

By adding a suitable solvent to the reaction mixture, we can bring the whole mixture to a supercritical or near-
critical state. Under these conditions the solvent dissolves both the substrate and the hydrogen and a
substantially homogeneous phase is formed, in which the transport resistances are eliminated. Therefore, the
hydrogen concentration at the catalyst surface can be greatly increased and extremely high reaction rates
achieved. Hydrogenation at supercritical conditions can improve both the process economy and the product
quality.

At this meeting we will present the basic principles for hydrogenation at supercritical conditions. We will
demonstrate the principles using our results from reactions for production of hydrogenated oils and fatty
alcohols, Reaction rates up to 1000 times higher than in traditional processes have been achicved. An example
of improved product quality is that in partially hydrogenated fat the frans-fatty acid content was dramatically
reduced.

Introduction Many metals can be used as catalysts, e.g. Ni, Cu,
With hydrogenation at supercritical conditions Zn, Cr, Pd, Pt, Rh and others. Each catalyst has a
greatly improved product quality and tremendously certain ignition temperature. This temperature
increased reaction rates have been achieved for both decides whether the substrate is a gas, a liguid or a
liquid and solid substrates. A solvent is used to solid.
dissolve the substrate and the hydrogen into a single
phase. The solvent has to be rather close to its When the substrate is a liquid at the reaction
critical temperature and the whole mixture of temperature a three phase system is used: a gas
substrate, product, solvent and hydrogen is in a phase (hydrogen), a liquid phase (substrate, product
near-critical or supercritical state, Therefore we call and eventually solvent) and a solid phase (catalyst).
the new technology hydrogenation at supercritical Fig. 1 shows a general concentration profile for
conditions. This technology has a great potential to such a hydrogenation process. For hydrogen there is
produce products at lower costs and with improved equilibrium between the gas phase and the surface
quality. of the liquid. Good mixing of the gas and the liquid
In this paper we compare the basic principles for the can reduce the concentration drop in the film
traditional hydrogenation and for hydrogenation at between the surface and bulk, The drop between the
supercritical conditions. To do that we use phase buik and the surface of the catalyst can be reduced
diagrams and concentration profiles. We will by rapid flow of the liquid over the catalyst and
demonstrate the benefits of the new process with reduction of the thickness of the liquid film at the
experimental results from: hydrogenation of fatty catalyst. The concentration drop in the catalyst
acid methyl esters aiming for hardening of fats for depends on the diffusion of hydrogen into the pores
margarine and shortening; and hydrogenation of of the catalyst. This drop can be affected by the
fatty acid methyl esters for fatty alcohol production. design of the catalyst.
Traditional hydrogenation processes ‘ The substrate concentration is also described in Fig.
Hydrogenation is used for production of a wide 1. A concentration drop occurs in the film at the
range of products in areas like: food-, surface of the catalyst. However, the concentration
petrochemical-, fine chemical- and pharmaceutical- of the substrate is high and there is always a lack of
industry. The total added value for these hydrogen at the catalyst surface. The limited
hydrogenation processes is in the range of 10 billion solubility of hydrogen in the liquid and the transport
US$/year. resistances restrict the hydrogen concentration at
-the
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Figure 1. General concentration profiles during
gas/liquid hydrogenation

catalyst surface. This concentration comtrols the
reaction rate and the kinetics of the reaction.

To illustrate the hydrogenation processes, we will
focus on hydrogenation of oils, i.e. triglycerides, for
production of margarine and shortening. The
annual production of hydrogenated triglycerides is
about 25 million ton [1, 2]. Most of them are
produced in batch processes using large shurry
reactors (5 - 20m>) with strong agitation, at high
temperatures and low pressures and long reaction
times (140 - 200°C, 1 - 3bar, 2h) {3]. In these
reactors the reaction rates are very low
(SubHS V<1000 kg, bstrate/ M reactor).

The rates are limited by the low concentration of
hydrogen at the catalyst' surface. Furthermore,
inadequate hydrogen supply to the catalyst surface
promotes the formation of trans-fatty acids. [4-7].

Important process parameters. The solubility of
hydrogen in an oil is low. It increases when the
pressure increases and it is affected only to a minor
extent by temperature [8, 9]. Thus, by increasing the
pressure the reaction rate increases. The technical
economical pressure limit for large plants is about
300bar. Up to this pressure standard materials can
be used for the reaction wvessels and the
COMPressors,

Temperature is the other main parameter. When the
temperature is increased by 10°C all reaction rates
normally increase with a factor of 2. When side
reactions occur it is important to balance reaction
rate and yield of the desired product. For optimised
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continuous reactors the SubHSV can be up to 10
000 kgxubsh'atJ m3r=actorh-

Figure 2. Phase diagram for sunflower oil, COQ,
and hydrogen at 100bar and 100°C  (mol%).
B Single phase ] Two phases

For small molecules increased temperature may lead
to gas phase hydrogenation instead of liquid phase
hydrogenation. This leads to a dramatically
increased  SubHSV. For example  during
hydrogenation of cyclohexene at 350°C an SubHSV
of 400 000 Kgperue/Mreash has been achieved
[10]. However, increasing the temperature can only
be utilised in this way when no side reactions occur
because the pure thermal effect is tremendously
high.

Solvents can also be used to affect the reaction. In
these processes it is important to analyse the phase
behaviour and the viscosity effects of the
interactions between the substrate, the solvent and
the hydrogen at different concentrations,
temperatures and pressures. In general the solvents
reduce the viscosity and increase the solubility of
hydrogen.

The first one to propose CO, as a solvent in 2
hydrogenation process was Zosel [11]. The substrate
was triglycerides. A phase diagram for this system
is presented in Fig, 2. The solubility of triglycerides
in carbon dioxide is below 1 wt.% (0.05 mol%) at
80°C and 300bar [12]. Supercritical CQ, is miscible
with H,. Therefore the single-phase area with
COy/triglyceride/H, is so small that it is not visible
in Fig. 2, and a very large mixing gap ocours
between the COxH.  phase and the
CO,ftriglyceride/H, phase (see Fig. 2).




Propane -

Sunflower oil

The solubility of H; in oil can be seen at the
baseline between the oil and the hydrogen in Fig. 2
and Fig. 3. It is the same as illustrated by "eq” in
Fig. 1. The stoichiometric need of hydrogen
depends on the Figure 3. Phase diagram for
sunflower oil, propane and hydrogen at 100bar and
100°C  (mol%).

B2 Single phase [ Two phases
reaction, but generally it is above 50mol%. This
means that one gas phase and one liquid phase have
to be present in the reactor (see "need" between oil
and hydrogen in Fig. 2 and 3). This ratio between
oil and H; has to be maintained even when a solvent
is added. Thus, the composition of the feed to the
reactor has to be to the right of the dotted line in
Fig. 2 and 3. In praclice, the stoichiometric ratio
has to be exceeded to some extent for technical
reasons; we call it a "technical need"”,
As can be seen in Fig.2, using CO; as a solvent does
not reduce the number of phases during the
hydrogenation, However, it is reasonable to expect
that the addition of CO, reduces the viscosity. This
may lead to increased reaction rates, but the
SubHSV is always below 10 000 Kgpsuae/M reactorl)
(10, 11, 13-16).

Solvents are not preferred in commercial processes
where the substrate is liquid, because the
hydrogenation rates are not increased enough to
motivate the costs required to recover the solvent

[9].

Hydrogenation at supercritical conditions

The basic idea behind the new supercritical
technology is that the substrate and the required
hydrogen are in one single phase. This is achieved
by adding a suitable solvent, which dissolves both
the substrate and the hydrogen [17-20].

Hydrogen
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As before we use the hydrogenation of fats and oils
as an example. For this kind of substrates propane is
a good solvent. In Fig. 3 we describe the phase
behaviour of such a mixture at different
concentrations. Propane can be made miscible with
oil [21] (see the oil/propane line in Fig. 3).
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Figure 4. General concentration profiles during
hydrogenation at supercrifical conditions.

Supercritical propane is miscible with hydrogen (see
the propane/H; line in Fig. 3). Based on literature
[22, 23] and own experiments we have estimated
the curve in Fig. 3.

To achieve the desired composition of the feed to
the reactor one has to combine the required ratio of
hydrogen to oil and the single-phase range in Fig. 3.
At the top of the figure, to the right of the "need"-
line a large favourable range can be found. From
economical point of view it is important to have a
high loading of oil in the feed, otherwise both the
investment and the running costs for a plant will be
high. Thus, the most favourable composition of a
feed to a plant is the intersection between a
"technical need" line and the phase border line,

Fig. 4 describes the concentration profiles during
hydrogenation at supercritical conditions. Around
the catalyst there is only one single phase. This
makes it possible to choose the hydrogen
concentration at the catalyst as required. In the
traditional process described in Fig. 1. this
concentration is always zero. At supercritical
conditions the substrate can become the restricting
component (see Fig, 4). This can be utilised to
control the kinetics of the reaction.

In our experiments, we have achieved tremendous
reaction rates, SUbHSV >100 000 Kgeubsirate/ M reqctochl
[17-20]. If we express the reaction rate as




MOol/Zearalyslt, we have achieved reaction rates similar
to the highest rates achieved in a gas phase reactor
{20]. Note that at the supercritical conditions the
substrate molecule was much larger.

The supercritical technology provides a new tool to
achieve new product qualities. As an example we
can mention that during partial hydrogenation of
rape seed fatty acid methyl esters we have been able
to reduce the trans fatty acid concentration to below
5% at a an IV of 60 [19]. This is a dramatic
reduction, which is impossible to achieve with
traditional technofogy.

The main reason for these good results is the very
high hydrogen concentration at the catalyst surface,
However, reduced viscosity and increased diffusivity
may also contribute.

We have achieved loadings of 15wt.% and good
product quality for different lipids. We know that
this loading can be increased further, High loading
is desired because it reduces the solvent recovery
costs. All hydrogenation reactions are strongly
exothermic. This heat gives a strong temperature
rise. Using a solvent the temperature rise is reduced.
A high reaction temperature gives frequently
undesired side products. Thus, we think that in the
end there will be a balance between loading,
product quality and solvent recovery costs.

The very high SubHSV can be used in different
ways. Firstly, it leads to a dramatic reduction in
reaction time, from hours in the traditional process
to seconds at supercritical conditions, In turn this
leads to less time-thermal degradation of sensitive
products. Secondly, it can be partly sacrificed by
running the process at a lower temperature. This
may lead to less thermal degradation and a
reduction of side products. Thirdly, it leads to small
plants also when the solvent recovery plant is
included. Small plants leads to small buildings and
low investments. Fourthly, small plants means
reduced risks. The value of pressure times volume is
reduced when the hydrogenation is performed at
supercritical conditions.

Outlook

Hydrogenation at supercritical conditions can
improve the product quality and at the same time
reduce the production costs. The technology can be
applied to a wide range of products. However, a lot
of research is required on topics like: solubility data
for different substrate/solvent’hydrogen systems at
different pressures and temperatures; catalyst and
reactor design; process optimisations to achieve the
desired product quality at low costs; fundamental
kinetic research; separation processes including
solvent recovery; and design of production plants,
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Some processes are developed so far that decisions
to build large plants will be taken in the near future.
Other processes require a lot of work to reach this
stage but the potential tremendous.
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Chemical Reactions in Superecritical Fluids as a Continuous Process

Martyn Poliakoff*, Fiona Smail, Nicola Meehan, Keith W. Gray, Martin G. Hitzler
and Stephen K. Ross.
School of Chemistry, University of Nottingham, Nottingham, NG7 2RD, ENGLAND
email; Martyn Poliakoff@nottingham.ac.uk; fax. +44 115 951 3058
http://www.nottingham.ac.uk/supercritical/

Supercritical fluids (SCFs) offer a wide range of opportunities as media for chemical reactions and supercritical
CO,, scCO;, is becoming increasingly important as a benign replacement for more toxic solvents.] High pressure
reactions, however, are more capital intensive than conventional low pressure processes. Therefore, supercritical
fluids will only gain widespread acceptance in those areas where the fluids give real chemical advantages as well as
environmental benefits. This lecture gives a brief account of the use of flow reactors for continuous reactions in
supercritical fluids, particularly those of interest for the manufacture of fine chericals.

We initially became involved with SCFs via inorganic and organometallic chemistry, a field which we have
comprehensively reviewed very recr.ently.2 We were among the first to recognise that the miscibility of H; with
SCFs could be exploited for new chemistry and we gencrated a number of previously unknown organometallic
dihydrogen complexes.3 This miscibility of H; has since been widely exploited by other groups for supercritical
homogenous catalysis.4‘6 More recently we developed the use of miniature flow reactors to isolate new, highly
labile alkene and dihydrogen complexes from SCF solution.”-8

Our work on Hy~complexes and flow reactors led to our interest in the supercritical hydrogenation of organic
compounds and initiated a fruitful collaboration between the
University of Nottingham and Thomas Swan & Co. Ltd. The
attraction of scCO, is that it offers new possibilities in
chemical processing as well as being cleaner. In particular, it
scFluid offers the possibility of converting from batch to continuous
A processes, with the advantages of smaller reactors, lower

inventories of chemicals and increased safety. Several groups
have reported the use of continuous reactors for
hj,rd:{!genatiml,9'18 Our own work has focused on the
hydrogenation of compounds of interest to the fine chemicals
industry. We have shown that scCO, and supercritical
propane can be used as solvents for the continuous
supercritical hydrogenation of a wide range of organic
functionalities.13>14 The organic substrate, H; and scCO,
are mixed by the stirrer, and are then passed over a
heterogeneous catalyst bed, such as Pd/Deloxan (a polyarnino-
siloxane support from Degussa). Depressurization of the
»Fuid system downstream gives phase separation of the CO; and
organic products. Conditions can be optimised to give very
high selectivity and efficiency in such a reactor. This opens
up the possibility of continuous “on demand manufacture of fine-chemicals without the need to stock-pile
chemicals which is inherent in batch processes. In this lecture, we will show how this concept can be extended to
other organic reactions, for example Friedel Crafts alkylation, using a solid acid catalyst.19 In each reaction,
scCO, appears to offer significant advantages, as well as process intensification, Thus, supercritical
hydrogenation of isophorone gives 99.6% selectivity for dihydro-isophorone, 14 better than is achieved in
most commercial hydrogenation processes for this compound. In the Friedel-Crafts reaction, there is high
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selectivity for mono-alkylation and long catalyst lifetime 1% In all of the reactions, the products are
recovered free from any liquid solvent, which greatly simplifies the subsequent work-up. We thank EPSRC,
the Royal Academy of Engineering, Thomas Swan & Co Ltd and Degussa AG for their support.
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Sol-gel synthesis and characterization of various oxide aerogels and NiO and Pd supported on acrogels
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The preparation and characterization of acrogels of metal oxides (8i0,, Al,O; and TiO,), binary mixed oxides
(5i0;-AL,0O; and SiO,-Ti0,), and various NiO acrogels (NiO-Al;O;, NiO-Si0; and NiO-5i0;-Al,0;) and Pd

acrogels (Pd-Al,O; and Pd-Si0,-A1,03) is presented.

The preparation of aerogels includes several steps: sof-gel synthesis, drying and, finally, thermal treatment.
Excellent properties of aerogels, obtained with the sol-gel synthesis, were preserved with supercritical drying
with CO,. Due to this fact, supercritical drying was carried out at the conditions above the binary critical curve
of the solvent - CO;, where the solvent and CO, are completely miscible.

All produced aerogels were characterized by means of nitrogen physisorption at 77 K, single point BET surface
area measurements (adsorption of argon-nitrogen gas mixture), X-ray diffraction and thermal analysis.

Introduction

Silica acrogels, as well as other metal oxide
(alumina, titania, zirconia, stannic or tungsten oxide or
mixture of these oxides) acrogels, are extremely porous
high-tech materials with very high specific surface
areas. They possess an ultrafine pore size (< 100 nm)
and due to their high porosity (up to 99% for S8iOy),
acrogels show a few highly interesting physico-
chemical properties: very high specific surface area
(500-1000 m*g’™), low bulk density (0.003-0.35 gom™),
low thermal conductivies (0.014 Wm'K' at
atmospheric pressure and 0,004 Wm™'K" at reduced
pressure), sound velocity in the order of 100 ms” and
refractive index between 1.008 and 1.4 (for Si0O; 1.008
-1.05).
Due to these remarkable properties many aerogels
could serve as especially active catalysts and catalyst
supports [1-3], precursors for glasses and glass-ceramic
materials [4,5], for superinsulation {6,7] and some other
applications such as: gellifying rocket propellants [8],
as insect killers [9], for the capture of pollution gases
[10].

Experimental methods

Sol-gel transformation. The apparatus used for the
sol-gel syntheses was alrcady presented in our
articles [11,12], It consists of two-piece glass reactor
with a water cooled condenser for the reflux of
solvent and a dropping funnel! for the addition of
different reactants during sol-gel synthesis. To
perform the sol-gel synthesis in an inert atmosphere,
nitrogen was supplied from a gas cylinder. '
Supercritical carbon dioxide drving. Aerogels with
their special properties can only be produced when
the solvent is removed in the absence of capillary
forces in the gel pores, because even small capillary
forces collapse the gel stracture [13].
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In supercritical carbon dioxide drying, alcohol is
replaced by carbon dioxide. The main idea is the
extraction of alcohol with carbon dioxide at conditions
above the critical conditions of CO, (Tc=3L.1°C, Pc=
7.36 MPa).

1 Jliquid COr: cylinder

2  high pressure pump

3 autoclave

4 micrometering valve

5 aeparator

TIR tempernture indicator and reguiator
PIR pressure indlcator and regulater

FI  flowindicator

Figure 1, Schematic representation of supercritical
carbon dioxide drying equipment.

Thermal treatment, All produced aerogels were
thermally treated for three hours in air at two
different temperatures: 400°C and 800°C.
Characterization, The physico-chemical properties
of the aerogels were characterized by means of
nitrogen physisorption, X-ray diffraction (XRD),
thermal analyses (TG, DSC) and single point BET
surface area measurements.

Results and discussion

Single and mixed oxide aerogels.

Three different single oxide (SiO,, Al;O; and TiO,)
aerogels were prepared to determine some physico-
chemical properties. These are necessary for better
understanding of the preparation of mixed oxide
aerogels (8i0,-A1,0; and Si0,-TiO; aerogels).
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Table 1. Oxide aerogels designations and
corresponding sol-gel synthesis conditions.

Aerogel | Composition|  Sol-gel system®  |H°| Appearance
wit (%) alkoxide-solvent | rw
SM 100% 8i0; | Si(OMe)y-MeOH | 4 |transparent gel
AB30SM | 30%AL0; -| Si(OMc)-MeOH | 4 gel
T0% Si0;| Al(sec-OBuk-seo-BuOH| 3
ABGOSM {60% ALOs-| Si{OMe)u-MeOH | 4 | gelatinous
40% 8i04| Al(sec-OBu)esec-BuOH; 3 | precipitate
AB 100% Al 03| Al(sec-OBuk-seoBeOH| 3 | precipitate
TiB 100% TiO, | Ti(OBu};-BuOH 4 | precipitate
TiB30SM [30% TiO:- | Si{OMe)-MeOH | 4 gel
70% 8i0, | Ti(Obu)-BuOH | 4

" 10 wt% solutions of alkoxides in solvent
* mole of watet/mole of alkoxide

Adsomption/desorption cumulative surface areas
(Seum), pore diameter {d) and pore volumes (V) of
mesopores were estimated using the method of
Barrett-Joyner-Halenda (BJH) [14]. The assessments
of microporosity were made from t-plot
constructions, using the Harkins-Jura relation.
Micropore diameter was estimated by the Horwath-
Kawazoe calculations using both, a model for
cylindrical pore geometry and a model for slit pore

geomelry,

Table 2. N, plwysisorption results for different silica acropels.
Aerogel | Sper (Sme)’| Ads.  Des, | V(em/g)| d(am)
{m’/g) S,.,_,_,,(m’/g) meso/micro | meso/micro

SM 1065 (170y] 914 | 1114 [ 6.3/0.072 [ 10-20/1.5
AB30SM [ 620 243y [ 360 | 398 | 1.1/0.117 | 10-15/L.5
TiB30SM| 569 (295) | 238 | 345 | 0.8/0.149 [10-12.5/1.5

® (Smic) in parenthesis specific micropore area
® eylindrical pore geometry

As can be concluded from the isotherm curves for all
aerogels, samples consist of micropores and
mesopores (type of isotherm number IV). Single
silica aerogel (SM) has large specific surface area
and high pore volume but small level of
microporosity confirmed by both low micropore
area and volume,

If two mixed oxide aerogels are compared to silica
aerogel, BET surface areas are lower and also S.un
<< S8ggr, which indicates both the presence of
micropores and the possibility of numerous spherical
cavities. Specific areas of micropores indicate high
level of microporosity in both mixed oxide asrogels.
For all samples, a micropore diameter, estimated by
using a model for slit pore geometry, is about 1 nm.
Silica aerogel has also very narrow and symmetrical
pore size distribution of mesopores. Pore size
distribution is within the interval of 10 and 20 nm.

Independently from N, physisorption, the specific
surface areas (BET) were measured by the
adsorption of mixed gas (30% N, and 70% Ar) to
determine their behavior dependent on thermal
treatment,
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Tab. 3 shows the morphological propertics of raw
single oxide acrogels. If compared to those, obtained
for silica acrogels, the loss of weight is much higher
for all three aerogels. These weight losses
determined up to 500°C originate from water
(desorption of physisorbed water, dehydroxylation)
and organic residues (alkoxy groups).

Table 3. Properties of raw aluming and titania asrogels.

Aerogel Seer Weight XRD
{m*/g) loss (%)" (raw aerogel)
SM 664 7,97 Amorph.
AB30SM 577 30,3 Amorph.
ABGOSM 287 44,3 Amorph.
AB 453 46,0 Amorph.
TiB 469 373 Amorph.
Ti30SM 392 34,9 Amorph.

* Weight loss of raw aerogel derived from thermal analysis up to
temperature 500°C

Weight losses of mixed SiO,-AlLO; aerogels
increase with the increasing of the content of Al,Os.

Fig. 2 shows the decrease of BET specific surface
area while the content of Al,O: in mixed silica-
alumina aerogels increases. This decrease does not
depend on the fact whether the aerogels are
calcinated or not. The minimum of BET surface area
appears at the content of 60 mol% of ALO;,
afterwards the area slightly increases to single (100
Il'lOl%) A1203.

—4—raw acrogel
—a—400°C

——800°C

0 20 40 60 80 100
SM mol% AlOs AB

Figure 2. BET surface areas vs. content Al,Os in
mixed silica-alumina aerogel.

In comparison to silica aerogel, single titania aerogel
is extremely unstable even at low calcination
temperature, A sharp drop in specific surface area to
almost neglected 17 m?/g was observed at 400°C
(and 2 m%g at 800°C). The addition of silica
stabilizes TiO; acrogels with regard to thermal
treatment. The drop of specific surface area is
gradual and more lingar than for single TiO, aerogel
(250 m*g at 400°C and 100 at 800°C).




NiO supported on silica and alumina aerogels.
Nickel acetoacetat, crystallized with four moles of
water (Ni(OOC-CHs)e 4H;0), was used for
producing NiO aerogels with composition as shown
in Tab. 4.

Table 4. NiQ aerogels designations and corresponding

sol-gel synthesis conditions.
Aerogel Sol-gel system Ratio Appea- Bulk
Alkoxide- Nif(Aler| rance’ | density
solvent 8i) {g/L)
NIOSM_ | Si(OMe)MeOH | 3/5 Gel | 65.04
NMOAB(x)® |AlpoOBsecBUOH| 15 82.62
2/5 Precipitate] 98.80
3/5 106.57
MNOAB3SM | Si(OMe)-MeCH 3/5 Sol 58,59
AlseoOBuks0BIOH
* ageing 6 days

bx=0203and 0.6

From isotherm curves (type of isotherm number IV)
of both NiO aerogels it is obvious that the samples
consist of micropores and mesopores. Sqm < Sper
for NiOSM aerogel indicates the presence of
micropore with micropore specific area and volume
quite similar to that of silica aerogel. The specific
surface area and volume of mesopores are slightly
lower but still high in comparison to all other mixed
silica acrogels. From these results it is obvious that
including NiQ in silica aerogel does not have a lot
influence on the physico-chemical preperties of
silica aerogel.

Table 5. N, physisorption results for NiO-8i0, and
NiO-ALO; acrogels.

Aecrogel | Seer gSm-c)' Ads. Des, | V{em/g) | d{(nm)
(m*/g) Scum(m®/g) meso/micre | meso/miao

NiOSM | 809 (161) | 542 591 2.3/0.072 15-20/2

NiQCAB 316 (22) 268 | 292 | 0.8/0.00% 25-30/2

* (Smic) in parenthesis specific micropore area derived from t-plot
analyses
® gylindrical pore geometry

Fig. 3 shows specific surface areas of different NiO
aerogels after calcination for 3 hours at 400°C in air.

NIiOAB(D.2) ks
NIOAB(0.4)

NiOAR(0.6)

600 800

0 200
BET surface srea (m'/g)

Figure 3. Bet surface areas of different NiO aerogels.
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These results are in close agreement with those
obtained for single and mixed oxide aerogels. Only
one unexpected result for the sample
NiOAB30SM(0.6) appeared. BET surface area is
lower than expected, which is probably due to the
fact that no gel or precipitate has been formed and
the precipitation of this aerogel from sol has
occurred during supercritical CO,, drying process.
Despite different ways of preparation, weight losses
of all NiQO-ALO; aerogels are similar, about 50%.
Weight loss of NiO-SiO; acrogel is about 25%.

Fig. 4 shows X-ray diffraction patterns for NiO-5i0,
aerogel at different temperatures up to 800°C. All
patterns indicate that the aerogel sample NiOSM is
totaily amorphous after drying and calcination up to
temperature 800°C. Two peaks on each pattern
belong to Pt-carrier in X-ray diffractometer.

NiCsM

z

g 300°C
=

oot oottt AN RSt e s A AP 00°C

P & 400°C

o 200¢C

st l - room T
T ¥ Y T >
15 15 35 45 55 65 75
8%

Figure 4. X-ray diffraction patterns for NiQ-SiO,
aerogel.

Pd supported on AlL0; and Al0;-SiO; aerogels.
Several different Pd supported on silica and alumina
aerogels were also prepared as shown in table 6.
Palladium was introduced during the sol-gel
synthesis by adding the solution of PdCl, in
apropriate solvent.

Table 6. Pd aerogels designations, sol-gel synthesis,

conditions and results.

Aerogel® Gelation | Appearance Sy | Buk
and (mig) | density
ageing’ (L)

PdAB 8 days precipitate 385 £3.20

PdABac 8 days precipitate 409 82.70

PdABetac 12 days sol 335 20833
50°C

PAABSM 8§ days precipitate 346 144.73

PdABSMetne | 12 days gel 430 75.44
50°C

® metal loading 2 wi%
® at room temperature, if otherwise, noted
© after calcination for 3 hours at 400°C in air

Catalytic properties of Pd-Al,O5 aerogels. Pd-AlLO;
aerogels were used as catalysts in the reaction of




hydrogenation of soybean oil. Their activities were
compared to commercial one (Heraeus).

PdABac-400-act.:

- Pd-Al,05 aerogel- palladium content 2 wt%,

- thermally treated at temperature 400°C,

- activation: 26 hours in hydrogen atmosphere at
temperature 145°C.

Fig. 5 shows the refractive index during the
hydrogenation process. The refractive index of Pd-
Al,05 aerogel catalysts decrease more sharply than
the commercial one.

i 0,05 % Pd (Herzeus)
1.4680 1 —4— 0,035 % Pd (PdABac-400°C-act.)
14670 4\ e =—de— 0,05 % Pd (PdABac-400°C-nonsct.)
4670 - 0,05 % Pd (PdABac-800°Cract )
1.4660 +
i e
T 14650 1 e
o W'“'-
£ 14640 T o
g "~
-2 1.4630
1.4620 +
1.4610 +
1.4600 +
1.45%0 + + + t + + +
¢ 30 60 90 120 150 180 210 240

Time (min}

Figure 5, Refractive index vs. time of hydrogenation,

From slopes of linearized parts the initial reaction
rates of hydrogenation were calculated.

Table 7. Initial reaction rates of hydrogenation of

soyabean oil
Init. Rate | Hereus PdABac- | PdABac- | PdABac-
400-act. 400-nonact. | 800-acl
mol
s 9,0910% | 13,130107 | 13,47010° | 16,11010*

From Tab. 7 it is obvious that sample PdABac,
calcinated at 800°C, shows higher activity that the
same one, calcinated at 400°C. The initial reaction
rates of both PdABac-400-act. and PdABac-400-
nonact. indicate that no activation is necessary. At
the end, in this particular reaction it was found out
that our aerogel catalyst PdABac-800-act. shows 77
% more activity than the compared commercial one,

Conclusion

The preparation of acrogels includes several
steps: sol-ge! synthesis, drying and thermal
treatment. Excellent propertics of acrogels, cbtained
with the sol-gel synthesis, are preserved with
supercritical drying with CO, Due to this fact,
supercritical drying has to be camied out at the
conditions above the binary critical curve of the
solvent - CO,, where the solvent and CO, are
completely miscible,
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All produced single and mixed oxide aerogels have
very high specific surface areas after supercritical
drying, The calcination of these aerogels causes the
decrease of specific surface area,

Thermal analyses of the samples of produced
aerogels indicate a series of inert materials with
regard to thermal sensibility. Similarly, X-ray
analyses show that aerogels are totally amorphous
even up to the temperature of 800°C.

Nitrogen physisorption shows that both single oxide
and mixed binary oxide acrogels consist of micro
and mesopores.

Despite including NiQ and Pd into single and binary
oxide aerogels, high specific surface areas, up to 800
m?/g, were preserved.

In case of mode! reaction of hydrogenation of
soyabean oil, Pd-AlL,O; acrogel, calcinated at the
temperature of 800°C, used as a catalyst, showed
77% more activity than the compared commercial
catalyst.
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Pyrolysis and Hydropyrolysis of A
Turkish Lignite Under High Pressures

Muammer Canel
Ankara University Science Faculty Department of Chemistry 06100 Besevler-Ankara/TURKEY
Fax:00-90-312-2232395

Pyrolysis and hydropyrolysis of a turkish lignite has been performed in nitrogen and hydrogen atmospheres in a
flow through reactor, The influence of ambient gas atmosphere (inert, reactive) and the pressure on the yield of
products have been investigated. The yield of liquid and gas products is significantly influenced by the type of
gaseous atmosphere. The tar and gaseous products obtained by hydropyrolysis are greater than those obtained by
pyrolysis under the same conditions. The tar yield in hydropyrolysis increases substantially as the pressure
increases. An increase of pressure for both pyrolysis and hydropyrolysis leads first to an increase in the yield of
gaseous products than a decrease at high pressures. As a result of the reaction of char with the H, gas existing in
the reactor in hydropyrolysis the amount of CH, and C;He present in the gaseous products are substantially
higher than those exist in pyrolysis. The formation rates of tar and the total gaseous products obtained by

hydropyrolysis are higher than those obtained by pyrolysis

Introduction

The thermal decomposition of organic compounds
of coal above 300 °C in an oxygen-free medium is
called pyrolysis. Pyrolysis of coal is a basic reaction
in gasification, hydrogenation, combustion and
carbonization. It is also an additional method for
the production of liquids from coal. Among the
methods of producing liquids from coal pyrolysis
represents a fourth way besides gasification
followed by Fischer-Tropsch synthesis, direct coal
hydrogenation and supercritical extraction with
different solvents. The kind and the amount of the
pyrolysis products depend on the coal used and the
experimental process conditions. If the pyrolysis is
realized under hydrogen atmosphere it is called
hydropyrolysis. It is especially possible to obtain
high conversion of coal to liquid products in
hydropyrolysis [1]. For this reason besides the
gasification, liquefaction and extraction processes,
extensive studies on the production liquid products
by hydropyrolysis are being realized in the recent
years [2-5]. The main objective of pyrolysis or mere
specifically of hydropyrolysis is to produce the
liquid chemicals that are used in medicine, in the
prevention of plants from microorganismus, in
cosmetic industry and in paint industry. ¥4 th (~30
million tons/year) of the aromatic chemical
materials produced in one year in the world are
obtained from coal tar. 15 % of benzene production
and 95 % of heteroaromatic compounds are also
produced from tar [6]. The aromatic compounds
benzene, toluene and xylene which are known as
BTX-aromatics are especially important as raw
materials. One of the objection of pyrolysis is to
obtain BTX compounds.

The aim of this study was to investigate the effect
of pressure and pyrolysis atmosphere on the total
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conversion and the product yield and furthermore to
determine the formation rates of the products as a
function of temperature and pressure. In the
literature the coals that contain more than 30% of
volatile matter are defined as ‘suitable for
pyrolysis’. The Tungbilek lignite ,which contains
43% volatile matter, being a solid fuel suitable for
pyrolysis was submitted to experimentation.

Materials and Methods

The pyrolysis and hydropyrolysis experiments
were carfed out with a high volatile Tungbilek
lignite from West-Turkey. The analysis of
Tungbilek lignite is shown in Table 1.

Table 1 Analysis of Tuncbilek Lignite

Proximate analysis Ultimate analysis
(wt %) (wt % daf)

Moisture 10.5 [ C 73.0
Ash (db) 157 { H 54
Volatile matter (daf)43.2 | N 2.4
Maceral analysis S 2.1
(vol %)
Vitrinite. 69.0 | O(diff) 17.1
Exinite 15.0 | H/C (atomic) 0.89
Inertinite 1.0
Minerals 15.0

The experiments were performed in a system with
pressurized thermobalance. The system with the
thermobalance to which pressure can be applied is
shown schematically in Fig. 1.
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recorded continuously with the thermobalance
showed the corresponding curve of tar formation
rate depending on temperature.

Results and Discussion

The variation of mass with temperature at 5 MPa
inert gas pressure is shown as an example in Fig. 2.
The weight loss differential curve consist of a steep
peak with a subsequent shoulder. It can clearly seen
that in an inert atmosphere the substantially mass
loss occurs in the range of 350°C and 800°C. In this

L7

Figure 1. Experimental Setup Scheme

The lignite sample (~2 g, particle size 0.5mm-0.8

temperature range decomposes the high molecular
organic compounds into the tar, gases and residual
char. The yield of tar and gaseous products at
different pressures in pyrolysis and hydropyrolysis

mm) was heated up in a pressurised thermobalance
from 120°C to 950°C at a heating rates of 3°C/min.
The pyrolysis products were discharged from the
reactor by means of carrier gas (flow rate 3.5 L
(NTP)/min), The amount of the solid, liquid and
gaseous products as a function of temperature and
inert gas (N,) and hydrogen pressures in the range
of 0.5 MPa wp to 10 MPa were determined. The
gaseous products (CH,, C;Hg, CHy, CO, CO; and
H;0) and BTX aromatics were analysed by the gas
chromatography which is coupled to the system.
The mass equilibrium is established uvsing the
gaseous products, the moisture present at the
beginning and the tar obtained and the residual
char. Formation rate curves were obtained from the
amount of each gas determined by gas
chromatography. The total gas formation curve was
obtained from those curves, The difference between
the weight loss due to the formation of the non-
condensable total and weight loss of the sample

are shown in Fig. 3. The yield of the liquid and
gaseous products is significantly influenced by the
type of gaseous environment. When the tar and
product yields obtained at different
pressures in pyrolysis and hydropyrolysis are
compared, it is observed that the tar and gaseous
product yields obtained by hyropyrolysis are greater
than those obtained by pyrolysis under the same
In the presence of hydrogen the
pyrolysis reaction mechanism changes substantially
and the additional formation of methane and tar
compounds takes place at the expend of solid
product. Especially in hydropyrolysis the tar yield
increases substantially as the pressure increases,
Concerning the amount of total gaseous products, at
first an increase, then a decrease observed when the

gaseous

conditions.

pressure increased.
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Figure 2. Thermogravimetric Analysis of Lignite
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Figure 3. Product Yields Versus Pressure

Fig. 4 shows the effect of pressure on the yield of
each gaseous products. In hydropyrolysis, as a result
of the gasification of char with H, in the reactor,
there is an important increase in CH, and C,Hg
yields with respect to pyrolysis,

The dependence of the tar formation rates on
temperature during pyrolysis and hydropyrolysis are
given in Fig. 5. The weight loss of lignite during
pyrolysis and hydropyrolysis begins around 350°C
and continues up to 900°C. The maximum of weight
loss during pytolysis at 0.5 MPa and at 5 MPa are at
450°C and at 500°C respectively, whereas at 10 MPa
it is at 800°C. The possible reason for this is as
follows:
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Figure 4. Gas Yields Versus Temperature

Low pressures promotc the transport of primary
volatiles out of the coal particle and thereby out of
the reaction zone, whereas increasing pressure
extends the residence time inside the coal particle. In
this latter case enhancing the temperature from
500°C to 800°C causes the formation of tar
compounds by the cracking of coal which could
come out of the pores only at high temperatures. In
hydropyrolysis as a result of the stabilisation of the
radicals by H the tar formation and its scparation
from coal is completed between 400°C-700°C. Fig.
6 shows the variation of the total amount of gascous
products with temperature and pressure in pyrolysis
and hydropyrolysis. In pyrolysis, the gas formation
begins around 300°C and shows some peaks between
400°C and 700°C.
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Figure 5. Tar Formation Curves

The effect of pressure on the total gas formation rate
can be explained by the individual gas formation rate
of each gas. In hydropyrolysis, a variation similar to
that of pyrolysis is observed up to 700°C. At higher
temperatures than 700°C as a result of the reaction
of char with H; existing in the medium to give more
CH; and C,;H; a considerable increase in gas
formation rate occurs,

Conclusions

The results show that higher tar and gaseous
product yields are obtained under the same
conditions in hydropyrolysis when compared to those
obtained in pyrolysis. In the presence of hydrogen
the pyrolysis mechanisms change substantially with
additional formation of tar, gaseous products such as
methane and ethane at the expense of residual char.

140

PYROLYSIS

0.7
0,56 +
0,42 +

0,28 +

o

A

E -
i

il

dG/dT (mglg (daf) K )

1000 L

HYDROPYROLYSIS

-

-

N
L

dG/dT (mala (daf)K)

550
00
850

1000 §

~
Ti(C)

—e—5 MPa H2
—8— 10 MPa H2
—k—0,5 MPa H2

Figure 6. Gas Formation Yields

References

1 van Heek, K.H., Wanzl, W. Erdsl-Erdgas-Kohle,
1989, 30-36.

2. Stanczyk, K., Kisiclow, W. Fuel, 1994, 73(5),
660-564

3 Mae, K., Maki, T., Okutsu, H., Miura, K. Proc.
th Intern. Conf. .on Coal Science, Essen, 1997,
195-198 .

4 Liu, Y., Hodek, W., van Heck, KH. Proc. 9t
Intern. Conf. on Coal Science , Essen, 1997, 127-
130.

5 Canel, M., Wanzl, W. Fuel,1994, 73 ( 1), 137 -
138

6 Collin, G. Erds! und Kohle, Erdgas-Petrochemie,
19885, (38), 489-496.




s _ S(ZI-IMIDI.IN Labor + Service GmbH

Gasgeneratoren
Stickstoff, Wasserstoff, synthetische Luft, Null-Luft

Analysatoren
TOC (Hochtemperatur, UV-Persulfatoxidation), TX, AOX, EOX
Gesamitstickstoff, Nitrat, Nitrit

Statischer, dynamischer Headspace, Thermodesorption

Festphasenextraktion

Laborbedarf
- Filter, Flaschen etc.

s S(:H M I Dl. I N Labor +Service GmbH

L Stuttgarter Stralle 3, 73525 Schwébisch Gmind, Tel. 0 71 71 /1803-0, Fax 0 71 71 /1803-20
email: schmidlin.gmbh@t-online.de

Commerzbank Schwébisch Gmind Geschéftsfihrer: Dr, Klaus Gretzinger
Kto.-Nr. 4380100 BLZ 613 400 79 Amtsgericht Schwab. Gmind HRB 1387

S.W.|F.T.-Code: COBADEFF 613.
141




142




Phase Equilibria
and
Thermodynamics

143




144




GVC-FachausschuB , High Pressure Chemical Engineering®, March 3-5, Karlsruhe, Germany, 1959

New Approaches to Calculation of the Henry’s Constant
of Aqueous Solutes at Superambient Conditions
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Chemical and environmental engineers are using the Henry’s constant (K3) for description of the dissolution
of sparingly soluble compounds in water at ambient conditions or along the vapour-pressure curve of a
solvent. The solubility data are the main source for calculating Ky and empirical relationships are used for
the description of its temperature dependence. Several alternative approaches to the calculation of the
Henry’s constant are presented, based on the fink of Ky (and its temperature and pressure derivatives) with
the thremodynamic functions of hydration. Three models are tested on four aqueous hydrocarbons by
correlating simultaneously the solubility data below 423 K and the derivative properties for solutes
(enthalpies, heat capacities and volumes) up to the 623 K and 40 MPa.

Introduction
The Henry's law is a useful tool for expressing
fugacity fs' of a sparingly soluble nonelectrolyte in

aqueous phase. The constant of proportionality
between the fugacity and concentration is the
Henry’s constant defined as:

A

(1}
0 X,

This constant is used in calculations of solubility
based on the relation ship:

A= f=kgxgt x>0 51 @

where fs corresponds to the fugacity of a solute in
an nonaqueous phase which is either a pure
substance (for solids) or a fluid mixture where the
component s often prevails. This fugacity can be
obtained as a multiple of the vapour pressure of
pure substance, fugacity coefficient and the
Poyinting correction (when p#pg,). Then the
solubility calculation is straightforward especially
for systems where the activity coefficient
}f,-m‘ {(defined on the basis of the asymetric standard
state comvention) is close to umity. Chemical
engineers use the Henry’s constant mainly for
expressing the solubility of gases at the saturation
line of a solvent (x>0, p = Peye) .

The general one phase definiion of the
Henry’s constant (1) allows to express Ky as a
function of two state variables, Use of the standard
state of an ideal gas at a reference pressure of 0.1
MPa for the solute leads to the equation:

Ku(T,p)=p¢] )
showing how the Henry’s constant can be related to
an equation of state. The reliable calculation of the

fugacity coefficient at infinite dilution ¢; in the
aqueous phase is, however, a challenge equations of

Ku(,p)= lim
xg—>
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state are rarely able to meet with success for
nonpolar electrolytes.

When using the standard state of a pure liquid
solute equation (1) takes the form:

KaT 0= (x> L& > D.@4)
This relationship connects the Henry’s constant
with the fugacity of the pure liquid (which can be
hypothetical in the case of gases and solids) and the

activity coefficient at infinite dilution 7 for the

symmetrical standard states convention. The latter
type of data is generated for the use of engineering
thermodynamics by a variety of experimental
methods and is useful in calculations of Ky for
condensed solutes.

The Henry’s constants are now frequently used
in environmental chemistry and geochemistry for
calculating equilibrium concentrations of pollutants
and trace components in aquatic systems and
geological fluids. It is also convenient to use Ky in
engineering calculations involving  equilibria
between nonelectrolyte and aqueous phases at
superambient conditions. Therefore it is desirable to
have models allowing correlation and possibly also
prediction of X3 as a function of temperature and
pressure. Most equations available in literature are,
however, of empirical character and usually permit
to calculate the Henry’s constant only along the
saturation line of a solvent. The thermodynamic
functions of hydration having an exact physico-
chemical meaning present a better founded
alternative and permit to model the Henry’s
constant as a function of two independent variables.

Henry’s constant and thermodynamic functions
of hydration

Thermodynamic functions of hydration relate
to the transfer of 1 mole of a solute from an ideal
gas state to the ideal aqueous phase defined by the

* Henry’s law:
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Xpya =X T, p)-X BT, pr) )

where p=0.101 MPa. It can be easily shown that
Ky is directly linked with the Gibbs free energy of

hydration AGy4 as follows:
RTn(Ky ! p) =G5 (T, ) ~GE T, pr) (6)
= AG}:yd (Ts P)-
The temperature derives connect the Henry's
constant with the enthalpy and heat capacity of
hydration

JIn K, o
RT? [TH) =- MM @.p) O
P
2 8lnKy;

i[m‘ D =~ AC, (T, p) (8
(ar or ), phyd

which can be calculated from the calorimetric data
for aqueous phase (heats of solution AH,,, specific
heat capacities c,) extrapolated to infinite dilution
and properties of pure solute (residual enthalpy

AH ey = H(T, p) - HE(X), Ci¢). It holds;

A-Hl:yd =AH:01 +AH 1o %)

where AH, ;,1 can be obtained as
AHoy = H, —H, = lim (AH /x;) (10}
xs—0
and similarly for AC pg =Cps —C§
T = M, +M, lim| 2252
P TPNTES Vool ox
where subscript w relates to properties of solvent.

The pressure derivative of Ky leads directly to the
partial molar volume at infinite dilution

RT [M) 77 0)
&p T
available from densimetric measurements at low
concentrations;
7= Ms M gy [p'p“’J (13)
Pw Xs
Several types of instruments were constructed
over the past fifteen years or so allowing to obtain
the experimental values of derivative properties
(enthalpy, heat capacity and volume) for dilute
aqueous solutions of nonelectrolytes as a function
of temperature and pressure. This makes it possible
to calculate the Henry’s constant at superambient
conditions by combining the solubility data near
300 K and atmospheric pressure with AH g,

-AC;.,Yd and 17; denved from calorimetric and

densimetric measurements.

For both practical and theoretical reasons it is
necessary to have models allowing to correlate and
possibly to predict the thermodynamic properties of
hydration and hence the Henry’s constant as a

(12)
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function of temperatwre and pressure. Two
approaches can be used depending on the choice of
the reference state as apparent from the Figure 1.

In the first approach a model is used for
expressing the difference between the standard
Gibbs free energy of a solute at 7 and p and that. at
the reference state of 7; and p,. Then with the use
of eguation (6) the Henry’s constant can be
calculated as

—o kP
RT In (Kyx(T,p)/ py) = [Gs Ep

+ RTr 1I1(KH (I},Pr)fpr)

_ ig E’p
[Gs rPr

where the first term is obtained from a model, the
second is calculated from the Henry’s constant at
the reference state of T} and p, and the third term
refers to the Gibbs free energy difference for a
solute in an ideal gas state.

(14)

Figure 1. Thermodynamic pathways
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The second approach uses as a reference state
an ideal gas at T and p,, then the Gibbs free energy
of hydration is directly yielded by a mode! allowing
straightforward calculation of Ky by equation (6).
The typical models are reviewed below.

Modelling the difference G (T, p) - G, (T, p,)
The geochemists at the U. of Calififornia at
Berkeley have developped a model (HKF) {1,2]
available as a software SUPCRT92 [3] which has
become widely used for calculating the standard
state properties over a wide range of temperatures
and pressures. Standard thermodynamic functions
of an aqueous solute are obtained as a combination
of the so-called solvation contribution (s) derived
from the Bom equation expressing ionic solvation
and a nonsolvation contribution (n) of empirical
nature:

X, =X0+ X5 (15)




The basic equations for heat capacity

—_ c g 1 (aé‘
C2. = ¢f tommmt——ta)T hi 16
7o~y [arggLaTDP( )

at p = p, and volume

7o =gy +—2 +[a3+a—4](;)
y+p w+p \T-0©

o [agw]

Ea. ap T
allow to obtain all other thermodynamic properties
by integration. The symbols @, ¢ and o stand for
seven adjustable parameters, €, is the dielectric
constant (relative permitivity) of water, @ =228 K
and ¥ = 260 MPa. For the Gibbs free energy
difference it holds:

ok, < -152 . (ER) ar

a7

T, \Pr T;J r @
PTTj(f;:s) dln:r+[(17§°) dp
r Pr

where the superscripts denote the property constant
at the path of the integration and 57 (7}, p, }is the
entropy of an aqueous solute in the reference state.
The model was originally proposed for agueous
electrolytes and it has been used by analogy also for
nonlectrolytes [4-5] although any theoretical
foundation is missing. This aproach has some
difficulties to describe derivative properties of
aqueous organics and when extrapolating towards
the critical point of water.

An effort has been recently made to keep the
same concept but to modify the model in order and
to make it compatible with the theories of near-
critical solutions. Nonsolvation terms are simplified
and the dielectric properties of water are replaced
by the pVT properties [6]. A density model (DEN)
proposed recently at LTGC Clermont-Ferrand [7]
formulaies analogues to equations (16) and (17) as
follows:

2
°r " Pw
+(w +@r T )T
T-e e {aTZJp
(19

ép
+2wpT) =
“’T(ar]

70 =a+arT—(w+ @T)[@lJ (20)
@ )

o
Cps=ct

P

with six adjustable parameters. The Gibbs free
energy difference for a solute can be calculated by
equation (18) leading to a a somewhat simpler
relationship compared to the HKF madel.

Modelling the Gibbs free energy of hydration
AGrya =G, p)=GET, po)
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These models lead directly to the value of the
Henry’s constant without use of the three steps (14)
depicted in the thermodynamic cycle (Figure 1).
Levelt-Sengers and Japas [8] analyzed behaviour of
the fugacity coefficient of an infinitely dilute solute
near the solvent’s critical point. Using equation (3),
they have derived a relationship linear in density
representing Ky along the vapour pressure curve of
a solvent with the correct asymptotic near critical
behaviour. Levelt-Sengers and collaborators [9,10]
have added an empirical term exponential in
temperature to allow calculation of the Henry’s
constant down to 273 K. In addition they showed
that their relationship has general validity (mot
restricted to the solvent’s saturation curve)
permitting to express Ky as a function of 7 and p
and to calculate derivative properties. For an
aqueous solution it has a simple form:

RTIn(Ky(T, p)/ £ ) =A+B(Po~Pow)
+CIp,, exp((273.15-T)/50)

where 4,B,C are adjustable parameters and f, is

the pure water fugacity. The equation correlates in
fact the difference between the Gibbs free energy of
hydration of a solute and an analogous function for
a solvent, It has a correct ideal gas limit and was
used with good results for correlating the Henry’s
constant of gases in water up to the critical region.
The simple form of the relationship does not allow,
however, a rteliable correlation of derivative
properties as shown for volume by Majer et al. [11].
Introduction of an additional parameter N
(multiplying a pure water property) analogous to
that introduced below was necessary for getting a
reasonable fit of experimental data,

A different approach is that making use of the
fluctuation solution theory (FST). It can be shown
[12] that the spatial integral of the infinite dilution

solute-solvent direct correlation function Cg, is

linked with the dimensionless parameter A

SwW
(called sometimes the generalised Krichevskii
parameter)

€2y

Vs 4
K RT 5V
which is well behaved in the critical region of water
(% stands for water compressibility). After a
rearrangement this parameter can be also expressed
in terms of a virial expansion:

A, = tim [é’(pV/RT)) _
" TV

1 Coy = @2)

ng—0 hy

142/ My Yo Bow + -

where B, is the cross virial coefficient. An
analogous procedure can be adopted for pure water
where the water-water direct correlation function is

linked with the A, parameter and a simitar virial

23)



expansion is obtained, By comparing the virial
expansions for an aqueous solute and pure water
one obtains the relationship

Asow—NAmv =(1-M+

pw(Z/MW)(Bsw "NBW) +.
where N is an adjustable scaling factor related to
the difference between the volume of solute and
that of water, Several equations are now under
development differing by expressions used for
approximation of the virial terms.

A promising example is the relationship

[11,13]

Vs - NV,, =(1- N)RTx,,

(24)

+RTk, pygla+b exp[%] +clexpl9.0,]-1) (25

+6(expla.oy |- 1)
with five adjustable parameters ¥, @ ,b, ¢, § and
three predetermined constants @=1500 K, &=5
cm’/g and A=-10 cm¥g. When -extrapolating
towards low densities relationship (20) decays to
the virial expansion limited to the second virial
coefficient. This is a considerable advantage over
the HKF model and its analogues in description of
volatile solutes where the constraint of ideal gas
limit is meaningful, Then any standard
thermodynamic property of an aqueous solute can
be obtained as a combination of the ideal gas value
at 7 and p, and the corresponding hydration
function which can be calculated using the above
volumetric equation. The relationship for the Gibbs
free energy of hydration
0 P
AGpog = [RTdInp+[Vdp (26)

Pr 0

can be directly used for calculating the Henry’s
comstant using equation (6). Relationships
analogous to (26) permit to connect the model with
other hydration properties ;

AHP u? V"—T[d?so] dp 27y
hyd s AT
0 2
p ‘5)2;70
ACS =Tl = @9
o\ ",

accessible from experimental data.

Thermodynamic data for hydrocarbons(aq) as a
function of temperature and pressure

It is clearly apparent from the above analysis that
the data on standard thermodynamic properties of
solutes can be useful in prediction of the Henry’s
constant over a wide range of temperatures and
pressures; this is demonstrated below for aqueous
hydrocarbons. Reliable literature data for solutions
of hydrocarbons in water are, however, scarce in
literature although they are sorely needed for
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technological, environmental and geochemical
applications, At near-ambient conditions the
information is in most cases confined to the
solubility data as most other techniques are
inhibited by very low concentrations of a solute,
Miscibility of hydrocarbons and water increases
with increasing temperature but literature data on
phase equilibria are fragmentary and sometimes
contradictory. Exception are reliable measurements
of compositions along the three phase equilibrium
line resulting from the project at Exxon Rescarch
Engineering Co, [14].

Derivative properties were till recently
practically non-gxistent in literature except the

results for C jand 7, of benzene and toluene up to

353 K [15,16] and a series of measurement of heats
of solution at near ambicnt conditions [17] for a
varicty of aqueous hydrocarbons, We have
developed at the University Blaise Pascal a flow
instrurnent [18] combining in one thermostatted
environment a heat compensation mixing
calorimeter and a vibrating tube densimeter
allowing simuitanecus determination of enthalpic
and volumetric properties up to 673 K and 40 MPa.
This calodensimeter is particularly useful for
measurements with systems exhibiting increasing
miscibility with temperatere. The solotion is
“prepared” directly in the hot zone of the
instrument which allows to work at sufficiently
high concentrations where the measurements are
feasible, We have wused this instrument for
measuring enthalpies of solution and densities for
benzene(aq), toluene(aq), cyclohexane(aq) and
hexane(aq) between 473 K and 685 K and pressures
up to 30 MPa [7]. In addition, the reliability of the
data was checked on another calorimeter and
densimeter which allowed to expend the
measurements of volumetric data for aqueous
benzene down to 373 K. The new values were
combined with the literature data on derivative
properties at near ambient conditions originating
from different sources (most data being from
references [15,16,191). As no low temperature data

were found in literature for C ; and V: of

hexane{aq) and cyclohexane(agq) we have made
estimates near 298 K based on the analogy with
aromatics(aq) and properties of pure compounds.
The two figures below show the wvalues of

AH:°| and Vsu resulting from our measurements at

temperatures up to 623 K at 10 and 30 MPa, the
low temperature data [15] at 0.1 MPa are also
presented on the volumetric plot. Both enthalpies
and volumes become increasingly positive at high
temperatures due to repulsive forces between solute
and solvent and are proportional to the water
expansivity and compressibility, respectively,




Figure 2. Enthalpic data obtained by extrapolation
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In the next step the data on derivative
properties were combined with the selected
solubilities at ambient and moderately elevated
temperatures. For benzene(aq), cyclohexane(aq)
and hexane(aq) it was possible to compare the
solubility data recommended by TUPAC [20] with
the data presented in reference [14] as the Henry’s
constants along the vapour pressure line of water
and the mole fractions of hydrocarbon in the
aqueous phase along the threce phase line. After
appropriate conversion the data were found
basically consistent. For convenience the Ky values
[14] were directly used for the above three solutes
between 273 and 423K while for toluene the
Henry’s constants had to be calculated from the
recommended solubilities [20] available only at
near ambient conditions.

The established database served for festing the
models described above at temperatures up to 623
K supposing that for most engineering applications
this limit is rarely exceeded, When a suitable model
is selected the Henry's constant can be generated as
a function of temperature and pressure. An

300
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information on the number of data points for

individual properties
temperature intervals are in Table 1.

and the corresponding

Table 1. Data base for thermodynamic properties of

hydrocarbons(aq).
Repartition of data points

Te[288 - 623K], p €[0.1 - 30 MPa]
System 74 AHZ,
Benzene 27 (298-623K) 16 (288-623K)
Toluene 19 (298-623K) 10 (288-623K)
Cyclohexane 11 (298-623K) 9 (298-623K)
Hexane 9 (298-623K) 6 (288-623K)
System E?DS Ky
Benzene 6 (298-353K) 16 (273-423K)
Toluene 5 (278-353K) 9 (273-328K)
Cyclohexane 2 (310-340K) 16 (273-423K)
Hexane 2 (310-340K) 16 (273-423K)

Testing of models, calculation of the Henry’s
constant
The described database was used in a simultaneous
correlation using three models:

1. HKF model, equations (16) to (18)

2. Density model, equations (18) to (20)

3. FST model, equations (25) to (28)
The minimized objective function had the form:

"Oexp _ucal 2
)
S=y> ol

i=1 O';Z?s

v (AC“Tj‘P -AC°f‘d)_2
+y phyd _ phyd /;

i=t GPAC iy

oexXp _ ocal)2

! (Athd Athd :

T—— 29)

i=1 a; AH hyd

oeXp ocal)2
+3 T

i=1 T AGhyd

where the quantities with superscript exp are
obtained from the experimental data data using

equations (6) and (9) to (12). Symbol o” denotes
variances in correlated propertes (estimated from -
experimental errors) which are reciprocal values of
weighting factors. The quantities with superscript
were obtained from model. In the case of the HKF
and density models AGyyqis calculated by
combining equations (6), (14) and (I8); the
enthalpy difference A, (T, p)-H, (T, p;) is
calculated from an analogue of equation (18) and



the thermodynamic cycle (Figure 1) is used to
obtain AHj .

The results of correlation are given in Table 2
listing for the three models the overall standard
weighted deviaions (s.w.d) and the average
weighted deviation for individual properties
(a.w.d.). The values near unity indicate that the
model is fitting the data within the margins of
experimental errors.

Table 2. Testing of models, results of correlation

Systems Ben Tol Cyhe Hex
(ap) (ag) (aq) faq)

MODEL m, sw.d

Prop. awd

HKF 7 42 30 24 22
14 54 29 17 14
C, 28 22 12 05
H 32 22 24 19
G 20 32 24 23
DEN
v
CP
H
G

6 12 17 07 14

13 609 05 08

1.2 12 03 06

11 12 06 15

06 29 06 14

FST 6 10 14 19 15

4 07 07 09 08
C, 10 13 01 06
H 13 12 23 L5
G 10 22 L9 16

m, number of adjustable parameters
s.w.d. = standard weighted deviations
aw.d. = average weighted deviations

It is clearly apparent from the table that the density
and FST models give better results in correlation
than the HKF model. The difference is particularly
pronounced for benzene(aq) where experimental
data were relatively more abundant and of better
accuracy.

The FST model was used to generate the
recommended values of the Henry’s constant as a
function of temperature and pressure. As an
example Ky is plotted in Figure 4 for benzene(aq)
and hexane(aq) which exhibit the lowest and
highest values from the four studied hydrocarbons.
The Henry’s constants are plotted up to 523 K and
at three pressures to 30 MPa. . The figure illustrates
a typical flat extreme on the Ky(T) curve

corresponding to AH;yd =0 je AH:ol =AH

(see equations 7 and 9). Also apparent is a sizable
increase of the Henry's constant with pressure
which is governed by the partial moelar volume of
solute at infinite dilution (see equation (12).

Acknowledgement: This text was prepared with the technical
help of Laure Pacynski and Lorette Rochetie-Jardy
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Figure 4. Plot of the Henry’s constant at three
pressures (0.1, 10 and 30 MPa).
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A New Apparatus For The Investigation Of The Phase Behaviour Of Dilute,

Binary Supercritcal Mixtures

M. Tiirk* and A, Diefenbacher
Institut fiir Technische Thermodynamik und Kaltetechnik, Universitéit Karlsruhe (TH)
Richard Willstéitter-Allee 2, D-76128 Karlsruhe, F.R.G.

A new static equilibrium apparatus for the investigation of the phase behaviour of dilute supercritical
finid mixtures is presented. The view cell apparatus was tested by measurements of the three-phase S.LG
line and the critical mixture curve of the COz(1)/naphthalene(2)- system. The upper critical end point
(UCEP) location is estimated from the experimental data. The results are discussed in comparison with

previously published data by various authors.

Introduction

Experimental investigations and thermodyna-
mic modelling of the solubility and the phase be-
haviour of organic solutes in supercritical solvents
are of special interest for supercritical fluid pro-
cesses such as the supercritical fluid extraction
(SFE) or the continous formation of smali partic-
les by rapid expansion of supercritical sofutions
(RESS).
Frequently the triple point temperature of the or-
ganic solute (component 2) is markedly higher
than the critical temperature of the solvent (com-
ponent 1), These asymmetric mixtures generally
show the phase behaviour schematically depicted
in figure 1.

p .
CCEP (;,ZZH
&, =
P
2 q‘ﬁ
‘% “ LG
H . CP
S;}JG % {pare 2}

FIGURE 1: Schematic pT-projection of the pTx-diagram

for an asymmetric binary mixture.

The three-phase S;LG line interrupts the criti-
cal mixture curve (L=G). The two distinguished
points of intersection are called lower critical end
point (LCEP) and upper critical end point (UCEFP}
[1,2]. Between the LCEP- and the UCEP-temp-
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erature only a solid-fluid equilibrium exists. In the
vicinity of these critical end points, small chan-
ges in pressure and temperature result in a sub-
stantial change of the composition. Because of the
higher solid solubilities in the UCEP region, this
region is of major economic interest in compari-
son to the LCEP region.

For many processes, such as the RESS process,
it is desired to take advantage of the increased
sensitivity of the solubility with respect to pres-
sure near the UCEP, but to avoid the formation
of a liquid phase. The knowledge about the phase
behaviour is one of the basics for modelling such
processes. Furthermore, when using supercritical
Auid mixtures as solvent, the knowledge about the
influence of mixture composition on the solubility
and the location of the UCEP is indispensable.

Materials and Methods

A new equilibrium apparatus, shown in figu-
re 2, was designed for measurements of the phase
behaviour and the solubilities of solid solutes in
supercritical solvents. The apparatus can be used
for pressures up to 50 MPa and for temperatures
up to 100 °C. The static equilibrium cell of 1310
cm?® inner volume is installed in a thermostat-
ted chamber, in which with controlled cooling and
heating it is possible o maintain a constant tem-
perature in the limits of £10 mK for many hours.
The test fluid can be observed during the measu-
rement through two saphir windows at both ends
of the eylindrical cell.
The temperature in the equilibrium cell is mea-
sured with a Pt-100 thermometer, which is cali-
brated against a Pt-25 thermometer (Rosemount)
provided with a National Bureau of Standards
certificate (ITS-90). The accuracy of the tempera-
ture measurement is within AT, = £30 mK.




FIGURE 2: Scheme of the apparatus ( 1: to vacuum
purnp; 2: dead-weight pressure gauge; 3: solvent; 4:
nitrogen; 5: pressure nuil indicator }

The pressure is measured by a high-precision stan-
dard dead-weight gauge (Desgranges & Hout) pro-
vided with a National Bureau of Standards cer-
tificate, which is separated from the test fluid in
the equilibrium cell by a thermostatted pressure
null indicator. By means of a very sensitive displa-
cer, the pressure difference at the null indicator
is adjusted to less than +0.01 kPa. The total un-
certainty of the pressure measurement is within
APrieas. = £6 kPa.

At the present state samples of the upper phase
of the test fluid can be taken at the top of the
equilibrium cell by blocking of a sample volume,
which is small compared to the cell volume. The
composition of the sample is determined by gas-
chromatographic and gravimetrical analysis. An
improvement of the sampling unit, using HPLC
equipement, is under design.

The apparatus and the experimental procedu-
re for the determination of the three-phase line
and the critical mixture curve were tested using
naphthalene (purum) supplied by C. Roth, FRG
and carbon dioxide with a volume fraction purity

of 0.99995 delivered by Messer Griesheim, FRG.

Results and Discussion

The three-phase S; LG Line for CO5/naphthalene-

mixture was determined by observing the first
melting point at various pressures. The experi-
mental results are listed in table 1.

At each starting pressure the temperature was
slowly raised until the onset of melting was ob-
served. This procedure was repeated many times
in order to reduce the temperature span of hea-
ting in which melting took place iteratively to less
than 200 mK. For this reason the total uncertain-
ty of the first melting point temperatures can be
limited to less than =250 mK.

For the estimation of the total experimental un-
certainty of the melting point pressure, both the
uncertainty of the pressure measurement and the
uncertainty regulting from the assignment of a
particular measured temperature to the pressu-
re on the S;LG line must be taken into account:

a
Ap = Appreas. + (%) * AT eas. (1)

ApAasign.

In pgeneral this assignment uncertainty exceeds
the uncertainty of the measurement by far, espe-
cially at higher pressures.

b/ MPa T/X
13.363 £0.06 | 332.94 £0.25
2411 £0.12 | 333.31 +0.25

25.012 £0.125 | 333.45 0.2
25.845 £0.125 | 333.53 £0.25
26.123 £0.125 | 333.43 +0.25
26.347 £0.125 | 333.52 £0.25

TABLE 1: Experimental pressure-temperature data
for the COg/naphthalene S2LG line.

The critical mixture curve was determined with
an analogous iterative experimental procedure.

While slowly decreasing the temperature from slight-

ly above the critical mixture temperature, the oc-
curence of the liquid surface was noted. As the
liquid formation appears much more abrupt than
a first melting point, it was possible to limit the
temperature span of cooling to less than 100 mi.
In addition the experimental results listed in table
2 were also verfied by observing the disappearan-
ce of the liquid surface, while slowly raising the
temperature from values slightly below the criti-
cal mixture temperature. The values measured by
raising and by lowering the temperature coincided
within the accuracy of the temperature measure-
ment, which is 430 mK. The total experimental
uncertainty of the determination of the critical
mixture temperature can be limited to less than
+150 mK. The experimental uncertainties of the
critical mixture pressures listed in table 2 were
estimated in consideration of an assignment un-
certainty according to eqn.(1).




p / MPa T/K
36.877 =0.085 | 334.02 =0.15
26.868 +0.085 | 334.54 0.15
26.851 £0.085 | 335.03 £0.15
26.853 £0.085 | 336.07 £0.15
26.859 £0.085 | 337.34 £0.15

TABLE 2: Experimental pressure-temperature data
for the COz/naphthalene critical mixture curve.

The pT-projection of the pTx-diagram for the
COz/naphthalene-system is shown in figure 3. Be-
sides the present experimental results, literature
data from various authors are also depicted for
comparison. An enlargement of the UCEP region
with errorbars representing our total experimen-
tal uncertainties is shown in the upper right cor-
ner of figure 3.
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FIGURE 3: pT-projection of the pTx-diagram for the
C0Oz/naphthalene-system; experimental data for the
SsL.G-line: M: this work; : [3]; O: [4]; <1 [5]; © [2]
experimental data for the critical mixture curve:

A: this work; A: (3]

The solid line is calculated using the Peng-Robinson
equation of state [6],

While experimental data for the S,LG line is ab-
undant (e.g. [2,3,4,5,7]), information about the
critical mixture curve is scarce. Our results for
the S, LG line are in good agreement with the pre-
viously published data. The determined melting
point temperatures coincide with the literature
values [3,4,5] within our experimental uncertain-
ty. However, the values measured for the critical
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mixture curve pressures are systematically (1 to
1.5) per cent higher than the previously published
data by Lemert and Johnston {3}, This discrepan-
cy can not be explained, since it is not within our
experimental uncertainty.

The UCEP in the CO, /naphthalene-system is esti-
mated from our experimental data by locating the
intersection of the three-phase So1.G line and the
critical mixture curve. A good agreement of the
TUCEP temperature with previously published da-
ta summarized in table 3 is noticed.

Tucep PUCEP year | reference
K MPa
333.45 £0.25 | 26.6 £0.2 | 1999 | this work
333.25 £0.2 | 26.3 +£0.2 | 1989 | [3]
333.45 £0.2 | 26.3 £0.2 (3]
333.25 22.6 1986 | [7]
333.25 25.6 1984 | [4]

TABLE 3: Pressure pycep and temperature Tucep
at the UCEP of the CO2/naphthlene-system.

In the work of Lemert and Johnston [3] two diffe-
ring values of the UCEP temperature are given.
Both values, one given in the text and one given
in a table of experimental results, are listed in ta-
ble 3. The UCEP pressure estimated in this work
agrees with the pressure determined by Lemert
and Johnston within the combined uncertainties.
The UCEP pressure given by Lamb et al.[7] was
estimated from the solubility isotherm at 58.5°C,
because it was not possible to determine direct-
ly the UCEP pressure with the NMR technique
used by these authors. McHugh and Yogan (4]
determined the location of the UCEP by obser-
ving the critical opalescence. As reprorted by Le-
mert and Johnston, a critical opalescence near the
UCEP can be observed over a pressure range of
1 to 1.5 MPa. This observation can be confirmed
by our experiments. Since the critical opalescence
observed in the vicinity of the UCEP of the COs-
naphthalene system was not as distinct as it is
familiar from homogeneous binary fiuid mixtures
[8,9], this might lead to a larger experimental un-
certainty in the UCEP pressure determination.
Small changes of temperature and pressure in the
vicinity of the UCEP caused enormous changes in
the ratio of supercritical fluid phase, liquid phase,
and solid phase present in the equilibrium cell, as
already reported by McHugh and Yogan.

A first qualitative approach of the experimental
data along the three-phase S;LG line is made
by means of the Peng-Robinson equation of state
(PR-E0S){6). The S2LG line is determined by sol-
ving the equations (2} to (4), which represent the




three phase equilibrium.

F(T,py) = A(T,p,71) (2)
(T, y2) = F(T,p,z2) (3)
£5(T,p) = F(T,p,42) (4)

In equation (2} to (4) f¢ and f' represent the
fugacity in the gas and liquid phase, respective-
ly. The solid phase, whose fugacity is represented
by £5*(T,p) in equation (4), is treated as a pure
substance. For the calculations with the PR-EoS
simple van-der-Waals mixing rules with two bi-
nary interation parameters, one in the attraction
and one in the repulsion term, are used. These
parameters are fitted exclusively to the experi-
mental data in the UCEP region.

Although the fitted interaction parameters are
treated as independent from temperature, the PR-
EoS is also used to calculate solid solubilities in
a supercritical solvent according to equation (5).

Q
_ p(T) (p=p8") wm® .
Y2 = W ‘ex {T} (5)
In equation {5) qb;cf denotes the fugacity coeffi-

. - e |4
cient in the supercritical phase, and p§** and v, *

denote the sublimation pressure and the molar
volume of the pure solid. Results from these cal-
culations are plotted in figure 4.

10°

it 20

p / MPa

30 40

FIGURE 4: Solubilities of naphthalene in CQ2. The
plotted lines are correlated using the PR-EoS at the
corresponding temperatures.

O, McHugh and Paulaitis 328 K [10]; ¢, Tsekhanska-
va et al. 318 K [11]; (O, McHugh and Paulaitis 308 K
(10]

The deviations of the solubilities calculated with
the PR-EoS using the binary interaction pararme-
ters fitted to the UCEP region from the experi-
mental data are in the same order of magnitude
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as those obtained by fitting the binary interaction
parameters directely to solubility data.

Conclusions and QOutlook

The solubility of solid solutes in supercritical
fluids in the vicintity of the UCEP is very sen-
sitive with respect to pressure and temperature.
This feature is advantageously used in many ap-
plications. For certain processes, such as RESS,
experimental data not only of the solubility, but
also of the phase behaviour in the UCEP region
is desirable.
In further work chemically diverse organic solu-
tes in supercritical solvents will be investigated.
The ablility to manipulate the UCEP location,
the melting point depression, and the solubility
by the use of binary fluid mixtures as supercriti-
cal solvents will be focussed. The critical data of
such binary solvent mixtures eligible have already
been subject of previous investigations [10,11].
The experimental data are represented by means
of cubic equations of state, which have already
been sucesstully applied to potential supercritical
solvent mixtures as well as to asymmetric mixtu-
res, such as the COy/naphthalene-system presen-
ted in this work.
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A high-pressure apparatus was designed to perform phase equilibria measurements under the synthetic mode.
The efficiency of both the apparatus and the procedure were first checked through preliminary experiments
related to a system widely studied, CO»/methyl oleate. The good agreement between our results and those already
published, allowed us to study other binary systems involving CO, and some ethyl esters, more precisely the
ethyl palmitate, myristate and stearate. For each systems the measurements were obtained at three different
temperatures 313.1, 323.1 and 333.1 K and at pressures ranging from 1 to 20 MPa. The data were correlated
using the modified Peng-Robinson equation of state with the classical quadratic mixing rules.

Introduction thermostatic water bath, a camera (Model #1352-
The design of an extraction or fractionation 5000, from COHU Inc.), a TV monitor, temperature
operation needs key parameters such as solubilities and pressure gauges. The cell was designed by TOP
or equilibrium data at the operating conditions. INDUSTRIES S.A.. A three hand screw-type
The main features of methods used to measure manual pump was set to a thermostated chamber,
phase equilibria were summarized by Brunner [1], equipped with a sapphire window to enable a direct

Staby [2] and McHugh and Krukonis[3]). Three visualization of the medium.
different ways are usually used to perform
experimental studies of phase equilibria: synthetic,
dynamic and static modes. Contrary to analytical
methods, the synthetic procedure does not need any
sampling .and the phase transitions resulting from
pressure variations are studied by direct
visualization.

The study undertaken had the objective to design
a simple apparatus according to the synthetic mode,
allowing a low consumption of substance combined
with precise measurements. The data thus obtained

will serve to tune interaction parameters for L eeeeemsenomoses s PTPORURRR.
thermodynamic models.

The present work describes the apparatus, the Eﬁ% E:dp:r&:teiztaé als:et-;p.vla. Crdl;a rﬁ !il:lisson;n?.GMaén'a:iig
measurement method, and reports data related to sampling port; 5’“ Sapphir(; windo“?;o 8. Waf;r Eatﬁ;o 5 Lz;mp;ql().
four esters, at three temperatures 313.1, 323.1 and Camera; 11. TV set,

333.1 K in a wide range of pressures. In order to
check the efficiency of both the set-up and the Preliminary calibrations showed that the global
method, it was necessary to perform measurements volume of the cell might vary from 4.05 to 14.35
on a system already studied. Since the binary cm?®; these values take into account the dead
mixture COy/methyl oleate has been the object of volumes generated by the different equipments of
several works [4-6], it was taken as reference. the apparatus. Each revolution of the manual pump
was registered by a counter and induced a 0.3 cm’
Experimental section variation of the cell volume.

Apparatus. The pressure is measured by an electronic

The experimental set-up shown in Figure 1 transmitter (HAENNI ED 510); overpressures are
consists in a high-pressure view cell with variable prevented by a rupture disc. The front zone of the
volume, built of stainless steel, a magnetic stirrer, a apparatus is heated by circulation of water coming
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from a thermostated bath. The screw filler cap at the
top of the cell includes a port for a platinum
resistance. A purge drain is fitted at the base of the
cell for an easy cleaning.

The cell may work both in the synthetic and the
analytical modes. For the latter, it is equipped with
two sampling ports at the upper and lower parts of
the chamber, each sampling line including a three-
way micro-valve.

Materials.

CO,, pure at 99.9% was supplied by “I'Air
Liquide”, The methyl and ethyl esters from SIGMA
had a stated purity higher than 99%.

Procedure.

The experimental procedure is as follows:

First, a known amount of ester is loaded in the
cell.

The air being purged, the cell is closed and a
known amount of CQ, is brought into the cell by a
high-pressure calibrated bomb which is weighed
before and after the introduction of CO,. The
mixture thus obtained has a known composition and
the medium is biphasic at this pressure level. As
soon as the system is equilibrated at the chosen
temperature, as indicated by the pressure remaining
constant, the piston is progressively moved in order
to increase the pressure and thus bring the biphasic
system to a monophasic one. Once the pressure is
stabilized, it is slowly decreased until a second phase
appears. The medium is thus successively
compressed and decompressed in order to define the
most narrow range of pressure for the phase
transition. The stabilization has to be reached after
each modification of pressure, but due to the small
cell volume and to the efficiency of the stirring, the
equilibration does not require more than three hours,
which is a relatively short time as compared to those
reported in the literature.

For a given global composition, different
increasing temperatures are studied.

The second point of an isotherm which
corresponds to a higher CO, mole fraction, is
obtained by the following method. An additional
weighed amount of CO; is introduced in the cell,
thus modifying the composition of the previous
mixture. Measurements of the transition pressures
are performed as described above, After three
additions of CO, it is considered that the cumulative
errors due to the successive weighings, induce an
inadequate uncertainty of the composition. As a
consequence, the cell is drained off, and a new
amount of ester is introduced for further
measurements.

Accuracy of the measurements.

The uncertainty in  the  gravimetric
measurements is in the order of + Smg for the
carbon dioxide and 0.05 for the ester. The
uncertainty on the binary composition is essentially
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due to CO, because it is weighed with the less good
precision.
Taking account of the respective uncertainties on
the CO, and esters weights, and the cumulative
errors due to the method we could calculate that
uncertainties never exceed (.003 on CO; mole
fractions: '

The cell pressure measurement is accurate to
+2,10"2 MPa and the temperature is known to within
10.2K.

Experimental results and correlation

Experimental results.

The compeunds chosen for this study were:

- methyl oleate, widely studied, in order to check
the experimental set-up,

- then, ethyl myristate, palmitate and stearate as
new data.

For each system, the equilibrium transitions
were isothermally measured at three temperatures:
313.1, 323.1 and 333.1 K.

The transition points were easily obtained and
were reproduced to within 5.10% MPa. Our
experiments were performed in a large range of
pressures and compositions, however the present
experimental set-up did not enable us fo perform
measurements at low pressures (less than 1 MPa).
As a consequence the lower part of the equilibrium
curves was not obtained. It must be noticed that our
procedure allowed measurements around the critical
point.

Data correlation.
The experimental P-x data were correlated using
the modified Peng-Robinson equation of state [7].
po RT i a(T) i )
v—b v +2bv-b
where the equation parameters a and b are
defined from the critical properties.

5 =0.07780 %% )
£
RT?
a(T)= 045724 —=¥(T,0) )

[

0.44507 z
?(T,0)= 1+n{1—(%} ] (4)

m is calculated from

m = mo(ml - 1) )
my=6.8126

m= Jl. 1275+ 0.51730 - 0.0037a°

o is the acentric factor

As the ethyl esters used in this study decompose
before reaching the critical temperature, the
pseudocritical properties have been estimated
through the Ambrose group contribution method [8,
9] using the normal boiling point calculated from




AMP correlation [10,11}. @ is calculated from the
Edminster equation.

For a mixture of p components, the classical
quadratic mixing rules was used:

a:i’%x,.xnﬁzr_a;(i—kij) (6)
be$bnz, 20011 0
rJ 2

X, b, a are respectively the composition,
covolume and temperature function of pure
component i.

ky and ]; are the binary interaction parameters
which must be tuned on experimental data.

The results of the correlation appear on Figures
2to7.

CO/methyl oleate mixture.
As mentioned above the CO,/methyl oleate has
been the subject of some previous papers [4-6]. Data

are reported in Figures 2 to 4.
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Figure 2: Phase equilibria for the system COz/methyl
oleate at 313.1 K. Experimental data and correlation
curve using kij=0.0521, 1ij=0.0226.
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Figure 3: Phase equilibria for the system COz/methyl
oleate at 323.1 K. Experimental data and correlation
curve using kij=0.0529, 1ij=0.0253.

It may be observed that our data are in good
agreement with all those already published. At the
very near of the critical point, measurements are
difficult to achieve and a certain scattering is
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observed. That is probably the reason why except
for Zou et al., few data are given by the other
authors.
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Figure 4: Phase equilibria for the system COo/methyl
oleate at 333.1 K. Experimental data and correlation
curve using kij=0.0559, 1ij=0.0352.

Other esters.

As concerns the myristic, palmitic and stearic
acid ethyl esters, the experimental data are shown in
Figures 5to 7.
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Figure 5: Phase equilibria for the system COy/ethyl
myristate at different temperatures. Experimental data
and correlation curves using kij=0.04335, 1ij=0.0202.

Ancther interesting feature of this new
apparatus is the slight weight of solute required to
investigate the whole range of composition. The
small volume of the cell and the absence of
sampling, make the experiments being carried out
with less than 30 grams of each ester. This
characteristic should be attractive in the case of
studies devoted to high price compounds.
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Figure 6: Phase equilibria for the system COy/ethyl
palmitate at different temperatures. Experimental data
and correlation curves using kij=0.0492, 1ij=0.01%0.
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Figure 7: Phase equilibria for the system COg/ethyl
stearate at different temperatures. Experimental data and
correlation curves using kij=0.0533, lij=0.0224,

Conclusion and perspectives

A new apparatus has been designed to perform
measurements of equilibria involving fatty acids
esters and CO,. The synthetic method was chosen
for this study, though the set-up could operate in the
analytical mode.

Several advantages were reached with this
method. As sampling is avoided, it offers an easy
use. The charasteristics of the optical cell combined
with the specificity of the synthetic method enable
the collection of numercus data with a low
consumption of solute. Reproducible data could be
obtained, fitting correctly with those already
published.
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Solubility data of 1,4-bis-(octylamino)-9,10-anthraquinone (AQ08) in CO; and Disperse Red 60 (DR60) in CO,
are presented and discussed with respect to the applicability of a density-based solvato complex model proposed
by Chrastil. The isotherms in the system CO, + AQ08 were measured between 285.9 < T/K < 324.7 and 6 <
p/MPa < 90, those of CO, + DR60 between 303.1 <7/K <332.7and 7.2 < p/MPa < 97.6, respectively. In both
cases it came out that in the low as well as in the high peripheral pressure (density) regions this model does not
give a reliable description of the phenomena. Furthermore, for all-trans B-carotene in CO, at 307.6 K a method
to estimate stereomutation kinetics was tested by which isomerization was found to be dependent on pressure.

Introduction

Since several years we focus our activities on
systematic measurements of the solubility behavior
of dyestuffs in near- and supercritical fluids as a
function of temperature and pressure [1-7].
Solubility data over a large temperature and
pressure range is pertinent to both technical appli-
cations (e.g. planning and performance of
extractions) and thermodynamic considerations
relating to phase behavior as well, the latter being
linked to solubility modeling and its development,
The static analytical method is an ideal tool for
investigation of those regions (primarily high and
ultrahigh pressures), which are normally beyond a
technical application. If you have designed a cell
being operable for any particular pressure and
temperature conditions, the experimental require-
ments for both the lowest and highest pressures will
remain more or less the same, whereas a flow
method equipment for very high pressures strongly
differs from that what is normally used in SFE or
SFC [8].
For applications there are two major demands for
solubility modeling, namely that it can be based on
experimental data merely from the interesting
region with the implication that scarcely known or
doubtful additional thermodynamic information of
the individual system (such as calculations from
EOS do require, see c.g. [9]) can remain um-
considered and that nevertheless reliable results are
obtained. In literature, for example, we sometimes
find the semi-log and the log-log relationship
between solubility and density often resulting in
linear or at least near-linear behavior [10-12].
The static method with its possibility to work at
high pressures, is able to test and discuss such a plot
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on the basis of data covering a large pressure range.
In this contribution a survey of own recent results is
presented which are correlated by Chrastil’s method
[11]. The outcoming results are interpreted with
special consideration of this correlation method.

Materials and Methods

Our equipment consists of an optical high-
pressure autoclave coupled to a spectrophotometer
by fiber optics. Two similar setups were used, on the
one hand a cell constructed for a maximum pressure
of 200 MPa and a temperature range from approxi-
mately 273 to 383 K, respectively, being coupled to
a Perkin-Elmer Lambda 18 spectrophotometer (no.
1), and on the other hand a similar cell for use up to
100 MPa and at about 273 to 413 K coupled to a
Perkin-Elmer Lambda ¢ instrument instead (no. 2).
Facts and details of device no. 1 are reported in
Refs. [1,5,7,13] and of device no. 2 in Refs. [14,15],
respectively.

CO; (99.995 vol.%) and N,O (99.0 vol.%) were
purchased from Messer Griesheim GmbH. All-trans
B-carotene came from Sigma Chemical Co.
(synthetic, crystalline, purity 97.1 % (HPLC)),
Disperse Red 60 (l-amino-4-hydroxy-2-phenoxy-
9,10-anthraquinone) was delivered by LG Chemical
Co., Seoul, Korea, and had a purity of 99.4 % (SFC)
[13,16].

Source and purity of the 1,4-bis-(n-alkylamino)-
9,10-anthraquinones are given in Refs. [4-7,13,16].
For details of the measuring technique for
determining equilibrium solubilities see again Refs.
[4-7,13,16]. In the casc of the 100 MPa-autoclave,
which was not described there, the experimental
performance was exactly the same {13]. To




summarize briefly, the anthraquinone derivatives
did not undergo any changes under test, whereas p-
carotene showed significant stereomutation and
therefore had to be treated differently. In contrast to
the anthraquinone derivatives where isothermatl
equilibrium could be determined by a stepwisc
increase of pressure, f-carotene required separate
gas-fillings for each single pressure to see how
isomerization behaved,

Results and Discussion

As reported previously [53,7,13], solubility of
AQO8 in CO; is a monotonous function of solvent
density at a constant pressure in the region where
we did our measurements. The corresponding log-
log plot in Fig. 1, however, shows two remarkable
deviations from linearity, The first is in the region
near the liquid-vapor boundary (low pressures), the
second occurs at liquid like solvent densities when
the curvature of the concentration (density)
isotherm (see Ref. [13]) changes its sign.
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Figure 1. Solubility of AQO8 in CO,. Solvent
Densities Were Calculated from the EOS
Given by Span and Wagner [17]

Wagner et al, [6] and Kautz et al. {4] used a modi-
fied SFC-apparatus (maximum operating pressure
20 MPa) for this substance and other homologous
1,4-bis-(alkylamino)-9,10-anthraquinones  having
shorter alkyl chains (from methyl to pentyl) in CO,.
Their results proved to be linear in the temperature
range chosen, when plotted in this way.

Chrastil derived a relationship correlating the
solubility of a solute to the density of the solvent
through the formation of a solvate complex, which
is in equilibrium with the gas. The main assumption
is that one molecule (here dyestuff) associates with
a fixed (even non-stoichiometric) number of solvent
molecules at a given temperature and that this
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complex is in equilibrium with its surroundings.
Thus, we get

c=p* exp [% + b) 1

where ¢ is the dyestuff concentration in g dm™, pis
the solvent demsity in g dm™, & is the afore-
mentioned constant giving the average number of
solvent molecules present in the solvato complex,
and a and b are constants derived from the soivation
enthalpy and molar mass of the two components,
respectively [11].

For CO; + AQOS8, in the linear region % is only
slightly increasing to higher temperatures but
towards the bordering region to high densities %
becomes distinctly smaller. When approaching the
solubility extremum with increasing density, the
partial molar volume of the dissolved dyestuff in the
fluid phase V¥ grows from lower values until it
equals the molar volume of the pure solid
component V,f,_"2 at the solubility maximum [1,18].

This indicates that there should be more solvent
molecules in the solvato complex here what seems
to be plausible but is in contradiction to Chrastil’s
model. Since (81In ¢/ & In p)r = 0 at the solubility
maximum, then in Eqn. 1 % equals zero which is
physically unreasonable.
Another behavior is shown by the system CO, +
DR60 (Fig. 2). Besides the high-density drop, the
slope of the function decreases also with increasing
temperatures, Sung and Shim report similar
findings [12]. Further own investigations of this
systern are underway.
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Figure 2. Solubility of DR60 in CCG,

The main accompanying effect in doing solubility
measurements of P-carotene and carotenoids in




general is stercomutation or rather isomerization
arising from the inherent instability, Since we
record an absorption spectrum in situ to determine
the particular sotubility and do not take 2 sample to
analyze it separately (e.g. by means of chromato-
graphy), we always see an indefinite number of cis
isomers being present in the equilibrium mixture.
This effect, not welcome but unalterable, compli-
cates the correct detection of the all-trans isomer.
The extinction coefficients of the cis forms are
smaller than that of the all-trans compound. A
spectal feature of the formation of cis isomers,
however, is the appearance of an additional peak
(the “cis peak™) in the UV-region, actually between
320 and 380 nm. As the spectra strongly overlap, it
is not possible to quote values for each isomer in a
raixture, Therefore, the only remaining possibility
to determine the cis isomer contamination in
equilibrium is to express it in terms of % IIVII and
% Dg/Dy which have been introduced by Liaaen-
Jensen [19,20]. Here, the height (III) of the longest
wavelength absorption band is expressed as a
percentage of that of the A, absorption band (1),
the base line in each case being the minimum
between the two maxima. The % Dg/Dy relation is
the maximum absorption of the cis peak expressed
as a percentage of that of Ay Usually, all-frans
compounds (this rule is applicable for carotenoids in
general) are characterized by a low % Dp/Dy and a
high % II/II ratio while the reverse is true for cis
isomers, Individual values for a great variety of
components and solvents are tabulated [20].

The following spectroscopic effects can be observed
during the solubility experiment: On a time scale,
the cis peak and the total absorption spectrum are
gradually increasing since cis isomers are more
soluble than the all-trans compound. Besides,
isomerization is a dynamic process as cis isomers
also can revert to an all-trans configuration [21,22].
The most important promoter of cis-trans rearrange-
ments aside from the solvent is temperature.
Consequently, at higher temperatures the isomer
contribution at the beginning of the measuring run
will be higher (resulting in a lower % IILI ratio at ¢
= (). The analysis of the % IIIII and % Dp/Dy
ratios of the spectra as a dependence of time proved
to be practicable.

Fig. 3 shows a plot for CO, + B-carotene at 307.6 K
where % III/I for different pressures is given on a
time scale. At low concentrations the tendency to
isomerize is higher than when more molecules are
dissolved. Starting from low pressures upwards, the
% IIV/II ratio first increases parallel to the in-
creasing solubility, At pressures between 20 and 40
MPa, the peak ratio is between approximately 30
and 35. When going to higher pressures (especially
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in the region of retrograde solubility at pressures
exceeding 60 MPa [3,13]), however, the % IIVII
ratio decreases again. Now, the isomer contribution
increases both with pressure and time. The better
soluble cis isomers remain in solution whereas
preferably the all-trans P-carotene is “squeezed
out”.

For N,O, no significant pressure dependence of %
I1I/IT can be found because of the drastically better
solubility of p-carotene limiting the spectro-
scopically accessible pressure range to 8 to 15 MPa
in the temperature region between 308 and 323 K
[7]. Furthermore, the % III/II ratio is independent
from concentration and it gave a constant value for
the spectra obtained during calibration (heptane:
36.4, cyclohexane; 34,1, THF: 25.8).
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Figure 3. % II/Il Peak Ratio for B-Carotene in CO2
atT=3076K

Conclusions

On the basis of our investigations of anthra-
quinone dyestuffs in various solvents, for which a
large amount of solubility data had been collected,
we tried to correlate the data using a log-log
solubility-density relationship proposed by Chrastil
[11]. It could be shown that a plot of In ¢ vs. In p
exhibits a satisfactorily straight line only in a
specified density region, i.e. at such conditions
where the solvent clustering about a dyestuff
molecule might be regarded as a constant. Anyway,
this simplification becomes inaccurate the more the
density region is expanded.
Secondly, for solubility measurements of [-carotene
the p,T-dependent isomerization expressed in terms
of spectral structure gave indications for the
optimization of solubility measurements. For each
data point it is to decide when equilibrinm
conditions have been achieved. First the % III/iI




ratio vs. time is about constant, then the value de-
creases because of progressive isomerization. There-
fore, we think it is useful to record the spectrum at
the point when the curve starts to deviate essentially
from a constant value or to calculate the equilibrinm
solubility from the data measured at different times
since the adjustment of equilibrium and iso-
merization are simultanously proceeding. The value
for the integral absorbance is gradually increasing,
at the beginning preferably through the solubility
process, whereas later the contribution of isomeri-
zation hecomes significant.
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Supercritical Fluids and Adsorbents
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This study provides an overview of experiments of dissolution and adsorption characteristics of substances with
a high boiling point, Aromatic and aliphatic compounds in supercritical fluid phases are used as examples. A
static high pressure equilibrium apparatus used for the determination of the phase equilibrium and the method of
analysis are described. The results are discussed and, as far as possible, compared with previously published

data,
Introduction

Separation processes based on high pressure gas
extraction have gained considerable importance
over the last few years in industrial extraction proc-
essing [1]. The application is currently mainly used
in pharmaceutical production and foed processing
technology, where the relatively careful and selec-
tive extraction of substances and the further advan-
tage of ultrapure and solvent-free products are of
special importance.

However, the required characteristics of the applied
compressed gases are generally only present in a
supercritical or fluid state of the gases. Pressures
and temperatures above the critical values for these
gases must be applied. It is therefore obvious that
gases such as carbon dioxide, ethane and propane
with low critical values are generally preferred,

Gas mixtures, e.g. carbon dioxide with a low nitro-
gen content can also be used as extracting agents, as
these mixtures have critical temperatures below
room temperature.

In addition to the actual extraction process, the
separation of the substances dissolved in supercriti-
cal fluids as well as the regeneration of the solvent
arc of great importance especially in industrial
processing, as these processes often require high
energy inputs and consequent costs.

Several different procedures are used for the sepa-
ration of the substances dissolved in fiuids. As the
solubility of a substance in a supercritical fluid
generally increases with the density of the fluid and
the pressure respectively, the reduction of the den-
sity of the fluid phase by means of pressure reduc-
tion is a simple method for the separation of the
dissolved substance. This approach though may
result in high energy consumption as the fluid must
be recompressed subsequently. An alteration of the
gas composition by addition of a further suitable
gas component may result in a reduced solubility
and consequent separation of the desired compo-
nent, In order to re-use the solvent, the added gas
compenent must be subsequently separated.
Alteration of the miscibility gap by means of en-
trainers and liquid phase distillation of the com-
pressed fluid (cooled to subcritical temperature
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prior to processing) are alternative separation and

‘extraction methods. Separation methods with mem-

branes were often unsuccessful, due to the insuffi-
cient mechanical stability of the membranes in
technical processing [1]. According to Zosel [2],
absorption processes can be used to decaffeinate
aqueous coffee extract solutions. In this process,
water, which shows a minimal solubility in carbon
dioxide at high pressures and low temperatures, is
used as an absorbent, However, there are only a few
substances which are extractable with supercritical
carbon dioxide and at the same time are water-
soluble.

A barely researched method for the separation of
substances from supercritical fluids is adsorption.
This method can be cartied out under isobaric con-
ditions and does not require the expansion of the
solvent, a considerable reduction of costs in a recir-
culation process is achievable.

Equipment, substances, method

The solubility and equilibrium concentrations of the
dissolved substances in the fluid under the required
conditions were determined after sampling and
transfer of the substances into suitable organic
solvents,

Figure 1 shows an outling of the experimental de-
sign of the high pressure autoclave system with its
peripherals including the sampling unit (at the
right). The sampling unit consists of a back-to-back
valve with removable steel ampoule. Sampling is
done by letting a small amount of the fluid flow
into the steel ampoule by briefly opening the auto-
clave outlet valve, After subsequent closure of all
valves, the sampling unit can be disconnected from
the autoclave. The fluid contained in the steel am-
poule is then expanded into a suitable solvent. Sub-
sequently, the valve and steel ampoule are rinsed
with the same solvent and a quanfitative determina-
tion of the substance may be carried out with a
suitable analysis method. UV-VIS spectropho-
tometry was used for the determination of anthra-
cene, while octacosane is analysed by means of gas
chromatography.




Fig. I: General design of the high pressure equipment. V1-V8 high pressure valves, Al high pressure autoclave, A2 sam-
pling ampoule in steel, P1 compressor, P2 vacuum pump, G gas reserve, M stirring device, PI pressure indicator, manometer,
TIC temperature indicator and control, TICR temperature indicator and control recording

In the experiments, carbon dioxide of purity class
4.5 and a mixture of carbon dioxide with 10 %
nitrogen [3] were used. For various reasons, anthra-
cene and octacosane were used as model sub-
stances. The melting points of these substances are
sufficiently high in order to prevent a dissolution of
the supercritical gas in the components. The com-
ponents are further sufficiently stable at high tem-
peratures and suitable as model substances for high-
molecular aromatic and aliphatic compounds. The
anthracene used was of a purity of 99 % with a
melting point between 215 °C and 219 °C and
boiling point of 340 °C [4]. Octacosane was of a
purity of 99 % with a melting point between 61 °C
and 63 °C and boiling point of 278 °C at 15 torr [4].
The following adsorbents were used: activated
carbon of the type Norit R1 [5] and zeolite 13X
{(trade name Zeosorb) [6].

The zeolile was activated in a helium flow at a
temperature of ca. 400 °C for 4 hours. The active
carbon was activated at a pressure of approx. 5 bar
under helium for 6 hours at 90 °C, Prior to the di-

rect adsorption experiments for component separa-
tion from the supercritical fluid, the adsorbents
were again activated in the antoclave under vacuum
at 90 °C. Periods of at least 5 hours were necessary
for the establishment of an equilibrium, and the
fluid phase was agitated in order to gain improve
distribution.

Table 1 presents an overview of the examined sys-
tems and the respective conditions.

Results and Discussion

Figures 2 and 3 illustrate a selection of experiment
results regarding the solubility of anthracene and
octacosane in the supercritical fluids.

Empirical correlation methods were used for the
equalisation of the experiment data. For solubility
results and the equilibrium load at simultaneous
adsorption, the equations In{c) = A+B*p and In(c)=
A+B*p respectively were used. In the equations, ¢
is the concentration of the component of low vola-
tility in the fluid pbase, p is the pressure and p is

Component Fluid Investigation Temperature
Anthracene CO, Solubility 40 °C, 55°C
Anthracene CO,+10%N,  Solubility 25°C, 40 °C
Anthracene / NoritR1  CO; Adsorption - Solubility - Equilibrium 40 °C, 55 °C
Anthracene / Zeosorb  CO; Adsorption - Solubility - Equilibrium 40 °C, 55°C
Anthracene /Norit R1  CO,+10%N,  Adsorption - Solubility - Equilibrium 25°C,40°C
Anthracene / Zeosorb  CO;+10% N,  Adsorption - Solubility - Equilibrium 25°C,40°C
Octacosane CO. Solubility 40 °C
Octacosane CO,+10%N,  Solubility 40 °C
Octacosane / Norit R1  CO;+10 % N, Solubility 40 °C

Table 1; Overview of the examined systems at a pressure range from 0 to 500 bar
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Fig. 2: Solubility of anthracene in carbon dioxide and
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Fig. 3: Comparison of the solubility of anthracene and
octacosane in carbon dioxide at 55 °C

The comparisons of the solubility data in different
fluid compositions under otherwise equal condi-
tions show clearly that carbon dioxide is the gener-
ally preferable solvent. The mixture of carbon di-
oxide with 10 % nitrogen though reaches similar
solubility characteristics to that of the pure carbon
dioxide at a pressure increase of approx. 100 bar, A
comparison between the measured solubility values
of anthracene in pure carbon dioxide and the data
by Kwiatkowski [7], shows good consistency. The
solubility values established by RaBling and Franck
in 1983 [8] are approx. 30% lower for the same
systein.

Octacosane is considerably more soluble in the
fluids than anthracene, as is shown clearly in the
example of carbon dioxide as a solvent in Figure 3.
With the inclusion of the absorbents in the equilib-
rium system, the equilibrium load of the fluid phase
is considerably reduced due to adsorption. Figures 4
and 5 show the results for carbon dioxide-
absorbent-anthracene systems and adsorption on
zeolite 13X and Norit R1 respectively.
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In these diagrams, the coefficient K represents the
ratio between absorbent mass and anthracene mass
in the equilibrium system.
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Fig. 4: Equilibrium load of the fluid phase (solvent:
carbon dioxide) at simultaneous adsorption on zeolite
13X at 40 °C
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Fig. 5: Equilibrium load of the fluid phase (solvent:
carbon dioxide) at simultancous adsorption on active
carbon Norit R1 at 40 °C

From the loads of the fluid phase and adsorbate
phase, which were determined by means of weigh
balance of the substances in the auteclave, the dis-
tribution coefficients of the systems K.=c¢''/¢” can
be calculated, ¢’ being the concentration of the
component with low volatility, in the adsorbate
phase and ¢’ being the concentration of the fluid
phase.

The distribution coefficients of the system with
anthracene-zeolite-carbon dioxide in figure 6 show
clearly that, supercritical fluids are not suitable for
the subsequent desorption of the separated sub-
stances, even if high pressures are applied. There-
fore, other more practical methods for the regen-
eration of the absorbents must be applied.
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The correlation and prediction of (vapor or gas) + liquid equilibria is possible with cubic equations of state
combined with so called GE-mixing rules. They combine the advantages of the local composition GE - models
with those of cubic equations of state. Vapor-liquid equilibria at high or low pressure of multicomponent
systems can be predicted using only binary interaction parameters, regardless of the polarity of the components
and whether they are sub- or supercritical. Also group contribution approaches, e.g. UNIFAC can be used, so
that the applicability of methods like for example the PSRK group contribution equation of state [1,2,3,4] is not
restricted to systems, where experimental data are available.

Most of the available experimental information for gas solubilities is given in terms of solubility coefficients,
which are based on the linearity of gas solubility with its partial pressure at low concentration and low pressure.
They can be used to fit the interaction parameter for the classical mixing rules for cubic equations of state, but
for the optimization of two or three parameters required for GE-mixing rules, a larger composition and pressurc
range should be covered. Therefore in this ongoing work gas solubilities for different gases (CO, O, CO;,, HaS,
SF, and N,) and a variety of solvents were investigated with the help of a static apparatus. These data together
with literatare data were used to fit the required interaction parameters for the PSRK-model. The results of the
PSRK-model are compared with all the available experimental information. The predictive potental of PSRK is
demonstrated by calculating the phase equilibrium behavior of multicomponent systems.

Introduction Materials and Methods

Although group contribution metheds are The different solvents were degassed and
usually considered as predictive models, reliable distilled after drying over molecular sieve as
experimental information is needed to fit the described earlier [5], except water which was
required group interaction parameters. In the distilled twice and degassed. The gases were used
Dortmund.Data Bank (DDB) most of the worldwide without further purification. The static apparatus
available information on phase equilibria and other used was described previously in detail [5] and is
thermophysical data for mixtures and pure shown in Fig. 1. Since it was previously used for the
components is stored, and made casily accessible in measurement of VLE in subcritical systems only, a
an electronic form for the regression of the desired few changes were necessary. The principle of the
model parameters. DDB is an ideal tool for the synihetic measurement is to inject precisely known
development of reliable thermodynamic models. At amounts of the pure components into a thermostated
the same time it allows to define, which additional equilibrium chamber, and to measure the system
experimental information is required to extend the equilibrium pressure as a function of composition in
different models for applications in new areas of the gas + liguid system. Known amounts of the pure
interest, In the case of PSRK, the model was initially liquids were accurately injected into the empty
based on the UNIFAC method, where for most of equilibrium cell using displacement pumps, The
the gases no structural groups had been available. experimental pure solvent vapor pressures were
The choice of the binary systems studied in this measured in the beginning of each isothermal P,x
work is related mainly to the following two topics: measurement and compared with literature data, The
1. Absorption processes for the removal of Hp8 agreement indicated that in all cases the solvents
and CO, from natural gas, Besides chemical solvents were sufficiently degassed. The injection of gases
such as aqueous alkanolamine solutions, also was realized using a constant volume (ca. 1 dm®) gas
selective physical solvents as for example cyclic container. It was filled directly from the gas bottles
amides (N-alkyl-2-pyrrolidones) are often used. up to a pressure higher than the system pressure in
2. Air solubility in organic solvents. The know- the equilibrium cell. The temperature and pressure in
ledge about the air solubility in various liquids is of the gas container at ambient temperature was
great interest for safety reasons for example in the monitored using a Pt 100 resistance thermometer
storage and transport of liquids, where the system (Hart Scientific) and a calibrated pressure sensor
pressure, changing with temperature, should not (Druck). The exact volumes of the gas injection
exceed the given limits. Information about the single system and the equilibum chamber were
oxygen and nitrogen solubilities from air is needed determined by filling them with pure compressed
for example for the estimation of the oxygen uptake water under vacuum. After recording the initial
in recycle streams open to the atmosphere. pressure in the gas injection system, the valve to the
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Figure 1, Schematic of the static apparatus

equilibrium chamber was opened for several seconds
so that the pressure in the equilibrium chamber was
equal to the pressure in the gas injection system,
Then the valve was closed and the pressure of the
gas injection system was measured again. From the
PVT data before and after injection, the imjected
amount of the purc gascous compound could be
determined using the virial equation with the second
virial coefficients recommended by DIPPR [6]. The
injection of gas was repeated until the desired
pressure range of P,x data was covered. Afier each
injection, the  pressure  decreased  until
thermodynamic equilibrinm was reached. Then
pressure and temperature were recorded together
with the feed amounts of the substances. Although a
magnetically driven stirrer was used, the time for
each point took between 1 and 2 h. The amount of
solvent imitially injected into the equilibrium
chamber was chosen to be large enongh to fill more
than ca. 90% of the total volume of the equilibrium
chamber, even more for systems with small gas
solubilies or less for those with larger solubilities.
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I: Bourdon Pressure Gauge
K: Pt 100 Resistance Thermometer
L: Rotating Magnetic Field
M: Differential Pressure Null Indicator
N: Equilibrium Cell
O: Piston Injectors
R: Pressure Balance Gauge

This strategy was chosen in order to minimize the
gaseous phase since a considerable part of the gas
feed should be in the liquid phase.

The indirect measurement applied in this work gives
all quantities temperature, system pressure and feed
composition with high accuracy, but the composition
of the coexisting phases must be determined by flash
calculation. This procedure gives a small correction
from the feed composition in the two phase region to
the bubble point curve, providing experimental P,x
data, whereas the vapor compositions camnot be
considered as experimental values. Volume and
mass balance equations must be solved in this data
treatment, and special attention must be paid to a
correct representation of the volume of the liquid
phase, where both the liquid density of the solvents
and the partial molar volume of the dissolved gas are
of importance, For the liquid densities, reliable
correlations are recommended by DIPPR [6], and the
partial molar volumes of the gases can be calculated
by a generalized method suggested by Cibulka and
Heintz [7]. These wvalues are in good




agreement with the values implicitly calculated with
the help of cubic equations of state simultaneously
with the phase equilibrivm behavior.

Results and Discussion

A few series of measurements have been
performed in order to check the reliability of the
experimental method by comparing the results with
literature data. Typical results of experimental
isothermal P,x data are shown in Fig. 1 and 2 for the
system CO; + HyO.

16,

10.—

P mar?

) |
0.000 9.002 0.04

U £

Figure 2. Experimental (e this work) and calculated
(— PSRK/UNIQUAC; --- SRK/quadratic mixing
rule; 7 PSRK/UNIFAC) VLE for the system
carbon dioxide (1) + water (2) at 312.66 K.
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Figure 3. Experimental (e this work, o data from
various authors taken from DDB at 323.15 K} and
calculated — PSRK/UNIQUAC; ---
SRK/quadratic mixing rule; ™ PSRE/UNIFAC)
VLE for the system carbon dioxide (1) + water (2) at
32346 K

Also literature data are shown in Fig. 3 and it can be
seen, that the accuracy of the data from different
anthors changes significantly,. For a more
comprehensive representation of the solubility
behavior as a function of temperature, the Henry
coefficients were derived from the solubility data
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measured in this work (full circles) and are shown in
Fig. 4 for the system CO, + H,O, and in Fig. 5 for
the system CO + H;O in comparison with literature
data taken from DDB (open circles)
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Figure 4. Experimental (» this work, o data from
various authors taken from DDB) and calculated
(— PSRK/UNIFAC) Henry coefficients for carbon
dioxide (1) in water (2)
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Figure 5. Experimental (s this work, o data from
various authors taken from DDB) and calculated
(— PSRK/UNIFAC) Henry coefficients for carbon
monoxide (1) in water (2}

It can be seen from Fig, 2 — 5 that the data from this
work agree well with the literature data, and
moreover that a reliable representation is possible
with the PSRK model. The two examples show
furthermore the typical temperature dependence of
the Henry coefficients, where often a marked
maximum is observed. In Fig. 6, the system H,S +
benzene is shown as an example for larger gas
solubilities. The results are compared with VLE data
obtained by Laugier and Richon [8] using a direct
analytical experimental method. A summary of the




40,

oo 6.5 Lo
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Figure 6. Experimental (# this work, o Laugier and

Richon [8] at 323.15 K)) and calculated (—
PSRK/UNIQUAC, --- SRK/quadratic mixing rule;

" PSRK/UNIFAC) VLE for the system hydrogen
sulfide (1) + benzene (2) at 323.5 K.

data measured in this work is given in Tab. 1.

The experimental P,x data from this work as well as
the data stored in DDB were used to fit several new
PSRK / UNIFAC group interaction parameters. The
current status of the required parameter matrix is
shown in Fig. 7. For obtaining reliable interaction
parameters between gases and solvent groups
solubility data up to 20 - 40 bar should be present, If
only gas solubility data at atmospheric pressure are
used, the significance of the parameters get lost
because 2 parameters arc used to represent one
quantity, the Henry coefficient. The significance for
the solvent(2)-gas(l) parameter (Az ) is lower than
for the gas(l)-solvent(2) parameter (A;,), because
often the concentration of gases in solvents in
limited. Therefore most of the gas solubility data
measured in this work cover a large pressure range
from the solvent vapor pressure up to 100 bar.

A great part of the binary systems listed in Table 1
have been investigated in order to extend the
applicability of the PSRK method for the prediction
of air solubilities in organic solvents. Currently the
following soivent compounds are covered for air
solubility calculations: Alkanes, aromatics, alcohols,
water and ethers.

Conclusions

An isothermal static apparatus was used to determine
gas solubility data for various binary systems, The
data were comrelated using cubic equations of state
with different mixing rules, where for the sytems
studied in this work no significant difference
between the models was observed. Furthermore the
data were used for the regression of group
mteraction parameters for the PSRK method,
providing a predictive tool for phase equilibrium
calculations in multicomponent systems.
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For most of the missing parameters, no or not
enough reliable experimental phase equilibrium
information is available. For a further extension of
the application range of PSRK, measurements have
to be performed. The example of oxygen solubility
measurements in this work shows that a few specific
precise measurements are sufficient for a large
extension of the range of applicability of PSRK.
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Table 1. Henry coefficients derived from P,x data measured in this work
gas solvent temperature {K] Henry coefficient {MPa]
hydrogen sulfide benzene 304.30 1.96
hydrogen sulfide benzene 323.50 2.69
hydrogen sulfide N-octyl-2-pyrrolidone 306.70 0.70
hydrogen sulfide N-octyl-2-pyrrolidone 323.60 1.15
carbon dioxide N-octyl-2-pyrrelidone 303.40 5.00
carbon dioxide N-octyl-2-pyrrolidone 323.60 6.67
carbon monoxide water 302.59 5560.
carbon monoxide water 322.61 7247,
carbon monoxide water 347.52 7932,
carbon monoxide water 372.41 7591,
carbon monoxide water 398.46 6400.
carbon dioxide N-methyl-2-pyrrolidone 322.52 10.34
carbon dioxide water 312.66 229.0
carbon dioxide water 323.46 307.9
carbon dioxide water 332.50 310.1
carbon monoxide N-methyl-2-pyrrolidone 302.60 276.8
carbon monoxide N-methyl-2-pyrrolidone 373.40 201.7
OXygen benzene 302.85 122.9
oxygen benzene 317.71 118.6
oxygen benzene 332.63 114.3
oxygen toluene 298.43 104.5
oxygen toluene 323.30 96,38
oxygen toluene 348,28 89.22
| oxygen n-octane 298.42 45.94
oxygen n-octane 323.29 46.87
oxygen n-octane 348.31 46.44
oxygen di-n-butyl ether 298.32 47.63
oxygen methanol 298.33 252.8
oxygen methanol 32331 257.5
oxygen methanol 348.30 2334
oxygen 1-propanol 298.20 150.2
oxygen 1-propanol 323.54 141.2
oxygen 1-propanol 348.19 139.7
nitrogen 1-propanol 298.34 254.0
nitrogen 1-propanol 348.18 213.9
nifrogen 1-propanol 398.00 164.2
nitrogen ethanol 298.22 296.5
nitrogen ethanol 348.20 2523
nitrogen ethanol 398.02 198.3
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Pressure Dependence of Intradiffusion in Binary Mixtures with NH; resp.
CO; as one Component
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The translational molecular mobility as described by the intradiffusion coefficient Dy has been determined by
nuclear magnetic resonance measurements for the binary systems ammonia/benzene, ammonia/methanol, carbon
dioxide/benzene, and carbon dioxide/methanol. The T); were taken in the temperature range between the melting
pressure curves and in part up to 423 K at pressures up to 200 MPa. Log ID;; vers x plots at constant p and T re-
veal interesting differences between the four systems: In the two mixtures containing benzene as one component
a very regular behaviour is observed. The two Dy; vary almost linearly with composition. In both mixtures with
methanol as one component a strong curvature is seen for these plots, leading at low temperatures to pronounced
minima of the curves.

Introduction

For the quantitative characterization of the fluid-
ity in liquids and mixtures the self- resp. intradiffu-
sion coefficient is the most fundamental property, 7 2 .
For the determination of Dj; at extreme conditions of D [m’s ]
temperature and pressure the NMR Hahn-spin echo o
method with application of pulsed field gradients has h
become the method of choice [1]. It can in principle
be applied to all multicomponent systems. In con-
tinuation of older studies on neat fluids, which in-
cluded ammonia [2], carbon dioxide [3}, and metha-
nol {4] we will present in the following first data
collected for fluid solutions in CO, and NHj the two
most appliéd solvents in supercritical fluid technol-
ogy [SL

Experimental ‘

The self diffusion coefficients were determined
by the NMR puised field gradient method [1] in
strengthened glass cells of the Yamada design [6].
Details of our modification of this type of high pres-
sure cell have been given previously [7, 8]. The
mixtures were prepared by weighing. Their concen-
tration was controlled by integration of the NMR
spectra. Concentrations are judged reliable to =1
mole %. The data were collected at pressures up to
200 MPa. The pressure was determined with a strain
gauge {Burster Prizisionstechnik, Gernsbach, FRG)
connected directly to the sample side of the separa- ,
tion volume to 0.5 MPa. Temperatures given are x(CHy)
judged reliable to £1 K. They were measured with a
metal sheathed thermocouple (Thermocoax, Philips
Industrie Electronic, Hamburg, FRG) just outside of
the glass capillary and were stable to 0.5 K. The Dj;
were calculated from the amplitudes of the Fourier
transformed second half of the spin echoes. The Dy
are judged reliable to +5 % they were reproducable
0 x2 %.

T 4 H v T

10° — T T
0,0 0,2 0,4 0,6 0,8 1,0

Figure 1.Intradiffusion Coefficients Dy; as Function
of Mole Fraction x(C¢Hg) in the System
CO,/CsHg. The Data of the Neat Fluids
were taken from the Literature CQO; [3],
CsHg [9] '
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Results and Discussion

Some typical data for the system COy/CeHj are com-
piled in fig. 1. In these plots as well as for most of
the other data collected the concentration depend-
ence in the log Dy vers x plot is almost , linear®,
which appears to be the commion behaviour for un-
polar binary mixtures [10]. The same behaviour is
seen in the mixture NH,/C¢Hy presented in fig. 2.
Since in this system NH; is considered to be a hy-
drogen bonded liquid, this result is surprising, be-
cause it was expected that the unpolar diluent CgHy
should show an influence upon the arrangement and
dynamics of the hydrogen bonds.

The mixtures NH;/CH,0OH (fig. 3) in which both
compounds may interact via hydrogen bonds show
especially at low temperatures a very pronounced
minimum in the translational mobility of the alcchol,
which in our opinion can only be explained by the
formation of hydrogen bonds between both com-
pounds. By standard chemical reasoning ammonia
can contribute 3 donors and 1 acceptor to hydrogen

- bonding while the stoichiometry for methanol is 2
accepters and | donor. Hydrogen bonded associates
invelving both compounds should thus have a
greater probability to form locally branched three
dimensional networks. This qualitative attempt of an
explanation should be supported by intradiffusion
coefficient measurements for the ammonia mole-
cules. Because of the chemical exchange between the
N-H and O-H protons leading for most concentra-

uons lemperatures, and pressures to one averaged

'H-signal for these two types of protons these meas-
urements cannot be done by 'H-NMR. Expcrlments
to measure Dy by “N-NMR applying “°N-enriched
arnmonia are in progress.

Also the dynamic behaviour of neat NH; [2] as
revealed by the rough hard sphere analysis of the self
_diffusion coefficients [11] is in puzzling contrast to
this observation. From this analysis no contribution
of hydrogen bonds between ammonia molecules can
be derived, which is on the other hand in agreement
with our results for the NHy/CgH mixture.

In fig. 4 the Dy(CH,OH) for COy/CH;0H are
given, Here we find at low temperature and low mole
fractions of methanol a very sleep decrease of
Di(CH;OH} with concentration, while at higher mole
fractions this value is almost concentration inde-
pendent. Fig, 5 gives for some temperatures the
concentration  dependence of DyCO,) and
Di{CH;0H). D;(CO,) decreases aimost linearly with
mole fraction. With decreasing temperature the ratio
Di{(CO;) / Dy{CH;0H) becomes larger. This ratio
also increases with x(CH,OH). One could thus con-
clude that the CO, is not involved in any hydrogen
bonding and that the translational mobility of
CH30H is mostly dominated by the dynamics of the
alcohol/alcohol hydrogen bonds, However with this
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Figure 2.Intradiffusion Coefficients Dy as Function
of Mole Fraction x(CgHg) in the Systemn
NH;/C¢Hg. The Data of the Neat Fluids
were taken from the Literature NH; [2]
CsHy [9]
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Figure 3.Intradiffusion Coefficients Dy; of CH,OH
as Function of Mole Fraction x(CH4OH) in
the System NH3/CH3OH. The Data of the
Neat Fluid was taken from the Literature
CH;0H [4
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Figure 4. Intradiffusion Coefficients Dy as Function
of Mole Fraction x(CH3;0H) in the System

CO,/CH;CH. The Data of the Neat Fluid
was taken from the Literature CHyOH [4]

assumption the missing concentration dependence of
Dy (CH;0H) for x > 0.5, T £ 223K is hard to under-
stand.

In a preliminary attempt to characterize the ex-
tent of hydrogen bond formation in the CO/CH,OH
system we determined the chemical shift of the hy-
droxyl proton as function of x(CH,OH), temperature,
and pressure. In fig. & some of the data are given.
The chemical shift & of the methyl group was used as
an internal standard. Formation of hydrogen bonds
shifts the difference A = 8 (OH) - 8 (CH;) to more
positive values. The temperature and pressure de-
pendence of the difference A can be described in
terms of hydrogen bond equilibria [12, 13]. Inspec-
tion of the curves for various x (CH;0H) in fig, 6
shows that the dilution of the alcohol with CO, re-
duces the temperature at which A starts to decrease,
which seems to indicate that CO, doses not partici-
pate in the hydrogen bonding. Thus the experimental
evidence for the moment appears to be contradictory.

Conclusions ‘

The intradiffusion coefficients for the systems
CO,/C4Hg and NH3/CeHy show a very regular con-
centration, temperature, and pressure dependence.

In the two mixtures NHy/CH;0H and
CO,/CH;0H hydrogen bonding leads especially at
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Figure 5.Some Intradiffusion Coefficients Dy; for
both Compounds of the System
C0O,/CH:OH as Function of x(CH;0H)
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8 (CHs) in CO4/CH;0H, values for Neat
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lower temperatures to a much stronger temperature
and concentration dependence for Dy (CH,0H),
With the experimental evidence available at the
moment it cannot be decided, whether and to which
extent NH; and CQO, participate in hydrogen bonding
with the CH;OH.
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Phase Equilibrium (solid-liquid-gas) in binary Systems of Polyethyleneglycols,
Polyethylenedimethylether with Carbon Dioxide, Prdpane and Nitrogen

V. Wiesmet, E. Weidner
Lehrstuhl fiir Verfahrenstechnische Transportprozesse
Institut fiir Thermo- und Fluiddynamik der Ruhr-Universitit Bochum
Universitiitsstr, 150, D-44780 Bochum
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Phase behaviour in binary polymer-gas systems containing Polyethyleneglycols (PEG) with molecular weights
from 200 to 8000 g/mol respectively Polyethyleneglycoldimethylether with molecular weights of 200 and
2000 g/mol have been investigated. Gas components were carbon dioxide, nitrogen and propane. Experiments
were performed in a temperature range from 298 K to 393 K and a pressure range from 1 bar to 300 bar. Melting
points and qualitative phase behaviour were determined in a high pressure optical cell. Quantitative solubilities
were measured in an autoclave using a static analytic method.

Phase behaviour with liquid polymers depends on the gas and it's state of aggregation (liquid/supercritical).
Open and closed miscibility gaps are existing, as well as three phase areas,

The influence of a methylgroup at the beginning and the end of the polymerchain is strong for short-chained
polymers like PEG 200 and PEGDME 200, For polymers with molecular weight higher than 1500 g/mol the
influence of the functional end group on the phase behaviour is nearly negligible.

Melting points of the polymers under pressure are also influenced by the gas and it's state of aggregation. The
solubility of gas in the molten polymer is a measure for the difference between the melting point of the pure
polymer and the melting behavicur in the polymer-gas system.

Projection of the 3-dimensional p,T,x-phase behaviour into p-T-plane allows assignment of the experimental
results to the classes of phase behaviour defined by Scott, van Konynenbourg and McHngh..

Introdnction mass are solid. PEGDME with molar mass of 200
Polymers are widely applied in several industrial (liquid) and 2000 g/mol (solid) were used. PEG and
processes. Polyethylencglycols (PEG) are polymers, PEGDME were obtained from Hoechst AG and used
which, due to their physiological acceptance, are without further purification.

used in large quantitics in chemical, pharmacentical,

cosmetic and food industry. Liquid PEGs are e.g. Experimental Equipment

applied as Iubricants in compressors due to their Determination of Melting Point To observe the
excellent fluiddynamic properties, which can be phase behaviour and for the determination of
adjusted by the molar mass. Polyethyleneglycol- melting points under pressure a high pressure optical
dimethysther (PEGDME) is used as absorbent in gas cell, presented in Figure 1, was used, It is designed
cleaning. In both applications high pressure and sub- for a pressure of 300 bar and a temperature of
fsupercritical gases are involved, Several authors [1- 423 K. The volume of the cell is 15,7 co®. The
7] studied the solubility of polymers in supercritical construction allows to view the complete content. To
fluids due to research on fractionation of polymers. lower the time to reach equilibrivm a magnetic

For solubility of SCF in polymers and solid-liquid stirrer is fixed below the cell.
phase t(ransitions only limited number of
experimental data are available till now [2,3,8-10]. : o I

Polymers

The general formula of PEG is H(OCH,CH,),CH,
where n is the number of ethylene oxide groups. By
etherification of the hydroxyl-group at the beginning
and the end of the PEG-chain PEGDME
CH,(OCH,CH;),OCHj is created. With variation of
n polymers of different molar masses, with narrow
size distribution can be obtained. In this work PEGs
with molar masses of 200, 1500, 4000, and
8000 g/mol were used. PEG up to molar mass of '

600 g/mol is liquid, while those with higher molar Figure 1: high pressure optical cell
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Determination of solubility For determnination of

selubility of gases in liquid polymers an autoclave
(volume 11} designed for a pressure of 500 bar and
temperature of 423 K was used. The autoclave is
shaken by an oscillating device to accelerate phase
equilibrivm. For experimental procedure a static-
analytic method was used [11].

Results

PEG-Carbon dioxide Figure 2 shows the isotherms
of the system PEG 4000-carbon dioxide, For all
presented temperatures CO, is supercritical. With
increasing temperature the solubility of CO,
becomes smaller, thus the mixing gap becomes
bigger. This phase behaviour is the same for all
measured PEG-CO,-Systems.

pressure [bar]

&t =353

{8T=313H

15 25 30

10
corposition fweight %) gas

Figure 2: Solubility isotherms of CO, in PEG 4000
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As can be taken from figure 3 pressure influences
the melting point of PEG 4000. All melting points of
the polymers under pressurised gas were measured
by Z. Knez et.al. {12].

pressure [bar
250

320 325 330

meiting temperature [K]

Figure 3: Melting curve of PEG 4000 in presence of
CO,
For all PEG samples the melting point increases as
the pressure raises. After passing a maximal melting
temperature the melting point decreases. At
pressures over 220 bar it increases again. These
phenomena could be explained with the competing
effects of decreasing melting points of a solution and
the increase of the melting point of a pure substance
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due to higher pressure. Nevertheless, it has to be
admitted, that the sharp increase at pressures below
approx. 10 bar (which was measured in independent
apparatus by different authors) is not yet completely
understood.

PEG-Nitrogen The solubility of N, in PEG is low
and the maximum solubility is 0.7 weight%. The
solubility measurements show an unusual trend:
with increasing temperature at constant pressure the
solubility of N, in PEG increases. At constant
temperature with increasing pressure the solubility
of N, increases for PEG samples of molar masses
1500 — 8000 g/mol.

pressure {bar]
250

200

150

100

05
compesition [welght %) gas

Figure 4: Solubility isotherms of N, in PEG 4000
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The pressure influences the melting point of all
measured PEG samples. The melting interval for all
PEGs is relatively narrow - approx. 1°K. It seems
that the melting point behaviour of the pure polymer
in the p-T diagram is followed. In this pressure
range the solubility of nitrogen in PEG is low and
therefore liquefaction is dominated by the pressure
effect,

PEG-Propane Figure 5 presents the solubility
isotherms for the system PEG 4000 — propane. The
maximal solubility of CsHy in PEG is about
6 weight%.
pressure [bar]
e

BT=333K
4T= 353K
*T=313K

18— - — — - - —

00— - —

a 1 2 3 4 8 E
cempasition fwelght-%] ga

Figure 5: Solubility isotherms of CsHs it PEG 4000
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When temperature is below the critical temperature
of propane, the isotherms show an increase at lower
pressures. After a sharp bend the isotherms mises
fast. At the point of the sharp bend three phases
coexists: liquid PEG, liquid propane and gaseous
propane. The 373 K- and 393 K-isotherm has a
smooth course towards higher pressures. At these
temperatures propane is supercritical. The isotherms
crosses, thus the temperature-dependency of the
solubility changes.

In Figure 6 the melting points in PEG — propane
systems are presented. They depend on the state of
aggregation of propane,

pressure [bar]
320

280

240

200

160

120

e

325 330 335
melting temperature [i]

Figure 6: Melting curve of PEG 4000 in presence of
CsHg

Al lower pressures propane is gaseous and the
melting point of PEG 4000 decreases. At the
transition from gaseous propane to liquid propane
there is a sharp bend in the melting curve and with
increasing pressure the melting point increases.

Influence of functional group To show the
influence of the methyl group at the end of the
polymerchain the results are splitted in two parts.
First Figure 7 presents solubility of carbon dioxide
in the short chained polymers PEG 200 and
PEGDME 200.

pressure [bar]
250 T
*T=2EK
sT=311 K|
[ AT =351K -
20 r=arak / d ;
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150 ¥
e :
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composition fweight % gasi

Figure 7: Solubility of CO, in short chained
polymers
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The systern PEG 200/CO, shows a large miscibility
gap with maximal 25 weight% CO, in the polymer.
In the gas phase no PEG was measured. The system
PEGDME 200 shows a totally different phase
behaviour. The mutual solubility is much better and
the miscibility gap closes at low temperatures and
low pressures. The temperature-dependency is the
same in both polymers: the miscibilty gap increases
with increasing temperature.

The phase behaviour of the polymers with longer
chains (PEG 1300 and PEGDME 2000) is almost the
same. Both systems show large miscibility gaps. The
solubility of carbon diceide in PEG 1500 is lower
than in PEGDME 2000. The influence of the
temperature is the same in both systems.

The result demonstrate the strong influence of the
functional group at the end of short chained
polymers. PEG200 and PEGDME 200 show
different phase behaviour while those of the longer-
chained species are almost identical. In this case the
influence of the functional chain-group is
predominant, while that of the functional end-group
is negligible,

Classification of phase behaviour Scott and van
Konynenbourg defined classes of phase behaviour
{13-16]. To classify the systems of this work they
have to be subdivided in systems with and without
solid phases, Systems containing liquid and gaseous
phases can easily be assigned to the classification.
Figure 9 presents the p-T-projection of the phase
behaviour of the systern PEG 200/carbon dioxide.

pressure

ternperature

Figure 8: Class III of the system PEG 200/CO,

The projection show the l-g-line of the pure
component } (carbon dioxide) and component 2
{PEG 200) which ends in the critical points (P, and
KP,). Because of the observation of three phases
below the 1-g-line of pure carbon dioxide the 1;-1,-g-
line, which ends in an UCEP (upper critical end
point), exists. The 1-g-line of pure PEG is at far
higher temperatures. Scott and van Konynenbourg
describe this type of phase behaviour as class Il




The same phase behaviour show for example
CO,/H;0 and Ethane/H,0.

Systems with solid phases are splitted in two classes
by McHugh [17, 18], The system PEG 4000/CO,
shows phase behaviour described as class A (Figure
10).

pressure

slg

} /
temperature

Figure 9: Class A of the system PEG 4000/CO,

Beside the two I-g-lines of the pure components a s-
l-g-threephaseline exists. It starts at the triple point
of component 2 and has a temperature-maximum
and -minimum. This kind of behaviour is described
for the system n-Butanol/H,0 by McHugh.

Conclusion

The solid-liguid-gas-behaviour of binary systems
containing pressurised carbon dioxide, nitrogen and
propane as well as polyethyleneglycol and
polvethyleneglycoldimethylether  with  different
molar masses were studied. It was found that the
phase behaviour depends on the kind of gas and its
state of aggregation. The solubility of gas in the
liquid polymer phase increases as follows: nitrogen
= propane = carbon dioxide. The influence of a
methylgroup at the beginning and the end of the
polymerchain is strong for short chained polymers
like PEG 200 and PEGDME 200 (open and closed
miscibility gaps). For polymers with molecular
weight higher than 1500 g/mol the influence of the
functional group is nearly negligible.

Melting points of the polymers under pressure are
also influenced by the gas and its state of
aggregation. The amount of dissolved gas in the
molten polymer determines the decrease of the
melting point of the binary system in comparison to
the pure polymer.

Projection of the 3-dimensional phase behaviour into
p-T-plane allows classifications according to given
classes in the literature by Scott, van Xonynenbourg
and McHugh.
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Extraction of Carotenoid—Rich Oils by Supercritical CO; and
Subcritical Propane

H.G. Daooed®*, P.A. Biacs®, V., Illés® and M.H, Grayfeed®
2% Central Food Research Institute, Herman Otto u. 15. 1022 Budapest, Fax: 361-3558928
® Dept. Chem. Engin. University of Veszprém, Veszprém, Hungary

The influence of supercritical and subcritical fluid extraction (SFE) conditions on the carotenoid
content of oils from spice red pepper (paprika) and peels of citrus fruits. The carotenoids in the
extracts and powders were analyzed by high-performance liquid chromatography. The different
classes of carotenoids showed great differences in their solubility in SF-CO,. Subcritical propane
was found superior over SF-CO; in the extraction of carotenoids from different sources.

Introduction
Due to. their bioantioxidant activity
carotenoids have great biological and

technological importance. Some studies have
associated decreased risk of cancer and
cardiovascular diseases with the increased or
sufficient daily intake of carotenoids and other
bioantioxidant such as tocopherols and vitamin
C [1]. From the nutritional and technological
points of view it became of interest to preparc
oily concentrates that can easily be applied in
food, pharmaceutical and cosmetic industries
as a sources of vital carotenoids,

The widely used procedure for such a goal
was orgamic solvent extraction that has
limitations concerning safety and chemical
alteration of carotenoids, Recently
supercritical fluid extraction (SFE) has
become superior over other techniques because
of being non-toxic, non-corrosive, with no
solvent residue and cost-effective [2-4]
Carbon dioxide (SF-CO;) is widely used alone
or with modifier in a fractional or sequential
extraction [5].

In the present work behavior of different
carotenoid classes during SF-CO; and
subcritical propane was studied using two of
the most important sources of food
carotenoids, spice red pepper (paprika) and
peels of citrus fruits.

Materials and Methods

CO, was technical grade and from Répcelak
(Hungary). Highly pure propane (99%) were
from MAFKI Institute (Veszprém, Hungary).
Other organic solvents used for analysis were
analytical or HPLC grade and purchased from
Reanal (Hungary). Standard tocopherols and
carotenoids were from Sigma (St.Lo. USA).

Ground paprika of about 200-300 pm
particles was obtained from the spice paprika
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developing Rt. (Kalocsa, Hungary) while
orange and mandarin fruits were obtained from
the local markets in Budapest. The peels of
citrus fruits were removed by hand, dried for
24hr at 50°C and milled by a coffee mill to
pass a 20 mesh sieve.

The sub- and supercritical extractions were
performed with high pressure, flow-up stream
extraction apparatus described previously [6].
The pressure as adjusted between 50 and 400
bar by a back-pressure regulator. The solvents
were compressed through the extractor with a
flow rate of 1.0-1.5 Imin”'. The solute-rich
fluid departing from the extractor was
expanded through a heated needle value to
atmospheric pressure. The volume of solvent
used in each experiment was normalized by the
Peng-Robinson equation [7]. The density of
SF-CO; and propane was determined by
applying the equation of Bender {8]. The
temperature of extraction was between 25°C
and 55°C.

Organic solvent extraction (control} was
carried out using 50 ml of mixture of 2:1:1
dichloroethane-acetone-methanol to recover
lipid fraction from 0.5 gram of the ground
sample. After shaking for 15 min the mixture
was filtrate and the solvent removed under
vacuum by rotary evaporator.

The carotenoids were separated
determined by  high-performance
chromatographic (HPLC) method {9].

and
liquid

_ Results and Discussion

Fig.1 shows the results obtained from
extraction trials on the ground paprika at 35°C
and pressure beiween 200 and 300 bar using
SF-CO,. The amount of oil recovered from
100 g powder was plotted against the ratio of
solvent to solid (solvent using up).
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Figure 1: Extraction of ground paprika by SF-
CO, at 35°C and two different
pressures,

After an initial increase, extraction curves
reached a plateau and approached the
maximum. Solubility of oil in SF-CO, was
increased with the increase of pressure towards
400 bar. The same held true at both 35°C and
55°C with the exception that the ratio of
solvent to solid required for the complete
extraction at 35°C is higher than at 55°C
particularly at 200 bar. For implementation of
complete extraction at 35°C and 55°C the ratio
of solvent/solid was 10 and 7.5 respectively
when the pressure was fixed at 400 bar.
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Figure 2: Extraction of ground paprika by
subcritical propane at 25°C.
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Under the given conditions the highest amount
of oil obtained from 100 g of ground paprika
(K-178 CV) was 11.4 g This value is well
above the 7.5 g recovered from 100 gram of
powder from Km-622 cultivar under the same
conditions (data not shown). As a function of
increasing pressure the oil solubility in SF-
CO; was increased.

In case of subcritical extraction with
propane there was an initial steep increase in
the solubility of the oil in the solvent followed
by a plateau and the extraction curves reach
the maximum (Fig.2). To achieve complete
extraction of oil only 30-50 bar with a ratio of
solvent/solid of 0.8 is required. These data
revealed that subcritical propane has greater
capability to solubilise paprika oil than SF-
CO,. The aforementioned advantages of
propanc make its highly applicable and cost-
effective in the extraction of paprika oleoresin.

As shown in Fig. 3 and 4. The change in
solubility of oil from citrus peels in SF-CO,
and propane as a function of solvent/solid ratio
was similar to that observed with the oil from
spice paprika except that the ratio needed for
complete extraction was well lower with the
0il of citrus fruit peels. This indicates that the
peels contain easy to solubilise oil in
supercritical fluids. However, after extraction
the powder, samples were not entirely
decolorized even with propane that has
solvating powder greater than SF-CO,. It is
believed that non-volatile lipids are strongly
associated to structural constituents of the peel
tissues and need higher pressure to be
recovered from the powder.

Carotenoids extract of plant materials is
diverse, This diversity is due to the occurrence
of a wide variety of compounds in different
forms varying in their chemical properties
including solubility in supercritical fluids, The
esterification of OH-containing carotenoids
(xanthophylls) with fatty acids in a form of
mono- or diesters alters their solobility
properties and their association with the
structural macromolecules. Extraction of each
carotenoid from plant tissues depends on how
easily or difficulty the solvent breaks their
association with the tissues and solubilise
them. Table 1 shows the data obtained from
the extraction experiments of spice paprika oil
and behavior of different carotenoid classes. It
was evident that SF-CO, has low capability to
solubilise the iess polar diesters of the major




Table 1. Effect of Type and Conditions of Supercritical Extraction on the Yield and Quality of Spice
Paprika Oil

Type and Extraction parameters Yield Concentration of carotenoids py/s
. g/100g
fractions Pressure  T,°C  Extraction ponder Capsanthin B- Capsorubin  Capsanthin
bar degree % ME carotene DE DE
Control* 1 25 100 9.0 3193 436.5 100.7 6704
SF-CO, 100 35 14 1.1 0.69 7.1 0.1 0.5
Cumulative 200 35 100 7.3 135 231.7 31 224
300 35 82 5.9 18.3 2826 5.2 21.9
400 35 100 7.4 30.5 3139 8.6 33.%
200 55 62 58 12.2 149.1 1.5 4.0
300 55 93 64 29.8 364.1 6.5 25.5
400 55 100 6.8 15.5 236.0 6.6 299
Fractional 200 35 37 2.6 30 934 3.5 11.1
200 35 71 2.4 i3 4.7 0.8 34
200 35 93 1.5 36 952 0.9 2.1
Propane 30 25 100 8.9 187.2 3749 88.5 526.3
50 25 100 8.6 177.1 305.1 94.6 4976
30 25 100 8.5 144.9 2955 69.8 374.6

* Control oil was prepared by organic solvent extraction using 2:1:1 dichloroethane—acetone-methanol.

Table IL Distribution of Carotenoids Between Recovered Oil and Residues as Well as Their Loss
During Extraction at Different Conditions

Pigments SF-CO, at 35°C Supercritical propane
100 bar (14%)* 200 bar (100%)* 300 bar (93%)* 30 bar (100%)"
Capsanthin ME
in oil {ug) 0.69 13.46 18.28 187.15
in residues (ug) 22092 33.60 121.92 91.84
total (nug) 22161 47.06 140.20 27899
found (%) 69.41 14.74 43.91 87.38
lost (%) 30.59 85.26 56.09 12.62
B-carotene
in oil (ug) 7.03 231.73 282.57 374.86
in residues (ug) 353.21 47.36 48.00 18.56
total (pg) 360.24 279.0% 33057 39342
found (%) 82.54 63.54 75.74 90.14
lost (%) 17.46 36.06 24.26 9.86
Capsorubin DE
in oil (ug) 0.14 3.07 5.16 88.52
in residues (pg) 39.18 8.42 20.80 13.38
total (11g) 39,32 11.49 25.96 101.90
found (%) 39.04 11.41 25.77 101.16
lost (%4) 60.96 88.59 7423 -
Capsanthin DE
in oil (pg) 0.50 22.37 21.99 526.32
in residues (pg) 360.18 12320 114.56 Traces
total (ug) 360.68 145.57 136.55 526.32
found (%) 53.80 2172 20.37 78.51
lost (%) 46.20 78.28 79.63 21.49

Quantities of carotenoids are in pg recovered from 1 g ground paprika.
*= between brackets the values of extraction degree under the used conditions.
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red carotenoids (capsanthin and capsorubin).
The solubility of most carotencid could be
improved by increasing the pressure to 400
bar. This improvement was clear on B-carotene
and the polar pigments, but of slight influence
on the less polar diesters. The low recovery of

diesters is  regarded as  remarkable
disadvantage  because diester of red
xanthophylls are the most important
component of red pigment of paprika
oleoresin.
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Figure 3: Extraction of citrus fruit peels by
SF-CO; at 35°C and 250 bar.

To produce paprika oleoresin devoid of the
aforementioned limitation use of less polar
solvent such as propane even under subcritical
conditions (25°C and 30-80 bar) was
indispensable, Application of subcritical
propane resulted in more than 0% recovery of
all  the carotenoid individual  except
unesterified xanthophylls.

To search after the reason of the low
recovery of diesters by SF-CO, extraction, the
residual carotenoids were determined in the
powders., From the sum of residual and in-oil
solubilised carotenoid the loss percentage
could be calculated (Table 2). It could be
concluded that there is a marked in-device loss
of carotenoids during SFE by CO.. Such a loss
was not found when subcritical propane was
used. These results were repeatedly confirmed
when mandarin or orange peel were extracted
to produce carotenoid rich preparation.
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Figure 4: Extraction of citrus peels by propane
at subcritical conditions (25°C and
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Extraction of Natural Products with Superheated Water

Anthony A Clifford*, Annamaria Basile, Maria M. Jiménez-Carmona and Salim H.R. Al-Saidi
School of Chemistry, University of Leeds, Leeds L32 9JT, UK

Superheated water under pressure at 150°C has been used to extract oxygenated compounds from plant materials.
Rosemary (Rosmarinus officinalis), clove buds (Syzygium aromaticum) and lemon oil have been studied. During
this process, monoterpenes are extracted slowly and only very small amounts of the sesquiterpenes, waxes and
lipids are removed. Some comparisons are made with steam distilfation and supercritical fluid extraction. The
experiments conducted on a laboratory scale indicate that extraction by superheated water could be a viable
process for the production of high quality plant extracts.

Introduction
In a search for alternatives to organic solvents for

extraction and other processes, a number of workers .

have used liquid water under pressure abave 100°C,
but below its critical temperature of 374°C. Under
these conditions it is referred to as superheated water
or subcritical water. Organic compounds are much
more soluble in water under these conditions than at
room temperature firstly, because usually solubilities
rise with temperature, and secondly, because water
becomes less polar at higher temperatures as its
structure breaks up and its relative eclectric
permittivity (dielectric constant) falls [1]. A number
of studies of solubilities in superheated water have
been carried out, although no solubility data on
compounds from natural products could be found. For
example, one of these showed that biphenyl forms a
10 mass % solution in water at 300°C [2]. It was later
shown [3] that the heavier solutes, benz[e]pyrene and
nonadecylbenzene reach the same concentration at
350°C, More recent work has been carried out on
polyaromatic compounds and pesticides, between
25°C and 200°C, which have been used to develop a
simple, approximate, empirical equation for low
solubilities {4].

Both subcritical water [5] and supercritical water
[6] have been used for the oxidative destruction of
organic compounds with molecular oxygen. More
recently, superheated water has been used to extract
pollutants with a wide range of polarities from
_environmental samples [7-10]. The elution of
organic compounds from sorbents of varying polarity
has also been studied [11] as has the partitioning of
organic compounds from gasoline and diesel fuel
[12]. Another recent application of superheated
water is to achieve reversed-phase chromatographic
separations by using pure water or water mixed with
organic solvents at elevated temperatures [13,14].
Extraction of used automotive tyres with both
supercritical and subcritical water has been studied
and these experiments also involved breakdown of
natural rubber [15]. Other processes studied
involving natural products have been the hydrolysis
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of vegetable oils [16] and starch [17]. A small study
on the extraction of rosemary by water at 125°C [18]
showed that the oxygenated compounds were
preferentially extracted.

Materials and Methods

Rosemary leaves were collected from plants
growing in England in the period between October
and December. This is not the best period to carry
out studies on rosemary leaves, because the oil
content is at the lowest level and so the studies are
comparative only. Dried clove buds were purchased
locally and were the produce of Madagascar. These
were thoroughly mixed to produce as consistent
samples as possible. Lemon oil was obtained from a
Sicilian industrial source.

All standard compounds and the internal
standards for chromatography, NaCl and Na,S0,
were provided by Aldrich (Gillingham, Dorset, UK),
except for isobornyl acetate that was supplied by
Lancaster (Morecambe, Lancashire, UK) and
eugenyl acetate that was prepared from eugenol and
acetic anhydride in the presence of acetic acid and
dimethylaniline by the Fiore acetylation method.
Carbon dioxide was 99.99% pure and supplied by
BOC Ltd (London, UK). Dichloromethane, hexane
and ethanol were HPLC solvents supplied by the
Aldrich Chemical Company.

All extractions with superheated water were
performed using the stainless steel apparatus shown
schematically in Fig. 1, which is similar to one
described earlier [8]. Distilled water was first purged
for two hours with nitrogen to remove dissolved
oxygen. The water was then delivered at a constant
flow-rate by Pump 1, which was a L6000A pump
(Merck-Hitachi, UK), through a needle valve to a
stainless steel pre-equilibrating coil (1 m x 0.76 mm
LD. x 1.6 mm QD)) and, finally, to a 10.4 mL
extraction cell (Keystone Scientific, Bellefonte, PA).
Both the coil and the cell were placed in a gas
chromatographic oven (Carlo Erba Fractovap) and
kept at constant temperature. The exfraction cell was
mounted vertically inside the oven with the water
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flowing from top to bottomn. The outlet of the
extraction cell was connected by stainless steel
tubing to an outlet needle valve mounted just outside
the oven wall, which was used as an on-off valve
during an extraction and to control the flow during
the filling of the cell. A 1] cm-long, 100 mm 1D,
stainless steel restrictor (Coopers Needle Works,
Birmingham, UK) was required to maintain pressure
in the system, so that water remained liquid at all
temperatures used. The outlet was inserted in a
collection vial. Since hot water may cause losses of
volatiles, a cooling loop (cooled with room
temperature water), made from a 40-cm length of
stainless steel tubing, was connected between the
outlet needle valve and the restrictor. A second
pump, Pump 2, which was alse a L6000A pump, was
connected to the cooling coil via a shut-off valve.
This was used to flush through any organic
compounds which were precipitated in the cooling
coil as the temperature of the water cooled.

Oven Restrictor~
Deoxygenated : ! ! ;
water X | =! X
1 st ! 8'l.
1 [} ! ! | Vial
| i L
+ —I>

Hexane

Figure 1. Experimental system for superheated water
extraction

For extraction of solid material, the cell was
filled with a weighed amount and a glasswool plug
inserted at the outlet end to prevent the frit being
pligged. After assembling the extraction cell in the
oven, the cell was pressurized with ~20 bar of water
by opening the inlet needle valve from the pump.
The valve was then closed, the oven was brought up
to the desired temperature as quickly as possible and
let equilibrate for 20 minutes. The inlet and outlet
valves were then opened, water pumped through the
cell at a given flow rate and the extracts collected in
the vial. For kinetic experiments the vial was
replaced at given time intervals. In the case of lemon
oil extraction, a 50 mL cell packed with stainless
steel turnings was used and lemon oil pumped by a
LA000A pump into the bottom the cell and flowed up
over the packing to collect at the top of the cel] after
extraction. Following the extraction, 3 mL of hexane
was pumped through the cooling coil to sweep any
precipitated compounds from the cooling coil. A
further 15 mL of hexane were added to each of the
extracts in a separating funnel and about 1 g of NaCl
was added to facilitate the breaking of the emulsion.
The hexane layer was then separated, dried with ~3 g
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of anhydrous sodium sulfate and an appropriate
amount of internal standard, #-nonane for rosemary
and lemon oil extraction or wvanillin for clove
extraction, added before gas chromatographic
analysis.

Supercritical fluid extraction (SFE) was carried
out using a commercial system (ISCO SFX-210,
ISCO, Lincoln, NE, USA). The extraction cell
volume was 10 mL and the restrictor had an internal
diameter of 75 pm and a length of around 40 cm,
adjusted to give the required pressure in the cell. A
long wide restrictor was used to avoid blocking,
given the large amount of extract from clove. The
extract was trapped in 10 mL of dichloromethane in
a collection vial, ready for analysis. Kinetic
experiments were carried out by changing the
collection vial at timed intervals,

Soxhlet extraction was carried out in standard
apparatus by standard methods for 24 hours. Steam
distillation was performed in a simple laboratory
quickfit apparatus. The receiving vessel contained 10
mL of hexane and cooled with room temperature
water and during the distillation, the volume of
hexane was kept approximately constant by adding
more solvent. At the end of the process, the
condenser was washed out with 5 mL of hexane in
order to recover any extracted compounds deposited
init.

The analyses of the extracts were performed
using standard gas chromatographic methods. For
compound quantitation, calibrations were established
graphically, by injecting solutions made of known
amounts of internal standard and pure compound.

Extraction of Rosemary
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Figure 2. Extraction of rosemary leaves with
superheated water at 150°C

A full description of the experiments on rosemary
is given elsewhere [19]. Fig. 2 shows recovery
curves for extraction from 4 g samples of rosemary
at 150°C with a flow rate of 2 ml. per minute. They




are plotted as the percentage of a final mass
recovered at a given titne. The final mass is obtained
using an extrapolation formula [20]. The
monoterpenes extract slowly, with a-pinene shown
as the open circles and camphene and limonene,
whose extraction curves are indistinguishable on this
figure, shown as filled circles. The ester isobornyl
acetate (open diamonds) is extracted somewhat more
rapidly than the monoterpenes. A more rapidly
extracted group is formed by the cyclic ether 1,8-
cineole {open inverted triangles) and the alcohol
bommeol (closed inverted triangles). The ketones are
removed most rapidly. Of the latter, verbenone
(closed triangles), which has a double carbon-carbon
bond conjugated with the ketone bond, extracts more
rapidly than camphor (open triangles). Very small
and unquantifiable amounts of heavier hydrocarbons
were extracted.

Table 1. Comparison of yields rosemary using steam
distillation and water extraction at 150°C in mg per |
g, with standard deviations in parentheses

Steam Water

Distn. Extm.
o-pinene 0.080(0.019) 0.163(0.056)
camphene 0.019(0.005) 0.039(0.011)
limonene 0.007¢0.001) 0.025(0.011)
1,8-cineole 0.082(0.022) 0.161(0.010)
camphor 0.033(0.008) 0.060(0.002)
bommeol 0.010(0.002) 0.017(0.003)
verbenone 0.016(0.003) 0.025(0.002}
isobomyl acetate Undetected 0.004(0.001)

A comparison was made of extraction at 150°C
and steam distillation both for a period of 60
minutes. A single sample was mixed thoroughly and
used for both experiments. The flow rate for
extraction was 2 mL per minute and the amount of
water passed in the steam distillation was
approximately the same. Both the extractions and
steam distillations were carried in triplicate and the
results are reported in Table 1. The extract obtained
by superheated water extraction gives higher yields,
especially of the oxygenated compounds. The yields
are low by comumercial standards and reflects the fact
that the rosemary was not grown in an ideal climate
and not collected at an ideal time of year.

Extraction of Ciove Buds

Superheated water extractions were carried out
on 4 g samples of clove buds at 150°C with a flow
rate of 2 mL per minute, Percentage recovery curves
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versus time are shown in Fig. 3 for the three main
compounds obtained. Surprisingly, it was found that
caryophyllene extracted extremely rapidly, in spite
of the fact that it is a non-polar compound. However,
only a small proportion of the available
caryophyllene is extracted, as is described below.

100 T X r-y ey x
Caryophyilene
[n} d
—_ =]
g L
= Eugenol © .
250
3 o
2 ® Sugenyl acetats
v} L J
| ]
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[ L L
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Figure 3. Extraction of clove buds with superheated
water at 150°C

Table 2 shows the yield obtained by exhaustive
extraction by four methods. Steam distillation was
carried out on a 10 g sample for 4 hours using ~200
mlL, of water. Soxhlet extraction was also carried out
on 10 g with dichloromethane 24 hours, Superheated
water extraction (SWE) was carried out on 4 g at a
flow rate of 2 mL at 150°C for 100 minutes.
Supereritical fluid extraction (SFE) was carried out
on 6 g with 1 mL per minute of CO; at 55°C and 200
bar for 330 minutes. Standard deviations are not
shown, but the experiments were carried cut in
triplicate and had a precision of about 5%, which
was ascribed to variations in the clove samples. As
can be seen the final yields are mostly within the
experimental precision, but it can be seen that the
yield of caryophyllene is less with the methods that
use water.

Table 2. Comparison of the yields in mass percent of
the three main compounds obtained from the same
sample of clove buds by different methods.

Eugenol Eugenol Caryo-  Total

acetate  phyllene
Steamn disin.  14.74 3.28 0.13 18.17
Soxhlet 13.35 2.65 1.38 17.38
SWE 15.30 2.94 0.18 18.34
SFE 16.42 3.39 1.73 21.54




Extraction of Lemon oil
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Figure 4. Chromatograms from the extraction of
lemon oil with superheated water at
150°C

Because superheated water extracts oxygenated
compounds more readily than monoterpenes, it can
provide a method of deterpenating essential oils.
Lemon oil was extracted with water at 150°C with a
water flow rate of 2 ml per minute and an oil flow
rate of 0.1 mL per minute. Fig. 4 shows the gas
chromatograms obtained for the original oil and the
water extract, As can be seen, the water exiract
contains the oxygenated compounds, but little of the
monoterpenes, although they form some 93% of the
original oil. Compounds of higher molar mass are
also not extrdcted. Work in this area is continuing.

Conclusions

This  study suggests that extraction by
superheated water may be an effective way of
obtaining aroma compounds from plant materials,
whilst leaving behind the monoterpenes, higher
hydrocarbons and lipids. It aiso suggests that it may
be a useful solvent for deterpenating essential oils. In
particular cases, however, thermal sensitivity of the
products and separation of the products from water
may be a problem, although with the high-yielding
clove buds, the extracted cil spontaneously separated
at low temperature.

Comparison with steam distillation for rosemary
indicates that yields are a little higher and the extract
contains a higher proportion of oxygenated flavour
and fragrance compounds, i.e. is of higher quality. A
process may be competitive with steam distillation,
with lower energy costs, as it is not necessary to

o
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evaporate the water and heat can be more efficiently
recycled.

Advantages over supercritical fluid extraction are
it is not necessary to partially dry the plant material,
plant waxes are not extracted and capital costs would
be lower, as the pressures involved (5 bar at 150°C)
are less.
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Processing carotenoid-containing liquids with supercritical CO,
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The deoiling of different carotenoid-containing liquids has been investigated with a high-pressure spray process
using CO; in the range of 25-40 MPa and 40-80°C. The carotenoid content in palm oil, model systems and in a
lycopene oleoresin was enriched significantly. High-pressure pbase equilibria of ternary systems with high
carotenoid concentrations have been investigated. The different isomeric forms of the carotenoids behave
differently and influence the separation process. Togethier with high-pressure viscosity and surface tension
measurements, the equilibria form a sound basis of the ternary system properties to be discussed in the context of

spray-extractions.

Introduction

Carotenoids are widely used in nutzitional and
pharmaceutical products due to their coloring,
antioxidant and other properties. At present the
supercritical extraction of natural carotenoids
receives increasing attention because of the value of
carotenoids and a potential market for natural

qualities in combination with a non-toxic
technology.
Generally, investigations concentrate on the

extraction of solid carotenoid sources like carrots
and tomatoes with supercritical CO,. Examples are
listed in Tab. 1. Several researchers have studied the
solubility of B-carotene, the most widely known and
sold carotenoid, in pressurized CO, [1,2,3]. Low
carotenoid solubilities and limited concentrations in
the feed materials are drawbacks of these high-
pressure processes,

Liquid starting materials like vegetable oils or
oleoresins can contain carotenoids in higher
concentrations. Since the solubilities of vegetable
oils are much higher than the reported binary
solubilities of P-carotene, a supercritical deoiling
process is suggested. If the CO, extracts mainly the
vegetable oils and related components from the
carotenoid-containing liquid, raffinates rich in
carotenoids should be obtained. The process is
determined both by kinetic effects and the
distribution coefficients of carotenoids between the
two phases. Except for values with palm oil and
synthetic B-carotene in one publication [4] the
distribution coefficients are not known so far. In a
process aiming at the production of enriched
concentrates, counter current packed columns cannot
be used while adhesive and viscous or even solid
raffinates form. Therefore a cocurrent high-pressure
spray-extraction process is suggested [5]. The
presented study gives experimental separation results
and a basis of the ternary system properties.
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Table 1 : Examples of research CO; - extractions

Concen- Caro-
Carotencid | Source | p | T tration tenoid | Lj,
Feed /Prod. | Yield
MPa | *C wi% % C.in
Feed
B-Carotene Sweet 41 | 38 092/7 68 [6i
Potatoes
o.B-Carotene | Carrots 50 1 40| 0.03/2.09 88 7]
Lycopeng Tomato | 70 { 60 [ 0.05/0.47 83 [8]
Skins
Lutein Marigeld | 70 | 680 1.47/8.14 63 [9]
Petals
f-Carctene | PalmQil | 24 | 50§ 0.05/0.07 69 | 110

Materials and Analytic Methods

Most investigations were conducted with dispersions
of synthetic B-carotene in corn oil (Lucarotin® 30 M,
BASF Health & Nutrition, Denmark). Dilutions were
made with addition of commercially available corn
oil (Mazola, CPC Germany). The B-carotene in the
original dispersion is mainly isomeric all-E (~93%).
Some of the dispersion was isomerized with a
thermal treatment resulting in an isomer composition
of approximately 55% (all-E), 22% (9Z) and
15% (13Z). Natural carotenoid sources used were
Lyccnnato® with 6% lycopene (Lycored, Israel),
Caromin® with 20% and 30% P-carotene (Carotec,
Malaysia) and FloraGLO® with 20% Lutein (Kemin
Foods, USA). Some Lycomato was diluted with
refined soy oil (Hobum, Germany) to lower the
lycopene concentrations. ‘

The content of [B-carotene and lycopene was
analyzed photometrically (Shimadzu 240) and the
distribution of isomers with HPLC (Waters 590,
Rh77251, YMC-C30, TSP UV-vis [50). .The
phosphorus was solubilized (HNOs;, microwave,
quantified (PE-Plasma 2000GES with ICP} and
converted to an approximated content of
phospholipids with the usual multiplication factor
of 30.




Experimental Methods

The high-pressure equipment used in the main
experiments is shown in Fig. 1 and Fig. 2. The phase
equilibrium apparatus (static-analytical method) in
Fig. 1 was operated as follows: one liter of liquid
material with the carotenoids was filled into the
eylindrical pressure vessel and a high-pressure pump
charged CO, into the system, After equilibration of
pressure and temperature, the liquid phase was
recirculated for at least 5 hours to intensify phase
contact. Sampling of both phases was possible. The
total solubility in the CO,-rich phase was measured
by reducing pressure of a sample volume of 30-
50liters (STP) and weighing the precipitating
substances. The amount of CO, was quantified with a
gas meter and the content of carotencids with the
analytical methods described above. A hydraulically
driven piston in the bottom part of the pressure
vessel allowed sampling without pressure loss.

Sampling CO2 -rich Phase

——<t

Heater

pressure
vessel

F—

recirculation
pump

Figure 1. Schematic representation of the setup for
measuring solubilities and distribution coefficients

é}—g throllle
£

spray
column

toes G,

pump !
4 i
Ralflnale Feed
Figure 2. Schematic representation of the high-

pressure spraying apparatus

dumping recireulalion
vassal pump

The extraction experiments were performed in a high
pressure spraying plant on a semi-industrial scale
depicted in Fig. 2, The heated liquid feed was
compressed by a reciprocating pump P3, contacted
with the supercritical CO; in a twin-fluid atomizer
and sprayed into a cylindrical high-pressure
vessel C1. The inner diameter of this vessel was
50 mm and the length of the spraying zone was 2 m.
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At the bottom a raffinate phase was separated from
the Ioaded CQO,-stream. The CO, was reduced in
pressure and separated from the extract in a
subsequent separator S1. Most of the plant
components are described in detail elsewhere [11].

In order to test minor material quantities, screening
extraction experiments were conducted. A porcelain
trough (90x9%% mm) was filled with 0.5 g of the
carotenoid-containing liquid and placed inside a
horizontal high-pressure tube. Supercritical CO,
flowed through the tubing at a rate of 3.5 kg/h. After
a certain time, the CO, flow was diverted through a
bypass line and the porcelain trough removed for
analytical purposes.

Further investigations were performed in less
complex apparatuses. A  high-pressure shear
viscosimeter (Haake, Germany) operating on the
base of the Searle-system was used to determine
viscosities. Surface tensions were determined with
the pendant drop method {12] in a high-pressure view
cell (Sitec, Switzerland) using oil densities with
dissolved CO,.

Results and Discussion

The total soluhility of dispersions with corn oil and
of Lycomato was investigated in the range of 25-60
MPa at 40° and 80°C. The obtained values are the
same as those of typical vegetable oils (Fig. 3) and
show the well-known temperature inversion effect at
approximately 32-35 MPa.

1%

40°C  80'C

™ T W comel, 20% Pearctens
A A& Lycomals
u -— soybean 2l [13}

Total Solubility in CO, [wi%]

T T T
B0G 500 1008 1100

Density CO, [kg/m”]

T
0

Figure 3. Solubility of carotenoid-containing liquids
in supercritical carbon dioxide

The feasibility of the proposed separation process is
determined not only by total solubility in CO; but
also by the equilibrium distribution of the
carotenoids between the two phases. The partition
coefficient k is defined as the ratio between the mass
concentrations in the COs-rich and in the liquid
phase on a solvent-free basis. A rough estimation of
the partition coefficient from separation data with a
countercurrent column process [10] renders (.3 at
24 MPa and 50°C. Comparison with the binary
solubility —data [-carotene-CO, illustrates a




significant entraining effect of vegetable oils
carotene solubility in supercritical CO,.
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Figure 4. Partition coefficients of carotenoids on a
solvent-free basis
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Experimental values at 40 MPa and 80°C are
depicted in Fig. 4. The model system with (all-E)-B-
carotene shows a significant decrease of the k-value
with increasing concentration in the liquid phase.
This effect is due to saturation of the supercritical
phase and is in accordance with data points from
Stoldt [4]. An unfavorable increase of the partition
coefficient occurs in the presence of Z-isomers.
These isomers show a higher solubility and also
increase the dissolved amount of (all-E)-isomers.
The effect of higher solubility of Z-isomers in
vegetable oils and in pure supercritical CO, [3] is
known and explained by the absence of
crystallizability. The increase of (all-E)-solubility in
mixture with Z-isomers has not been explained so far
but could be due to isomerization of previously
dissolved Z-isomers. The k-values of lycopene in the
system Lycomato-CO; are close to the values of (all-
E)-B-carotene, which is reasonable since the
chemical structures of these carotenoids are related
and Lycomato contains mainly (all-E)-lycopene. The
(all-E)-portion of P-carotene in crude palm oil
(sterilized fruits) is in the range of 40-35% [14] and
explains the relatively low value estimated from
separation data [10]. The partition coefficients
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increase remarkably with temperature and slightly
with pressure.

Conclusions to enhance separation efficiency.

» Higher pressures and temperatures (p > 35 MPa)
lead to higher solubilities,

e Higher feed concentrations
partition coefficients.

e The (all-E)-isomers show the lowest partition
coefficients.

lead to Jower

Solubility data with complex and partly unknown
mixtures of chemical substances do not allow
quantification of the soluble amount. Therefore
additional experiments were performed. Simple
screening tests with small quantities of material
showed the good extractability of the moedel system
as to be expected (Fig. 6). The residue diminished
linearly with the duration of the extraction and the
analyzed carotenoid concentrations matched mass-
balance calculations.

—&—corn ol 18% caralans
- patm ail  20% carclane
---3- - ditlo; +6.5% leeilhin
—&— Catomin 20% carelene
—m— Lycomato 6% lycopens
—w— FloraGLO 20% lutein

Residue [%]

T T T T T T T T T T
30 4% 50 60 7O B0 S0 100 IC 120

Time [min]

T T T
¢ 1o 20

Figure 6. Screening exiraction at 50 MPa, 60°C

FloraGLO contains a high percentage of soy oil and
behaved similarly. The extraction kinetics of
Lycomato changed indicating that the non-
carotenoid fraction is not homogeneous. An
extraction performance similar to vegetable oils is
limited to approximately 50% of the material. The
mass reduction of Caromin is very slow and a
significant increase of the carotenoid concentration
was not observed. The production process of
Caromin includes short path distillation and removes
many of the substances also soluble in CO,. Both
Caromin and Lycomato contain significant amounts
of phospholipids and show high viscosities. The
influence of phospholipids was studied by addition
of soy lecithin to a dispersion. Phospholipids hinder
the extraction and accumulate with the carotenoids,

Conclusions:

« Carotenoids can be refined from oily dispersions
with supercritical CO,,

« High concentrations of phospholipids should not
be present.




The size of the phase surface area determines the
rate of mass transfer. Since internal packing, such as
structured packing in a counter-current column do
not work for highly viscous or even solid materials,
the formation of small droplets in a spraying process
was chosen to obtain a sufficient surface area, The
interfacial tension between vegetable oils and CO;
decreases with CO;, pressure [12] and thus supports
droplet formation. Additionally dispersed B-carotene
(5 wt%) did not affect the advantageous low
interfacial tension in the system palm oil - CO;. New
viscosity data of the liquid materials used are given
in Tab. 2. The viscosity increases with pressure and
decreases with temperature and dissolved CO,,

Table 2; Viscosity of feed materials / mPas

Atmeospheric pressure 60°C 80°C
Palm oil 18 11
Com oil, 20% [-carotene 84* 75"
Lycomato 410 160
Caromin 12000% | 1200*

50 MPa; corn oil, 20% carotene

Without CO, 124* 101%
25% CO, dissolved 33" 27

= type of flow behavior not known
* non Newtonian flow — shearing with 100-200 rpm

Conclusions:

» Elevated temperatures (~80°C) are important to
reduce the high wviscosities of Caromin and
Lycopene.

e Dissolved CO, diminishes surface tension and
viscosity and enhances droplet formation.

Table 3: Spraying results at 40 MPa and 80°C,
50 kg CO, /h, ratio CO,/Feed: ~30

Material Carotenoid content [wt%]
Feed Raffinate Raffinate
experimental | equilibfum*
Crude |0.06% 0.09 -0.09
paim oil | B-carotene (100°C)
Caromin | 26% fB-carotene 27 data missing
Lycomato | 6% lycopene 10 30
Com ol | 16% P-carotene 22 23
(43% (all-E))
Com oil | 20% B-carotene | 55/100% 34
(95% (all-Ep
*explanations in the text
Results of  high-pressure  spray  extraction

experiments on a semi-industrial scale are listed in
Tab.3. The experimental and the theoretical
equilibrium-based concentrations in the raffinate are
compared, Generally the tendency of the previous
screening  experiments was confirmed. The
carotenoid content in Caromin did not increase
significantly due to a lack of soluble substances. The
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deoiling of Lycomato did not reach the equilibrium
value in accordance with the screening results. The
enrichment of partly isomerized carotene in corn oil
and crude palm oil matched the equilibrium values,
while the material with mainly (all-E)-carotene led to
highly enriched raffinates. Because this isomer
crystallizes easily sprayed material accumulated
along the inner walls of the pressure vessel. This
raffinate was rendered nearly oil-free by maintaining
the CO; flow after shutting off the liquid feed pump.

Final Conclusions

s The isomeric form of B-carotene influences not
only the distribution coefficient but also the
raffinate structure. '

s In liquid carotenoid-vegetable oil systems, the
high-pressure  spraying process leads to
enrichment or even isolation of carotenoids,

s Decisive advantages of the spray extraction
consist in the ability to handle solid raffinates
and the formation of a large mass-transfer area
even for viscous olecresins.
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Countercurrent Extraction with Supercritical Carbon Dioxide:
Behavior of a Complex Natural Mixture
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Squalene (2,6,10,15,19,23-hexamethyl-2,6,10,14,18,20-tetracosahexaene), known as spinacene, is a naturally o¢ccurring
triterpencid hydrocarbon, usually used in its natural form in health foods or in its hydrogenated form (squalane) in
cosmetic preparations as a moisturizing or emollient agent. Academic interest arises because of its role as an precursor
in the biosynthesis of sterols and of the naturally occurring tetracyclic and pentacyclic triterpenes [5, 11, 12, 13},

Olive oil deodorizer distillate (OODD), a by-product of the olive oil industry, contains squalene in a concentration
range of 10 to 30 Ma.-%. Other components are: 3¢ Ma.-% free fatty acids, 24 Ma.-% fatty acid esters {methyl and
ethyl), 5.6 Ma.-% sterols, and 6.4 Ma.-% others (glycerides, tocopherols, hydrocarbons, etc.).

To investigate the possibility of separating squalene from OODD by means of supercritical carbon dioxide extraction,
VLE measurements and a theoretical separation analysis were carried out. VLE data provide information about the
operating parameters of the process. The object of the theoretical separation analysis is the simulation of the separation
process and the determination of data for a scale-up. Experimental results have to be correlated with results of the VLE
measurements. Extraction expetiments were run on a 7 m laboratory plant in countercurrent mode,

Results show, that changing composition in the column has a major effect on the distribution coefficients K; and on the
separation factors o As a consequence, the concentration of squalene in the extract was limited and the concentration
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of FFA could not be reduced to a desired level.

Introduction

Squalene is a medium value chemical that is used
as both as a health food tonic and for pharmaceutical
preparations [6]. It was first discovered in 1906 in
ghark liver oils and is produced from fish liver oils
by molecular distillation [7] and has been
synthesised.

The chemical is a highly unsaturated open chain
isoprenoid hexaene hydrocarbon polymer, the parent
molecule of natural rubber, and structurally related
to carotene. It has a chain length of Cjq, (CioHso),
with six double bonds per molecule. These bonds
giving the molecule a strong susceptibility to
oxidation and polymerisation, thickening to a
viscous mass when exposed to air.

One reason that limits the use of squalenc in
cosmetic applications is the uncertainty of its
availability as a result of international concern for
the protection of marine animals that are the primary
source of natural squalene. This consideration turned
our interest toward a vegetable origin source of
squalene, namely a by-product of the olive-oil
industry, the distillated fraction obtained from the
deodorizing step. It has a squalene content of about
10 t0 30 Ma.-%

Supercritical fluid extraction is nowadays widely
used both as a preparative method in analytical
chemistry and as a large-scale separation process. In
the last few years numerous applications have been
developed in the field of processing natural oils such
as: extraction of essential oils and aromas [3] and
extraction and purification of polyenoic unsaturated
fatty acids and fat-soluble vitamins 2, 8, 9].
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Materials and Methods

The olive oil deodorizer distillate was supplied
by a Portuguese factory (Fabrica Torrejana de
Azeites), It contained squalene in a concentration
range of 10 to 30 Ma.-%. Other components were
34 Ma.-% free fatty acids, 24 Ma.-% fatty acid esters
(methyl and ethyl), 5.6Ma.-% Sterols, and
6.4 Ma-% others  (glycerides,  tocopherols,
hydrocarbons, etc.).

During the extraction ecxperiments, numerous
samples of the extract and of the raffinate were
collected, analyzed, and used for further VLE
measurements.

The phase equilibrium measurements were
performed using a static-type apparatus, Details on
the apparatus and the sampling process were already
described by Stoldt and Brunner [4, 10]. The
equilibium cell was a 1000 cm’ stainless steel
autoclave provided with a mechanical stirrer and two
capillary lines (1/16” stainless steel tubing) for
sampling the liquid phase (bottom) and the vapor
phase (top). The pressure drop in the autoclave
during the sampling process was compensated by
injecting a similar mixture maintained at the same P,
T-conditions from a second autoclave of lower
volume, 500 cnr’. Usually, three samples were taken
from the liquid phase and from the vapor phase in
order to get a reliable value.




Extraction experiments were carried out ina 7 m
laboratory scale plant of 17.5 mm inner diameter,
equipped with a 6 m regular packing of the type
Sulzer EX. A detailed description is given elsewhere
[3].

Results and Discussion

Phase Equilibrium and Selubility

The OODD was divided into tree pscudo-
components: 1) CO,, 2) free fatty acid esters (FFE)
and squalene, 3) free fatty acids (FFA). The phase
equilibrium of these pseudo-components under
extraction conditions 370 K and 23 MPa is shown in
the triangular diagram (Fig. 1). The binodal-curve is
interpolated by connecting the points of the feed (F),
raffinate (R) and extract (E). Equilibrium
compositions of the two phases are connected by the
equilibrium tie lines,

FFE+S8qualene

CO

FFA Mass Fraction [Ma.-%)]

H
Figure I. Phase equilibrium in the pseudo-ternary
system CQ, — (FFE + squalene) — FFA.

For processes like extraction at near-critical or
supercritical conditions, it is necessary to know the
behavior of each component in the mixture at
different state conditions (T, P, composition). This is
especially important for natural product systems,
such as edible oils, which contain a large number of
different components.

The OODD consists of components with partly
very different properties as far as solubility in
supercritical CO, and K-factors are concerned. It can
already be seen from the triangular diagram, that the
changing composition leads to a substantially higher
solubility of the extract, which is poor in FFA, but
rich in FFE and squalene. The changing solubility is
illustrated by Fig, 2, in which sclubilities of the feed
and of the exiract are compared for temperatures of
330 and 370 K and over the pressure range of 15 to
30 MPa.
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FFE are much more soluble in supercritical CO,
than FFA or squalene. The enrichment of FFE in the
extract therefore leads fo a loading of the gas phase
which is 5 times higher than the solubility of the
feed material,

0,10

—8—330 K, Feed

0,06{—*— 340K, Feed
—a—370K, Fesd
—0o—330 K, Extract
= 08 370K, Bxtract
g
8 0,04---
~
0,024 -1
0,00 T T T T— T
300 400 500 60D 700 8OO 900
Peg, kg/m’]

Figure 2. Solubility of the feed and of the extract as
a function of temperature and CO,-density.

The solubilities were correlated with the density
of CO; using the Chrastil equation, modified by
Adachi and Lu [1]. The Chrastil equation can be
written as;
c=pexp(a/T+b) 4y
where ¢ is the concentration of a solute in kg/m3 ofa
gas, p is the density of the gas in kg/m’®, ¢, a, b are
solubility constants, In the modified equation
proposed by Adachi and Lu, ¢ is density dependent;

e=g,+repte,p’ V3]
where e, ¢; and e, are constants,
The solubility constants were calculated

minimizing relative standard deviation between the
experimental and calculated solute concentrations.
They are summarized together with the standard
deviations in Tab. 1. Good fit of the equation to the
data achieved for all measured systems is illustrated
by standard deviations of 1.01 for the feed and 0.35
for the extract. However, the correlation should not
be extrapolated outside the experimental conditions,
as the solubility constants e;, e, and e, are sensitive
to density.

Table 1. Solubility constants in Chrastil-Adachi-Lu

equation,
Solute A b € e € c
Kl [ [ kgl im¥keg) [%]
Feed 1273 546 -11.1 7.7E-3 3.3E-6 1.01
Extract | -3527 70.2 -13.5 11.1E-3 56E-6 0,35




K-factors

In particular, distribution of the component of
interest between cquilibrium phases determines the
concentration enhancement by extraction. This is
measured by the K-factor:

(3

which can strengly depend on pressure, temperature
and composition:

Ki = yi/’ X

S

In order to get a description for the change of K-
factors with changing composition along the height
of the column, the K-factors of the main components
of OODD were measured in the feed and in the
extract. The extract had a composition of 42 Ma-%
squalene, 50 Ma.-% FFE and 8 Ma.-% FFA. Fig. 3
shows the effect of different compositions and CO,
densities at 370 K on the K-factors of squalene, oleic
acid and ethyloleate. It can be observed, that the K-
factors of ethyloleate decrease sharply from 4.2 in
the feed to 11 in the extract at 556 kg/m’.
Simultaneously the K-factor of oleic acid increases
from 0.8 to 1, which means that the concentration of
oleic acid can’t be reduced to a lower level under
these conditions. The K-factor of squalene decreases
from 1.1 (enrichment in the gas phase) to 0.9
(enrichment in the liquid phase), which means that
the behavior of squalene is almost inverted during
the extraction process. As far as the enrichment of
squalene and the elimination of FFA is concerned,
the process has come to its limit under these
conditions. This also corresponds with the effect,
that selectivity usually declines with increasing
capacity of a solvent,

Ki = f(T’ P, Xis Xy - ¥ ¥ )

4.3 T T T
4,24~ [ | Squalene
--{ —a— Extract
M L —e—Feed
_ 4,04 ..} Oleic Acid
[
E‘ 5L i 7| —o—Extract |,
B g0 dei e | Feed
v Ethyloteate
H ‘ : —a— BExtract
L - (S -| —A— Feed
0,0 i ‘. ; i
300 400 500 600 700 800
Peo, Ike/m’]

Figure 3. K-factors of squalene, oleic acid and
ethyloleate in the feed and in the extract at
370 K and different CO,-densities.
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Concentration profiles of an extraction column
provide information about the efficiency of the
process and about the actual needed height of the
column. If the column has no possibility for
sampling along its height, the concentration profile
can be theoretically derived from available VLE
data. In our case, based on separation analysis, it
could be assumed that the extraction column would
have 6 theoretical stages of a height of 1 m. The
concentration of the components at each theoretical
stage can be approximately derived from the
triangular diagram (Fig. 1), as these points have to
be on the binodal-curve. This leads to a dependence
of the concentration of the regarded components on
the height of the column as shown in Fig. 4. Hollow
symbols are representing the gas phase and solid
symbols are representing the liquid phase. It can be
seen, that there is mainly a separation of free fatty
acids from free fatty acid esters. The esters are
enriched in the extract, while the concentration of
FFA can be decreased to less than 10 Ma.-%. The
concentration of squalene in the extract can only be
increased up to 42 Ma.-%, which is in accordance
with all column experiments (see Fig. 6).

6 '\%\. ) j / j Equalcne
3, /| I e
%2 // % v FF‘? L
R o =

00 OL 02 03 04 05 06 07
Concentration, CO,-free []

Figure 4. Changing of the concentration of squalene,
FFE and FFA with height of column.

The most important information from the column
profile is the crossing of the concentration lines of
squalene at the 4" theoretical stage and those of FFA
between the 5™ and 6% theoretical stage. Here, the K-
factor of squalene is changing from >1 to <1 while
the K-factor of FFA is changing from <l to >1
(Fig. 5). After an enrichment of squalene in the gas
phase concerning the feed material, squalene is more
and more enriched in the liquid phase with changing
composition in the column. The squalenc
concentration reaches a maximum at the 5% stage.
As a consequence it will be impossible to get (o
higher concentrations in the extract under the same
conditions as well as the concentration of FFA can’t
be further decreased.




- —a-— Squalene
E —A—FFE
g —vy—FFA
g
e
£ -
= ! T
20 25 30 35
K [
Figure 5. Changing of the K-factors of squalene,
FFE and FFA with height of column,

Column Experiments
A series of column experiments were camied out

to verify the results from VL.E measurements and to
determine the effect of different temperature/
pressure combinations and of the raffinate to extract
ratio on both squalene concentration of the extract
and yield. The raffinate to extract ratio was adjusted
by the reflux ratio. The feed material determines the
mass balance over the relation of FFE and Squalene
to FFA, A deliberate deviation from the optimal
raffinate to extract ratio enables a shift of the purities
in favor of one of the two product streams. As Fig. 6
indicates, the best results were achieved at a
raffinate to extract ratio of 2.5 with no further
improvement of the extract purity. With comectly
adjusted raffinate to extract ratio, the reflux ratio
determines the selectivity of the separation process.
The best quality of the extract could be obtained for
reflux ratios greater than 4, The general trend was
unique for all experiments even with different
temperature/pressure combinations.

Lh
(=]

o+
Lh
1

| ? t Po | :
35 e B B
] : ) H ; \nq\@
30 |- Squalens in the Extract and Yietd -
"« b o3s0x 20MPa “’\ﬁ\
25 Y v 350K 18MPa ey
e © 370K 23 MPa -
A A 0K 20MPa P
20 u e ¥
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Concentration of Squalene and Yield [Mass-%]

Raffinate to Extract Ratio [-]

Figure 6. Extract purity and yield as a function of
the raffinate to extract ratio.
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Conclusions

The ‘enrichment of squalene from olive oil
deodorizer distillate was investigated by means of
countercurrent extraction using supercritical CO; as
solvent, VLE measurements were performed to
enable an analysis of the separation process, The
solubility of the feed and of the extract was also
correlated for all operating conditions.

Squalene could be enriched to 42 Ma.-% in the
extract as well as the concentration of FFA could be
decreased to 8 Ma.-%. Further improvement of the
product quality will only be possible with a second
step of extraction by an enrichment of squalene in
the raffinate, as VLE data indicate clearly.
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The use of supercritical CO, for producing extracts from plant material is a good alternative to solvent
extraction or steam distillation, because the extracts are completely free from solvent and also the temperatures
normally used in CO, extraction ate very moderate, so that no heat sensitive substances are destroyed or
modified. Valerian, dandelion, St. Mary's thistle and yarrow were chosen as plant materials because they
contain cholagoga active agents. The aim of this project was determination of extraction efficiency depending

on pressure and temperature.

Introduction

Most of the research dealing with supercritical
fluid extraction (SFE) has been done with different
plant materials [1-19]. The interest in using SFE for
producing natural extracts is nowadays growing
again because of stronger limitations for residual
solvent content in the products more investigations
have to be done for solvent removal which increases
as well plant as operation costs. Therefore the
difference in investinent costs between a solvent and
a high pressure extraction plant get smaller and
especially the low operation costs for a SFE plant
are the reason for the increase of industrial SFE
plants. Up to now there were only industrial ptant
for decaffeination of tea and coffee and for hop
extraction. But in the last few years further
industrial plants for different plant materials were
instailed.

The plant materials containing cholagoga
substances were chosen for this project, because
these active agents are interesting for

pharmaceutical industry. Cholagoga substances are
divided in cholocinetica compounds, which
stimulate emptying of gall-bladder, and in
choleretica substances, which stimulate the liver for
stronger secretion of bile, Although it is possible to
produce a lot of this agents synthetically many
pharmaceutical producers go back to natural
resources because the synthetic products do often
not have the same effect than natural ones,

Materials and methods

Materials: The carbon dioxide with a purity higher
than 99,94 % (v/v) and a dewing point lower than -
60°C was purchased from Linde (Graz) and stored
in a tank with a capacity of 3200 L. Equation of
Bender [20,21], a 20 parameter equation of state,
was used for calculation of CO; density at different
pressure and temperature levels, For Soxhlet-and

201

fexTK A extractions n-hexane in p.a. quality from
Merck company was used. The plant materials of
valerian (RD. valerianae CS. Ph. EUR), dandelion
(RD. Taraxaci CS. OAB), St. Mary’s thistle (HB.
Cardui marize CS. FL) and yarrow (HB. Millefolii
CS. OAB) were organised in pharmaceutical quality
by Kottas-Heldenberg & Sohn, Drogenhandel
Ges.m.b H. (Austria).

Methods:

Soxhlet extraction for 4 hours was performed for all
plant materials using n-hexane as solvent to
determine the maximal extractable amount of
substances, n-hexane was chosen as solvent,
because its polarity is comparable to supercritical
CO; and therefore the same kind of substances are
extracted. The total amount of extractable
substances was achieved by evaporating the solvent
from the solvent-extract mixture at the end of the
Soxhlet extraction and weighing the amount of
extract,

fexIKA extraction: This extraction method is a
further development of the Soxhlet extraction. As
shown in Fig. 1 the solvent is vaporised in the
bottom flask and passes the material situated in the
top flask. At the top of this flask the solvent is
condensed and the liquid wets the material which
has to be extracted. After a certain amount of
solvent is vaporised the bottom flask is cooled down
and the resulting under-pressure sucks the solvent -
extract mixture into the bottom flask. Then the next
cycle starts with heating up and vaporising the
solvent. The advantage in comparison to the
Soxhlet extraction is that when material of fine
particle size has to be extracted not filter cake,
which will not be extracted, is produced because the
coming up steam causes strong turbulences in the
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solid material and therefore also better extraction
results,

Fig. 1. Fig. @ Fig. 3. Fig. 4,

Extratctionyrohr
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Figure 1: Operating procedure of fexIKA extraction

CO; extraction; All extraction test were performed
in a high pressure extraction plant, designed by
Applied Separations company (see Fig. 2). Liquid
CO; of 60 bar enters the air-powered pump and
extraction pressure is adjusted by regulating
pressure of compressed air. The great advantage of
this plant is that two extractions can be performed
parallel at same pressure and temperature
conditions so that a direct comparison of extraction
results is possible. The two extraction vessels with a
volume of 300 ml each can be operated up to
690 bar and 250°C. This extraction chambers have
a filter at the bottom for distributing the
supercritical CQO, over the whole extraction area to
avoid channelling in the solid material and a filter
at the top to prevent that solid particles are
withdrawnn by the leaving CO, stream, For
depressurisation of CQ; to atmospheric pressure as
well outlet valves as metering valves for accurate
adjustment of the flow rate are installed. The
metering valves are heated in a thermostated block
so that no blocking might occur because of the low
temperatures by the Joule-Thompson-effect. The
sample vials are situated in an ice-water bath so that
all extracted substances are collected.

/s NPT

{(vantingvae]

exlraciion vasse] T
30C rrd, 690 bar, 250°C

plant

The gaseous CO, leaving the sample vials passes
calibrated rotameters for determining the actual
flow rates and gas meters for the total CO; flow
over extraction time. As well temperature of the
thermostating oven as of extraction wvessel is
measured, '

For determination of extraction progress at the
beginning every 15 minutes sample vials were
changed and later on every half an hour. By
weighing the sample vials the extraction progress
was calculating based on the results from Soxhlet-
and fexIK A-extraction, which were set as 100 % of
extractable mass.

Results and Discussion
Valerian The extraction yields after 4 hour
extraction time are given in Tab. 1,

Temperature | Pressure | Extraction
yield
25°C 100 bar 45.92 %
200 bar 57.58 %
300 bar 59.07 %
400 bar 51,10 %
40°C 100 bar 40.20 %
200 bar 67.36 %
300 bar 67.82 %
400 bar 75.46 %
60°C 100 bar 1235 %
200 bar 79,08 %
300 bar 82.82%
400 bar 96.39 %

Table 1; Extraction yields of valerian

It is obvious that an increase in pressure results
always in higher extraction yields correlating with
increase in CO, density and therefore higher
solubility. Higher temperatures at low pressure
levels occur a strong decrease in density and
therefore solubility but at higher pressure levels
density decrease is the lower effect than increase of
vapour pressure of extractable substances so that
higher extraction yields are obtained (see Fig, 3).

seadesa Tm25°C, pm 100 bar  +uidn-. Tu 25°C, p =400 bar

— 0 —TRAD'C,p=100Dar — e = T m40°C, p %400 bar
s Tw B0°C, p & 100 bar  ~—8—T w 60°C, p = 400 bar

extraction yletd (%]

'] 20 40 e¢  BO 100 320 140 460 180 200 220 240 260
extraction time [min]

Figure 3; Effect of pressure and temperature on
extraction yield of valerian




At constant temperatures a linear dependency
between density and total extraction yield was
obtained which rises to higher extraction yields at
higher temperatures as shown in Fig. 4. A further
increase in temperature which would result in better
extraction results is not suitable because the
extractable active agents are heat sensitive and
would be destroyed at higher temperatures. The
anomaly at 25°C was also obtained for all other
plant materials and it might be a result because of
the high CO, density so that at these conditions
repulsive forces are active.

Best extraction results were obtained at 400 bar and
60°C with 96.39 % extraction yield.
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Figure 4: Dependency of extraction yield over CO; -
density

Dandelion The influence of pressure and

temperature is not so significant as given in Tab. 2
and also the maximum extraction yield of 64.44 %
at 400 bar and 60°C is relatively low. The effects on
pressure and temperature are the same as for
valerian extraction.

Temperature| Pressure | Extraction
vield
25°C 100 bar 2736 %
200 bar 41.80 %
300 bar 4143 %
400 bar 40.23 %
40°C 100 bar 23.99%
200 bar 37.37%
300 bar 37.97 %
400 bar 42.28 %
60°C 100 bar 3.37%
200 bar 41.24 %
300 bar 51.06 %
400 bar 64.44 %

Table 2: Extraction yields of dandelion

St. Mary’s thistle Again a linear dependency
between total extraction yield and density is
occurred increasing with higher extraction
temperature. The maximal extraction yield of
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76.30 % was obtained at 400 bar and 60°C as given

in Tab. 3.
Temperature| Pressure | Extraction
vield
25°C 100 bar 34.09 %
200 bar 42.67 %
300 bar 50.75 %
400 bar 47.51 %
40°C 100 bar 22.22%
200 bar 47.82%
300 bar 49.00 %
400 bar 55.08 %
60°C 100 bar 5.54 %
200 bar 50.12 %
300 bar 64.11 %
400 bar 76.30 %

Table 3: Extraction yields of St. Mary’s thistle

Yarrow The maximal extraction yield of 94.72 % of
yarrow at 400 bar and 60°C is comparable with the
results of valerian, Data of extraction tests of yarrow
are given in Tab. 4.

Temperature | Pressure | Extraction
yield
25°C 100 bar 48,76 %
200 bar 6278 %
300 bar 52.05%
400 bar 53.73 %
40°C 100 bar 11.48%
200 bar 61.98 %
300bar | 69.39%
400 bar 75.95 %
60°C 100 bar 7.78 %
200 bar 74.58 %
300 bar 84,27 %
400 bar 94,72 %

Table 4: Extraction yields of yarrow

Gaschromatographic analysis A certain amount of
the CO, extracts was solved in n-hexane and
analysed by gas chromatographic method using a
flame ionisation detector (GC-FID). Also the
extracts of Soxhlet and fexIKA-extractions were
analysed and compared with the CO, extracts. A
characterisation of 2ll sobstances by gas
chromatographic method with mass spectrometer
detector (GC-MS) was not possible because the
library of the GC-MS was not suitable for natural
substances.

Only for valerian the substances isovaleric acid
and caryophyllene could be determined. The content
of active agents in the extract over extraction time
changes dramatically. At the beginning extracts
with high contents of these two substances are
produced and later on only by-products are present.
Up to 2.5 hours extraction time the concentration of




these two substances in the extract is much higher
than in the comparable Soxhlet and fexIKA
extracts. Therefore CO, extraction is suitable for
producing extracts with high concentration of active
agents if extraction lasts only for about 2.5 hours.

Conclusion

CO; extraction is a very sufficient process for
extracting and concentrating active agents from
plant materials containing cholagoga substances
like valerian, dandelion, St. Mary’s thistle and
yarrow. The extraction yields are a little bit lower
than with solvent extraction but on the other hand
the concentration of the active agents in the extract
is much higher which is of interest for
pharmaceutical  industry. Based on  these
experimental data and because of the excellent
extract quality the wuse for pharmaccutical
applications are tested.

This project was funded by the Jubilaumsfonds of
the Osterreichische Nationalbank (ONB project
number 6545)
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Supercritical fluid extraction and a comparison of essential oil from some mint hybrids have been previously
reported. This is one of our reasons to apply a modern method to a novel and interesting vegetable mater. This
paper presepaper presents results of our study in supercritical fluid extraction from different new hybrids of the
genus Mentha: Mentha M, and Mentha Mg. The process parameters influence has been studied ; pressure,
temperature, flow of carbon dioxide through the bed of mint plants.Some caracteristics of the plant have been
examined : particle size and also the cultivation conditions. The extracts were analyzed by gas capillary
chromatography and the major components have been identified by the retention times comparison.

Introduction

Supercritical fluids, demonstrated their qualities
and superiority to other fluids, being widely studied
and applied on research, pilot and plant level ,
particularly concerning mint [1]-[4]. To obtain a
concentrated extract with the flavour and fragrance
that of the genuine plant is a delicate task.
Compositions obtained by steam distillation
(essential oils), or by solvent extraction (concrete,
absolute )} do not give a correct picture of the
complex terpenoidic system present in the genuine
plant and responsible for olfactory and/or
pharmacologycal properties. Supercritical CO,
extraction avoid thermal degradation and solvent
poltution, giving compositions closer to vegetable
matrix than other methods do. Supercritical CO,
offers great possibilities for selective extraction,
fractionation and purification of essential oils
thanks to the possibility to adjust the composition of
the extract by varying the solvent density and,
consequently, its solvent power. Lamiaceae family,
one of the most valuable from plant kingdom, is
divided in two groups: one rich in essential oils,
with a large scale of applications in foed,
pharmaceutic and cosmetic industry and other rich
in iridoids, important for their antitumoral,
hepatoprotector, imunostimulating, anthalgique,
antibiotic and other pharmacological effects. The
genus Mentha, one of the most studied from
Lamiaceae consists of approximately 25 species
and a great number of hybrids [5]. Apart from their
morphological variability, most mint species are
characterised by a certain essential oil diversity.
Crossing experiments in this genus permitted to
obtain a wide variety of compositions and,
consequently, of olfactory and pharmacological
properties. Thai is why mint may be
considered« MotherNature'sChemicalFactory »
Romanian research was oriented to obtain new and
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performant mint hybrids, resistant to deseases and
unfavorable climatic conditions, with a good yield
of essential oil, and new valuable compositions [6]-
[8]. Supercritical fluid extraction and a comparison
of vyield and composition of supercritical fluid
extract and essential oil from some mint hybrids
have been previously reported [7,8]. These are one
of our reasons to apply supercritical carbon dioxide
extraction to interesting vegetable mater. This paper
presents resuits of our study about two different
new hybrids of the genus Mentha:Mentha M, and
Mentha Mg.

Materials and methods

a)Plant material.
Mint hybrid, named Mentha M, and Mentha Mg in
this paper, were obtained by E.Pop[8], cultivated at
Grid (country of Brasov), harvested 1996 and
1997, dried,vacuum packeged and stored in cool dry
place.

b)Supercritical carbon dioxide extraction

This is a home made apparatus, composed of a CO,
conditioning section {maximum CO, flow rate: 3-5
keg/h,), an extraction column ( height = 40 cm.,
diameter=23 mm.) and a series of three separators
[i0] where the solutes are recovered. Carbon
dioxide is supplied by Carboxyque Frangaise being
of industrial grade. Carbon dioxide flow rate is
measured by a mass flow meter (Coriolis effect,type
DHO006 from Rosemount). A gas totaliser is placed
after the separators to measure the volume of CO,
exiting the system. The column  is fed, at
atmospheric pressure, with the feed. The system is
closed and CO, is pumped into the column until the
pressure of the experiment was reached. The
content of the column is equilibrated during a 10
min period after which extraction started, Pressure
and temperature of the separators

GV.C,@.‘)




are mentioned in Table 1. The valves at the bottom
of the separators were regularly opened and the
precipitated solutes were recovered and weighed.
Each sample was analyzed by gas
chromatography. At the same time the sample was
recovered, the amount of gas passed through and
carbon dioxide flow rate, were registered.

¢} Gas capillary chromatographic analysis

GC analysis is used for kinetic supercritical fluid
extraction control and for  components
identification. All GC analyses were performed
using a Chrompack CP 9002 equipped with a CP-
Sil 5 CB capillary column {lenght: 10 m, internal
diameter: 0.25 mm, inlet pressure ; 35kPa.) and a
micro catharometer detector. Oven temperature

was initially at 50 °C for § minutes, temperatute
was then raised up to 250 °C at a heating rate of 8
°C/min then isotherm for 5 minutes. The
temperature of the detector and the injector was
200°C and 250°C, respectively. The carrier gas
flow (helium) was of 3 ml/min.. The splitratio was
regulated at 5 ml/min. The samples were dissolved
in hexane, or heptane and injected (the injection
volome was of 0.5 to 5 pl, depending on
dilution). The identification of the individual
components was accomplished by comparison
with pure standard components retention times:c-
thujene, sabinene, myrcene, 1,8 cineole, trans-
sabinene hydrate (Mentha M,) , menthol (Mentha
Mg), menthone, o-terpineole, menthyl acetate,
trans-caryophyllene.

NN

NN

Figure 1.Schematic presentation of the experimental apparatus

1. CO; cylinder, 2. Heat exchanger, 3. Liquid CO, reservoir, 4. High pressure pump,
5. Pulsations dampener, 6. Heat exchanger,7. Pressure regulation valve, 8. Mass flow meter, 9.Extraction column,
10., 11. and 12. Precipitation cyclones, 13. Flowmeter, 14. Gas totaliser
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Results and Discussion

A valuable extract is considered that which are the
closest possible to the vegetable matter. Because the
oxygenated monoterpenes have a foundamental
contribution to the flavour and fragrance of the
extract, the percent of these ones was used as a
quality parameter [11]; at the same time the
coextraction of unwanted compounds must be
reduced as much as possible.

In a preliminary study [9], the essental oil of two
have been studied Nepeta species :Nepeta
transcaucasica Grossh. and Nepeta cataria L.. The
extracts obtained by hydrodistillation and SC-CO2
were analyzed by GC-MS and compared. It seems
that the CO, extracts have a composition near to the
plant. The composition of the exiracts are not the
same. The yields have also been compared .For
example, in the case of Nepeta Cataria, the yield of
hydrodistillation was 0.49, that of supercritical
extraction (P = 100 bar, T = 40°C, At = 210 min.) is
0.87. The experimental conditions are mentioned in
table 1. Considering, Mentha M, , we have studied
the yield (Figure 2) depending on extraction

pressure and the influence of the size particle feed
(Figure 2). The yield is higher whith at 93-94 bar
than at 90 bar . It seems that a decrease of the
particle size does not contribute to an increase of
the yield. The extracts are analyzed by GC and the
percentage area of some identified components are
plotted versus time (Figures 3 to 5). When the
extraction pressure is 92-94 bar, it is possible to
obtain an oil with a better quality, regarding the
light components composition. Regarding the
evolution of heavy compounds ( heavier than
bicyclogermacrene) versus time, we could observe
that the heavy compounds extraction is increasing
as the particle size of the feed is decreasing(Figure
3). Two other process parameters are important :
CO; liquid or supercritical, downflow or upflow
CO, through the bed of mint plants.(Mentha
Mg)The extraction yield is better with liquid
(1.59%) than with supercritical CO, (1.1%) , but
more heavy compounds are extracted. The yield of
oil in the CO2 upflow mode reaches 1.1%
comparing to 0.66% in the CO2 downflow mode.
This result does not agree with the litterature[1).

Mentha |Exp. | Feed | Feed |Extraction | Extraction | At(1) | At(2) | Separators* Co2
hybrid | N° | Particle | Mass | Pressure | Temperature | (min.) | (min.) [ P(bar), T(°C) | Flowrate
size (g.) (bar) °C) (kg./h.)
{mm.)
MA3S5| 5 059 [ 1598 90 50 30 230 [:80,1.7 0.189
I1:40,4
MA35 | 7 0.59 16.11 92-94 50 15 240 1:80,1.7 0.212
(28/06, I1:40,4
06/07)
MA33 | 8 0.315 | 19.86 | 92-94 50 15 240 1:80,1.8 0.234
11:40.4
ME22a| 9 059 | 1626 | 92-94 50 15 210 1:80,1.8 0.215
11:40,3.8
ME22b| 10 .59 | 15.84 | 92-94 26.6 15 240 1:80,1.8 0.215
11:40,3.8
ME 2.2b| 11 0.59 | 1334 92-94 50 50 180 1:80,1.8 0.238
It :40,3.8

Table 1, CO, experimental conditions and results.((1),(2) :equilibrium and extraction duration respectivelly)
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Figure 2. Mentha My
% area heavy compounds versus time
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% area trans-sabinenchydrate versus time

Conclusion

All extracts obtained are vellow liquids at room
temperature, with a flavour very similar to the
starting material, in opposition to corresponding
essential oils which have an unpleasant flavour, iunie
The yield of extract as function of extraction time
followed for’all experiments a kinetic law typical of
essentiel oil extraction,being similat to those obtained
by other researchers [4]. Upflow of carbon dioxide
through the bed of cut plants is more effective than
downflow. Liquid carbon dioxide favorites
coextraction of large percentages of heavy molecular
weight compounds, as shown by the experimental
data, this fact is in accordance with the litterature[4].
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A crude preparation (0,2 U/mg) of esterase EP10 from Burkholderia gladioli was purified by treatment with
SC-CO,. The enzyme preparation showed high stability (activity increase to 120,7 %.) against 30 pressurisation
/ depressurisation steps at 35°C and 150 bar. Incubation for 24 hours in SC-CO; at 150 bar and 35°C bad less
effect on enzyme activity (103,8 %) than incubation at 75°C (residual activity: 62,3 %). By using a purified
enzyme preparation (0,4 U/mg) of esterase EP10 no significant effect has been observed. High pressure
extraction of crude esterase EP10 with CO, at different temperatures, pressures and incubation times exhibited
various amounts of activity increase, reaching the highest ones at 500 bar and 1 hour at 50°C (25,3 %) and
25°C (33,4 %). Several fatty acids have been identified in the SC-CO; extract by gas chromatography. The
addition of entraimers except hexane cause an activity decrease. Fluorescence spectra indicated no
conformational change and several biochemical assays no chemical modification of esterase EP10 after

treatment with SC-CQO,,

Introduction

Supercritical fluid extraction (SFE) represenis a
rapidly growing and useful technology with wide
fields of applications, The use of enzymes as
catalysts in supercritical fluids has been described in
the scientific literature since the mid-1980°s by
Randolph et al[l], Hammond et al. [2] and
Nakamura et al. [3]. The aim of the initial studies
was to demonstrate that enzymes are active in SC-
CO; and which factors cause enzyme inactivation or
decrease of enzyme activity.
Only one publication [4] deals with the fact, that
SC-CO, treatment leads to a significant activity
increase (21% and 35%) of a crude o-Amylase
mixed with E.coli or Baker yeast at a weight ratio of
9:1 during a sterilisation step at 200 atm and 33°C
for 2 hours. But Kamihira at al. [4] did not attach
importance to these results. SC-CO; is known to be
an unpolar solvent. Crude enzyme preparations

usually consists of many impurities like
carbohydrates, fatty acids, triglycerides,
phospholipides and other proteins. Proteins,

peptides and amino acids arc polar substances that
are generally insoluble in SC-CO,. After SFE they
are found in the residue [5].

The aim of this study was to investigate if SC-CO,
extraction is an appropriate techmique to purify
crude enzyme preparations of esterase EP 10 from
Burkholderia gladioli as well as to analyse the
presence of free fatty acids in the extract obtained
by this process. To exclude the possibility that
during processing enzymes become modified the
sample is  characterised by fluorescence
spectroscopy and biochemical methods. In addition
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attempts have been made to investigate whether
pressurisation / depressurisation steps  have
influence on enzyme stability of crude and purified
enzyme preparations. Besides long term stability
studies at higher temperatures were made to report
about the activity alteration of crude and purified
esterase EP10. To study the influence of entrainers
on the prepurification effect, polar and unpolar
organic solvents were added to the extraction
Process.

Materials and Methods

Materials; All chemicals used if not otherwise
stated were purchased from Merck (Darmstadt) and
were of p.a. (pro analysi) quality. The carbon
dioxide with a purity > 99,94 % (v/v) and a dewing
point lower than -60°C was purchased from Linde
(Graz) and stored in a tank with a capacity of 3200
L. 2-Nitrophenyl butyrate (o-NPB) was supplied by
Fluka (Buchs). Esterase EP10 (EC 3.1.1.1) from
Burkholderia gladioli crude (0,2 U/mg lyophilisate;
given by the supplier) and chromatographically
(HIC) purified (0,4 U/mg lyophilisate, given by the
supplier) was a gift (activities given by the
manufacturer)  from  the  Department  of
Biotechnology, University of Technology Graz.
Specification of esterase EP-10: recombinant
enzyme overpressed in E.coli BL21 [DE3]. Lipase
from Aspergillus niger was supplied by Fluka
(Buchs). Hexanc (HPLC quality), 2,4,6-trinitro-
benzensulfonic acid purum (TNBS) and 5,5°-
dithiobis(2-nitrobenzoic) acid were purchased from
Fluka (Buchs). 2,4-Dinitro-phenyl-hydrazine was
supplied by Sigma Aldrich and bovine serum




albumin (purity > 98 %, fatty acid free) was a gift
from Himosan (Austria). Coomassic Brilliant Blue
G-250 was provided from Serva. Celluloseacetate
filters (not sterile, 0,22 pm) were supplied by Roth
(Karlsruhe). Karl Fischer solutions were purchased
from Merck (Darmstadt).

Methods: Following assay was used for enzyme
activity measurements before and after treatment
with SC-CO;:

Esterase Assay: 10 pL of a substrate solution (84 pL
0-NPB dissolved in 916 pL ethanol absolute) was
added to 990 pl of an enzyme solution (100 pg
esterase EP-10 / mL in 0,1 M Tris(hydroxymethyl)-
aminomethan / HCl pH = 7,0). The linear increase
of absorbance at 420 nm after seven minutes of
incubation was used to determine the enzyme
activity.

Crude EPI0; 0,26 U / mg lyophilisate; purified
EP10: 0,44 U / mg lyophilisate

All absorbance measurements were performed at
25°C with a2 Shimadzu UV 160A spectrophotometer
equipped with a Lauda RMS6 temperature control,
Tryptophan fluorescence: Fluorescence spectra of
the intrinsic fluorescence of the clear solutions of
the proteins (0,1 mg/ mL) were recorded with a
Perkin Elmer LS50B spectrofluorimeter (instrument
settings: excitation wavelength 280 nm, emission
wavelength 300-420 nm, excitation / emission slits:
3 nm, scan speed 400 nm /min). The emission
spectra recorded are the average of 10 scans.

The proteins were dissolved in the same buffer
solution as used for activity measurements and the
emission spectra were recorded at 30°C.

Water content of the proteins were determined by
Karl Fischer titration at 55°C.

For the characterisation of the enzyme powder
following assays were used; Bradford assay for the
determination of the protein concentration of the
enzyme preparation {6], Carbonyl assay for
identification of oxidant modification in the protein
[71. Sulfhydryl assay to calculate the amount of
sulfhydryl groups per mg enzyme powder [8].
TNBS-reactive lysine was estimated according to
Kakade and Liener [9).

Gas chromatographic extract analysis: Esterification
of the extract was performed as described in [10] for
the analysis of free fatty acids. Fatty acid methyl
esters were separated by a HP 5890 Seres II GC
equipped with a flame jonisation detector (detector
temperature 300°C) and a temperature controlled
autosampler (column: DB-WAX (J&W Scientific)
60 m x 0,323 mm; with a film thickness of 0.5um,
split 1:10). Hydrogen was used as a carrier gas at a
flow rate of 0,934 ml / minute. Following
temperature program was used ; 210°C (4 minutes),
210-240°C (5°C / minute) and 240°C. Peaks were
identified by external and internal standardisation
using a fatty acid methyl ester mixture from
Supelco.
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Long term stability: The enzymes were balanced on
a filter paper and the folded filter was put into an
enzyme reactor (140 mL) placed in a water bath
(temperature: 75°C and 35°C). The temperature
inside the reactor was measured by means of a
platinum sensor. CO, was compressed by a piston
pump up to 150 bar and the enzyme was incubated
at these conditions for 24 hours. During the
depressurisation step, temperature never remained
under 50°C / 25°C. After incubation the enzyme
was stored at -18°C.

Pressurisation / Depressurisation experimenits: The
same reactor as described above was utilised. The
enzyme was now incubated for 1 hour in SC-CO; at
150 bar and 35°C. Afterwards it was depressurised
to atmospheric pressure (this step lasted about 6
minutes) and again pressurised to 150 bar. This
working step was repeated for 30 times. After that,
the enzyme was stored at -18°C in the deep freezer,
High _ pressure  extraction: The extraction
experiments were carried out in a Spe-ed-SFE
{Applied Separations) high pressure COp-extraction
plant, Afier the vessel was put in the oven of the
extraction plant, the CO,-inlet pipe was fixed at the
bottom of the extractor and the outlet pipe at the
top. Extraction experiments were carried out at
different pressure (200 bar, 350 bar, 500 bar) and
temperature levels (25°C, 50°C, 60°C) and different
extraction times (30 min, 60 min, 120 min). The
CO, flow rate was always about 44L / min
Pressurisation and depressurisation steps were
carried out slowly and lasted about 10 + 3 minutes.
During depressurisation the temperature never
remained under 20°C.  After high pressure
extraction the enzyme was stored at -18°C in the
deep freezer.

Addition of entrainers: Different solvents
(methanol, ethanol, acetone, isobutamol, hexane,
heptane, octane} were placed at the bottom of the
extraction vessel, whereas the enzyme was placed at
the top of the vessel, in a manner that there was no
direct contact between the modifier and the enzyme.
The amount added to the CO, was about 0,7 %
(w/w) for cach entrainer. The extraction conditions
when using an entrainer were always set to 50°C,
500 bar and 1 hour extraction time.

Results and Discussion

Effect of long term incubation on enzyme
stability: While enzyme activity of the purified
enzyme preparation did not change markedly
(residual activity: 93,7 % at 75°C and 98,7 % at
35°C), the activity of crude esterase EP10 decreased
to 62,3 %, when incubating at 75°C, but did not
change significantly at 35°C (103.8 %)
Temperature enhancement seems to have more
influence on enzyme stability of crude EP10 than
incubation time,




Effect of 30 pressurisation / depressurisation cycles
on enzyme stability:

Fig.1 shows the enzyme activitics after 30
pressurisation / depressurisation cycles with SC-
CO2 at 35°C and 150 bar. Each incubation step
lasted 1 hour. The experiment had no effect on the
purified enzyme preparation and the appearance of
the white powder did not change at all. The 30
pressurisation / depressurisation cycles did not
generate any activity loss, in contrary. The enzyme
activity of crude esterase EPIO increased
significantly to 20,7 %. The crude enzyme
preparation became a bright yellow dry enzyme
powder by supercritical fluid treatment. An
important fact is, that after each depressurisation
step the enzyme was contacted with fresh CO;. This
led to a better cleaning effect of the enzyme.
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Figure 1. Comparison between enzyme activity of
¢rude and purified esterass EP10 before
and after 30 pressurisation /
depressurisation steps at 35°C and 150 bar
with SC-CO..

High pressure extraction with SC-CO,: To find the
best extraction conditions for crude EP1Q, three
different temperatures, pressures and extraction
times were investigated. While two variables were
kept constant, the third one was varied. Table 1
shows the results of this investigation,

Tablel. Enzyme activity of crude EP10 (= 50 mg)
afier high pressure extraction with SC-CO..
The enzyme activity of the untreated
enzyme was set 1o 100 %.

conditions activity [%]

mean + 8D

25°C, 1h, 500 bar (p = 133,4 £4,79

1035g/L) 1253 +7,39

50°C, 1h, 500 bar (p = 963 g/L) 110,7 +3,94
60°C, 1h, 500 bar (p = 934 g/L)

50°C, ¥ h, 500 bar (p = 104,1 £ 545

963g/L) 125,3+£7,39

50°C, 1h, 500 bar (p = 963 g/L)) 114,5£4.90
50°C, 2h, 500 bar (p = 963 g/1.)

30°C, 1h, 200 bar (p = 784 g/L) 112,2 + 4,92

50°C, 1h, 350 bar (p = 899 g/L) 113,6 + 7,81

50°C, 1h, 500 bar (p = 963 g/L) 1253 +7,39
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The highest enzyme activity increase (25,3 %) was
achieved with supercritical CO, at 50°C, 500 bar
and 1 hour extraction time and with liquid CO, at
25°C, 500 bar and 1 hour extraction time to 33,4 %.
In the field of high pressure extraction, CO. density
plays an important role. The larger the density of
CO, the higher prepurification effect can be
observed. The activity enhancement of crude EP10
treated at 60°C and 500 bar for one hour amounts to
10,7 %. At this temperature thermal instability gets
more and more important. An optimal extraction
time was found at 1 hour. Extracting for only 30
minutes does not yet show full purification effect
(4,1 % activity increase). Whereas longer extraction
times (e.g. 2 hours) alrcady cause increasing
inactivation of the enzyme and no further impurities
can be removed.

Solubility of unpolar substances in SC-CO, also
depends on pressure. When extracting crude EP10
at 200 bar and 350 bar at 50°C for one hour the
results did not show significant differences (112,2
% and 113,6 %) although CO, density enhances
from 784 g/L to 899 g/L. Increasing pressure from
350 bar to 500 bar gives an enhancement in
purification effect from 113,6 % to 125,3 %. That
means that an efficient purification of crude esterase
EP10 is only obtained at pressures higher than 350
bar or / and CO; densities higher than 900 g/ L.
There is also a great difference in appearance of
crude esterase EP10, before and after treatment with
SC-CO, (extraction at 50°C, 500 bar, 1 hour). The
crude enzyme preparation has a yellow colour and a
fatty comsistence (water content: 6,7 + 0,42 (w/w)),
while the treated enzyme preparation shows a
brighter yellow tint and a powdery consistence.

To investigate the influence of SC-CO; extraction
on purified preparations of EP10, two experiments
were carried out under the same extraction
conditions as those which had given the highest
activity increasc with the crude preparation of
EP10.

The enzyme activities of both extractions were
slightly higher (at 50°C: 108,1 + 6,58 %; at 25°C:
109,0 + 5,72 %) in comparison to the untreated
reference sample (100 %), but did not reach the
values of the crude preparation. In fact, the
chromatographically purified white enzyme powder
(water content; 9,5 = 0,38 (w/w)) has less unpolar
impurities which are soluble in SC-CO, than the
crude preparation.

Fig. 2 shows the residual enzyme activity of crude
preparation of esterase EP10 when extracting the
enzyme at 50°C, 500 bar for one hour and adding
an entrainer with an amount of 0,7 % (w/w) for
each solvent.
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Figure 2, Comparison between residuoal activities of
crude esterase EP10 after SC-CO, with
different entrainers (0,7 (w/w)) at 50°C,
500 bar and 1 hour and crude esterase
EP10 untreated.

While unpolar solvents strengthen the unpolar
nature of SC-CO;, polar entrainers can also solve
polar impurities like carbohydrates. But neither the
polar medifiers (ethanol, methanol, acetone,
isobutanol) nor the unpolar entrainers (hexane,
heptane, octane) caused a further activity increase
(except hexane) on the contrary they inactivated the
enzyme. One possible reason might be, that during
pressurisation droplets of the entrainer were
dragged along by the CQj stream and therefore
moistens the enzyme. But this effect could not be
determined, because no sight glasses are installed in
the reactor.

Characterisation of the enzyine powder:;

Bradford assay; The protein concentration of crude
and purified esterase EP10 was analysed and
compared with those enzyme preparations which
were extracted at 50°C, 500 bar and 1 hour without
adding an entrainer, The protein content of the
crude preparation is much higher than of the
purified one, because all other foreign proteins are
also detected by this method. The value of the
purified preparation (3,58 % (w/w)) represents the
real amount of esterase EP10 in the preparation.
Because of the purification effect of the SC-CO,
extraction the protein content of the crude
preparation of EP10 changes to a 4,53 % higher
amount (protein content of the untreated
preparation was set 100 %). The protein content of
the purified preparation ¢id not increase
significantly (1,12 %). This is due to the fact that
the prepurification effect of SC-CO; extraction is
markedly higher in case of crude EP10 than purified
EP10,

Carbonyl assay / Sulfhydryl test / TNBS test: The
amount of carbonyl groups / sulfhydryl groups /
amino groups of crude preparation of esterase EP10
was measured before and after treatment (50°C, 500
bar, 1 hour) with SC-CO,,

The results are the values per gram enzyme
preparation and are listed in Table 2.

Table 2. Values of carbonyl groups / sulfhydryl
groups / amino groups of crude preparation
of esterase EP10 before and after treatment
(50°C, 500 bar, 1h) with SC-CO..

Carbonyl  Sulfhydryl

TNB 5
Assay test S test
[pmol carbonyl [pmol [nmol NH»
groups/g] sulthydryl groups/g]
groups/g]
crude
i +
untreated 198+0,83 0,2540,001 94+0,34
treated

(50°C, 1h, 22,4+0,71 0,270,005 10,9 +0,21
500 bar)

increase

] 16,0

13,1 8,0
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The values of the treated enzyme preparations are in
cach instant 2 small amount higher (8,0-16,0 %)
than those of the untreated ones. The reason is that
through treatment with SC-CO, a prepurification
effect of the enzyme preparations has been obtained.
Fluorescence  spectroscopy: No changes of
fluorescence emission maxima (< 1,5 nm) of the
tryptophan residues before and after SC-CO»
treatment can be observed, indicating that no
conformational change of the protein occurs. High
pressure extraction with SC-CO; does not cause any
sustained changes of the enzyme.

Fatty acid analvsis: During the high pressure
extraction of esterase EP-10 an oily, vellow extract
was separated. The extract contained the following
free fatty acids:

As the main components palmitic acid (C16:0),
stearic acid (C18:0) and oleic acid (C18:1) were
identified. In the extract also myristic acid (C14:0),
palmitoleic acid (C16:1) and linoleic acid (C18:2)
Wwere present.

Conclusion

The results show that a crude preparation of
esterase from Bukhiolderia gladioli can be purified
by treatment with SC-CQ,. The separation of fatty
acids leads to a higher protein content in the
enzyme powder and a significant higher enzyme
activity.
Several biochemical and biophysical methods show
that no conformational change during the extraction
appears.
A forther intention in future will be to check other
crude preparations of different enzymes, in
particular those which have unpolar impurities and
are commonly used in industry.
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The fruit of the Tucuma palm (4strocaryum vulgare, Mart.} is a rich source of oil. Its dried pulp has got an oil-
content ranging from 33 to 47,5 % corresponding to an oil-content of about 16 % in the fresh pulp. This oil of
high nutritional value is edible and tasty. It contains about 51,000 UI of vitamin A activity, corresponding to
2,000 ppm of carotene. This carotene content is much higher than that of other fruits. Extraction experiments
were carried out at temperatures of 40, 55 and 70°C under their respective pressures (200, 250 and 300 bar). A
high pressure cxperimental apparatus with a continuous flow through a fixed bed was used, allowing an
independent control of temperature, pressure and flow rates. About 20 g of dry tucumd pulp, with a medium
diameter of 0.5 mm, was placed in a 1.76 cm diameter fixed bed with a height of 18 cm. The experiments have
been carried out at three flow rates, 5, 10 and 15 Vmin (measured under room conditions). In the constant
extraction rate period, the oil concentration at the outlet of the extractor did not change at 5 and at 10 V/min flow
rates. This concentration was taken as the saturation concentration or solubility, The extracted oil was analyzed
by spectrometry and gas chromatography of the methyl esters. A sharp increase in the carotene concentration in
the oil was observed during the extraction. This increase started when the extracted oil reached a weight of 4.5 g,
corresponding to 75% of the extractable oil. At this point the extraction curve changes from the linear part to the
non linear one.

Introduction coextracted in higher amounts, much higher than
The Palm fruits from the Amazon region are expected. This is because the lipids act as a entrainer
abundant and promising sources of high nutritionat [6].

vegetable oils. Tucumd (Astrocaryum vulgare, Previous studies have been conducted to determine
Mart) is a palm fruit similar to the Palm Oil fruit the quality of oil extracted from many oil palm fruits
(Elaes guineensis), which grows near to rivers but in such as burniti (AMauritia flexuosa) and dendé (Elaes
areas not covered with water, The fruit, with a guineensis) . Durng the extraction, these
weight ranging from 30-35g, consists of the pulp and investigations showed a significant increase in the
the pit (kernel and hard peel), each one of them carotenioid concentration in the oil, reaching highly
having 50% of the total weight. Its dried pulp has concentrated fractions in the decreasing extraction
got an oil content ranging from 33-47,5%, about rate period [7,8]. '

16% of the fresh pulp. The kernel contains 30-50% The objective of this paper is to study the extraction
corresponding to an oil-content of about 10% of the rate of oil from the dried tucumi pulp using
whole [I, 2, 3]. supercritical CO, as a function of pressure,
The oil from the Tucumi pulp is an edible and tasty temperature and solvent flow rate. The effect of the
oil with high nutritional value. It contains about pressure and the temperature on the solubility is
51,000 UI of vitamin A activity, corresponding to discussed. extraction conditions on. In addition, the
2,000 ppm of carotene which is higher than that of composition of lipids and carotenes is evaluated.
other fruits [3]. Moreover it has a high amount of

tocopherol and high content of unsaturated fatty acid Materials and Methods

compounds. Because of this the Tucumi palm has Materials. The tucuma fruits were picked from palm
become the object of some studies in the recent trees located in fluvial areas, with marine influences,
years. Today, only a few of these palms are in the municipal district of Sfo Caetano of Odivelas
cultivated and exploited, and the processing of many and on the island of Marajé, in Pard. The fruits were
fruits is still on a small commercial scale. treated with vapor, for about 30 minutes in order to
As the carotene is a thermolabile and unsaturated facilitate the separation of the pulp from the pit and
molecule, the use of high temperatures or chemical to inactivate the enzyme lipase which causes the
products can destroy it, either by degradation or by decomposition of the oil. After the separation, the
oxidation, Because of this, the use of supercritical pulp was dried in a oven with circulating air
CO;, has been studied as an alternative method to (FABBE, Brazil, mod. 179) for 36 hours at 60°C.
extract the high value preduct, such as carotene and Then the pulp was ground in a comminuting mill
tocopherol [4, 5, 6]. In this extraction many fat (Geratetechnik, Germany, Mod. A-70) and passed
soluble compounds such as carotene and tocopherol, through a 1,0 mm sieve. The dried material was
which are poorly soluble in CO, are often packed in plastic bags and kept in a refrigerator at
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about 278 K. The 99,9 % carbon dioxide was
delivered by S. A. White Martins (Belém, Brazil).
Apparatus. The extractions were performed with the
apparatus shown in Figure 1, which has been
described previously [8]. A ¥4” steel tube (ID = 1.76
cm, H = 20 cm) containing the raw material, was
inserted into a 1000 cm’ stainless steel autoclave
extractor. Between the steel tube and the internal
wall of the autoclave there was a seal to assure no
by-pass of the flow. The recycle valve in the gas
compressor was used to control the gas flow. A
thermostatic bath (Haake Mess-Technik GmbH,
Karlsruhe, Germany, Model: N3) has been used to
maintain the operation temperature constant inside
the jacket of the extractor and the extractor
temperature was measured by a NiCr-Ni
thermocouple with a precision of £ 0.5 K (SAB
GmbH & Co, Viersen, Germany, Model: MTE-303).
The pressure inside the extractor was monitored by a
bourdon manometer with a precision of £ 0,1 MPa
(Wika Alexander Wiegand GmbH, Klingenberg,
Germany, Model: 332.30, 0 - 40 MPa). In the
control valve, the oil and gas phases were separated
by simultaneous pressure reduction and heating, and
the oil was collected in the glass tube inside the
separator, (a 130 cm® small stainless steel vessel).
The gas is passed through a flow {otalizer (Bopp &
Reuter Mess-Technik, Alemanha) before being
exhausted,

Raw material characterization. In order to
characterize the tucumi dried pulp the following
analysis was made: a) density, by the picnometry
method, using as a fluid the finest fraction of the
dried kaolin sieving (53-74 pm diameter) [9]; b)
Humidity, by drying the material at 105°C, until
constant weight; ¢) lipids, by AOCAC 92039
standard method [10]; and d) protein by AOAC
320.176 standard method [10], using 6.25 factor.
Carotene determination, The extracts (20-30 mg)
were analyzed using a spectrophotometer UV/Vis
(CELM, Brazil, Mod. E225D). They were diluted in
10 ml of petroleum ether (CHEMCO, Brazil, 30-

Compreseor

Gas Flowmeter

€

Figure 1. Flowsheet of the extzaction apparatus

60°C) and the absorbance was read at 450 nm. The
carotenes in the extracts were calculated in terms of
p-carotene using a standard absorbance curve
calibrated with p-carotene (&> 99 %, Merck,
Darmstadt, Germany). The standard curve was
prepared with 0.1 g of B-carotene diluted up to 100
ml in petroleum ether. Aliquots taken from this
solution were then diluted to 5 different
concentrations, The absorbance was read at 450 nmn.

Chromatographic analysis. About 0.1-1g of the
extract was saponified with NaOH 0.5 M, under
reflux for one hour. Then the solution was washed
several times with hexane. To this aqueous solution
HCl 1.0 M was added, until pH = 1 was reached.
The fatty acid was extracted from this solution by a
mixture of hexane and diethyl ether (1:1). Later the
solvent was cvaporated at 60°C and the fatty acids
were esterified with methanol and a small amount of
sulfuric acid, used as catalyzer, by boiling it for two
hours under reflux. 1.0 mL of hexane and 2.0 mL of
diethyl ether were added for each 6.0 mL of solution
and completed with water up to 50 mL. This
solution was shaken vigorously and later put to rest.
The organic phase is separated with a capillary
pipette and injected into a gas chromatograph (HP,
mod. 5830 A), equipped with a flame ionization
detector and a Carbowax 20 M column (25 m x 0.32
mm x 0.30 pm). The carrier gas was heliom (1.89
ml/min). The temperature was kept at 383 K for 1
min, then risen to 443 K at 10 K/min and kept at this
temperature for 2 min, then risen again until 446 K
at 1.5K/min and finally up to 453 K at 1 K/min, and
kept at this temperature for 7 min. The temperature
of the detector was 493 K and that of the injector
was 383 K. The analysis was performed comparing
the obtained peaks with those obtained by standard
solutions of fatty acids methyl esters. The
unidentified peaks were not taken into consideration.
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Results and Discussion

The solid material used in all extractions had the
characteristic shown in Table 1. The mean diameter
before the extraction was 0.55 mm and after it was
0.35 mm,

Table 1: Characteristic of the tucumd dried pulp

humidity 2.60 % wiw
density 0.724 g/em’
total amount of lipids 30.52 % wiw
total amount of proteing | 5.46 % wiw

The extraction experiments have been carried out
with 20.0 g of tucum3 dried pulp, at 313, 328 and
343 K under their respective pressures (20, 25 and
30 MPa), using a gas flow corresponding to 10.0
L/min, under room conditions, The average height of
the fixed bed in the tube was 18.0 cm before and
13.5 cm after the extraction, The extracted material
was then submitted to a soxhlet extraction to verify
the remaining amount of oil. The residual humidity
was also determined. The extractions were executed
twice at the same temperature and pressure. The
average values and their medium deviation can be
found in Table 2.

Table 2: Survey of the total amount of extracted oil

P T Amount of extracted oil | Humi

MPa | [K] gl dity

CQO. hexane | total | [%]

30 313 6.17 0.21 6.38 1.37
+0.01 | £0.02 +0.28

25 313 6.14 0.22 636 | 1.24
+0.02 | £0.04 +0.16

20 313 6.19 0.22 641 132
+ 0,01 +0.01 +0.14

30 328 6.16 0.22 638 1.43
+0.03 | £0.03 +0.13

25 328 5.99 0.40 {6401 1.59
+0.04 | £0.07 10,21

20 328 4,29 208 |637| 172
+0.03 | £0.18 +0.13

30 343 6.18 023 641 135
+0.01 | £005 +0.12

25 343 3.72 072 [ 645] 1.69
+0.06 | =017 +0.07

20 343 3.05 3.29 634 1.97
+007 | £0.14 +0.10

The experimental error was: + 0.5 K for temperature
and + 0.1 MPa for pressure.

All extractions showed good reproducibility, and the
first part of the extraction curve was linear,
characterizing the period of the constant extraction
rate which goes up to 4.5 g of extracted oil. From
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this point on, the extraction curve presented a
decreasing extraction rate period. In the case where
the extractions were not performed completely, the
extraction curves was a straight line until 4.5 g (see
Figure 2). Extraction rates obtained in all
extractions, at different temperatures, at 30 MPa,
presented similar values. These values were slightly
higher than that obtained at 25 MPa and 313 K.
Since the extraction rate is directly propocional to
the solubility at constant solvent flow rate, the solute
vapor pressure increase should make up for the
density decrease, when the temperature increases. In
fact, this intersection point for the isotherm
solubility has been observed for soybean oil in CO,
at about 28 MPa [11].

The smallest extraction rate was observed at 20
MPand 343 K. The extraction curves obtained at 20
MPa and 313 K were identical to those obtained at
25 MPa, for 328 and 343 K. The extraction curves
with different configurations are presented in Figure
2,

Time [min}

Figure 2 Experimental extraction curves. The data
points represent an average of two determinations,
with 18 g/min.

Two experiments, one with a higher flow rate, 27
g/min, and another with a lower flow rate, 9 g/min,
were carried out to verify the behavior of the outlet
oil concentration, The condition was that of the
maximum mass transfer rate, 30 MPa and 343 K.
The plot corresponding to the mass of the extracted
oil versus mass of CO, had no change in the range
from 9 to 18 g/min (10 L/min, under room
conditions), But at 27 g/min a decrease of the slope
was observed. Therefore it can be assured that the
solubility for the intermediate flow rate was reached.
Since the other experiments were done using a flow
rate of 18 g/min, the outlet oil concentration can be
taken as the solubility. A linear regression was
performed on the experimental data corresponding
to the linear part and the average values for each
condition are presented in Table 3.




At constant temperature the solubility increases as
the pressure increases. Nevertheless, at 313 K, the
increase in solubility is small in the range from 25 to
30 MPa, it is smaller than that observed at other
temperature, At 30 MPa, the solubility values were
approximately the same, for the three studied
temperatures. A similar behavior has been observed
for primrose oil solubility within the range from 313
to 333 K [12]. The cffect of pressure on tucumi oil
solubility is shown in Figure 3. A comparison with
the canola seed oil solubility data reported in
literature shows a good agreement at 343 K for all
pressures. A good agreement is also observed at 20
MPa for all temperatures.

Table 3; Tucumi oil solubility in supercritical CQOs,
in mg/g CO,.

Pressure Temperature [ K ]
[MPa]
313 328 343
30 5.42 5.09 574
+0.22 +0.16 | +0.11
25 5.01 3.39 2,70
+0.09 +0.05 | £0.04
20 3.00 1.86 1.27
+0.04 +0.03 | +0.03

In Figure 4, the tucumi oil solubility is plotted as a
function of temperature, at studied pressures. At 20
and 25 MPa, the solubility decteases with the
increase in the temperature, whereas at 30 MPa the
solubility decreases until the minimum value at 328
K, and then increases with the increase in the
temperature. The dependence of the solubility on the
temperature changes because at low pressures the
solution enthalpy is negative whereas at high
pressures it is positive [14].

12| B 3BBK
® 32K
1| A& 33K
40

Solubility [mg/g CO,)

N T 0 B w0
Pressure [MPa]
Figure 3: The effect of the pressure on the tucomi
oil solubility, The lines represent data of literature
for canola seed oil [13]
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Figure 4: Solubility of tucumd oil in CO; as a
function of temperature.

Carotene. To evaluate the behavior of carotene
concentration in the oil during the extractions by
CO,, the oil from the soxhlet extraction was used as
reference, This oil presented about 2000 ppm of
carotene. A sharp increase in the carotens
concentration during the extraction could be
observed, This increase starts at about 4.5 g of the
extracted oil. At this point the extraction curve
changes from linear to non linear. All extractions
showed the same behavior: a constant carotene
content until 4.5 g and a sharp increase after that.
The carolene conceniration at the end of the
extractions was always about 10,000 ppm. In Figure
5, the configuration of the carotene concentration for
several extractions is depicted.
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Extracted oll [g]

Figure 5: Carotene yield versus amount of extracted
oil

It could be observed that pressure and temperature
do not influence the configuration of the carotene
concentration in the extracted oil. All extractions
which have been carried out completely lead to an
entire depletion of the carotene from the raw
material,

The course of the carotene concentration offers the
possibility to separate the extract in two fractions:
one with 75% of the oil, containing 1,000 ppm of




carotene and other with 25% of the oil, containing
more than 5,000 ppm.

Fatty acid methyl ester. In order to verify the change
in the oil composition in retation to the fatty acids, a
Gas Chromatography (GC) analysis was carried out
on the taken samples. The examined samples were
those obtained at 328 K, at different pressures, 30,
25 and 20 MPa To compare the results of different
extractions the fatty acid distribution was plotted
against the amount of extracted oil. The results are
depicted in Figure 6.
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Figure 6: Fatty acid distribution versus amount of
extracted oil.

The composition of the fatty acids only shows a
slight change. The palmitic acid concentration is
increasing during the extraction. The concentration
of linoleic acid and stearic acid remains nearly
constant, Other fatty acids which represent lower
molecular fatty acids, from C8 to C14, show a slight
increase during the extraction.
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- Powder Generation by high pressure Spray Processes
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The use of supercritical fiuids to generate solid particles with specific properties is investigated world-wide by
numerous groups. Often the aim is, to obtain particles with micron and submicron size. Several methods for
powder generation by supercritical fluids“ are known and meanwhile a broad range of applying the different
methods to inorganic and organic compounds is covered. These methods are compared in terms of their
technological properties (mode of operation, gas consumption, pressure, volume of high pressure equipment,
separation of solids from gas and liquid). Considering large-scale applications, a continuous operation mode with
reasonable gas consumption is favored. Such a process is described for manufacturing powder coatings by a
continuous process for mixing and powder generation. A plant, with a capacity of 20kg/h of powder, and the
process features will be presented. The process may not only be applied to reactive mixtures like coatings, but
also for powder generation from non-reacting polymers, blends and other compounds, like e.g. emulsifiers, fats
or natural products,

In addition to particle size reduction, gas driven spray processes also offer new possibilities for producing
enlarged particles. This is exemplified by the so-called CPF-technology (Concentrated Powder Form). By
spraying gas saturated solutions and admixing a solid carrier material with the spray, powderous agglomerates
with unusual high liquid concentrations of up to 90wt% are obtained. One fimction of the gas, which must be at
least partially soluble in the liquid, is to generate small droplets. These droplets may infiltrate porous substrates
or may agglomerate solid, non-porous carrier materials. Infiltration and agglomeration is promoted by the
expanding gas which causes an intensive mixing between liquid and solid substrate. Properties as liquid
concentration, release and dispersion of active ingredients may be adjusted to customer needs.

Processes for Particle generation  with Based on this methods a large number of
compressed gases applications, both for organic and inorganic
substances were developed. The particles and
powders are to be used for electronic, ceramic, food,
pharmaceutical, coating, textile, cosmetic, polymer,
chemical or biotechnological applications.

Even in the first publications on solubility
phenomena under near-critical conditions the
formation of ,snow* by expansion of a binary
solution was described [1]. Precipitation of solids

from liquid solutions by addition of pressurized A principle flow scheme of the high pressure
gases was already proposed at the beginning of this micronisation process and the RESS-process is
century [2]. In the 70's and 80s processes based on shown in fig. 1.

these (perhaps meanwhile forgotten) observations
were developed. These processes, that have been
studied intensively by numerous groups, are:

s High pressure micronisation [e.g. 3,4] __,@
¢ RESS (Rapid Expansion of a Supercritical

Solution [e.g. 5] Autodave |
¢ GAS (Gas Antisolvent Process) [e.g. 6]

In the past 10 years modifications and additional
processes have been proposed:

Spray chamber

e PCA (Precipitation with a compressed Anti-
solvent) '

s SEDS (Solution Enhanced Dispersion of Solids)

o PGSS (Particles from Gas Saturated Solutions)
[7.8]

Preheater

Fig, 1. High Pressure Micronisation, RESS-Process

! A description and a survey on the state of the art
for the different processes is given in [9].
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In a pressure vessel, the substance to be powdered
(in most cases a solid) is dissolved in a supercritical
gas. Due to the limited solvent power of the gas
rather high pressures have to be applied to dissolve a
certain quantity. Characteristic conditions are
pressures up to 600 bar with rather low mass
concentrations of a tenth of a percent up to some
percentage of the substance to be powered. Thereby
gas comsumption may reach some hundred
kilograms per kilogram of powder. The supercritical
solution is expanded in a nozzle. To avoid plugging,
the solution is preheated. During expansion,
temperature and pressure decrease rapidly, causing
the dissolved matter to precipitate in a fine dispersed
form. Quantitative collection of the particles that are
diluted in a large amount of gas is a challenging
task, that has to be solved if large quantities of
powders are to be produced.

The GAS/PCA/SEDS-process overcomes the limited
solvent capacity of supercritical gases for substances
with high molecular weight by using a classical,
liquid solvent. The solvent is saturated with the
substance to be powdered. This selution is diluted by
contactinng it with a supercritical gas. The above
mentioned processes differ in the way how this
contact is achieved {e.g. spraying the solution in a
supercritical gas, spraying the gas into the liquid
solution and so on). The solvent power of the
classical solvent is reduced by the gas, initiating
precipitation of the substance to be powdered. The
following steps are filiration and drying of the fine
dispersed solid material. The dried powder has to be
removed from the autoclave and the drying gas must
be separated from the used solvent.

The restrictions arising from the difficult product
and gas-recovery in the RESS- and GAS/PCA/SEDS
-processes are avoided by the PGSS-method (fig. 2).

]—> Gas

o i

Y Aataclave b

Cyclone Flectric fifter

Mediom Fine
fraction fraegion
Sprovtower

Coprse
ftaction

Fig. 2: PGSS-Process

In a laboratory sefup, the substance to be powdered
is melted in an autoclave, A pressurized gas is
dissolved in the melt and forms a solution. At
moderate pressures (typically between 70 and 200
bar) gas concentrations of 5 to 50 wi% in the
melt/solution are obtained. The dissolution of gas in
a liquid substance is even possible, when the gas
possesses no solvent capacity for the substance to be
powdered. The gas saturated solution is expanded
a nozzle. Cooling and volume increase of the
released gas causes the substance to precipitate in a
fine dispersed form. The rather low amount of gas
(<0,1kg....1kg of Gas’kg of powder) makes
sedimentation in a spray tower and centrifugal forces
in a cyclone an useful tool for powder separation.
Small particles might be collected by electrical
forces or fine filters,

In tab. 1 some features of the deseribed processes
are summarised and compared.

RESS GAS/SAS/ | PGSS

PCA
Establishing | discont. | semicont. cont.
gas contai-
ning solution
(ias demand high medium low
Pressure high low to low to

medium | medium

Solvent none yes none
Volume of large medium to small
pressurized large
equipment
Separation difficult easy easy
Gas/Solid
Separation not difficult not

Gas/Solvent | required required

Tab. 1: Technological features of RESS, GAS and
P(SS-process - Comparison

From this comparison it can be said, that the PGSS-
process offers certain advantages if a competitive,
large-scale production is considered. The amount of
required gas is low and the separation of gas and
powder can be achieved by approved methods. An
important feature is the possibility for a fully
continuous operation. This will be further illustrated
on a process for producing powder coatings,

Continuous production of powder coatings by the
PGSS-process

The classical process (fig. 3) for manufacturing of
powder coatings comprises to establish a premix
(AB,C,D) of the ingredients (binder, hardener,
filler, colour, stabilizer, lubricants, degassing agent).




This premix is melted and homogenized in an
extruder (2-4).
A

Fig. 3: Classical process for manufacturing powder
coating [10]

The fluid mixture is cooled, solidified, grinded, air-
milled and sieved to the wanted particle size (5-8).
Some drawbacks of this process come from powder
losses, from the economical obtainable minimum
particle size (50 to 100um) determined by the
milling costs and from the reactivity of the fluid
mixture, which may cause gel formation in the
extruder.

An alternative procedure was proposed by Mandel
[11]. The extrusion-, cooling- and milling-steps are
substituted by a stirred autoclave and a spray tower.
In the auteclave a mixture of the powder coating
with supercritical carbon dioxide is established. This
mixture is then sprayed in order to obtain an uniform
powderous product. The costs of this process are
prohibitive by the large high pressure vessel required
for homogenization, the relative long residence time
of the reactive mixture in the autoclave (minutes to
hours) and the discontinous mode of operation.

A continuous method is presented in fig. 4 [12]. The
reaction partners (binder and hardener) are stored in
a fluid state in different feed vessels (1) at ambient
pressure. Additives might be admixed to either of
the main compounds, depending on miscibility and
the rheological properties, Pumps (2), designed for
the specific fiuid properties (membrane pump,
extruder, gear pump) feed the fluids to a static mixer
(6), where they are mixed intensively and quickly (a
couple of seconds to some ten seconds) with each
other and with compressed, preheated CO, (3,4,5).
The mixture is expanded firom pressures between 70
to 250 bar down to approximately atmospheric
pressure through a nozzle which is mounted in a
spray tower (7). A coarse fraction (>50pm) might be
collected at the bottom, while the smaller particles
are withdrawn at the top together with the gas. This
fraction (> 1um) is separated in a cyclone. Smaller
particles can be removed by a fine filter. This
fraction is unwanted in case of powder coatings and
can be avoided by adjusting the operation conditions
of the system. The described system, the mode of
operation and several powder coating formulations
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have been developed and tested in the last couple of
years,

Fig. 4: Flow scheme for a continous mixing and
powder generation process for powder coatings

The process was applied successfully separately to

binder and hardener materials, like PMMA,
Polyesters, Polyurethanes, Polycarbonates to
stoichiometric combinations of both and to
~complete” coating formulations®.

g b Sy ?

=) 7 -,

Fig. 5: Plant (semi-technical scale)
The semi-technical plant shown in fig. 5 has a

capacity of 15 — 20 kg/h of powder. A key problem
is the determination of the temperature for the




mixing process. In fig. 6 a thermogram of a powder
coating formulation is shown.
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Fig. 6: Thermogram (DSC) of a poﬁfder
coating formulation

The first two peaks (positive enthalpy) indicate the
melting of hardener (approx. 50°C) and binder
(approx. 75°C). The negative peak shows the
reaction between the two compounds (177°C,
starting at approx. 100°C). From this observations it
can be concluded that the mixture is liquid above
75°C. If the temperature is maintained below 100°C
a reaction in the static mixer can be avoided. It was
found, that this was only the first indication: Due to
lowering of melting points in presence of a soluble
gas, the temperature range for mixing is broadened.
It was possible to obtain powders at mixing
temperatures of up to 10K below the melting point
of a pure component,

The following features

investigated

» Continuous dosage of polymer melts with large

differences in viscosity and melting points.
Pure components are melted separately at
temperatures/viscosities suitable for pumping.
These temperatures might be higher than the
reaction temperature. By admixing colder CO,
in the static mixer a reaction can be suppressed

¢ Efficiency of the mixing process by
spectroscopy and application tests of the powder
coatings.

e Dependency of particle size, particle size
distribution and morphology from process
conditions (temperature, pressure, flow ratios,
type of nozzle).

¢ Applicability of the obtained powders in
standard spray units for powder coating.

e Solubility of CO, in the polymer melts and
CO,-consumption of the process (0,2 — 1 kg of
Gas/kg of powder).

¢  Separation of the powder from the gas.

and parameters were
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In fig, 7 the particle size distribution for a powder
coating formulation on polyester basis is presented.
This free flowing powder with a mean particle size
of 15um was withdrawn from the cyclone and
analysed without further factioning. The size
distribution is sufficiently narrow. In the spray tower
only some product from the start~-up was found,

while the fine filter was empty.
1 S /« e 01
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Fig. 7: Particle size distribution for a powder coating
formulation on polyester basis

The different test procedures for powder coatings,
including application, film formation and hardening
on metal surfaces were passed successfully. The
continuous mixing and powder generation process is
considered as a competitive alternative to the
existing extruder technology. It opens the field to
powder coatings with lower melting temperatures,
smaller particle sizes at higher yield, and thus for
coatings with favorable properties.

The above described high pressure spray processes
aim towards particle size reduction. By a process,
developed in the past 3 years a size increase may
also be achieved,

High Pressure Spray Agglomeration -
CPF-Technology

This process comprises the following steps:

¢ Dissolution of a pressurized gas in the liquid to
be applied, thus lowering the viscosity and the
surface tension

¢ Release of the gas by expansion in a nozzle
forms small droplets of the liquid

+ Admixing of a solid, powderous carrier, which
is intensively mixed with the droplets by the
expanding gas

» Infiltration of the droplets into porous carriers
and/or agglomeration of non-porous carrier
materials by the liquid

e Separation of the formed powders
sedimentation, centrifugal forces or filters.

by

A principle flow scheme[13,14] of a continuosly
operated plant is given in fig. 8, The lHquid feedstock




(temperature 20 — 60°C) is mixed continuously with
the pressurized gas, e.g. CO, (typical temperatures
between ambient and 50°C) in a static mixer. After
expansion in a nozzle, a powderous carrier is added
co- or crosscurrently. The liquid containing particles
are then formed in an air/oxygen-and solventfree
atmosphere of high turbulence. The turbulence is
caused by the expanding gas. Due to the Joule-
Thomson-Effect, the temperature in the spray tower

" Ligquid

Fxiract Powderous carrier

Exhaust

2

Statie
Mixer

Fine fraction

Coarse fraction

might be very low (ambient to —50°C).

Fig. 8: Flow scheme of the CPF-process

The powder formation and maximum liquid loading
was tested for several combinations of liquids
(extracts of celery, oregano, laurel, pepper, ginger,
nutmeg, basil, tumeric, paprika, rosemary, lemon oil,
strawberry aroma, cheese aroma, butter fat, o-
Tocopherol, whiskey and vinegar) and solid carriers
(silic acid, maize starch, waxy maize starch, potato
starch, cellulose, maltodextrose, extraction residues,
powdered spices, citric acid, powdered sugar,
titanium dioxide, sodium chloride, polymers and
emuisifiers). Two examples are presented in fig. 9.

Fig. 9: Powders by CPF
left: Celery (79%), fine dispersed silic acid
right; Strawberry Aroma (60%) on porous silic acid

Celery extract was sprayed with CO; on a fine
dispersed silic acid with a bulk density of 50 kg/m®
and a mean particle size of 20pm. The obtained
powder, with a loading of 79wt% of liquid celery
extract has a bulk density of 250 kg/m?. The sizes of
the agglomerates reach up to 300pm. Strawberry
aroma was sprayed with a spherical silic acid, with a
particle size of approx. 200pm. As can be seen in

fig. 9, the particles do not aggiomerate, but the
liguid has infiltrated the porous structure.

The CPF-process can be applied to low and high
viscous liquids, Solid carriers with a broad range of
particle sizes and bulk densities (50 — 850kg/m?) can
be used. The maximum loading with liquid depends
on the properties of the carrier and reaches up to
90wt%. The substances are treated only at mild
conditions: low  saturation and  spraying
temperatures, solvent- and airfree. The pressure
range is 70 to 200 bar. Gas consumption is 0,5 — 2
kg of Gas/kg of powder. The process is realised in a
continuously operated plant with a capacity of some
hundred kg of powder per hour.

Primary aim during the development of the CPF-
process was to obtain free-flowing powderous
products. In almost all fields of applications
mentioned in the introduction, the powder properties
are as impottant for the acceptance as the powder
form itself. This leads to secondary aims for the
CPF-powders that are to be applied in the food and
pharmaceutical industry. It was studied how the
release and dispersion of the liquid in aqueous media
depends on the solid carrier, liquid loading, addition
of emulsifiers and addition of fat with different
melting points. In fig. 10 the release and dispersion
of lipophilic thyme extract in aqueous medium is
shown in dependence of the solid carrier material.

Emulsi-
fier

Malto-
dextrose

Cellu-
lose

Maize
Starch

Silic
Acid
=

Partly | Cloudy, | Milky, |Clear,no| Cloudy,
cloudy | vellow | white |sediment no
green | sediment | sediment | oily film | sediment
sediment [ oily oily no oily
oily | droplets | droplets droplets
droplets slightly
foaming |
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Fig. 10: Release and dispersion of thyme extract in
aqueous medium

From the colour of the sediment and from the
film/droplet formation it is concluded, that the
release increases from the left to the right in fig. 10,
A complete release is achieved, when a water-
soluble carrier as maltodextrose is used. By applying
an emulsifier (Lamemul by Griinau in this case)
results in a complete release and the oily phase is
dispersed almost homogenously in water. The
characteristic features of the products obtained with
the CPF-technology can be summarised as follows:




A complete release of active ingredients can only be
achieved when water soluble carriers are used.
Dispersion of released oily compounds require the
addition of emulsifiers. Similar results were obtained
with starches with emulsifying properties. Increasing
loading of the powders with lipophilic active
compounds leads to decreasing release. The
emulsifiers are preferably added to the liquid
compound, instead of adding it in powderous form
to the carrier material. Combinations of emulsifiers
are not recommendable, they might interfere with
each other. Addition of fats with different melting
points result in a temperature dependent release.
High melting fats hinder the release in cold water.

Outleok

Numerous processes for powder generation by
spraying gas pressurized solutions or mixtures have
been proposed. The specific properties of
nearcritical gases allows to obtain fine dispersed
solids. One of the first goals, studied and achieved
by high pressure micronisation/RESS and the GAS
process, was to produce particles with submicron
dimensions. Meanwhile it turned out, that also the
size reduction to particles of some microns to some
hundreds of micrens are a promising outlook for the
use of high pressure spray processes. This
technology is of special interest for substances with
low melting temperatures, high viscosities and waxy
or sticky properties. These compounds are difficult
and expensive to comminute by classical mechanical
methods. Also reactive mixtures are considered as
potential candidates for using compressed and
soluble gases as auxiliaries for particle generation.
In this case, not only the thermodynamics of the
system, but also the chemical behavior is of
importance for designing suitable processes. For a
scale-up to large quantities of powders a continuous
operated process with low gas consumption is
favorable. For powder generation by spraying gas
saturated solutions a competitive process was
developed. Experimental results indicate, that this
method can also be applied to other reactive and
non-reactive systems. The next step is to transfer the
results obtained in the semi-technical plant into a
larger unit.

A process, based on spraying gas saturated liquids
has found already it's way to industrial realisation.
The CPF-technology results in  powderous
agglomerates with an unusual high liquid content, It
was demonstrated, that almost any liquid might be
applied to solid carrier materials, Those products
might be of interest in almost all industrial areas,
especially if release and dispersion might be
adjusted to the intended use of the product.
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Fine phospholipid particles formed by
Precipitation with a Compressed fluid Antisolvent
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Phospholipids may be used to produce liposomes which act as controlled drug delivery systems. This
study aimed to develop a micronization process of soy lecithin in order to obtain fine particles of phospholipids
showing low dispersion of size and free of organic solvent. The PCA process was performed using ethanol as
auxiliary solvent and carbon dioxide as compressed fluid antisolvent. Microparticles, with size ranging from 14
to 40 pm, could be produced under semi-continuous mode, when CO; and the liquid solution flow co-currently.
Infra Red spectra of the particles seems to show that they are free of residual solvent.

Introduction

Microencapsulation of drugs in bicerodible
substances allows to conirol their rate of release.
Since they may form liposomial structures,
phospholipids, from lecithin, arc used for that
purpose. Soy lecithin is cheaper than egg yolk
lecithin, and is for that reason preferentially used to
gencrate liposomes, However, processing with raw
lecithin yields liposomes having inadequate features
50 that preliminary treatments are needed.

In the conventional method sov lecithin is
first dissolved in an organic solution ; next the
solvent is eliminated by evaporation. Phospholipids
thus obtained are dispersed in water with the help of
a highly shearing furbine in order to generate
liposomes. However the technique come up against
a difficulty : phospholipids from the second step of
the process, form a gel containing a few amount of
organic solvent. It has been stated that the liposomes
are of better quality (more homogencous in size
distribution) when the raw phospholipids do not
form a gel but fine particles. This drawback
prompted us to develop a new method using
supercritical or near critical fluids in order to obtain
fine particles of phospholipids exempt of organic
solvent.

The GAS and the PCA processes are mild
techniques alowing the production of micron-sized
particles and are for this reason the object of a
growing number of studies [1]. Both methods rely
on the insolubility of the supercritical fluid in an
auxiliary organic solvent. A solution formed from
the solvent and the solid solute, is contacted with the
supetcritical fluid which acts as an antisolvent and
reprecipitates the solute in fine solid particles. A last
step of washing by the CO, allows the removal of
the solvent and the recovery of dry particles.
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This study is aimed at the PCA process as a
novel route to form fine panticles of phospholipids
from soy lecithin,

Materials and methods

Preliminary studies concem :

- the phase diagrams of the COyfsolvent/lecithin
system.

- the volumetric expansion of the liquid phase
occurring during the dissolution of CO; in the
Liquid phase.

The phase diagrams were determined by
direct visualization of the phase transitions, We
focused on the tansition from gas/liquid/solid to
supercritical phase/solid. As shown in figure 1 the
equipment used was a high pressure pump equipped
with a movable piston and a sapphire window. A
camera and a video monitor complete the set-up.

pisto:

Figure 1. Apparatus for phase diagrams study

Measurements were performed as follows .
a known composition mixture of CO2, lecithin and
liquid solvent was introduced into the cell. At a
fixed temperature short movings of the piston were
achieved, leading to variations of the pressure
without changing the global composition of the




system. The phase transition pressure was registered
taking care that equilibrinm was established,

Conceming the determination of the
volumetric expansion, experiments were performed
in the case of chloroform ; the main equipment was
a sapphire vessel equipped with a graduated scale.
The liquid solution being initially placed in the
vessel, an amount of CO2 was introduced and
dispersed ; the raising of the liguid level was noted
after equilibrium was reached.

In the case of ethanol, the volumetric
expansion was determined theoretically from the
Peng Robinson EOS in combination with values of
molar fractions and molar volumes of both the liquid
and the gas phases experimentally determined by
Chang and ai. [2].

The PCA experiments of micronization
were carried out on a semi-continuous mode with a
co-current flow of the solution of phosphelipids and
of pure CO, (antisolvent), The experimental set-up
1s shown in Figure 2.

~
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' 5oy lecithin dissolved
&+ inan organic solvent
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E —» thermostated
Jacket

| filiers
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Figure 2. PCA experimental set-up

The procedure was as follows : first the
vessel was pressurized with pure CO, Next, the
liquid  solution and CO, were simultaneously
introduced thus causing the precipitation of the
solute. The precipitation, was followed by a
washing step achieved by injection of pure CO, to
eliminate the residual organic solvent. The
introduction of the liguid phase is made through a
125 pm diameter capillary in order to form small
droplets and thus to improve the mass transfer
between the two phases, Due to the CO; dissolution
within the liquid droplets, the saturation of the
phospholipids is reached and the supersaturation
induces the precipitation of phospholipids. The PCA
process was carried out at temperature varying from
308 to 323 K and pressure varying from 8 to 12
Mpa.
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The Infra-Red analysis of the particles was
performed in order to detect the presence of organic
solvent and the observations were carried out with a
Scanning Electron Microscope (SEM) JEQL 6320 F,
The sample was first metallized with a small gold
surface 200 A-thick.

Results and Discussion
Preliminary stidies

Figures 3 and 4 represent the experimental
diagrams Pressure vs, Temperature obtained for the
temmary  systems  CO/ethanol/lecithin = and
CO/chloroform/lecithin respectively, Curves in full
line show the transiion gas/liquid/solid and
supercritical phase/solid, The key patameters of this
study were;

- The lecithin type: the S20, 875 and S100

lecithins provided by LIPOID contained
respectively 20%, 75% and 100% of
Phosphatidyl Choline (PC).

- The global composition of the system:
COy/solvent/ lecithin,

Three main conclusions may be drawn from
these results

-~ At a given temperature, the phospholipids
concentration does not influence significantly
the transition onset pressure,

- From the strict point of view of the working
pressure, chloroform is more suitable than
ethanol since it allows to work at a lower
pressure for a fixed temperature. More being
more volatile it should be eliminated more

easily.
- No significant difference exists between the two
types of lecithin §75 and S$100,
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Figure 3. Phase diagram of the
COy/ethanol/lecithin system
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Figure 4, Phase diagram of the
CQOy/chloroformy/lecithin system

The supercritical  phase/solid  region
corresponds to the best operating conditions of
pressure and temperature for the PCA process. In
this part of the experimental field, solid particles can
be collected and the organic solvent can be easily
eliminated with CO, in the supercritical phase,

Figures 5 and 6 rcpresent the volumetric
expansion of the liquid phase in the case of
chloroform and ethanol. The volumetric expansion is
defined as the ratio of the liquid volume variation to
the imitial liquid volume. Figure 3 representis
experimental results contrary to figure 6 which
represents calculated resnits.
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Figure 5. volumetric expansion of the liquid phase
with chloroform as solvent
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Figute 6, volumetric expansion of the liquid phase
with the ethanol as solvent
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Different observations can be made ;

As shown in figwe 5, the volumetric
expansion can reach up to 00 %.

As previously mentioned, one can note that
chloroform is a better solvent because a similar
volumetric expansion is observed at lower pressure
than for ethanol.

The results are consistent with those of
Kordikowski and al. [3] who has determined the
volumetric expansion of different solvents versus the
molar fraction of CO, dissolved.

PCA experiments

As mentioned above, chloroforin is more
suitable than ethanol but, because of its toxicity, its
use was avoided and ethanol was preferred Table 1
summarizes the experimental conditions of the runs ;
in every case the liquid flow rate was of 10 mLh™.

P T | Type of | Solute concentration
/MPa | /K | lecithin { wt %
10 303 S 100 10
10 303 S 100 20
10 303 §$75 2
10 303 875 15
10 303 575 20
12 308 S75 15

Table 1, Experimental conditions
for the PCA process

Fine and dry particles of phospholipids
were formed in every run. The experimentation field
is thus wide enough to give some freedom for
operating ; one should particularly point out the
extent of the solute concentration range.

During these experiments one difficulty
was encountered, it appeared that the phospholipids
were very unstable ; they were rapidly denatured by
oxidation in the presence of air. This reactivity
results from the high specific area of the micron-
sized particles formed. As a consequence, it was
necessary to maintain the micronized phospholipids
under a CO, atmosphere as long as possible before
observation,

Figure 7 represents a SEM photography
obtained for a pressure of 12 MPa, a temperature of
308 K and a concentration of 875 lecithin of 15 wt
%. The particles have a size ranging from 14 to 40
pm, they are roughly spherical and more or less
agglomerated.
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Figure 7. SEM photography
of micronized phospholipids

Samples of precipitated phospholipids were
analyzed by Infra Red spectroscopy in order to
check the presence of residual traces of solvent. The
absorption band of the alcohol function which spans
from 500 to 800cm™ does not appear in our spectra.
This result may be of a great importance if further
deeper analyses confirm that the solvent is
completely eliminated. As a matter of fact, in these
circumstances the use of more suitable solvents may
be considered even if they are more toxic.

More, the IR spectrum of the precipitated

lecithin was compared to that of the egg yolk
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lecithin, As shown in Figure 8 the spectra are very
similar and may be supenimposed ; this finding
shows that the lecithin was not modified when
processed by the PCA technique.
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Figure 8. Infra red Spectra of the precipitated soy
lecithin and of egg yolk lecithin

Conclusion

Dry and fine particles of phospholipids,
with size ranging from 14 to 40 um, were obtained
from soy lecithin by the PCA method. The process is
effective over a wide range of experimental
conditions.

As concerns the supercritical fluid
precipitation techniques, it was stated elsewhere that
ethanol is one of the less interesting solvents, This
statement is confirmed by the present study, but
because of the non presence of residual solvent in
the micronized particles, the use of others solvents
may be considered for further experiments. They
could give similar results at lower working
pressures.

The drawback encountered concerning the
instabitity of the precipitated phospholipids may be
evaded by processing the following step (dispersion
of the phospholipid powder in water) in the same
vessel, that is to say without opening it.
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Gas Antisolvent Processes offer several benefits for the production of high-quality solids e.g. for nutritional
or pharmaceutical use. In recent years the crystallization with supercritical fluids has gained growing interest,
since it allows an effective micronization of solids without any loss of product quality. Taking the process
into industrial applications is still a risky task and affords a lot of experimental groundwork. Within this
presentation a short overview shall be given about our work in recent years followed by some concepts useful

for plant design in future.

Introduction

The principle of the presented PCA process
(Precipitation with Compressed Antisolvents) is
the dispersion of a solution into a compressed
antisolvent. At suberitical conditions, the
antisolvent is absorbed by the liquid drops, while
at supercritical conditions the primary solvent
dissolves in the compressed antisolvent. Both
processes lead to a high supersaturation of the
primary solution, causing precipitation of the
solute. The properties of the solid product can be
influenced in a wide range by the process
temperature and the pressure as well as by the
dispersion procedure. Variation of the process
parameters temperature and pressure allows a fine
control of the process in order to carry out
different crystallization tasks.

So far this process has been carried out only on
a laboratory scale in relatively small batches [1,2].
On a production scale, allowing the circulation of
the working media (primary solvent, antisolvent)
it will gain attractivity. The aim of this work is to
work out technical applications of the PCA-
process and to find models to allow scale-up
calculations.
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Methods and Materials

All experiments were carried out on a pilot
plant described in Fig.1. The crystallizer Al was a
stainless steel autoclave (UHDE GmbH, volume
61, max. pressure 50 MPa). Pressure and
temperature were measured at the top of the
autoclave and controlled in a range of =1°C and
+0,02 MPa. The antisolvent was compressed by 2
jetting pump P1 (max. flow rate 30 kg/h) and fed
into the autoclave from the top. It was released at
the bottomn and expanded through a control valve
into a separator 51, where the dissolved primary
solvent was collected and the expanded
antisolvent was fed back into tank D1,

D1
Fig. 1: Apparatus for PCA experiments; Al
crystallizer, S1 separator, D1 antisolvent-

storage-tank, P1 and P2 high-pressure
pumps

GVC -~
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The primary solution was fed with a high-
pressure diaphragm pump P2 (LEWA, max, Feed
6 V/h) through a nozzle (diameter 100 - 300 pm) at
the top of the autoclave. The crystallized particles
were collected on a paper filter (Schleicher und
Schiill White Ribbon) at the bottom of the
autoclave, and the excess solvent was passed
through into the separator.

The antisolvent was circulated in a loop at a rate
of 10 to 40 kg/h until the desired pressure was
reached in the crystallizer. The pressure in the
separator was kept constant at 4.5 to 5.0 MPa. At
designated temperature and pressure conditions
the primary solution was injected through the
nozzle, The CO7 stream was left on for another

20 - 40 minutes after injection in order to dry the
precipitated product.

The yield was calculated by analysis of the
primary solvent collected in the separator. The
particles were characterized by optical and
scanning  electron  microscopy.  Additional
investigations were carried out by differential
scanning calorimetry to determine phase
interactions in the products obtained by
simultaneous  precipitation. The  chemical
composition of the products was determined by
HPLC, UV spectrometry, XRES and
miscellaneous analytical methods,

3

Materials

Carbon dioxide (99.9%, Messer Griesheim) was
used as antisolvent. In the experiments ascorbic
acid (99%, reagent grade, Aldrich), paracetamol
(BP93 grade, Kramer & Martin), urea (98%,
Aldrich), and chloramphenicol (99%, for
biochemistry, Merck) were crystallized. The
primary solutions were prepared in ethanol (abs.,
denaturated, Bernd Kraft).

Results

In recent years experiments were carried out on
different substances with different objectives
{3.4]. It was possible to resolve these tasks on a
pilot plant just by changing the process parameters
like temperature, pressure and the choice of the
appropriate primary solvent.

Micronization

In several experiments ascorbic acid,
paracetamnol, urea, aspirine, and saccharose were
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micronized by PCA. The resulting products
consisted of crystalline particles with a mean
diameter in between 1 and 10pum and =a
comparably small particle size distribution. Best
results were obtained between 7.5 and 10.0 Mpa,
at a process temperature between 35 to 40°C.
Within these conditions, the particle size is
affected by the general parameters pressure,
temperature and the concentration of the solute in
the mother liquor.
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Fig. 2: Particle size of micronized ascorbic acid
(the bimodal distribution is a consequence
of measuring needle shaped crystals by
light scattering)
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Fig. 3: Particle size of micronized ascorbic acid in
dependance of the process pressure

Micrecomposites

A unique feature of the used process is the
generation of microcomposites by coprecipitation
of two or more solid components. This technique
can be used to prepare sophisticated solid
materials which are useful as controlled release
systems for medical or microbiological uses, or as




precursors for ceramic materials. Experiments
with organic systems as urea-chloramphenicol or
ascorbic acid-paracetamol showed that variation
of the process parameters can lead to dramatic
changes of the product morphology [5]. In spite
of this handicap, modes of operation were found
which lead to homogeneous microcomposites at
high product yields. Optimal conditions were
found between 8.0 and 10.0 Mpa and 40 °C,

Fig. 4: Nanocomposites of Cu-acetate and
Y-acetate by PCA from ethanol

To apply the process to prepare precursors for
high performance ceramics, experiments were
carried out on Copper-, Barium- and Yttrium
Acetate -Coprecipitation of these components lead
to composite particles of 50 to 150 nm which
showed a unique homogeneous distribution of
each of the elements.

Recovery of natural products

Further investigations were made on the
precipitation of lecithine from egg yolk extracts,
which was part of a novel process for the
production of lecithine, A product yield of above
85 % was achieved, The gained lecithine was free
from the used solvent to the desired extent.

Modelling

For the theoretical analysis of the PCA Process,
the dispersed mother liquor in the compressed
antisolvent was regarded, Therefore a simulation
tool which describes the time-resolved
conceniration of each component in a single
droplet was used. Presupposing that the
nonequimolar diffusion of the components results
in a change in the droplet radius, the problem to
be solved is a moving boundary probiem.
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The crystallization of the dissolved substance is
a consequence of the diffusion of two of the
components (solvent and antisolvent) in the
system. To characterize the crystallization, a
population balance is to be solved simultaneous to
the concentration profiles of each component. The
result is the time dependent evolution of the
crystal size.

anlisolvent molar fraction

- T ¥
00 02 04 06 08 1,0
droplet radius

Fig. 5: Time-resolved profile of the antisolvent
concentration in a droplet
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Fig. 6: Population balance in a droplet

Processing Costs

The processing costs may be calculated
considering the energy consumption for
compression and the temperature stabilization of
the vessels, payoff of the equipment and labour
costs [7]. Depending on the process conditions the
production costs span from 6 Euro/kg to 12
Euro/kg.
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Fig. 7: Specific production costs at a
different process yield

a) antisolvent to solution feed ratio 3:1,
capacity 125 kg/h

b) antisolvent to solution feed ratio 2:1,
capacity 250 kg/h

Together with other considerations like simple
fluid dynamical approaches to spray density and
droplet size or properties of the resulting solid
material these results are helpful to estimate
capacity and design of possible crystaliization
equipment, Further work heading for a complete
set of modeling tools is being carried out at the
moment.

Conclusions

Gas antisolvent crystallization is an attractive
process for high quality solids e.g. pharmaceutical
products, polymers, cosmetics or nutritional
products.

An advantage is the multipurpose character of
the Process. Many different crystallization tasks
can be carried out on a single plant just by
variation of the process conditions. This can bring
about an optimal operation time. Because of the
compact setup cleaning and inertization of the
plant is reduced to a minimum.

Qur future work will concentrate on the
development of further applications and will take
into account possible advancements to reduce the
still high processing costs.
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The use of supercritical fluids to obtain products of interest in the pharmaceutical industry is a great potential. In
this work, the precipitation process of bio-compatible polymers and drugs by supercritical anti-solvent
techniques using CO, as the anti-solvent (GASP processes) is considered and discussed with reference to the
phase equilibria. Experiments are carried out in a windowed cell to measure the volume expansion of the liquid
solution and the precipitation pressure of the heavy product. Several bio-polymers and drugs are considered in
different organic solvents. In order to elucidate the variables relevant to interpret the precipitation effect, a
simplified thermodynamic model is applied, which leads to resuits consistent with the experimental evidence. It
is concluded that the CO, content in the liquid solution plays the key role in the process and that precipitation
occurs when the liquid density reaches a maximum; the density values for different compounds are slightly
different, but in terms of pressure the difference may be significant.

Introduction

Among the currently developed techniques that
exploit the unique properties of supercritical fluids
for the production of particles of micron and sub-
micron size, the ones based on the anti-solvent effect
are particularly promising. They allow to obtain the
precipitation of the heavy compounds of interest
from an organic solution by adding a supercritical
component, which is able to exert an anti-solvent
action towards them. In the literature different
applications of this idea have been proposed after
the pioneering work of Gallagher et al. [1], which
are referred to as SAS or GAS or PCA [2]; in this
work we will genericalty use the acronym GASP.

The main advantages of GASP techniques are
well known; the anti-solvent effect is applicable with
many classes of compounds, such as hydrocarbons,
inorganic materials, drugs, polymers; any solvent
except water is able to dissolve the most attractive
supercritical fluid (CO,) at any extent; a pressure
lower than 100 bar is usually enough te carry out the
process; it is possible to precipitate the compounds
of interest completely and in a single step.

These techniques are extremely attractive for the
processing of pharmaceuticals, as can be seen in a
recent review by Subramaniam [3], and argued by
the number of related patents currently issued. The
development of products of bio-compatible materials
obtained by GASP is indeed a field of great potential
(see for example Benedetti et al. [4] and Winters et
al. [5]). In particular, these techniques are studied to
carry out co-precipitation processes, for example to
produce controlled drug-delivery systems, where
one or more drugs are conveniently dispersed within
an inert matrix (the bio-polymer).

At present the development of such techniques,
not only in the field of pharmaceuticals, is mainly
performed by trial-and-error procedures, because
little knowledge of the phenomena involved is
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available. Deeper understanding of phase equilibria,
mass transfer and nucleation aspects would be
highly helpful in view of reducing the experimental
effort required to select the best process conditions
and to scale them up to the industrial level,

In this work, the precipitation of bio-compatible
polymers and drugs by GASP with CO, is addressed
and discussed with special respect to the phase
equilibria occurring in the system, Preliminary
results of this kind are reported by Vaccaro et al. {6];
here, more data are presented and interpreted in the
frame of a simple thermodynamic model.

Materials and Methods

Several bio-polymers and drugs were studied in
different organic solvents: Ethylcellulose in Acetone
and Ethylacetate, HP55 in Acetone, HYAFF11 in
Dimethylsulphoxide (DMSO), Salbuthanole and
Pentamidine in DMSO. Iper-pure liquid CO, was
always used as the anti-solvent.

Experiments were carded out in a view cell
(Jerguson type) where the precipitation pressure of
the heavy compound and the volume expansion of
the liquid solution were measured at constant
temperature. The sketch of the experimental set-up
and the operating procedure are reported in Vaccaro
et al. {6]. Special carc was taken to operate the
system at quasi-equilibrium conditions.

In ail the systems considered the anti-solvent
effect was achieved completely in a narrow pressure
range, so the precipitation pressure can be defined,
according to Gallagher et at. [7], as the level where
the “onset of nucleation” is seen by the unaided eye.
The volume expansion is expressed by:
ar =V m

VO
where ¥ and V are the total liquid volumes at
ambient and variable pressures, respectively.
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Model

In order to elucidate the role of variables relevant
to the precipitation process, a simple thermodynarnic
model was applied. It is based on an equation
proposed by Chang and Randolph [8]:

S(T,p.x) = 5(T,p = Lx =0) -2 @
v

os
In Eq. (2) s is the solubility, x the mole fraction of
the supercritical component in the liquid phase and

ng>v os 416 respectively, the pure compound and

partial molar volumes of the solvent (OS) in the
liquid phase. If the solvent amount in the vapor
phase is neglected, the relation between volume
expansion and molar volume is given by:

0
ﬂ__.._"_[HLJ_I ®
v’ L 1-x

where v is the molar volume of the liquid at mole
fraction x.

Partial and total molar volumes in Eqns. (2) and
(3) were calculated by the Peng-Robinson equation
of state, at the experimental temperature. As the
related pure component parameters are missing for
all the bio-polymers and drugs considered, it was not
possible to account for their effect. Therefore, the
Peng Robinson equation was applied to the binary
systems CO,-08; one binary adjustable parameter
fitted to vapor-liquid equilibrium data was used.

We note that the proposed model is independent
of the heavy compound identity, and is therefore
applicable to dilute systems only.
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Figure 1 Precipitation pressure of Ethylcelluiose as
a function of temperature for the system
CO,-Acetone- Ethylcellulose.

Results and Discussion

The experimental measurements carried out in
this work confirm the results reported by Vaccaro et
al. [6]: the precipitation pressure depends on the
solute, the solvent and the temperature, but the
volume expansion of the liquid solution is not
affected by the solute. The volume expansion
measured at the precipitation pressure is a function
of the solute. For a given solute and solvent, two
major results were found in all the cases considered:
¢ the temperature dependence of the precipitation

pressure values can be approximated by a

straight line, as can be seen from Fig. 1 for
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Ethylcellulose in Acetone. This allows reducing
the number of experiments for a given system.

o when the volume expansion is plotted against the
precipitation  pressure  {ie. at different
temperatures), a constant value is found with
good approximation, as reported in Fig 2.

Volumetric expansion %

£ » ke 3 38 40 2 Lol 45 48
P (bar)

Figure 2: Volume expansion of the liquid as a
function of precipitation pressure at
different temperatures for the system
CO,-Acetone- Ethylcellulose.

According to these results it is concluded that, as
different solutes show different precipitation
pressures, from a thermodynamic point of view they
cannot be precipitated together, To be able to obtain
simultaneous precipitation, the process must be
carried out at kinetically limited conditions; for that,
GASP techniques where the liquid solution is
injected in an anti-solvent environment are more
favorable than batch GASP operation.

We remark that the proposed thermodynamic
medel is not able to predict different precipitation
pressure values for different compounds in the same
solvent at a given temperature, However, it is very
useful in defining the process key variable to
interpret experimental results.

1
o8 l
28
07 4
06 1
05 4

041
03 4
0,2
01

STPXVS(T.LD)

] 0.2 o4 06 08 1
€O, mole fractfon
Figure 3: System CO,-Acetone; solubility s of a
generic heavy compound in the liquid as a
function of CO, mole fraction x. The plot
is normalized to the value at x=0.
Temperatures: 25, 35, 40, 50°C.

To clarify this point, we applied Eq. (1) to the
binary system CQO.-Acetonie at various temperatures
and plotted the calculated solubility as a function of




the mole fraction of CO, in the liquid phase, x,
rather than as a function of pressure. The curves are
very close one another (see Fig. 3). In addition, if
also the volume e¢xpansion is reported versus x,
again one single curve is practically obtained, as
depicted by Fig. 4. It means that the CO, content in
the liquid phase is not only the driving force for the
expansion, which is somehow expected, but also that
it triggers the precipitation of the heavy compound,
and almost independenty of temperature,
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Figure 4; System CO;-Acetone: profiles of volume

expansion as a function of CO; mole
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Figure 5: Predicted CO, mole fraction in the liquid
phase at  precipitation  conditions.
Systems: CO;-Acetone-HP55 and CO:-
Acetone-Ethylcellulose

This result is confirmed if experimental data at
precipitation conditions are presented as a function
of temperature. It is clear from Fig. 5 that the value
of x obtained by applying the Peng-Robinson
equation of state at the measured precipitation
pressures and temperatures is reasonably an
invariant within the temperature range investigated.
Data for two bio-polymers are reported; note that the
two lines are close to each other because, in this
particular case, the two polymers show similar
precipitation pressures.

Another important result can be evidenced if the
liquid density is used as the independent variable.
Fig. 6 clearly shows that precipitation takes place at
a density value relatively high and independent of
the temperature and of the solute. We recall that the
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density is not measured but calculated by the Peng-
Robinson equation for the binary system CO,-OS at
the experimental temperature and pressure.

The major result of density calculations is that
the saturated liquid density shows a maximum with
respect to x, as can be seen in Fig. 7 for the system
CO,-Acetone. It is noteworthy that the value at
maximum is close to the onc where precipitation
conditions occur., This conclusion is confirmed by
results presented in Fig. 8, calculated according to
Eq. (2) and the Peng-Robinson equation: here, the
drop of the solubility curve starts when a maximum
density value is reached. Finally, for the CO,-DMSO
system, the curves of Fig. 9 are obtained in terms of
volume expansion versus density.
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Figure 6: Predicted liquid density at precipitation
conditions. Systems: CO;-Acetone-HP55
and CO;-Acetone-Ethylcellulose
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We note that the experimental data reported by
Vaccaro et al. [6] for Ethylcellulose, Eudragit and

HP-55 in Acetone at 40°C are consistent with the
curves of Fig. 9. There, it was found that a single
curve could represent acceptably all three systems,
and that the points corresponding to the precipitation
pressure were always located within 1.2% of the
maximum density value, New data confirming this
result in the case of a drug are presented in Fig. 10.
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Figure 10: Volume expansion as a function of liquid
density for the system CO,- DMSO-
Salbuthanole at two  iemperatures.
Precipitation conditions are evidenced.

It is important to point out that, even if
precipitation at given temperature and solvent takes
place at a very similar liquid density for different
compounds, indeed they show different precipitation
pressures. This is so because the liquid density value
around its maximum is rather insensitive to pressure.
The model used in this work is unable to predict
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such a behavior. To account for the solute effect, an
equation of state should be used, able to treat
systems containing highly volatile components (such
as CQ,), normal boiling fluids (the organic solvents)
and long-chain molecules {the bio-polymers and the
drugs). Such a model is currently not available in the
literature and is matter of present research work [9].

Conclusions

The phase equilibria behavior of systems typical
of a GASP process was analysed through both
experimental measurements and a thermodynamic
model. The well known result that, for a given
solvent and solute, the precipitation is affected by
the operating pressure and temperature, was
interpreted in terms of the density of the liquid
solution. It was shown that precipitation occurs
when the saturated liquid density reaches a
maximum. The content of the supercritical fluid
{COy) in the liguid phase plays the key role in the
process, since it determines the value of the liquid
density. In the approximation of dilute solutions
such a result was predicted theoretically, Our
experimental  measurements showed that
precipitation is always obtained at a density which is
close to the maximum and depends slightly on the
compound, while the precipitation pressure may
differ significantly for different compounds.
Therefore, simultaneous precipitation of polymers
and drugs with this technique can be achieved only
operating at kinetically limited conditions.
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Ekperimen‘tal and theoretical investigations of the formation of small
particles from the rapid expansion of supercritical solutions (RESS)
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RESS is an innovative and promising technology to produce small particles with narrow particle size
distribution and it offers interesting applications for heat-sensitive organic compounds such as certain
pharmaceuticals. At our laboratory, experiments are carried out with a RESS-apparatus suitable for
temperatures up to 600 K and pressures up to 60 MPa [1]. Until now carbon dioxide has been used as
solvent and naphthalene, cholesterol and benzoic acid as solutes [1,2,3]. In the present investigation, first
experimental results for the system trifluoromethane/benzoic acid are reported and compared with the
results for the system carbon dioxide/benzoic acid. Besides the experimental investigations the RESS-
Process is modelled numerically considering the three parts capillary inlet - capillary - freejet. The one-
dimensional time-independent flow model for the pure solvent includes heat-exchange in the capillary
and the freejet, friction in the capillary and isentropic flow in the capillary inlet area. The calculated
pressure and temperature changes along the expansion path are used to calculate the solute solubility i n
the solvent and the supersaturatlon of the real mixture. The results are theoretical supersaturations of 10
at remdence times of ~ 107 seconds and the classical nucleation theory leads to nucleation raies of about
10% cm™.s in the freejet, Furthermore, it is shown that the steady-state condition needs to be checked on
a case-by-case basis once the solvent has changed as well as the supercritical solution has expanded

significantly and that particle formation is dominated by coagulation-controlled growth.

Introduction

RESS is an promising technology to produce
small particles with narrow particle size
distribution and it offers interesting applications
for heat-sensitive organic compounds such as
certain pharmaceuticals. The rapid expansion of
a supercritical solution through a capillary nozzle
leads to a large cooling rate, resulting in high
supersaturations with homogeneous nucleation
and particle growth, The influence of the various
process parameters (temperature and pressure in
in the pre- and post-expansion chamber, nozzle
geometry and temperature) on particle size has
been studied in experimental and theoretical
work, but until to date, the modelling can give
only rough interpretations of the experimental
resulis [4-9].

Experimental

The flow apparatus used in the present
investigation was designed for experiments in
the temperature range from 300 to 600 K and for
pressures up to 60 MPa. The gaseous solvent is
cleaned in a column, condensed, subcooled and
pressurized to the desired pressure with a
diaphragm pump. In a controlled water bath, the
supercritical solvent is heated to the extraction
temperature in a preheater, and then passed

through an extraction column, which is packed
with the solute. The mole fraction of the solute in
the solvent can be measured offline at the exit of
the extraction unit. After passing through the
heated sampling valve the supercritical solution
enters a heated high pressure vessel to reduce the
flow velocity, and the preexpansion temperature
is adjusted by a heating jacket. The preexpansion
temperature and pressure are measured by a
platinium resistance thermometer and a digital
pressure gauge. The supercritical mixture is
expanded into the expansion chamber through a
heated, laserdrilled capillary nozzle with an inner
diameter of about 55 pm and a length of 350 pm.
For all experiments carried out, the expansion jet
is sprayed always to ambient pressure and
temperature. In contrast to the usual offline
measurement technique, the particles precipitated
are measured inside the expansion chamber
online and in-situ with the 3-Wavelength-
Extinction measurement technique. This multiple
wavelength extinction technique, based on
different attenuation of laser light of different
wavelengths passing a particle cloud, has been
used to determine the median diameter x of the
particles. The particles are collected on a
membrane filter and the gaseous solvent is
vented. Additional samples for visual analysis of
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the particles by Scanning Electron Microscope
can be taken directly behind the 3-WEM. A
more detailed description of the experimental
procedure is given in literature [1,2,3].

Results and Discussion :

Table 1 shows the median particle size x of
the systems a) carbon dioxide/benzoic acid and
b) trifluoromethane/benzoic acid. Thereby, the
extraction pressure pg was equal to the
preexpansion pressure p, and the extraction
temperature Ty was ~ 318 K. For both mixtures
investigated, the experiments lead to similar
results. In case of the lower preexpansion
pressure (p, = 13 MPa), the particle size varies
between 580 nm and 1360 nm and for the higher
preexpansion pressure (p, ¥ 20 MPa) between
430 nm and 1090 nm. Furthermore, at nearly the
same preexpansion pressure and increasing the
preexpansion temperature, the particle size
increases, whereas the expansion from the higher
pressure, at nearly the same preexpansion
temperature, leads to markedly smaller particles,
The particle size also depends on the solvent.

Table 1: Resuits for the systems investigated,
TNozzlc =448 K, DNozzI: ~ 55 Hm and LNozzIe =
350 pm.

a) b)
Py Ty X Py Ty X
[MPa] [K] [om] {MPa] [K] [nm]
128 350 576 129 352 938
134 382 990 13.6 386 1147
13.5 408 1137 129 418 1362
199 351 500 199 351 434
200 385 752 200 384 335
199 415 1104 20.0 417 1089

According to the conditions p, = 20 MPa,
Ty = 380 K and Ty, = 430 K, calculations
with an one-dimensional time-independent flow
model are performed. The model includes heat-
exchange in the capillary and the supersonic
freejet, friction in the capillary and isentropic
flow in the capillary inlet area. Over the reduced
distance x/L along the expansion path the flow is
described by mass, momentum, and energy
balances, plus an accurate equation of state. The
unknown velocity at the capillary inlet is
determined by Ma = 1 at the capillary exit. A
more detailed description of the model is given
in literature [2]‘. Because of the low solute
concentration (y < 10'3) along the expansion
path the modelling of the gas dynamics can be
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performed by considering the pure supercritical
solvent. The thermodynamic properties of the
pure solvent are calculated by means of the
extended generalized Bender-Equation of State
[10]. It is shown elsewhere, that this equation of
state is able to give a satisfactory presentation of
the p, V, T - behaviour and of the caloric
properties [3,10,11]. The differential equation
system with the variables pressure, density,
temperature, and velocity is solved with a
numerical algorithm. The calculated pressure and
temperature changes are used to calculate the
supersaturation, S, of the real mixture.
S=¢(T,p,ye) ¥/ (T, p,¥) - ¥) (1)
In Eqn. (1) ¢ is the solute fugacity coefficient
in the dilute mixture, y; the equilibrium mole
fraction at extraction conditions and y the
equilibrium mole fraction at prevailing
expansion conditions. The variables y and ¢ are
calculated by means of a modified Peng-
Robinson-Equation of State [12].

1.E+08
S -
P
1.E+06 1 : \‘
1.E+04 1
1.E+02 +
T=380 K _
"1 Po=20MPa
1LEH00 i
04 0.8 1.2 xiL 16
Fig. 1. Maximum theoretical supersaturation

along the expansion path for the mixtures
investigated (x/L = 1 at capillary exit).

Fig. 1 shows the evolution of the theoretically
attainable supersaturation, S, for benzoic acid in
carbon dioxide as well as for the same solute in
trifluoromethane. In case of the former solvent,
the supersaturation at the capillary nozzle exit is
around ten and increases rapidly in the initial
stage of the freejet up to values of about 1x10’.
Whetreas for benzoic acid in trifluoromethane the




supersaturation is always about ten times lower,
In addition, typical orders of magnitude for the
residence times in the capillary nozzle as well as
in the supersonic fregjet are in the range 10¢s to
107 s.

In order to describe the kinetics of particle
formation, the following expression for the
nucleation rate I:

J=0Zacnnr cnexpl-AG Ak T)] 2)

was used. In Eqn. (2) 6 is the non-isothermal
factor (= 1 in case of dilute mixtures), Z the
Zeldovich  nonequilibrium  factor, o the
condensation coefficient (= 0.1, [13]), n the
number of condensable molecules (= pyyeN,a),
r' the critical nucleus size correspondi‘ng to the
maximum value of AG' (5= 4/3-mor 2), c the
velocity (= (8-koT/(7t-m)))°' , and m the mass of
the solute. Eqn. (2) is based on the classical
nucleation theory arguments [14] and is more
appropriate than the expressions for the
nucleation rate [e.g. 6, 15)] usually used in the
literature. For the systems of interest, solvent
dissolution in the incompressible solid is
neglectible, and a value of 0.02 N/m for the
solid-fluid interfacial tension o was assumed.

1.E+27
g
au’, r\
1E+20 + .
‘Tw !,'
? {
£ ;
8 } CO, CHF;
- :
1.E+13 L ¢
To= 380 K
: Po = 20 MPa
1.E+06 +—i— : —— :
0.4 0.8 1.2 XL 1.6

Fig. 2: Calculated nucleation rate along the
expansion path for the mixtures in question (x/L
= | at capillary exit),

Fig. 2 compares the calculated nucleation rate
for the two mixtures investigated along the
expansion path. In case of benzoic acid in carbon
dioxide the calculations lead to a rapid increase

of the attainable nucleation rate at the be%inning
of the capillary with values of 10'” cm™.s™ and a
maximun nucleation rate of 2x10** em™.s in the
initial stage of the freejet. On the other hand, for
the mixture trifluoromethane/benzoic acid, the
calculated nucleation rate is always less than 1
cm™s™ inside the capillary nozzle and increases
abruptly in the initial stage of the freejet up to
5%10% em™.s". From Fig. 2 it follows that in
case of trifluoromethane/benzoic acid particle
formation occurs probably in the initial stage of
the freejet. Whereas, in case of the system
carbon dioxide/benzoic acid, particle formation
inside the capillary nozzle could not be excluded.

As mentioned above, the residence time of
the supercritical solution is partly less than 10 s,
so the use of Eqn. (2) derived for steady-state
conditions, must be proved. This can be done

with an equation valid for non-isothermal
nucleation {131

tg=0/ (2-uc‘n‘v.[z.g/(ﬂ.m)}o.s) 3

and proving the steady-state condition: tg/tz<<I,
This means that relaxation time for attainment of
a steady distribution of sub-critical clusters, tg, is
always less than residence time, tz. In case of
carbon dioxide/benzoic acid, the calculated
values of tg are less than 2.5x10° s inside the
nozzle, which is four times smaller than the
residence time and the steady-state condition
mi%ht be satisfied. By contrast tg increases up to
107 s in the initial stage of the freejet, therewith
the steady-state condition is not satisfied. For the
mixture trifluoromethane/benzoic acid, the prove
of the validity of the steady-state condition leads
to values for tg/tp nearly equal or greater than 1
in the freejet, Thus, these calculated nucleation
rates must be interpreted with caution and the
example shows, that the steady-state condition
needs to be checked on a case-by-case basis once
the solvent has changed as well as the
supercritical solution has expanded significantly.

Due to the high attainable supersaturations,
particle formation occurs by homogeneous
nucleation and the particles grow either by
coagulation or by condensation until the
supersaturation disappears. Particle growth will
be coagulation-controlled if tp >> t, where tg is
the residence time and t. is the characteristic
time between particle collision. An expression

for the latter time is given by Lesniewski and
Koch [16]:

tc = 0.6053.r 5. [1/(v-k- T (4)

245




where v is the molecular volume of the particle,
For the systems investigated, the values of t
calculated for typical expansion conditions, are
more than an order of magnitude smaller than t,
and thus particle growth might be coagulation-
controlled.

Conclusions

RESS-experiments were performed with the
mixture carbon dioxide/benzoic acid as well as
trifluoromethane/benzoic acid. The experiments
lead to particles in the range between 0.4 pum and
1.1 pm with the particle size depending on the
solvent and the preexpansion conditions. In
addition, the RESS-process was modelled
numerically considering the three parts capiliary
inlet - capillary nozzle - freejet. The one-
dimensional flow model for the pure solvent
includes heat-exchange in the capillary and the
freejet, friction in the capillary and isentropic
flow in the capillary iniet area. Due to the rapid
expansion of the supercritical solution through a
capillary nozzle, the large decrease in dcnsny
‘leads to calculated supersaturations of 10° < § <
107 in the freejet and to correspondm% nucleation
rates of 10** cm™s™ to 10% em™s”. From the
calculated nucleation rates follows that in case of
carbon dioxide/benzoic acid particle formation
inside the capillary nozzle could not be excluded,
whereas for the system trifluoromethane/benzoic
acid particle formation occurs probably in the
freejet. Furthermore, the use of the classical
nucleation rate expression, derived for steady-
state conditions, must be always proved critically
and the influence of non-steady-state nucleation
effects on attainable nucleation rates needs to be
checked carefully. Due to very high attainable
supersaturations particle growth is dominated by
coagulation.
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Formation of Submicron Particles by Rapid Expansion of Supercritical

Solutions
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A pilot plant is presented, which has been built to prepare fine particles (< 1 pm) by the Rapid Expansion of
Supercritical Solutions (RESS - process). In this study supercritical carbon dioxide was used to recrystallize
cholesterol. The investigations were carried out by using two different Laval-nozzles. The particles obtained
have a mean particle size in the range of about 300 to 500 nm. Tt turned out that neither changes of the con-
centration of the dissolved cholesterol in carbon dioxide and pre-expansion conditions (pressure and tempera-
ture) nor different nozzles have a provable influence on the particle size of the micronized particles, Merely, the
pre-expansion pressure has a slight influence on the size of the particle obtained, it seems so that an increase in

pressure results in smaller particles.

Introduction

Fluids at pressures and temperatures slightly
higher than the critical point (supereritical fluids)
were first found to dissolve solids with low vapour
pressure more than a century ago by Hannay and
Hogarth [1]. Supercritical fluids combine liquid-like
density, higher diffusion coefficient and lower vis-
cosity than common organic solvents. The solubility
of non-volatile solutes in supercritical fluids can be
much higher than the value calculated assuming
ideal gas behaviouwr at the same temperature and
pressure.

The RESS - process {Rapid Expansion of Super-
critical Solutions) is a new technique for the pro-
duction of crystalline uniform particles. When a
solution consisting of a compressed gas as solvent
and a dissolved solid is rapidly depressurized, the
dissolved solid becomes insoluble in the low pres-
sure gas. The rapid expansion of supercritical solu-
tion exploits this phenomena. During the process, a
loaded supercritical fluid is expanded through a
nozzle, creating high supersaturation in the jet, Fast
pucleation and growth of the crystalline particle
occurs. If carbon dioxide is used as a supercritical
fluid the RESS - process offers advantages over
conventional size reduction methods. Because of the
low critical data of carbon dioxide (pc=7.38 MPa,
Tc =304 K) mild process conditions can be chosen
to work on heat sengitive products. After the process
the solvent is in the gaseous condition for which
reason solvent free products can be achieved. By
varying process parameters, the particle size distri-
bution and the morphology can be influenced. Im-
portant process parameters are: concentration of the
dissolved solid, pre- and post-expansion pressure,
pre- and post-expansion temperature and the ge-
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ometry of the nozzle. This technrology will find
application in the production of pharmaceutical
substances and energetic materials.

Solids formation by the rapid expansion of su-
percritical solutions has been under investigations by
several authors. Matson et al, [2, 3] studied ceramic
precursor processing to obtain powder with better
sintering characteristics. In the field of particle size
reduction, they searched for alternatives to milling
and solution crystallization, especially for pharma-
ceutical and thermally labile organic substances.
Krukonis [4], Lele and Shine [5] and Debenedetti et
al. [6] worked out processes to alter the morphology
of polymer particles and to produce intimate blends
of polymers with other materials. Gerber et al. [7]
describes the influence of the post-expansion pres-
sure on the particle size of anthracene.

These investigations show that the fundamental
processes in the RESS-process are not sufficiently
understood so far. For that reason the objective of
this study is to describe the effects of nozzle diame-
ter and conditions (pressure, temperature and con-
centration) before the nozzle upon the quality (e.g.
particle size and morphology) of the solid product.

Materials

Fig. 1 shows the pressure-temperature phase dia-
gram of carbon dioxide. A fluid whose temperature
and pressure is simultaneously higher than the criti-
cal point is supercritical. At the critical point the
boundary between the liquid and vapour phase dis-
appears, the surface tension becomes zero and the
properties of the fluid change dramaticafly. Espe-
cially the density of the fluid increases strongly in
the near of the critical point and with that also the
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dissolution power of the fluid. This behaviour allows
the use of compressed fluids in extraction processes.
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Figure 1: pressure-temperature phase diagram of
carbon dioxide [8]

Several supercritical fluids have been used in the
RESS-process. Carbon dioxide is a commeon one for
low molecular weight solutes [4] because of its low
critical pressure and temperature and the fact that it
ig inexpensive, non-toxic and non-flammable. In
contrast to supercritical water the use of supercritical
carbon dioxide does not require special material in
the plant..

For our investigations cholesterol (Merck, purity:
97 %) was used as a model substance for pharma-
ceutical substances. Cholesterol counts among the
category of the steroids and is a biological derivate
of isoprene. The used carbon dioxide had a purity of
99.95 %.

To be able to carry out a RESS-process, it is nec-
essary that the phase equilibrivm of cholesterol
dissolved in carbon dioxide is known as a function
of temperature and pressure. This relationship is
drawn from the literature and shown in Fig, 2:
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Figure 2: phase equilibrium concentration (mol
fraction) of cholesterol dissolved in carbon
dioxide [9]

Experimental Methods

The experiments were performed in a pilot plant
which consists of three sections (as shown in Fig. 3
schematically): the CO,-supply umit, the extractor
and the separation vessel. The extractor is closed
with two sintered metal filters (pore size 0.1 ym) to
avoid discharging of the solid material. The maxi-
mum pressure in the plant is Hmited to 30 MPa, the
extraction temperature to 353 K,

e
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; ‘ vessel f w
R @
| 3
| HU: :
| | @ |
: — =
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W:  heat exchanger FI: mass flow meter

FL: liquid CO,reservoir D:
P:  jetting pump

pressure control

Figure 3: flow sheet of the experimental setup

Liquid carbon dioxide is cooled down (W1 and
W2) to avoid cavitation in the membrane pump (P).
After the compression to pre-expansion pressure, the
fluid is heated to the extraction temperature (W3). In
the extractor (V=0.61), the supercritical fluid is
charged with cholesterol. To avoid dropwise con-
densation during the expansion it is necessary to
overheat the solution in an additional heat exchanger
(W4). In the separation vessel the supercritical solu-
tion is expanded through a nozzle. In our experi-
ments we used two different Laval nozzles with a
100 and 150 pm diameter, respectively. The particle
formation can be observed through three sapphire
windows which are placed on different positions in
the separation vessel. The expanded gas will be
condensed (W1) and recompressed or let off. After
the experiment, the separation vessel is opened and
the particles were collected. The size of these parti-
cles was measured by photon correlation spectros-
copy (Malvern Zetasizer 3000).

Before measuring the particle size by photon cor-
relation spectroscopy, the sample has to be prepared
in the following way. 10 mg cholesterol are dis-
persed in a 0.05 wt.-% Tween 80/water-solution and
treated with ultrasonic for 45 minutes, This disper-
sion is measured in the Zetasizer at 293 K. The re-
fractive indices of cholesterol and water are 1.53 and
1.33, respectively. The particle size xs53; of each
sample is calculated as a mean value of at least five
measurements, The standard deviation for the parti-




cle size was calculated and it varied between 5 and
23 nm.

Results and Discussion

This work is part of a project in which choles-
terol as a model substance is being studied in order
to understand, and eventually, predict the effects of
process variables upon the morphology and size
distribution of the solid products obtained by ex-
panding supercritical solutions. In this paper, we
describe the effects of nozzle diameter and condition
(pressure, temperature and concentration) before the
nozzle upon the solid product.

The raw cholesterel (160 g), characterized by a
mean particle size of 20 pm, was charged into the
extractor and extracted with CQO, The extraction
PIesSUTe Py Was between 15 and 20 MPa; the ex-
traction temperature worked out between 308 K and
343 K. The supereritical solution was overheated up
to 436 K and expanded through a Laval nozzle from
pre-expansion pressure to atmospheric pressure and
208 ¥, The pre-expansion pressure p, was between
15 and 20 MPa. Our investigations was carried out
with two different nozzles with diameters of 100 pm
and 150 um. The concentration of cholesterol in
CO, is determined by measuring the whole mass of
CO, consumed during the process and the decrease
of the cholesterol in the extractor. Under these con-
ditions the concentration of cholesterol in CO, was
measured between 0,050 and 0.093 wt.-% for the
100 pm nozzle and between 0.031 and 0.089 wt.-%
for the 150 um nozzle, respectively.

In Fig, 4 the mean size of the particles obtained
is presented in dependence of the concentration and
nozzle diameter.
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Figure 4: mean particle size of cholesterol obtained
in the RESS-process (Ty=436 K,
Po= Pexa =20 MPa)

The results presented in this diagram show that
the influence of the concentration and nozzle di-
ameter on the particle size is not significant and
systematic for the investigated cholesterol-carbon
dioxide system. The mean particle size Xso» varies
between 300 and 470 nm.

249

Tt is possible that the missing influence of the
concentration on the size of the particles obtained
can be explained by the low mass of cholesterol
solved in CO,. Unfortunately it was not possible to
increase the concentration of cholesterol over
0.093 wt.-% because the retention time of the CO- in
the extractor was not long enough to achieve the
equilibrium concentration given by extraction pres-
sure and temperature, :

The influence of the pre-expansion pressure or
the particle size is shown in Fig. 5. The extraction
temperature Ty is specified as a second parameter
which was kept constant during the experiment.
Because of the different pressure the concentration
in the supercritical solution is not constant within
one experimental campaign. The mean particle size
is again in the range of 300 to 500 nm,
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Figure 5: mean particle size of cholesterol obtained
in the RESS-process in dependence of the
pre-expansion pressure (To= 436 K)

These presented results reveal a trend of the par-
ticle size in dependence on the pre-expansion pres-
sure. An increasing pressure results in smaller parti-
cles even though the differences in particle size are
pot strongly marked. This behaviour is inconsistent
with results presented by Smith et al. [10]. Accord-
ing to his remarks the number of molecules forming
a cluster should increase with increasing expansion
pressure. Despite of the fact that the size of a cluster
is not identical with the particle size the general
tendency should be comparable.

Supplementary, SEM-pictures of cholesterol
particles obtained by the RESS-process were pre-
pared. These pictures are not included in this paper
but show that the recrystallized particles have a
different morphology, shape and size as the original
cholesterol. The pictures confirm the results received
by the photon correlation spectroscopy, in general.

For raw cholesterol the mean volume diameter is
about 20 wm and the particles are plate-like and rod
shaped. The recrystallized particles are smaller and
more or less filamentous. The thickness of these
particles is between 50 and 300 nm, their length is




up to 4 pm. The particles are agglomerated to very
porous structures with a mean size of about 20 um.
It can be seen that different process conditions do
not have an influence on the shape and morphology
of the recrystallized particles.

Summary

A pilot plant was built to study the influence of
different process parameters on the particle size
produced by the RESS-p