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1. INTRODUCTION

This Grant from AID was aimed to provide assistance and
support to the research to be carried out at Centro Quimica
Estrutural (hereinafter referred to as "CQE") towards the s tudy
of supercritical fluid extraction of valuable natural and
biological products.

The life of the Grant was from August 20, 1987 through
August 19, 1990. The completion date was later extended to March
31, 1991, as authorized by the Project Officer in his letter of
January 4, 1991,

As stated in the Grant document, this research had the
following specific objectives:

a) The measurement of the solubilities of the substan-
ces to be extracted in supercritical carbon dioxide (pure or
mixed with an entrainer). These substances included the compo-
nents of eucalyptus oil and others obtained from fermentation
broths.

b) The thermodynamic modelling of the phase behavior of
multicomponent mixtures that include carbon dioxide to obtain the
best conditions of extraction.

c) The design and operation of a countercurrent
extraction column, with optimization of the process parameters.

This research work involved the collaboration of the
following Institutions and Investigators:

From CQE (Instituto Superior Tecnico and New University
of Lisbon):
Manuel Nunes da Ponte (Principal Investigator).

Edmundo Gomes de Azevedo (Investigator).

Manuel T. Carrondo (Investigator).
Susana F. Barreiros (Investigator).
Henrique A. Matos (Graduate Student).
Pedro C. Simdes (Graduate Student).



Margarida Goncalves (Graduate Student).

From the University of Sierra Leone (Freetown, Sierra

Leone, West Africa):
Daniel A. Jonah.

From the University of California (Berkeley, USA):

John M. Prausnitz.

From Cornell University (Ithaca, New York, USA):
William B. Streett.
John Zollweg.

The following Sections nresent the principal findings of
this AID-sponsored research, as well as a comparison between the
actual accomplishments with the goals established in the proposal
and a report of the scientific collaboration and of the training
prog.amme developed during the life of this Grant.

2. RESEARCH ACTIVITIES

2.1, Introduction

In recent years attention has been paid worldwide to the
experimental and theoretical aspects of SCF extraction.

SCF have unique physico-chemical and transport properties
that make them specially interesting solvents. More particularly,
the properties (e.g. density) of a compressed substance 1in the
vicinity of its critical point can be modified by changes in
pressure and/or temperature in such a way that the substance
behaves either as a normal low-density gas or as 1liquid, thus
changing greatly its solubility power. Therefore these substances
have potential use as solvents 1in extraction or separation
processes



At the time of presentation of our proposal (August 1986)
there were already a few well-known industrial processes which
used SCF carbon dioxide as solvent (e.g, decaffeination of coffee
and hops extraction). These processes took advantage of some of
the characteristics presented by SCF, namely the absence of toxic
residues in the final product and (possible) energy savings.
However, industrial process decsigners claimed that this technique
demanded high capital costs and posed safety problems due to the.
high pressures involved. Moreover, they were somehow skeptical
about what appeared to them as a relatively untried technology
with limited thermodynamic models which they needed for design
and scale-up. This was particularly important in the food (or
related) industries which didn't use routinely high pressure
technology.

It is very likely that SCF extraction can solve important
separation problems in many areas, namely in food, flavor, and
fragances industries, and in specific separations of thermally
labile pharmaceuticals. This means that this technique is more
suitable in difficult separations, especially those involving
relatively low-volume, high-value products.

We must point out, however, that environmental concerns
(substitution of toxic solvents) and governamental regulations
(absence of toxic residues in food and related products) make
supercritical extraction potentially more attractive than
conventional separations.

Since then, research activities centered in this new separa-
tion process have considerably expanded worldwide. Two recent
Symposia on this subject, one in Europe, (International Symposium
on Supercritical Fluids), held in Nice, France, in October 1988,
and the other in the U.S.A., (Symposium on Supercritical Fluid
Extraction, American Institute of Chemical Engineers Annual
Meeting), held in Washington, D.C., in December 1988, were very
successful, with an attendance of several hundred scientists and
engineers and hundreds of communications. A recent survey of the



most promising separation processes in Chemical Engineering1
rated SCF extracton among the top ten. Krukonis® has recently
claimed that, after a decade of commercial applications, super-
critical extraction should not be regarded any longer as a non-
conventional process.

The course of events in this field has strcongly influenced
our research program. The knowledge base formed in our research
group during the execution of this progiram has allowed us to
accompany the main directions of change in this field and to
develop it accordingly. Changes were introduced in the natural
product extraction program as well as in the projected research
on extraction from fermentation broths.

Eucalyptus oil was our model system for the purification of
natural products using supercritical fluids. As carbon dioxide
and carbon dioxide based mixtures revealed themselves not useful
to this purpose (see Publication 3), we had to experiment with
different solvents. Ethene (ethylene) seemed a logical choice due
to the presence of carbon-carbon double bonds in the main
impurity to remove from the oil, limonene. One of the matn
thrusts in our work was therefore a complete characterization of
the phase diagrams of mixtures of ethene with eucalyptus oil
components,

Meanwhile, and as a result of new collaboration with Portu-
guese and foreign groups, and also following an earlier sugges-
tion by one of our American partners, research work was started
on olive oil, another natural product abundant in the
Mediterranean area and important for the Portuguese economy.
Applications of supercritical fluids in the processing of food
oils have been described in the literature and were summarized in

1 J.L. Bravo, J.R. Fair, J.L. Humphrey, C.L. Martin, A.F.

Seibert, S. Joshi, Fluid Mixture Separation Technologies for Cost
Reduction and Process Improvement, 1986, Noyes Publications.

z V.J.Krukonis, "Supercritical Fluid Processing: Current
Research and Operations", Proc. Int. Symp. on Supercritical
Fluids, 1988, p.541, Nice, France.



the book by Stahl and collaborators-. However, until recently,
no work on olive oil had been reported. We performed laboratory
measurements that indicate the feasibility of deacidifying clive
oils with supercritical carbon dioxide, without affecting the
organoleptic qualities of those oils.

As to the fermentation broth processing, we were informed
shortly after the beginning of this work, that a research project
in the same lines that we were .contemplating was near
completion‘. We decided therefore to change our main subject in
this area to the investigation of lactic acid separation, as one
of us was studying the biotechnological production of this subs-
tance, and also due to the economic importance of the subject in
less-developed countries (LDC's). Phase behaviour studies were
performed on mixtures of carbon dioxide, racemic lactic acid and
water, and a new vapor-liquid equilibrium apparatus was assembled
for a more complete description of this system.

Later in the program, a new development was the study of
reverse micelles in supercritical media, to investigate the pos-
sibility of extracting biological molecules from aqueous solu-
tion. This line of work has been recently pursued by a number of
authorss. A new high pressure apparatus with a view cell has been
assembled for the study of micelle formation in supercritical
carbon dioxide and ethylene. Solubilization of the surfactant
AOT (sodium di-2-ethylhexyl sulfosuccinate) in supercritical
carbon dioxide and ethylene and in supercritical and 1liquid
propane is currently being examined.

3 E.Stahl, K.-W. Quirin, D. Gerard, Dense Gases for Extraction

and Refining, 1987, Springer-Verlag, Berlin.

4 R.C. Willson, "Fermentation Product Recovery by Supercritical
Fluid Extraction: Microbiological and Phase Equilibrium Aspects",
PhD. Thesis, 1988, M.I.T.

°R.D. Smith, J.L.Fulton, J.P. Blitz, J.M. Tingley, J. Phys.
Chem., 1989, 93: 4193; T.Klein, J.M. Prausnitz, ibid., 1990, 94:
8811; K.P. Jonhston, G.J. McFann, R.M. Lemert, in Supercritical
Fluid Science and Technology, 1989, ACS Symposium Series 406.



2.2. Experimental

In the course of this project, a series of different mea-
surements were performed. These were designed to examine the
feasibility of useful separation processes involving supercri-
tical fluids. Most of them can be classified as vapor-liquid
equilibrium or solubility measurements, but a few and more re-
cent ones involve either chemical reaction kinetics or mass
transfer measurements. Several apparatuses (whose pictures are
presented in the Annex) have been built and constantly improved.
We started with the one described in our rescarch proposal6 and
we end up with six different experimental set-ups, each of them
being used for different purposes. One of them is a technical or
semi-pilot scale apparatus, described below under the sub-title
"Countercurrent Liquid-SCF Extraction Columns". The others are of
the labcratory-scale type, and will be divided for description
purposes according to whether the core of the apparatus, the
equilibrium cell, 1is an opaque or & transparent, see-through
cell.

2.2.1. Solubility Apparatus with Opaque Cells

The versions of this type of apparatus used in this
work were ossentially an upgrading of the apparatus for measuring
solubilities in supercritical fluids described in our proposal.
Successive modifications were introduced to this primitive ver-
sion. Some of them were described in detajil by Gomes de Azevedo
et al. and by Matos et al. (see Publjcations 1 and 3). A
schematic diagram of this apparatus jis shown in Figure 1.

The main modifications introduced in the original apparatus
were:
(i) A new pressure generating system ( a piston pump).

8 M.Nunes da Ponte, E. Gomes de Azevedo, M.T. Carrondo,

Supercritical Fluid Extract‘on of Natural and Biological
Products, Research Proposal submitted to AID, August 1986.



(i1) A different top cover for the equilibrium cell, with
two outlets.

(i111) A modified sampling system, whereby the solute is
depousited directly into a glass trap. '
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Figure 1: Schematic diagram of the VLLC apparatus.

The main shortcomings of this design are related to the
small volume of the cell and to the sampling system. A small
volume of 30 cma, as we used, allows for perturbation of the
equilibrium pressure condition inside the cell while sampling. On
the other hand, the sampling system of directly depositing the
solute in a cold glass trap is simple and quick, but not very
precise. This is due specially to the liquid condensation in the
walls of the tubing between the sampling valve and the trap. To
overcome these limitations, a second apparatus was later assem-
bled, following essentially the diagram of Figure 1, but with a
100 cm® cell and a different sampling system. This is closer to
our original one, where a liquid solvent washes the deposition
loop of a liquid chromatography valve. Instead of analysing the
resulting liaquid samples by refractometry, as was our original
intention, we adopted for gas chromatography. This is a more
versatile analytical method, that we also used for analysis of
ternary mixtures involving eucalyptus oil components or multi-



component analysis of other natural products, as described later
in this report. A picture of this apparatus is shown in the
Annex.

2.2.2. Solubility Apparatus with Visual Cells

As described below, our work with ethylene as a super-
critical solvent revealed a more complex phase behaviour than we
had previously encountered with carbon dioxide or carbon
dioxide-based mixtures. It quickly became apparent that it would
be very useful to be able to see the different phases present in
the equilibrium cell and to identify those we were sampling from.
We therefore built transparent cells, following essentijally two
types of design. In the first one, glass or sapphire windows were
attached to the ends of a stainless steel hollow cylinder by
means of an unsupported area seal with teflon O-rings. A diagram
of this type of cell is given in Figure 2.

Figure 2. Visual cell with sapphire windows. 3: O-ring; 4:
sapphire windows.



A second type of visual cell was also built using a sapphire
tube as the main piece. The diagram of Figure 3 shows the clo-
sures on both ends, that consist of mushroom-shaped tubing. sup-
ported by teflon O-rings. The principle of unsuppnrted area is
used in the same way as in the other type of cell to ensure a
sufficient compression of the O-ring at high pressure.
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Figure 3. Sapphire tube cell.

Critical points and two and three-phase equilibria were
easily observed with these cells. However an important short-
coming remained: isothermal pressure changes must be obtained by
gas addition to the cell, because the available volume is cons-
tant. A further development of the design was the replacement of
one of the closures (Figure 3) by a stainless steel piston,
sealed by two O-rings, that can be moved by pressurization on the
outer side with a suitable 1liquid (water, for instance). A
picture of this sapphire cell can be seen in the Annex.

2.2.3. Countercurrent Liquid-SCF Extraction Columns

Finally, a semi-pilot scale apparatus was built. This
apparatus was design to simulate extraction processes under



favourable pressure and temperature conditions, as indicated by
previous laboratory experiments and by tLhermodynamic modelling.
The main properties to be measured in this set-up are some of
those necessary for scale-up and design of supercritical
extraction processes, and in particular mass transfer coeffi-
cients as a function of several operational variables, like pres-
sure, temperature, concentration, and flow. The design followed
some suggestions given by Gerard7 and also by Brunner and Petere.

A schematic view of this apparatus is presented in Figure &
and its picture is shown in the Annex.

The main pieces of equipment are two one-meter long, 2.5 cm
internal diameter stainless steel columns. In Figure 4, EC is the
extraction column and SC the separation column. Sampling devices
are provided at the top and bottom of each and a high precision
Rheonik mass-flowmeter (MFM in the same figure) was placed
between them. The circulating supercritical solvent is driven by
a high-pressure gas compressor (C), while a high pressure liquid
metering pump (MPL) injects the liquid feed into the extraction
column. The liquid flow is measured bv direct weighing of the
liquid reservoir at regular time intervals, in a precision
balance of 1000 g capacity.

Auxiliary equipment includes two back-pressure regulators,
several temperature and pressure indicators, and a piston pump,
to compensate for the solvent withdrawn during sampling. The
columns are of the packed type, filled with Sulzer corrugated
gauze. This is a very efficient packing, as demonstrated by
Seibert et al.®

During operation, pressure in the extraction columns
controlled with a back-pressure regulator (BPREC) and measured by
two gauges (PGi, PGz)‘ The pressurized solvent is preheated or

7 D.Gerard, PhD. Thesis, 1985, University of Saarbrukrn, Germany.

8 G. Brunner, S. Peter, Ger. Chem. Eng., 1982, 5: 1981.

9 A.F. Seibert, D.G. Moosberg, J.L. Bravo, K.P. Jonhston, Proc.
Int. Symp. on Supercritical Fluids, 1988, Nice, France.
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Figure 4: Flou dlagram of the continuous countercurrent extraction
arparatus. BPR: back pressure regulator; C: compressor; EC: extraction

column; G: gas cylinder; HE: neat exchanger; LF: line

filter; HMFM:
mass.flowneler: HP: metering pump; PG: pressure qauge; PP: piston
pump; RD: rupture datsk; SC: separation column; T teaperature

Jensor;

cooled to the desired temperature in a heat exchanger (HEl), by
circulating thermostated water.

A run starts with the solvent circulating through the appa-
ratus for about two hours, without 1liquid feed injection, to
obtain the desired pressures and temperatures in the extraction
and the separation columns. The pressure drop between the two is
regulated manually with a heated regulating valve (V6). Two pres-
sure gauges (PG3 and PG4) read pressure at the top and bottom of
the separation column and two heat exchangers (HEII and HEI“)
control its temperature.

When the desired pressures and temperatures are obtained,
the injection at the top of the extraction column of the 1liquid
mixture to separate starts. The extract, precipitated 1in the

11



separation column, and the raffinate, that is, the liquid not
solubilized by the gaseous solvent, are collected at the bottoms
of the separation and the extraction columns, respectively. The
solvent loading (the solute concentration of the solvent flow
exiting EC) is measured by sampling through valve V4.

2.3. Results

We report next the principal experimental results we
obtained using the apparatuses described above. These results
involve solubility and VLE data of natural products (the main
components of eucalyptus oil and olive oil) and of products from
fermentation broths (lactic acid) 1in different supercritical
solvents.

2.3.1. Measurement of Solubilities in SCF
2.3.1.1. Eucalyptus 0il

To investigate the possibility of using SCF to the
separation of 1,8-cineole (the most valuable component of eucaly-
ptus oil) from d-limonene we obtained VLE data on mixtures invol-
ving these compounds and different SCF solvents, namely carbon
dioxide, an azeotropic mixture carbon dioxidetethane, and ethene.

2.3.1.7.1. VLE in Carbon Dioxide

Our work started with a full characterization
of the vapor-liquid equilibrium in binary mixtures of carbon
dioxide (above its critical temperature) and each of the two main
components of eucalyptus oil, 1,8-cineole and d-limonene. A
thorough description ¢f these results is given in Publications 1

12




and 3 .

Some representative results are shown in Figure S.

In addition to the new solubility data which became avail-
able, our data unveiled that previously published results on the
sclubility of terpenes 1in supercritical carbon dioxide were
wrong, as shown in Figure 6. This figure compares our solubility
data at 313 K of 1limonene 1in supercritical carbon dioxide with
results obtained by different authot's. As shown, our data for the.

as - s -

a0 r

3

Pressucs {MPa)
™
"

Pressure [MPa}

1 !
as 0.9 os Ld
Mele fraction CO, Mels fraction CO,

Figure S. Experimental and calculated (from Peng-Robinson EOS)
VLE for C02+11monene (left) and C02+cineole (right) at 313 K.

liquid and vapor phases are 1in good agreement with the
equilibrium data of Coppella and Barton'°. Agreement is also found
between the data of Stahl and Gerard'' and our results for the
vapor phase. However, these authors' results show significant

10 S.J. Coppella, P. Barton, in Supercritical Fluids, 1987, Acé
Symposium Series 329.

1 g, stahl, D. Gerard, Perfumer & Flavorist, 1985, 10: 29.
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Figure 6. Comparison of our solubility data for limonene in dense
CO, at 313 K with results from other authors.

Experimental: Our data (e liquid: o vapor):
Coppella, Barton (m liquid: o vapor);
Sthal, Gerard (----- ).

Calculated: Peng-Robinson EOS with k12=0.080 (—).

discrepancies at pressures above 8.3 MPa (the mixture critical
pressure at 313 K). We attributed these differences to th exp-
erimental technique the authors have used (the dynamic flow prin-
ciple) which could not detect the mixture critical point. There-

fore their data above 8.3 MPa are meaningless.

2.3.1.1.2. VLE of the Ternary Carbon Dioxide+
Cineole+L imonene

The same apparatus was used to obtain VLE
data on the ternary carbon dioxide + cineole + 1limonene. The
measurements were made at 40 °C (or 313.15 K) for different pres-
sures and for a mixture of overall mass ratio of about 0.80

14



cineole to 0.20 limonene, a composition chosen to simulate euca-
lyptus oil as obtained commercially in the first step of purifi-
cation. The results are given in Table 1.

At this stage, these results clearly indicated that super
critical CO2 could not selectively extract either limonene or
cineole from a mixture of the two of them. The reason for this
behavior is quite obviously seen in Figure 7 which compares the

Tagle 1 - Liquid (x) and vapor (y) equilibrium compositions at
40°C for a ternary mixture of carbon dioxide + cineole +
limonene, at different pressures.

P(MPa) x(COz) x(lim.) x(cin.) y(COz) y(lim.) vy(cin.)

7.4 0.888 0.025 0.087 0.996 0.00!1 0.003
7.6 0.859 0.030 0.111 0.993 0.002 0.005
7.75 0.867 0.031 0.102 0.986 0.004 0.010
8.0 0.914 0.023 0.063 0.996 0.000 0.004
8.2 0.950 0.012 0.038 0.990 0.003 0.007

Iﬂv

| 1 | —
303 3 123

T/
Figure 7. Critical pressures and temperatures of mixtures of CO2

with limonene (¢) and with cineole (®). The symbol =x indicates
the critical goint of pure COZ.
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critical pressures and temperatures of mixtures of CO2 with limo-
nenv and with cineole. There is almost no distinction between the
two mixtures.

2.3.1.1.3. VLE in Carbon Dioxide + Ethane
Mixtures

Our ssearch for solvents with a better sele-
ctivity towards mixtures of cineole and limonene led us to mix-
tures of azeotropic composition of ethane with carbon dioxide. As
explained in Publication 3, the main reason for the choice was
that we were looking for a solvent which could enrich the vapor
phase in limonene, the impurity to be removed.

The results are presented in Publication 3 and they are
similar to those previously obtained with pure carbon djioxide.
This is illustrated in Figure 8, which compares the VLE data we
obtained at 303.2 ¥ for the (supercritical) azeotropic mixture
COZ+CZH6 with limonene and with cineole. Again, the phase dia-
grams for the two (pseudo) binaries are very similar.

|

1.0

.
MPa

6.5

|
0.8 0.8 1.0

X Yico, + ¢, Hg)
Figure 8. VLE data of the azeotropic mixture COZ+CZHS with
limonene ( o ) and with cineole ( m ) at 303.2 K.
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2.3.1.1.4. VLE in Supercritical Ethene

The fallure of carbon dioxide or carbon
dioxide-rich mixtures to selectively extract the main impurity in
the preparation of cineole from eucalyptus oil led us to select
ethene (ethylene), due to its possible affinity to limonene, a
hydrocarbon with a carbon - carbon double bond.

The observed phase behavior for binary mixtures of ethene
and limonene was quite different from our previous results. Three
phases in equilibrium, a vapor phase, a 1limonene-rich 1liquid
phase, and an ethylene-rich 1liquid phase were observed. This
phase behavior, and in particular the %xistence of an
intermediate, limonene-rich liquid phase, strongly indicated the
possibility of an enhanced solubility of this compound in a
limited range of temperatures and pressures. The thorough
investigation of the coexistence 1limits of those phases was
therefore the next step in our work on eucalyptus oil.

As sensitive methods were required to detect the phenomena
under study, important changes had to be introduced in our expe-
rimental program. We built transparent cells of various kinds, as
described in Section 2.2.2 above, for visual detection of three-
phase coexistence and critical points, and some precise solubi-
lity measurements in a different apparatus were carried out at
the Technical University of Berlin, Germany, by one of our colla-
borators. These results are briefly described in the next
Section.

As mentioned above the phase diagrams for ethene + limonene
are of a different kind from previous results in this work. A
second liquid phase was formed, resulting in a three-phase eaqui-
librium surface, that spanned from below 15 °C to above at least
25 °c, as shown in Figure 9. These results were obtained by com-
bining vapor-liquid composition measurements, done as in previous
cases, with transparent cell determination of mixture critical
points and three-phase equilibria (see photographs in the Annex).

The second 1liquid phase was richer in limonene than the

17



vapor at lower pressures, especially at the lower temperatures,
around 15 °C, and suggested the possibility of finding a pressure
and temperature region where limonene would be definitely more
soluble than cineole.

Three-phase equilibrium has also shown up in ethere +
cineole, but on a much shorter temperature range, around 25 °c,
and was much harder to detect. Our results with transparent cells

~
o
1

Pressure (- MPa )

%% 02 o5 o% o3 08 07 o8 0¥ 10
Weight Fraction of Ethylene

Figure 9. Pressure-composition <)d‘iagram for the system
ethene + limonene at 15, 25, and 35 C.

around 25 °C indicate the presence of three phases. A liquid-
liquid critical point was observed at 6.64 MPa and 25.2 °C, while
the liquid-vapor separation remained. The phase coexistence in
this system 1is therefore clearly different from what was
previously observed with ethene+limonene.

2.3.1.1.5. Solubtility Measurements 1in
Compressed Gaseous Ethene.

These solubility measurements were carried
out at the Technical University of Berlin, Germany, during a
training one month visit of one of us (H. Matos). They were

10



performed in a high pressure apparatus (up to 20 MPa or 200 bar),
using the dynamic continuous accumulative method. In this method
the gaseous sample passes continuously through a series of
saturation cells. The gas dissolves a certain amount of the
solute contained in the first cell, and the solute is absorbed in
the remainer cells filled with a suitable solvent (N-methyl
pyrrolidinone). The total amount of the gas is measured by a
gasmeter, and the concentration in each of the vessels deterinined
by gas chromatography.

Figure 10 presents the measured solubilities at 25 °C of
limonene and of cineole in ethene as a function of pressure. As
shown the solubility of limonene is markedly higher than that of
cineole.

2 T !

cineole @

S * hmonene @

T=25"C

w?

Figure 10. Solubility of limonene (®) and of cineole (®m) at 25°C
in gassous ethene at several pressures.

19



2.3.1.1.6. VLE of the Ternary Ethene+
Cineole+L imonene

wWe proceeded to investigate the phase equi-
libria in ternary mixtures of ethene with limonene and cineole,
using (as in the case of the study with carbon dioxide) a 20%
limonene + 80% cineole 1liquid mixture as starting point. Phase
compositions were measured with a gas chromatograph, as described
in Section 2.2.1. Results indicated that in the gas phase there
are limonene/cineole ratics between 1 and 1.5, while in the
starting mixture this ratio was J.25. Considerable enrichment of
the more volatile phase in limonene was therefore obtained.

2.3.1.2. Extraction of Lactic Acid

Preliminary VLE data on mixtures containing SC CO2 and
an aqueous solution with 60% racemic lactic acid were obtained in
an apparatus of the type described in Section 2.2.1. These
results, summarized in Figure 11, indicated that a vapor-liquid
critical point was reached at 38 °C and 175 bar.
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Figure 11. Vapor phase solgbility of lactic acid in
supercritical CO2 at 38.5 C.
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These preliminary findings were encouraging as to the pos-
sibility of separating 1lactic acid, and a more thorough
investigation was started. However, due to the specific
characteristics of this system a new apparatus was designed and
built (see picture in the Annex). In fact, and apart from the
corrosive action of lactic acid, one had to take into account
that while mixtures of the two optical isomers have melting
points that can come down to 20 °C. the pure isomers only melt
around 51 °c. This required a temperature control at higher
temperatures than we had used before. An oven was specially built
for this purpose, and it has recently come into operation.

2.3.1.3. Solubilities of Olive 0il Components in
Supercritical Carbon Dioxide

The assessment of the possibility of deacidification of
olive oils by supercritical extraction requires the knowledge of
the solubilities of its main components. We have therefore per-
formed experiments on pure glycerol trioleate, the main edible
component of olive and husk oils, and on a highly acidic husk
oil. The results are given in Publication 9. Figure 12 compares
our data (at 35°C) for the solubility of glycerol trioleate
{1sually known as triolein which is the main component of olive
oil) in co, with measurements reported by different authors. As
shown, the data of Brunetti et al.'® are in notorious disagreement
with our and other authors results'>.

We have alsc measured husk oil solubilities in supercritical

CO2 from previously hexane extracted crude husk oil (hexane is

12 L. Brunetti, A. Daghetta, E. Fedeli, I. Kikic, L. Zanderighi,

J. Am. Oil Chem. Soc., 1989, 66: 209.

'3 J. chrastil, J. Phys. chem., 1982, 86: 3016; M.B. King, T.R.
Bott, M.J. Barr, R.S. Mahmud, Separation Science & Technology,
1987, 22: 1103.
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the sclvent commonly wused in the conventional extraction
process). For comparison the same extraction was performed from
solid olive husk flakes. We noticed that in the latter case the
solubilities values were lowaer than those obtained with 1liquid
husk oil. We attributed this (significative, specially at high
pressures) difference to the fact that some of the components
extracted with hexane were less (or even non) extracted by SCF
carbon dioxide from the solid matrix.
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Figure 12. Solubility of glycerol trioleate in CO2 at 308.6 K.

Comparison of our measurements (e¢) with those reported in the
literature: King et al. (x); Chrastil (4) and Brunetti et al. (¢)
at 313.15 K.

Using capillary gas chromatography we analyzed the hexane
extracted husk oi) (ciude husk oil) and the corresponding SCF co,
extracts. In both cases high contents of free fatty acids were
found, being oleic acid the major constituent (about €0% in
wejght) followed by palmitic and 1linoleic acids.
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We have also found that free fatty acids were more easily
extracted than triglycerides from olive oil. This is shown 1in
Figure 13 which gives the.solubilities in SCF COo, at 313.6 K of
crude husk oil, the free fattv acid, and the triglyceride
fractions from the same oil.
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Figure 13. Solubility at 313.16 K in supercritical CO2 of crude

husk oil (e), the free fatty acid (0) and the triglyceride (4)
fractions from the same oil.

The enrichment in free fatty acids is clearly observed
through the comparison of the chromatograms of crude and SCF
coz~extracted oils. This gives us the indication that the
application of SCF CO, extraction to deacidify vegetable oils,
namely husk and olive oils, is technically feasible in in
relatively mild operational conditions. In addition, contrarily
to what is observed in the conventional refining processes use to
deacidify either olive and husk oils which may introduce
significant changes in the triglyceride composition (causing a

23



decrease in the nutritional qualities of the o0il), the SCF
Coz-extracted husk, the «crude, and the two (commercially
available) olive oils have a similar triglyceride composition, as
Figure 14 shows. As no detectable differences were found between
the crude oil and the extracts, we assumed that contact with high
pressure COZ. oppositely to classic refining processes, did not
affect the organoleptic qualities of husk oil.
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Figure 14. Triglyceride composition of supercritical CO2 extracts

obtained at different pressure and temperature conditions.
Comparison with olive and husk oils.

Therefore our results indicated that SCF CO2 extraction
could achieve a deacidication of olive and husk oils, retaining
their required triglyceride composition and consequently preser-
ving their nutritional characteristics. The application of our
findings to the 1industrial processes 1is now dependent from a

complete economic feasibility study.
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2.3.2. Thermcdynamic Modeling of the Phase Behavior

As explained above, SCF are powerful solvents whose special
thermodynamic and transport properties give them great potential
for extraction processes in many areas where they can solve
important, practical separation problems. However for process
design, scalae-up, and economic feasibility studies we need versa-
tile molecular thermodynamic models to describe the phase equili-
brium and to understand the molecular processes in SCF solutions.
These models. which desirably are reliable, versatile, and
theoretically-based predictive, assist the design engineer to
model and predict the phase equilibria of complex systems as
those usually found in SCF extraction processes.

Unfortunately there are two specific aspects of the SCF
systems that makes them difficult to model. The first arises
from the proximity of the critical point. The second is related
with the 1large asymmetries (in size, shape, and polarity)
of the molecules involved in typical SCF extraction processes.

In spite of its drawbacks (e.g. lack of precision in the
critical region), equations of stacte have particular characte-
ristics which make them very popular among thermcdynamicists. For
this reason we used first an equation of state to model our
multicomponent supercritical systems.

To overcome the well-known limitations of the EOS, we
developed a method, based on the one-fluid conformal solution
theory, to correlate solubilities in SCF.

The findings using these two procedures are briefly

described below.

2.3.2.1. EOS Model

For the quantitative description of the systems studied
here, we selected the widely used Peng-Robinson EOS,
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RT a
P=TF ~ Vv - B FB(v - B (1

where a and b are parameters related to the critical properties
and acentric factors of the pure components (which are listed in
Table 2). For mixtures, these parameters were defined by the
conventional composition-dependent mixing rules,

(2)

b= L xib. (3)

a.., = (1 - k..) /ai.a. (4)

Table 2. Pure component data used in VLE calculations with the
Peng-Robinson EOS.

Component TC(K) PC(MPa) Acentric Factor
CO2 304.2 7.38 0.225
Cineole 665" 2.71" 6.312
Limonene 654+ 2.75% 0.327

oo
v

k4

Estimated from the group contribution method of Lydersen.
Estimated from the group contribution method of Nokay.

The binary interaction parameter kij js related to the mole-
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cular interactions between components i and j, and is a charac-
teristic parameter for each pair of the mixture constituents.
This parameter was obtained from regression of the obtained bina-
ry phase equilibrium data at each temperature. '

In spite of a slight temperature dependence of k,, has been
always detected, the Peng-Robinson EOS could reproduce reasonably
well the observed phase behavior as Figure 5 shows for the bina-
ries CO,+limonene and CO,+cineole both at 313 K. ’

Moreover it was found that the same simple model could re-
produce semi-quantitatively the ternary data of the system
Coz+limonene+cineole also at 313 K, using the interaction para-
meters obtained from the binary data only. As an example, Table 3
shows a comparison between calculated with experimental ternary
data for the same system.

However, the agreement was less satisfactory for the systems
with supercritical ethylene which exhibit a three phase
eauilibria, as shown above. Not with much success, the same
equation of state was also used in the description of the phase
behavior, namely in the prediction of the pressure-temperature
projection

Table 3. Experimental and calculated (Peng-Robinson EOS with
k12=0.080. k13=0.0751 and k23=0) liquid compositions for the

ternary COz+limonene+cineole system at 313 K.

x(CO, ) x(limonene) x(cineole)
P (MPa) exp. calc. exp. calc. exp. calc.
1.4 0.888 0.819 0.025 0.081 0.087 0.100
7.6 0.859 0.856 0.030 0.024 0.111 0.120
7.75 0.867 0.888 0.031 0.012 0.102 0.100
8.0 0.914 0.942 0.023 0.008 0.063 0.050
8.2 0.950 0.972 0.012 0.008 0.038 0.020
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Figure 15. Experimental (o) and calculated (Peng-Robinson EOS
with k12=0.050) pressure-temperature projection for the

limonene+ethylene system. The area marked above is shown enlarged
below.

of the binary ethylene+limonene, as Figure 15 shows for this
system (with k12=0.050 obtained from regression of binary VLE
data).

2.3.2.2. Statistical Thermodynamics-Based Model
Since there are well-known reasons that indicate that
classical equations of state are only partially satisfactory in

the thermodynamic modeling of mixtures involving supercritical
fluids, we directed our efforts to more sophisticated treatments.
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Based on the work performed by Dr. Daniel Jonah during his visits
to CQE, we were able to develop a procedure to correlate and
predict solid solubilities in supercritical solvents at different
pressures and temperatures.

In this new method, based on the one-fluid conformal solu-
tion theory (see Publication No. 5) we shifted the emphasis from
the properties of the gaseous mixture to those of the pure gas-
eous solvent, since this single-component properties are readily
available.

The feasibility of this approach is a consequence of the
fact that, in most systems, the solid is sparingl? soluble in the
gas phase and therefore the gas mixture is a dilute mixture in
which solvent-solvent interactions play a dominant role. This
assumption (which is very crude in the case of the solubility of
liquids) greatly simplifies the proposed model. This was the
reason why we first looked at the solubility of solids in SCF.

2.3.2.2.1. Molecular Thermodynamics of SCF
We started by considering a solid component a in

equilibrium with a supercritical gaseous component b. The phase
equilibrium equations are:

.s0lid _ vap

fo = f2°0, (5)
solid _ vap

f, = fb . (6)

where fa and fb are the fugacities of components a and b, and the
superscripts solid and vap refer to Llhe solid and vapor phases,
respectively.

Making the above mentioned (and usual) assumption of negligi-
ble solubility of the gas in the solid, the mole fraction ya of
the solid dissolved in the gas follows from Eq.(5):
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f;uolld - ya ¢;ap P, (1)
¢a and P denoting the fugacity coefficient of component a and the
system pressure, respectively; in Eq.(7) the asterisk indicates a
pure (solid) phase. Once the vapor phase is suitably modeled by
an appropriate equation of state, the fugacity coefficient could
then be readily calculated as a function of the (vapor) mole
fraction ya. the system temperature T, and pressure P.
Calculation of the solid solubility in the supercritical gas
could then be obtained through an iterative solution of Eq.(7).

The successful prediction and correlation of solid solubili-
ties by this procedure depends to a large extent on the proper
choice of mixing rules used in adapting the single component
equation of state to a mixture situation.

However, an alternative route to solid solubility calculation
is provided by the fact that the gaseous mixture is dilute, which
means that solute-colute interactions can be neglected. This
assumption of diluteness is supported by the existing experimen-
tal data. With such an assumption, we have invoked a Henry '-
law-1like relation for solubilities in a gas phase, for which the
fugacity of the solute in the gas phase is taken as proportional

to the solute concentration. Explicitly, we have

vap _ . .
fa = Kab x (solute mole fraction), (8)
where Kab denotes a generalized Henry's constant for solubility
in any phase, resulting in a dilute mixture.

To take full advantiage of the ready availability of single
component properties, we have re-written Eq.(8) in a more
convenient form:

ud - o
vap _ x ar br
f =¥ fb exp (———7FF———J. (9)

a

where u:r is the resfidual chemical potential of the solute a in
L
an infinitely dilute mixture, and Hpp is the residual chemical
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potential of the pure solvent b; f; is the pure solvent fuga-
city and k is the Boltzmann constant.
In writing Eq.(9) we have 'simply used the identities,

K um

ab _ ar

f* ”t

b _ br

where p is the number density of the pure solvent component b.
Making use of Eq.(5), we wrote for the solubility Yar

xsolid x @®
fa  (Hor T Har (12)
Ya Frvap P kT :
b

We note that the right hand side of Eq.(12) is not mole-
fraction dependent. Therefore, the problem of calculating the
solubility y, was reduced to that of obtaining a suitable expras-
sion for the difference between the residual chemical
potentials ( um - u;r). This was done by using the framework of

ar
Statistical Mechanics.

2.3.2.2.2. Statistical Thermodynamics
Considerations

A natural development for u:r was a perturbation
expansion, in which the reference system was taken as the pure
solvent; then u;r was the zeroth order term. Up to the second
term we had:

cx)_ x _ E - 2 2
“ar-ubr+<AU>ps > < (AU <Au>)>ps+0(ﬂ). (13)
where
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Here, uab(l.J) denotes the pair potential between a solute
molecule a at the position Eos and a solvent molecule b at £, in
the infinitely dilute mixture; ubb(1.1) has an analogous meaning
but for two solvent molecules. As usual, < >ps denotes the
canonical average over the pure solvent component.

The first order contribution < &U >DS in Eq.(13) was thermo-
dynamically accessible and could readily be expressed in terms
of the residual internal energy and compressibility factor of the
pure solvent, for pair potentials of the Lennard-Jones type.
However, the second order term was not thermodynaricaily acces-
sible and needed to be approximated if it was to be expressed in
terms of thermodynamic properties of the pure solvent.

An alternative and probably more convenient route to obtain
u:r was through a one-fluid mixture theory.

According to this theory the residual Helmholtz energy
A:'x( T.p.xa) for the binary mixture at temperature T, density p,
and of composition Xye May ve expressed in terms of the corres-
ponding function A;r for a pseudo-pure component at reduced tem-

perature TR and reduced density Pys as follows:

mi1x x
Ar (T.p.xa) ) Abr(TR.pR)
= . (15)
T T
R
where
€
_ bb
TR = T _ , (16)
m
and
a
om
Pp = P I an
ob
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In the above equations, €n and om are the molecular parameters
for the pseudo-pure component.

Differentiation of E£q.{(15) with respect to Na (the number of
solute molecules) at constant temperature, density, and Nb (the
number of solvent molecules) lead to the desired expression for

Har®

x x
Mo (Tupux ) ) Hp (Toupp) \ (N ? Em] Upr(TerPg)
RT RT Em a Na RT
N a (1:, x
o[ = 2 T ey (18)

a Na

Writing €£q.(18) for an infinitely dilute solution gave at

m-
once p__:
[y v} *x* x
ar TP PorTwfe) o SerTet) e oL ()
RT RT 1 RT 2°br r*Pr
where we have introduced the notations
d ¢ 3 e ®
s N m - N m
F1 = lim ( T 3N ] = ( . TN ] . (20)
X _=0 m a m a
a
¢} o; N a3 o; ®
SO AR " (2
% =0 03 anN 03 a Na
a m a m

Equations (18) and (19) are exact relations within the
framework of the one-fluid conformal solution theory.
Aprioximations are introduced only through the mixing rules
relating Em and om to the ~corresponding pure component
parameters, and those pertaining to the solute-solvent
interactions. Thus the successful performance cf Eq.(19) very
much depended on how well F, and F, were evaluated.

The most commonly used mixing rules are the so-called van der
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Waals-1 (VDW-1) mixing rules, which lead to expressions for F,
and F2 exclusively in terms of the molecular parameter ratios

oab/obb and Cab/ebb'
2.3.2.2.3. Calculation of Solid Solubilitijes
Since we already had an expression for (u:r-

“;r)' the calculation of the solubility y_  was straightforward.
Substitution of Ea.(19) in Eq.(12) gave:

fﬂsolid U*
= —2 ____oxp |- F.(s,t:T,p) =20 - F (s.t:T.p) 2* (22)
ya f*Vap o] 1 ’ Y Y RT 2 S,L; up Zbr ’
b

where we have introduced the notations,

3

o
ab and t = ~ab__ . (23)

3
bb obb

=
s €

In writing Eqg.(22), we have assumed that the correct
mixing rules are temperature- and uensity-dependent .

The fugacity of the pure solid at temperature T and pressure P
is given by:

Frocliid o g3t axp ( Pyt Rr ), (24)
a a
where y°°!!d is the molar volume of the solid and f;eal is the

saturated fugacity of the solid.
Equation (22) can now be re-written in a more convenient form:

x
Ubr
RT

xsolid *xvap _ - R
In [fa /(yaf )] = F (s,t:T,p)

*
b + Fz(s.t:T.p) Zy (25)

We used this equation to study solid solubilities in supercri-
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tical gases by treating F1 and F2 as adjustable parameters. This
approach didn't require any mixing rule.

2.3.2.2.4. Data Reduction

We have shown in Publication No. S that there were
three ways in which Egs.(22)-(25) could be employed in useful
data-reduction processes, namely in extrapolation and interpo-
lation at constant density or within small ranges cof temperature
and density. The third (and more important) use of those
equations was in the construction of a solubility-temperature-
density (ya-T-p)-surface by fitting a set of (Fi.p)- and (F,.P)-
values to a suitable function of p. In this way, we were able to
construct such a (ya—T-p)-surface for the system
adamantane/carbon dioxide, by fitting a set of (F1.p) and (Fz.p)
values to quadratic functions of density. Explicitly, we have for
the solubility Y4 the following expression:

sat solid x

e LY -F()——Ubr-F()* (26)
Ya *© Fxvap exp RT 1'P RT 2P} 2y
b
with
Fi(p) = A+Bp+C pz. (27)
Fz(p) = A+ B’p + C'pz. (28)

Using the relevant thermodynamic properties of pure carbon
dioxide and adamantane, we have calculated from Eq.(26) the con-
centration °a14 of adamantane in supercritical carbon dioxide.

14 The relationship between solute concentration c, and mole

fraction Y4 is given by:

as
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Calculated values are compared with experimental data
Figure 16, for 342 K and 382 K. As shown, the agreement between
calculated and experimental results is good, within the range of
temperature and density for which the surface (ya-p-T) was
constiructed.
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Figure 16. Experimental (Swaid et al., Fluid Phase Equilibria,

1985, 21:95) and calculated from Eqs. (26) and (29) solubilities
of solid adamantane in SCF CO2 at 343 and 382 K.

x
Ya Ph Ma

C = pa—
a Mb(l - ya)

(29)

where p; refers to the density of the pure solvent gas, and Ma
and Mb are the molecular weights of the solute a and of the

solvent b, respectively.
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2.3.2.2.5. Extension to the Calculation of Solubj-
lities of Liquids

We briefly observe that with suitable replacements
xsolid lig

a by fa ’
these equations may still be used, provided the liquid is

in Eaqs.(22) and (25), namely by replacing f

sparingly soluble in the supercritical gas.

However, contrarily to what is observed for solids, there is
usually an appreciable solubility of the supercritical gas in the
liquid. Hence, f;‘q is function of the mole fraction of the gas
dissolved in the liquid. Once we have modeled this composition
dependence of the liquid phase fugacity, the procedure can bhe
carried out as for solid solubilities.

The collaboration with Dr. Daniel Jonah is still going on
and we hope to address the subject of liquid solubilities in a
near future.

2.3.2.2.6. Conclusions

Oour study indicated that the one-fluid conformal
solution theory could be successfully applied to the correlation,
interpolation, and extrapolation of solid solubilities in super-
critical fluids. Of particular importance is the fact that linear
isochores could be obtained, thus leading to the possibility of
interpolating and extrapolating sparse data along constant-
density paths; further, with a few isochores selected over a
given density range, it became possible to construct a
temperature-density-solubility surface valid for that range.

2.3.3. New Directions
Supercritical fluid science and its technological
applications have developed and evolved quite considerably since

we submitted in August 1986 the propcsal for this project. The
knowledge base formed in our research group by carrying it out
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has allowed us to accompany the main directions of change in this
field and get involved in new projects in supercritical
extraction. .

As mentioned in Section 2.3.1.3 we have measured the solu-
bilities of olive o0il1 components in supercritical carbon
dioxide. The results are summarized in Publication N. 9, submit-
ted for publication to the Journal of American 0il Chemists
Society. The main conclusion is that the upgrading of lower
quality olive oils is technically feasible. A more thorough
evaluation will need the assessment of results obtained in a
technical scale apparatus, such as the one we have assembled in
the course of this project.

Simultaneously we have investigated the possibility of ex-
tracting biological molecules from aqueous solutions with SCF
solvents, by use of reverse micelles formed in the supercritical
phase. A new high pressure apparatus with a view cell was assem-
bled (whose picture is presented in the Annex) for the study of
micelle formation in supercritical carbon dioxide and ethylene.
Solubilization of the surfactant AOT in supercritical ethylene is
now being examined.

In a third project we examine the enzymatic catalysis in SCF
solvents. This research includes enzyme stability studies, com-
parison with aqueous activity, study of the effects of carbon
dioxide flowrate, pressure, water content, and co-solvent
addition on reaction rate.

3. SCIENTIFIC ZOLLABORATION

This work had the contributions of researchers from Univer-
sity of Sierra Leone, Freetown, Sierra Leone (West Africa), Uni-
versity of California, Berkeley, and University of Cornell.

This Section describes the scientific collaboration given by
the visitors during their (AID sponsored) stay at CQE. Funds for
these visits were included in the item "Consultation".

38



The contributions from the visits of the members of the
Portuguese team to the different locations are presented in the
next Section.

Or.Daniel A. Jonah from the University of Sierra Leone,
Freetown, Sierra Leone, visited CQE twice.

Or.Jonah's first visit took place from November 2, 1988,
until January 27, 1989. This AID-sponsored visit was authorized
by the Project Officer (letters of August S, 1988 and February
27, 1989). During this stay, Dr.Jonah had the chance to contact
with our experimental devices and with the techniques we were
using. He give us a most valuable contribution in the theoretical
treatment of our data, by developing a procedure (based on the
one-tluid conformal solution theory) to correlate and predict the
thermodynamic behavior in supercritical fluid extraction
processes, namely of solid solubilities in supercritical solvents
at different pressures and temperatures. This work produced
Publication N. 5.

In the second visit, Dr.Jonah stayed four weeks with us,
starting from September 29, 1990. He assisted us in the extension
of our model (see Publication N. S5) which was developed for solid
solubilities, to the more difficult problem of liquid solubili-
ties in dense fluids. Although this problem has not been totally
solved, significative progresses have been achieved. Moreover we
discussed with Dr.Jonah our latest experimental results and futu-
re collaboration was planned, which is presently still going on.

Also under the AID grant funding, Dr. John Zollweg from
Cornell University stayed with us from September 2, until
September 8, 1990, as authorized by the letter of June 7, 1990 of
the Project oOfficer. We discussed with Dr.Zollweg our
experimental data and we have received important advices about
the assessment and the usefulness of our results for industrial
application. It was particularly interesting to exchange ideas
with Dr.Zollweg since some of his present research projects are
quite close to ours, fact which allowed us to compare our
experimental data and techniques.
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4. TRAINING PROGRAMME

This research involved several training periods of our gra-
duate students and investigators at different Universities in USA
and in Europe. Funds from AID used in this Training Programme
were included in the item "Training & Travel".

Dr. Susana Barreiros spent a post-doctoral one-year leave
(academic vyear 1987/88) at the University of California,
Berkeley, working 1in the research group of Professor John
Prausnitz. Her work was concerned mainly with the enzymatic
catalysis in supercritical solvents and with the separation of
biomolecule mixtures by extraction in aqueous-polymer systems.
This stay did not involve funds from this Grant,

Also with Professor Prausnitz's group, the graduate student
Margarida Goncalves has spent a two-month (June-July 1988)
training period. She gained experience in studies of enzymatic
catalysis in supercritical solvents, namely enzyme stability
studies, comparison with aqueous activity, and studies of the
effects of carbon dioxide flowrate, pressure, water content, and
co-solvent addition on reaction rate. This visit was partially
funded by this Grant and was authorized by the Project Officer.

The graduate student H. Matos spent a two-month stay
(September-October 1987) at the University of Erlangen-Nurenberg,
Erlangen, West Germany. This is a well known university with a
long tradition in high pressure work, which lately has dedicated
much effort 1in research in supercritical fluid extraction
processes.

Taking advantage of a collaboration link with the Technical
University of Berlin, Germany, the same collaborator worked in
the Summer of 1988 with the Group of Professor H. Knapp of the
same University, where he measured the solubilities of limonene
and of cineole in compressed gaseous ethylene (described in
Section 2.3.1.1.5 above).

The same graduate student visited during five weeks
(August-October 1989) the Department of Chemical Engineering of
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the University of Delaware, Newark, Delaware. In this visit, this
collaborator gained experience in high-pressure vapor-liquid
measurements and in computer calculations of the thermodynamic
modeling of mixtures involving supercritical fluids. He has
applied equation of state models to our experimental results and
important informations have been gained from these calculations.
This work at Delaware was carried out under the supervision of
Professor M.E. Paulaitis, a leading authority in supercritical
extraction science.

These three training visits of the graduate student H.
Matos were funded by sources other than AID.

The graduate student P.C. Simdes spent the month of
September 1989 at the University of Birmingham, England, where he
had the opportunity to work in the Group of Drs. Bott and King in
the operation of high-pressure countercurrent extraction columns.
In this apparatus he measured particle-to-fluid mass transfer
coefficients as function of pressure, temperature, solvent
flowrate, and packed bed height, for the systems rape seed and
benzoic acid in supercritical carbon dioxide. The results of this
work have been presented at an international meeting (Publication
No.8).

In addition, in his way back to Lisbon, this student attend
ed in Holland a short training course provided by Aspen Techno-
logy, Inc., Cambridge, MA, on ASPEN PLUS, a process flowsheet
simulator. This training was partially funded by AID (as author-
ized by the Project Officer in his letter of October 6, 1989).

The latest achievements of our research have been presented
at the an Int. Symposium in High Pressure Chemical Engineering,
which took place in Erlangen, Germany, in September 1990. Present
were the graduate students H. Matos and P.C. Simles and the
investigator Edmundo Gomes de Azevedo. This was an important
meeting attended by many experts in supercritical fluid
extraction, from universities and industries alike. Fruitful
discussions were carried out with many of the participants and a
paper was presented by our Group (see Publication N, 7 of the
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attached 1list). This trip was partially funded by this Grant, as
authorized by the Project oOfficer in his letter of April 26,
1990.

With funds from AID and authorized (letter of June 7, 1990)
by the Project Officer, Dr. Susana Barreiros has visited the
Universities of California, Berkeley, and of Austin, Texas, from
August 17 to September 6, 1990.

At Berkeley Dr.Barreiros met Professor J.Prausnitz with whom
has discussed the main achievements of our research. The large
experience of Prof. Prausnitz in molecular thermodynamics was of
great help in showing us the adequate procedures to model and
interpret our findings. Moreover, our collaborator has received
valuable advices for the implementation of new directions of her
research on enzymatic catalysis in supercritical fluids.

At the University of Texas at Austin, Dr. Barreiros tiad the
chance of discussing with Professor Keith Johnston the possibi-
lities of scale-up from our results to a pilot-piant scale
process. In addition, in the apparatuses of Prof. Johnston's
Laboratory she made a few experiments towards the formation of
reversed micelles in subpercritical carbon dioxide and propane.
This was a very profitable visit to Austin (and Berkeley), which
shed some 1light also towards the assessment studies of the
extraction processes we have been studying in Lisbor.

5. COMPARISON OF ACTUAL ACCOMPLISHMENTS WITH GOALS ESTABLISHED

The bar diagram in Table 4 (taken from our initial proposal
in 1987) indicates the estimated (1987) time schedule of the main
goals established for this project. For comparison we rapresent
also the actual {1990) accomplishments for each goal.

As Table 4 shows, most of the goals established in our
proposal have been accomplished during the estimated time
periods. However two remarks have to be made:

i) A few discrepancies occur for the final work to be
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carried out with the countercurrent extraction columns, since
some of the goals involving this apparatus have been partially
accomplished only. More. specifically, the last two goals
indicated in Table 4 (Optimization of Process Parameters in the
Extraction of Model Systems and the Assessment Study) are still
being pursued. We predict they will be finished during the middle
of 1991.

Table 4. Comparison of actual accomplishments () with the
goals established in our proposal (—).

Goal 1t year 2t year 3rd year
Development of —_—
501ub"1~"ty Aoparatus €=serrissseneisinsssnnsecas -
Measurement of ¢
Solubilities - -
Implementation of —
Calcul. Programs €eisersnneressnsesinsnsenarne -
Thermodynamic Model., ¢ >
Phase Diagrams Calc. ¢ -
Design and Constr. —_—
of Extr- .. Columns mreeniinseneenssarissannans -

Assembly of
Apparatus strsnsensnanaseasaesasnane -

Preliminary Tests ¢

Experiments on Model

Syst.and Optimization —_—
of Process Parameters Eeremraarieas
Assessment Study —

mereen
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A couple of reasons have contributed to this delay, namely
the complexity in the design of the epparatus and specially the
difficulties related with the acauisition of part of the
equipment. In the 1latter case, the contacts with American
suppliers revealed troublesome. As an example (actually the
worst), the first quotation for the acauisition of sapphire high
pressure cells was dated December 4, 1987. We actually received
them in March 19, 1990.

ii) Although 1is not shown in Table 4 we would like to
mention that in addition to the work we were committed, we opened
new directions in this project (as briefly mentioned in Section
2.3.3), e.g. the application of SCF to the refining and
extraction of vegetable fatty edible oils. For example, our
experimental data on the SCF extraction of soybean oil was have
used by some of our colleagues (see Publication No.10) to study
the application of high temperature capillary gas chromatography,
associated with computerized pattern recognition techniques, for
the rapid assessment of product quality in monitoring the
extraction procedure.

6. LIST OF EQUIPMENT AFPRAISED OVER US $1,000

With funds from this Grant different pieces of equipment
have been acquired during the last three years. These items are
now part of different apparatus which we used (and are currently
still using) for our research.

As described above, in the course of our research three
different experimental apparatuses have been assembled and the
pieces of equipment (having an acquired unit value of $1,000 or
more) listed in Table 5 are components of one of these
apparatuses. It 1is our intention to keep these devices for
further research work.
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Table 5. List of equipment acquired with AID funds and
appraised over US $1,000.

Item Make Date of Acquisition
Stainless steel J.Simdes 3/90
cell
Automatic data
acquisition system Hewlett-Packard. 6/90
Analytical
balance Mettler 3/90
Vacuum pump Edwards 11/89
Gas compressor Newport Scientific 4/89
10,000 pst
Multimeter Keithley 8/89
Sapphire tubes Union Carbide Co. 10/88
Mass Flowmeter Rheonik GmbH 4/88
Microcomputer Zenith 7/88
Gas compressor Newport Scientific 1/88
Metering pump Lewa GmbH 11/87

7. CONCLUDING REMARKS

7.1. Introduction

This research sponsored by AID has generated a large amount
of experimental data, which has enriched our knowledge in terpene
chemistry, namely the phase beihavior of terpenes in SCF. We are
pleased with our achievements that we shared with the world
scientific community through cur publications in international
scientific journals.

Moreover, this work was the starting point of the graduate
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work of our collaborators, H. Matos, P.C. Simdes, and Margarida
Goncalves. They have carried out most of the work described
above, and they are now close to the end of their Ph.D. Thesis.
We hope that the graduate students H. Matos and P.C. Simfes will
have their dissertations ready for submission to approval during
late 1991, and Ms. Goncalves is likely to get her Ph.D. in early
1992. For this reason they are, more than anybody else, very
grateful to the financial support from AID which has made it
possible.

This grant was also rewarding for the international collabo-
rations that we were able to support. Particularly gratifying was
the collaboration with Dr.Jonah, of Sierra Leone, West Africa.
During his visits to Lisbon, Dr.Jonah had the chance to contact
with our apparatuses, and was introduced to the technical details
of their operation. We had together many fruitful discussions
which came out with our Statistical Thermodvnamics-based method
to model solubilities in SCF. Further collaboration is still in
progress and we plan to extend our method to the more difficult
problem of liquid solubilities in SCF.

7.2. Relevance of this Work to LDC's

In the course of this work we investigated the applicability
of a novel separation process to natural (and biological) pro-
ducts abundant in many LOC's, particularly in the Mediterranean
basin.

Our results show that this method could be useful for the
upgrading or preducts that are usually sold by these countries as
non-transformed raw materials of low-added value. Particularly
promising is the applicability of the extraction with SCF to the
refining of olive oils.

Our work has also demonstrated the usefulness of the
collaboration among research groups in LDC's and more developed
countries, Sierra Leone, Portugal and U.S.A. in the present case.
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8. LIST OF PUBLICATIONS

The work described here produced several publications which
are listed below. Part of the work was presented at scientific
meetings and later published in refereed Journals or books of
proceedings. A copy of the latter publications (corresponding to
numbers 1, 3, 5, 7, 9 and 10) are attached.

1. "Phase Equilibria of Systems Containing Limonene.
Cineole, and Supercritical Carbon Dioxide".
E. Gomes de Azevedo, H. Matos, M. Nunes da Ponte, P.C.
Simdes.
Proc. Int. Symposium on Supercritical Fluids, 1988,
135-142, Nice, France.

2. "Equilibrio de Fases de Sistemas Contendo Limoneno,
Cineol e Fluidos Supercriticos Dioxido de Carbono e
Mistura Dioxido de Carbono + Etano".

E. Gomes de Azevedo, H. Matos, M. Nunes da Ponte, P.C.
Simdes.

Presented at the llth Annual Meeting of the Portuguese
Chemical Society, 1988, Lisbon, Portugal.

3. "Phase Equilibria of Natural Flavors and Supercritical

Solvents".

H. Matos, E. Gomes de Azevedo, M. T. Carrondo, P.C.

Simdes, M. Nunes da Ponte.

Proc. of the Sth International Conference on Fluid
Properties and Phase Equilibria for Chemical Process
Design, 1989, 441-448, Banff, Canada.

Published later in:

Fluid Phase Equilibria, 1989, 52: 357-364.

4. "Supercritical Fluid Extraction of Eucalyptus Ofl".
P.C. Simdes, M.T. cCarrondo, M. Nunes da Ponte,
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5.

6.

7.

H. Matos, E. Gomes de Azevedo.

Presented at the Sth International Chemical
Engineering Conference, ChempPor, 1989, Lisbon,
Portugal.

"Statistical Thermodynamics of Solid Solubilities in
Supercritical Fluids - a One-Fluid Conformal Theory
Approach."

D.A. Jonah, E. Gomes de Azevedo, M. Nunes da Ponte.
Presented the 4th
of Solutions of Non-Electrolytes, 1989, Santiago de

Int. Conf. on Thermodynamics

Compostela, Spain.
Published later in:
J. Supercritical Fluids, 1989, 2: 97-105.

"Phase Equilibria of Complex Systems".
E. Gomes de Azevedo.

th Int. Conf. on Thermodynamics

Plenary Lecture at the 4
of Solutions of Non-Electrolytes, 1989, Santiago e

Compostela, Spain.

"Application of Supercritical Fluid Extraction to the
Purification of Eucalyptus 0i1".

P.C. Simdes, M. Nunes da Ponte, H. Matos, and E. Gomes de
Azevedo.

Proc. of the 2
Engineering, 1990, 401-405, Erlangen, Germany.

nd Int. Symposium in High Pressure Chemical

"Film Transfer Coefficients for Separation Processes
Using Near-Critical COZ“.

0. Catchpole, P.C. Simdes, M.B. King, T.R. Bott.

Proc. of the an Int. Symposium in High Pressure Chemical
Engineering, 1990, 153-158, Erlangen, Germany.
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9.

10.

"On the Application of Supercritical Fluid Extraction to

the Deacidification of Olive 0Ojls".
M. Goncalves, A.M.P. Vasconcelos, E.J.S. Gomes de

Azevedo, H.J Chaves das Neves, M. Nunes da Ponte.
Submmitted to J.Am. 0il Chem. Soc. (1990).

"Use of Computerized Pattern Recognition of Triglyceride
Profiles 1in Monitoring SCF-CO2 Extraction of Fatty
Oils".

A.M.P. Vasconcelos, M. Gonc¢alves, E. Gomes de Azevedo,
M. Nunes da Ponte, H.J. Chaves das Neves.
J. High Reso>lution Chromatography, 1989, 12: 243-247.
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9. ANNEX: PICTURES OF THE EXPERIMENTAL APPARATUSES
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Hich-Pressure Countercurrent Liquid-SCF Extraction Columns
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3)

4)

Sequence of a Mixture Critical Point: 1) Two-phase (vapor+liquid)
in eaquilibrium: 2) By changing the pressure the mixture
approaches the critical point (meniscus becomes ill defined): 3)
Mixture at the critical point: meniscus has disappeared and
critical opalescence is observed: 4) Mixture is above its
critical point (supercritical): there is only one (dense) fluid
phase.
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Lactic Acid Extraction Apparatus

ot £ +r -

High-Pressure Apparatus for the Extraction of Bioproducts Using
Reversed Micelles. It 1includes a Varjiable Volume Sapphire Cell.
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10. REPRINTS OF THE PUBLICATIONS

Part of the work described in this report has been published
in refereed Journals or in books of proceedings of scientific
meetings.

Attached are copies of these publications which are listed
in Section 8.
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Table III. Relative Mean per cent Deviations &(Hai)/H.a
between Experimeatal and Calculated Henry's Constants of
Carbon Dioxice in Different Solvents. Comparison between
Correlation of Data using the MLCSVDW, SRK and PR Equation of
State and Prediction from the GCEOS Group Contribution
Method. (References for experimental data are given in the
original paper: Neau et al., 1988)

Compound 1 Range af T/K N MLCSVOH axs PR ccror
o-Hexane 1%3-303 3 0.J1 a1 0. 42 T
a~Heptane 283-31) 7 1.0 1.29 1.28 5. 14
a-Octane 283-3113 s 0.3 Q. 82 0. 80 .73
a-Decane 193-323 7 1. 3 1.73 1. 96 3. 74
n-Dodecsne 8- 7 oY | 1. 87 . .93
n-Tetradecane 2%58-)43 4 2.3 1 - 4
o-Hexadecaas 198-373 26 el . . .38
a-Eicosans 313-378 2.8 - hd 10. 33
Cyclohexane . Ill-)l). L} .32 2.20 .33 2.28
Mathylcyclehexasas 284313 3 2.3 .67 244 M
Cis-1.2-dimethylcyclohexans 298-31) 2 Q.o Q. 60 0.3y 6. 57
Trans-1, 3-dimethylcyclohexans 298-31) 2 0. &8 0.2 Q. 47 4.04
Benzens 193-307 7 0.83 0. 58 0. 60 .24
Tolusne 284-311 3 1. %e 1.29 1.33 5. 31
¢-Xylene 283-312 3 0.93 0.4y 0.33 .28
w-Xylense -1 3 0. & 0. &6 0. 69 .82
p-Xylens 383-31) ] Q.74 0. 83 Q.68 1. 62
Ltdylbenzuene 296-33;5 3 2.31 .32 2.351 33,43
l-Rethylaaphtalens 299-373 20 6.2° &. 22 5.38 6. 4q
Oiphenylmethans Joo-373 10 1. 64 2.04 . 41. 9¢
Nethanol 273-298 3 10. 9= 1). 41 13. 36 .. 88
fthanol 198-343 ) 135.09 13. 44 15.12 12. 98
fropanol 283-31) 3 10, 41 10. 23 10. 24 12.91
2-Propanocl 3-31) 4 2.87 3. 48 321 4426
Octanol 283-384 3 2.1« 1. 49 . 20 a0
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PHASE EQUILIBRIA OF SYSTEMS
CONTAINING LIMONENE, CINEOLE
AND SUPERCRITICAL CARBON DIOXIDE

E. GOMES de AZEVEDO, H.A. MATOS, M. NUMES da PONTE, P.C. SIMOES
Instituto Superior Tecnico, Lisboa, Portuga!

SUMMARY

Using a constant-volume, static cell we measured the vapour-iquid
equilibrium at 313 K for the mixtures carbon dioxide + limonene and carbon
dioxide + cineole in the vicinity of the mixture critical point {pressures up to 8.2
MPa). Data were also obtainad for the ternary CO,+ imonene + cineole at the
Same temperature and for a fixed overall mass ratio of approximately 0.80 cineole
to 0.20 limonene.

The solubility behaviour of imonene and cineole in supercritical carbon
dioxide was found to be quite similar. The results obtained with the ternary mixture
show no selectivity in extraction of either component from a fiquid sample with
carbon dioxide.

Our data were well correlated with the Peng-Robinson equation of state
using one interaction parameter obtained from regression of the binary vapour-
liquid equilibrium data.

I INTRODUCTION

The well-known charactenstcs of supercnitical fluids, namely their sutability
to the extraction of heat-labile biochemical and natural products, no residues being
leftin ether extract or ratfinate, make them adequate to the extraction of essential
od components.

Essental ois are largely used in food, pharmaceutical, and cosmeuc
industries. Numerous processes for supercritical extraction of ods have been
presented. In particular, the high solubility of terpenes n supercritical carbon
dioxide has been reported by a number of authors

Stahl and collaborators [1,2] measured solubilities as a function of pressure
in a flow apparatus for a diversity of essential ol components. Coppella and
Barton [3) and Kalra et al [4]) measured the vapour-liquid equilibrium of lemon
od, a multicomponent misiure that includes several terpenes. However no vapour-
hquid equilibnium data are available for muxtures of carbon dioxide with pure

NOI1v3IigNnd
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terpenes.

The main purpose of this work is to examine the po.sibility of purifying
eucaliptus oil by supercritical fluid extraction. The main component of this oil is
1-8 cineole (C;oH,g0). Inthe final stages of purification t must be separated from
d-imonene (C,qH,¢), @ process usually carried out by fractional crystallization.
Relevant thermodynamic data are needed to evaluate the feasibility of replacing
this extraction process by supercrtical fluid extraction.

We report here measurements of vapour-liquid equilibrium at 313 K for the
binaries CO, + limonene and CO,, + cineolein the vicinty of the mixtura critical
point. Data are also presented atthe same temperature for the ternary CO, +

limonene + cineole with a fixed overall mass ratio of approximately 0.80 cineole
to 0.20 imonene.

il. EXPERIMENTAL

Moeasurements were performed in the apparatus sct.umatically shown in
Figure 1.

D :
2

PISTOM

g

P ] 2

GAS CYLINDER

Fiqure 1, Schematic diagran: of the experimental appuratus.

The main piece of equipment is a static vapour-liquid equiibrium csll of
approximately 30 cm?. itis connected o the restof the apparatus through flexible
tubing that allows considerable freedom of movement of thy cell for a convenient
mixing of s contents.

Samples can be withdrawn from the phases on top and bottom of the cell
through a capillary line. These samples are collected by anpressurization and
axpansion through the micrometering valve 5 into a small glas. cap connected to
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large steel bottles of calibrated volume. When valve 5 is open, tha Liquid solute
condensas in the cold glass trap while the carbon dioxide expands into the steel
bottles. Pressurein these bottles is measured with a mercury manometer and
is usedto calculate the amount of solvent gas, while the amount of the liquid solute
is obtained by weighing ofthe glass trap. Inthe case of measurements with ternary
mixtures, e ratio cineoleflimonens is subsequently obtained by gas chromatog-
1 .
After filing at atmosphenc pressure with a small amount (about 6 em?) of
liquid (imonene, cineole, or imonene + cineole), the cell is closed and connected
to the apparatus in a thermostated water bath.

Carbon dioxide is pressurized by a piston hand pump into the cell through
valves 2 and 3, and equilibrium between liquid and vapour is attained after about
40 minutes of vigorous stirnng of the whole cell. After about the same time of rest
(no surring), the pressure 1s read on a Bourdon tube manometer of 50 kPa
precision, and the temperature 1s measured with a calibrated mercury thermometer
of 0.1 K precision.

A sample from the top of the cell {gas phase) is then withdrawn and the
amount of substances obtained using the procedure described above. Since these
amounts were always very small, they were corrected for the vapor pressures of the
solutes The cell is inverted, stirnng of the system is resumed to restore equilib-
num, and then allowed to settle again for 40 minutes and a new sample is taken
from the bottom of the cell (hkgu.d phase).

The carbon dioxids used in this work was 89.998 mole % pure suppled by Air
uquide, d-imonens was 99 mole % pure supplied by Sarsyntex, and 1-8 cineole
was also 99 % pure supplied by EGA-Chemie.

1Ii. RESULTS AND DISCUSSION

Experimental vapour-iquid equilbrium results at 313K are shown in Figure
2 for CO, + limonene and in Figure 3 for CO, + cinecle.

As shown in Figures 2 and 3, the vapour pressures read for the liquid
samples are slightly lower than for the gas samples. This pressure drop is the result
of the adopted sequence of experiments, as described in the preceding section.

Above the highest measured pressure indicated for «ach system, sample~
taken from top and bottom of the cell had the same «mposition (within
experimental error), anindication of the existencecf one (supercrisical) phase only
inside the celi.

The results show that the solubility behaviour of imonene and cineole in
dense carbon dioxide 1s quite similar. This is confirmed by the results obtained
for the ternary system whichindicate that dense CO, dissoives equally waell both
components. Actually, the ratio aineole/limonene in tha kquid and vapour phases
in equilibrium is the same within experimental error, indicating no selectivity for
either of them in an extraction process.
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Figute 2. Experimezil and calculated . pourdiquid equilibria for

CO,+iimonene at 313 K:
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Figurg 3. Experimental and calculated
COy+cineocle at 313 K:
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calculated from Pen¢ lobinson equation with

ky2=0.075.
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Figure 4 compares solubility data (expressed in mg of imonene per NL of
CO,. 1 NL corsesponding to 1 dm3 of CO, at 100 kPa and 293.15 K } for imonene
in supercritical carbon dioxide obtaned by several authors. As shown, our results
for the liquid and the vapour phases are in good agreement with the equitbiium
data obtaned by Coppella and Barton for lemon o, a mixture of terpenes with
approximately 70 mole % of limonene. Agreement is also found betwsen the data
of Stahl and Gerard and our results for the vapour phase. However, since the latter
authors have determined the solubilities by means of the dynamic flow principle,
they could not detect the mixture critical point (about 8.3 MPafor CO, + limonene
at 313 K ). tmakes no sense to define solubiliies above it as at these conddtions
CO, andlimonene have one (supercritical) phase only. Their curve above 8.3 MPa

Sabblliy g /L)

10 a0 [T
Pressure tury)

Figure 4, Solubiity of kmonene in dense carbon dioxide at 313 K.
Experimental
Coppeila and Barton. 8 hquid, Ovapour.
Ths work" @ kquid, 0vapour.
Stah! and Gerard: - - -
Calculated. —Peng-Robinson equation with k,2=0.080.
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is therefore meaningless, as can be seen by companson with our results and
Coppei'a and Bartons for the iquid phase.

For a quanutative description of the phase equilibiium of the systems studied
we used the Peng-Robinson equation of state.

For the pure components, equation of state parameter b was obtained from
criical data. Parameter a was calculated at a given temperature from critical
data and acentric factor.

For limonene and cineole T, and P were estimated by the methods of
Nokay and Lydersen [5,6], respectely. The acentric factor was estmated by the
method of Prizer et al. {6]. Table 1 shows the pure component constants used in
this work.

Molecular Crical Critical Acentric
Weight Pressure  Temperature Factor

(MPa) K
CO, 44.01 7.38 304.2 0.225
Limonene 136.24 275 654.4 0.327
Cineole 154.25 277 665 0.312

Table 1 Pure component constants.

For mixtures, a and b are composition dependent and obtained from the
usual quadratic mixing rules. The binary constant a,, 1s givenby a,5=(1 - k,,)
(ayy azz)”z, being k,, an adjustable parameter which characterize the interac-
tions of unlike molecules This parameter was obtain :d from regression ot the
binary phase equilibrium data.

As shown in Figures 2, 3, and 4 the Peng-Robn s0n equation of state can
reproduce quantitatively the observed phase equilibri:m behaviour with a binary
interaction parameter determined from the binary data

It was also found that the same thermodynamic inodel canreproduce semi-
quantitatively the ternary data, using the interaction parameters obtaned from
the “binary data (and assuming ka3=C for the binary imonene+cineole) As an
example,Table 2 shows a comgarison between experiunental ternary data at 313 K
and the predictions of the Peng-Robinson equation of state using k=0 0€0,
ky3=0.075 and k;3=0.

141
x{CO,) x{imonena) x{cineole)
P (MPa) exp calc. exp calc. exp. calkc.

74 0888 0819 0025 0081 0087 0.100
76 0859 085 0032 0024 0111 0120
775 0867 0888 0G31 0.012 0.102 0.100
80 0914 0942 0023 0008 0063 0.050
82 0950 0872 0012 0008 0.038 0.020

Tabie 2. Expenmental and calculated liquid compositions for the ternary
CO, + imonene + cinecle at 313 K.
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Suamary

Using a static type of sppsratus vapor-liquid equilibrium
(YLE) data have been measured for the systes COz4ethanol
at 313 and 333 K, and for the system COz¢ethanolewvgter at
313 X and pressures of 1.86,5.79, and 9.98 MPa. To predice
the ternary system fros the binary data only, VLE data of
three constituent binaries including the litersture dats
have been correlated by use of the Peng-Robinson aquatien
of state(PR-EO0S).

As 8 result of testing seversl mixing rules, st least two
interaction binary parameters were needed to represent the
VLE dzta for every binary systea sufficiently.

Eaploying a total of six binary parameters VLE of the Cco;
+ethanclevater mixture have been predicted and compared with
the experimental data. The agreeaent is good st lov press-
ures hut there 1s some inconsistency in the region close to
the craitical point of the ternesry.

1.INTRODUCTION

Supercritical carbon dioxide can be used as a solvent for
recovery of ethanol from agueous solutions. To deaign
such 3 rationsl separation process and equipment, phase
equilibrium data at high pressures for the ternary COz+
ethanolevater system are needed.

In the present paper, the results of experimental VLE data
for the COjeethanol 3yst=m as well as lor the COztetha-
nolevater system are presented. Neat we descrabe the calcu-
ulated results of the ternary VY(E from binary data using
the Peng-Robinson equation of state coupled with a two-pa-~
rameter combining rule.

Previous experimental studies of VLE for the COzeethonol
vere made by Takishima ct al.{(304.2 snd 308.2 K){1) aud Pa-
nAgilotopoulos and Re1d(308.1,323.1 and 338.1 E)[2).but the
latter reporzed graphically only. Gupta et al.(3) measured
the vapor composition [for this binvry at 298.19,323.1% and
34B8.15 L. Baker and Anderson{&] tcpurted the critical “ocus
in the region close to the pure €O,

For the COzscthanolevater system., Auk and Hontagnal$)
measured solubilities of CO2 and ethanolewater 1 liguid
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ABSTRACT

To study the possibility of separation of cineole from limonene
(two of the main components of eucalyptus oil) we measured the vapour-
liquid equilibrium of the Systems containing either d~limonene or 1,8-
cineole in the supercritical solvents carbon dioxide (at 318.2 and
323.2 K) and an azeotropic mixture of ethane+carbon dioxide (at 303.2
K). The results obtained show that both solutes have similar
solubilities in the supercritical solvents studied here.

INTRODUCTION
The main purpose of this work is to examine the possibility of

purifying eucalyptus oil by supercritical fluid extraction. The main
component of this oil is 1-8 cineole (CygH1g0). In the final stages
of purification it must be separated from d-limonene (CioH16)
a process usually carried out by fractional crystallization.
Relevant thermodynamic data needed to evaluate the feasibility of
replacing this process by supercritical fluid extraction are
essentially vapour-liquid equilibrium results.

Practically all available data of this kind involving
essential oils have been obtained with supercritical carbondioxide
(Stahl and Schilz, 1976; Stahl and Gerard, 1985; Coppella and Barton,
1987). In aprevious publication (Azevodo et al.,1988), we presented
results obtained with mixtures of carbon dioxide and limonene and
of carbon dioxide and cineole, at 313.2 K and rel.atively close
to the critical prussure of the mixture. In this work, we extend those
measurements to 318.2 K and 323.2 K, and, in addition, we report
results on the carbon dioxide+ethane+ (limonene or cineole) systems,
at 303.2 K.

At this temperature, both carbon dioxide and ethane are
subcritical, but most binary mixtures of these two substances are
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already supercritical. In fact , due to the existence of apositive
azeotrope, the critical temperatures of the mixtures are lower than
thoase of the pure components (Fredenslund et al., 1974). In this work,
we used a CO,+CoHg mixture close to the azeotropic composition, in
an attempt to obtain improved selectivity for limonene over pure
carbon dioxide solvent.

EXPERIMENTAL
The vapour-liquid equilibrium measurements were performed in the

apparatus schematically shown in Figure 1.
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Figure 1. Schematic diagram of the experimental apparatus.

The main plece of equipment {is a static vapour-liquid
equilibrium cell (immersed in a thermostated water bath) of
approximately 30 ch, connected to the appuratus through flexible
tubing that allows considerable freedom of movament of the cell
for a convenient mixing of 1its contents.

Operation starts with filling of the cell,at atmospheric
pressure, with a small amount (about 5 ch) of liquid (limonene or
cuzneole). The solvent gas is then pressurized by a piston hand pump
into the cell through valves 2 and 3. After about 40 minutes of
vigorous stirring of the whole cell and the same time of rest, the
pressure is read on a Bourdon tube manometer (which was previously

[’%E
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calibrated against a dead-weight gauge) of 50 kPa precision, and
the temperature is measured with a calibrated mercury thermometer
of 0.1 K precision. A sample is then taken either from top or bottom
of the cell.

These samples are collected by depressurization and expansion
through valves 5 and 6 into small glass traps connected to large
steel bottles of calibrated volume, in a thermostated bath. When one
of these valves is open, the solute condenses in the respective
cold glass trap, while the solvent gas expands into the steel bottles,
through valves 7 or 8 . These bottles have an overall volume of
approximately 900 cm3, calibrated to t 0.1 cm3. The pressure of the
gas is read with a mercury manometer associated with a precision
cathethometer, and is used to calculate the amount of gas present in
the sample. The amount of liquid deposited in the glass trap |is
mearured by weighing.

With this set up, the amounts sampled can be obtained with a
high precision, except in the limit of very low solubility, at low
pressures in the vapour phase.

The accuracy of the obtained composition results is limited by
the disturbances introduced in the phase equilibrium by the sampling
procedure itself. A sufficient amount of each of the phases has to
be withdrawn from the cell to deposit a measurable mass of limonene
or cineole in the cold trap. Observed pressure drops in the cell were
between 0.1 and 0.2 MPa when sampling from the vapour and between
0.05 and 0.1 MPa when sampling from the liquid. The mass taken out
in each sample does not exceed, in the worst cases, 1.5% of the
estimated total mass inside the cell.

Another source of error in this procedure is the existence of
dead volumes between the cell and the sampling valves 5 and 6. To
minimize these errors, the lines leading from the cell to those
valves were made of capillary stainless steel tubing of 0.20 mm
internal diameter. The amount of substancae in the dead volumes
represents less than 3% of the total amount of each sample. Moreover,
a purge of the capillary lines is performed half-way through the
stirring process, filling them with a fluid of composition similar
to that of the final vapour or liquid:

The reproducibility of the composition results was checked by
several measurements under the same conditions of pressure and
temperature. From these we estimate their precision to be ¢t 1.5 mole

percentage.

g/
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The carbon dioxide used in this work is $9.998 mole % pure supplied
by Air Liquida.The carbon dioxidet+ethane mixture was also supplied,
in the gas phase, by Air Liquide, with a composition of 0.232
+ 0.005 mole fraction of ethene. d-Limonene is 99 mole % pure supplied
by Sarsyntex, and 1-8 cineole is also 99 mole § pure supplied by EGA-
Chemie. .

RESULTS
The vapour-liquid equilibriur results obtainad fox COp+limonene at

318.2 K and 323.2 K are given in Table 1. The results for COp+cineole
are shown in ‘able 2.
The vapour-liquid equilibrium results obtained at 323.2 K for
both COp+limonene and COj+cineole ore compared in Figure 2.
Figure 3 shows the critical pressure of the mixtuves as
a function of t.emperature, cbtained graphically from p-x-y plots like
those in Figure 2.

Table 3} givos tuw vapour-liquid equilibrium results obtained at
303.2 K for either limonene or cineole with carbon dioxide and ethane.
In this case, the supercritical solvent is a mixture of composition
close to that of the critical azeotrope, as given by Fredenslund et
al. (1974). The ratlo {0, / CyHg was rot measured in any of the
two phases, and therefore only an overall composition, x (COo+CoHg),

was obtained.

TABLE 1

vapour-1liquid equilibrium results for COp+limonene at 318.2 and 323.2
K. p is the total pressure and x and y are the mole fractions of CO,
in the liquid and in the gas, respectively.

p/MPa x(CO3) y(CO3) p/MPa x(CO3) y(COq)
T=31f.2 K T=323.2 K
8.5 0.857 - 8.7 0.807 0.994
8.6 0.859 0.996 9.1 0.851 0.996
8.7 - 0.997 9.3 0.858 -
8.7 0.908 0.991 9.4 - 0.994
8.8 0.916 0.993 9.5 - 0.991
8.8 0.954 0.992 9.6 0.905 0.987
8.9 0.940 - 9.65 0.913 -
9.0 - 0.984 9.1 - 0.985
9.75 - 0.985
9.8 - 0.967




TABLE 2

Vapour-liquid equilibrium
323.2 K. Symbols as in Table 1.
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rosults for COp+cinecle at 318.2 and

p/Mpa x(C0,) Y{CO,) p/MPa x:C0,) Y(CO5)
I=318.2 K T=2323.2 K
8.0 0.809 0.995 7.75 - 0.994
8.4 0.859 0.995 8.0 0.763 0.995
8.6 0.875 0.991 8.4 - 0.995
8.8 0.920 0.992 8.8 0.834 0.995
8.9 0.939 - 9.2 0.888 0.996
8.95 - 0.982 9.4 0.904 0.996
9.0 - 0.970 9.5 0.913 -
9.0 0.956 0.979 9.6 0.932 0.988
9.8 0.943 0.977
10 I T
8 1 ]
0.8 0.9 1.0
chq
Figure 2. Vapour-liquid equilibria for COg+limonene ( ¢ ) and

COp+cinecle ( g ) at 323.2 K,
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{ 1
303 n 323

T./K
Figure 3. Critical temperatures and pressures of mix-ures of COy with
limonene ( @ ) and with cineole ( M ). The symbol # indicates the
critical point of pure CO,.

TABLE 3

Vapour-liquid equilibrium results at 303.2 K for mixtures containing
either limonene or cineole and (carbon dioxide + ethane) of overall
composition 0.232 mole fraction of ethane. p is the pressure and x
and y are the mole fractions of COp+CoHg in the liquid and gas phases,
respectively.

p{MPa) X Y p(MPa) X Y
Limoneng Cineole ,
6.55 0.816 - 6.5 0.831 -
6.6 0.839 - 6.6 - 0.993
6.7 - 0.991 6.8 0.895 0.986
6.75 0.860 - 6.9 0.911 0.992
6.8 - 0.991

6.95 0.910 0.986

7.0 0.912 -

7.05 0.939 0.983

7.1 0.947 0.973




The results of Table 3 ace plotted in Figure 4.

7.0

MPa

6.5

[ J
0.8 0.9 1.0

X
Yico, + ¢ Hy)

Figure 4, Vapour-liquid equilibria of the azeotropic mixture CaHg+CO,
with limonene { ¢ ) and with cineole ( m ) at 303.2 K.

DISCUSSION
Azevedo et al. (1988) compared results obtained in the

presently described apparatus with results of other authors. 1In
particular, good agreement was reached with the gas phase
solubilities of limonene in carbon dioxide presented by Stahl and
Gerard (1985), in the short renge of superposition of the two sets
of data.

The resalts obtained in this work confirm the earlier
conclusion of Azevedo et al.(1988) that limonene and cineole are
readily soluble in supercritical carbon dioxide. But, although
cineole is an  eaether and 1limonene a hydrocarbon, their
thermodynamic behaviour is 8o similar that no selectivity towards any
of them can be obtained. Figures 2 and 3 show very similar patterns
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of phase behaviour in mixtures with supercritical carbon dioxide. The
differences observed between the two mixtures are of the.aame order
of magnitude of the combined uncertainties of our measurements,

Another attempt carried out in this work to devise a method of
separation was the use of a mixed solvent. A mixture of carbon
dioxide ~sad ethanae was used to investigate whether the presence
of a hydrocarbon would increase the solubility of (hydrocarbon)
limonene relatively to that of (ether) cineole.

Carbon dioxide and ethane form positive azeotropes that go up
into the critical region. We selected a mixture of composition (0.232
mole fraction |{n ethane) very close to the critical azeotrope
composition, assuming that this would minimize differences in
the CO,/CyHg ratio between phases in equilibria containing the liquid
solutes. Othe:" advantages presented by the mixture relatively to
pure carbon di.xide are the lower critical pressure, due to the much
lower critical pressure of ethaue, and also a lower critical
temperature, induced hy the presence of the azeotrope. Actually,
although the critical temperatures of carbon dioxide and ethane are
respectively 304.2 K and 305.5 K, the critical azeotrope occurs at
a temperature of about 293 K.

Figure 4, however, shows that the Presence of ethane does not
introduce any meaningful difference between the solubilities
of the two solutes.
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Supercritical fuid extraction involves highly asymmetric mixtures at conditions close to the critical
point.  The thermodynamic modelling of these mixtures is therefore inconveniently described vy the
conventional methods. namely the analytical equations-of-state with conventional mixing rules (which are

poorest in the near supercritical region).

Based on the one-fluid conformal solution theory, we present here a procedure to correlate (and

ultimately to predict) the thermodynamic behavior
described in this work allows the correlation (

in supercritical fluid extraction processes. The method
as well as interpolation and extrapolation) of solid

solubilities in supercritical solvents at different pressures and temperatures.

Keywords: solubility. correlation, preiction, supercritical fluid, one-fuid conformal solution theory

INTRODUCTION

The application of supercritical fluids in industrzally
important separation processes of chemical components and
i the processing of natural products has motivated, in re-
cent years, large amounts of work in both the thecoretical
and the experimental aspects of supercritical fluid mixtures.

The design of separation processes involving these flu-
ids requires the knowledge of transport and thermodynamic
properties of the compressed fluid mixtures. The develop-
ment of predictive modetling and correlation techniques
which enable the quantitative understanding of the phase
equilibna of the strongly asymmetric mixtures involved in
supercritical fluid extraction processes are, therefore. of
great importance.

The proximity to the critical region and the large
differences in size, shape, and polarity commonly found in
mixtures involving supercritical fluids, make the analytical
equations-of-statz with the conventional mixing rules inad-
equate 1o calculate the thermodynamic properties of these
mixtures, namely to describe the solubilities of solids ix
supercritical solvents.

The modelling of solid solubilities in supescritical
fluid solvents depend crucially on a good equation-of-state
for the gaseous phase nuxture. Once ~uch an equation is

—
TPermanent address Department of Mathemanies, Fourah Bay Col-
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\inca

available. the solute fugacity coetficient n the gas mixture
can be calculated and the phase equilibrium equations solved
for the solubility.

At moderate densities, that 1s, densities not close 1o the
critical density of the gas, there 1s available the vtrial equa-
tion-of-state for mixtures, which is exact and with a well-
known composition dependence. The only limitation to its
application is the limited availability of experimental data,
namely of cross-virial coetficients and of virial coefficients
higher than the third.

At higher densities, however, it has been common
practice to use empirical or semi-empirical equations-of-
state for the pure fluids, whose paramcters are then modified
using mixing rules to make them applicable to mixtures.
As pointed out by Prausniz et al..! the calculated solubility
is sensitive not only to the equation-of-state used, but also
to a large extent, 1o the mixing rules. Nonethelcss. several
reasonable correlations based on empirical equations-of-state
and mixing rules have been obtained by the standard proce-
dure of calculating solute fugacity coefficients in the gas
phase fiom semi-empirical equations-of-state with chosen
mixing rules. Examples are given in the works by Mackay
and Paulaitis.? Kurnik et al.' Johnston and Eckert.* and
Wong et al.*

Alternative approaches include the mean-field lattice-
gas model as developed by Kleintjens and Koningsveld.®7
This model provides useful physical insight; however. the

URO6-RII0/R0/0202-0097S5.00/0 D 1989 PRA Press
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interaction constants involved must be obtained empiri-
cally. In most of the available methods, the solubility is
extremely sensitive to the unlike pair interaction constant
since the solution is highly nonideal.

In this paper, we wish to shift the emphasis from the
properties of the gaseous mixture to those of the pure
gaseous solvent, taking advantage of the ready availability
of single-component properties as compared with mixture
properties. The latter will enter the picture only through
the residual solute chemical potential at infinite ditution,
In the common approach, the most important mixture
propenty is the solute partial molar volume, as it is required
in the evaluation of the solute fugacity coefficient.

The feasibility of the approach presented here is a con-
sequence of the fact that, in the majority of systems, the
solid is sparingly soluble in the gas phase and therefore the
8as mixture is a dilute mixture in which the solvent-sol-
vent interactions play a dominant role. The method pre-
sented here is simple and correlates well the solubilities of
solids in different supercritical solvents.

MOLECULAR THERMODYNAMICS OF SU-
PERCRITICAL FLUIDS

We consider a solid component g in equilibrium with a
supercritical gaseous component 5. The phase equilibrium
equations are

f‘\ohu =j;rlp (”
and
fgohd =ﬁ,np (2)

where f, and /,, are the fugacities of components @ and b and
the superscripts solid and vap refer to the solid and vapor
phases, respectively.

Making the usual assumption of negligible solubility
of the gas in the solid, the mole fraction, Yar Of the solid
dissolved in the gas follows from eql

f“sohd =y,¢3% P 3)

where ¢, and P denote the fugacity coefficient of compo-
nent @ and the system pressure, respectively; in eq 3, the
asterisk indicates a pure (solid) phase. Once the vapor
phase is suitably modelled by an appropriate equation-of-
state, the fugacity coefficient can then be readily calculated
as a function of the (vapor) mole fraction (¥o), the system
temperature (T), and pressure (P). Calculation of the solid
solubility in the supercritical gas is now obtained through
an iterative solution of eq 3.

The successful prediction and correlation of solid solu-
bilities by this procedure depends to a large extent on the
proper choice of mixing rules used in adapting the single
component equation-of-state to a mixture situation. How-
ever, 2. altemative route to solid solubility calculation is
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provided by the fact that the gaseous mixture is dilute,
which means that solute-solute interactions can be ne-
glected. This assumption of diluteness is supported by the
existing experimental data. With such an assumption, we
may invoke a Henry's law-like relation for solubilities in a
gas phase, for which the fugacity of the solute in the gas
phase is taken as proportienal to the solule's concentration, .
Explicitly, we have

f1*% = K,,, X (solute mole fraction) 4)

where K,;, denotes a generalized Henry's constant for solu-
bility in any phase, resulting in a dilutc mixture.

To take full advantage of the ready availability of sin-
gle component properties, we may rewrite eq 4 in a more
convenient form

[P =y fy exp (u"‘—_rﬂh—'-) (5)

where (1, is the residual chemica! potential of the solute a
in an infinitely dilute mixture, y,; is the residual chemical
potential of the pure solvent b, f,' is the pure solvent
fugacity, and k is the Bo\zmann constant.

In writing eq 5, we have simply used the identities

K _us
oit) =T ©
and
5o Y _ Mo
In(ka =xr M

where p is the number density of the pure solvent compo-
nent b.
Making use of eq 1, we can now write for the solubil-

ity
fad Hoe = Ha7
Yo = (f.:up)cxp (A_T‘) . (8)

We note that the right hand side of eq 8 is not mole
{raction dependent. Therefure. the problem of calculating y,
is reduced to that of obtaining a suitable expression for the
difference between the residual chemical potentials (u,;* -
My;)- This can be done by using the framework of
statistical mechanics.

STATISTICAL THERMODYNAMICS CON-
SIDERAYIONS

A natural development for 41,7 is a perturbation expan-
sion, in which the reference system s taken as the pure
solvent: then, yy,; is the seroth order term, Up to the
second term we have
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BT = o+ (@U - BI2{(8U - (aU))),, + OLF) )

where

U =F Lt - g (1o

»!

In the above equation, ! denotzs the pair potential be-
tween a solute molecule « at the position ¢, and a solvent
molecule b at £, in the infinitely dilute mixture; #y,'' 1 has
an analogous meaning but for two solvent molecules. As
usual, { ). denotes the canonical avciage over the pure sol-
vent component.

Equation 9 follows by taking the infinite dilution limit
of the corresponding expression for u,, at low dilution (see
Jonah®). Equation 9 may also be obtained from Widom's?
test-panticle expression for the chemical potential.

The first order contribution, (AU)'“. in eq 9 15 ther-
modynamically accessible and can readily be expressed in
terms of the residual internal encrgy and compressibility
factor of the pure solven! for pair potentials of the Lennard-
Jones type. However, the second order term is not thermo-
dynamically accesstble and needs to be approximated 1f 1t 1s
16 be expressed in terms of thermodynamic properues of the
pure solvent. Such »n approximate use of eq Y has been
applied by Jonah'" in the comelation of solid solubiliuies in
supercritical gases. An alternative and probably more con-
venient route to obtain g,;* is through a one-flurd mixture
theory.

According to this theory (see, e.g.. Scott!!) the residial
Helmholiz energy A™X(T, p. v,) for the binary mixture at
temperature T, density p, and of composition 1,, may be
expressed in terms of the corresponding function A, for a
pseudo—pure component at reduced temperature (Tg) and re-
duced density (pg) as foliows:

APMTL P Yy) _ Apd TR, pr) (an

T Ty
where
=75n )
TR—TEm (1)
and
O’,,;‘
== k]
Pr PO.N:- 1y

In the above eqs. &, and g,, are the molecular parameters
for the pseudo-pure component.

In terms of the residual Gibbs energy (G™). the anilo-
gous relation to eq 11 is
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G P GutTe. Py)
T = T (14
where Ty is still defined by eq 12 and Pg is given by
d, €
Py=p 2 B0 (15)
K Uhf: E.m

Differentiation o eq 11 with respect to N, (the number
of solute molecules) at constant temperature, density, and
iV (the number of solvent molecules) leads to the desired
expression for g,

HalT. P v pilTe PR) (ﬁa_gﬂ)Un:'Ta.pa)

RT - RT e, 9N, | RT
N dogn'y .
(‘6_—, 5/5/—) e ATw. PR) . (16)
m Fy

Writing ¢q 16 for an infinitely dilute solution gives at
once u.;>

Wi . p) _ petTe, pr) Uni(Tr. Pg)
+ F,

RT - RT RT
+ Fa5/(Tg. pR) (7
where we have introduced the notations
. N de, N d€,
Fy = .I‘"—'.](D (sm QNJ) = (Em 3N_,) (8
and
. N da\ _ (N doiy
FE = ||‘IT(’ (Um‘ aN,) = (Um‘ f)NJ) . (19)

Equations 16 and 17 are exact relations within the
framework of the one-fluid conformal solution theory,
Approximations are introduced only through the mixing
rules relating €, and g, to the corresponding pure compo-
nent parameters and those pertaining to the solute-solvent
interactions.  Thus. the successful performance of eq 17
very much depends on how well Fy and Fa are evaluated.
The most commonly used mixing rules are the so-called
van der Waals-1 (VDW-1) mixing rules, which lead to
expressions for F| and F, exclusively in terms of the
molecular parameter ratios 0,/ 0y, and €,1/E.

The VDW-I mixing rules are known to be madequate
and several etforts have been made to improve them
(Mansoort and Ely:'* Deiters:'® Humad and Minsoori; '
Meyer!). It would appear from these several modifications
ol the VDW-1 mixing rules that it is necessary o intro-
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duce some state dependence to reproduce the (real or simu-
lated) experimental data. As a consequence, £ and £y be-
come functions of temperature and density, in addition to
the molecular parameter ratios. For example. Meyer's ver-
sion leads to a state dependence for F, and F> only through
the density. However. the version of Mansoori and
coworkers'”!* indicates that £, and F, are both temperature
and density dependent. In subsequent sections. we shall at-
tempt 1o have some indications about the relative strengths
of the temperature (and density) dependence of F, and Fa.

There is a very interesting relationship between eqs 9
and 17 for the residual infinite-dilution solute chemical po-
tential. In 2q 9. we have the leading terms of an exact in-
finite series expansion for y,7* in terms of reciprocal tem-
perature. As already mentioned, we also have in eq 17 an
exact expression {within the framework of the conformal
solution theory) for .=, but in closed form.

The first order term (aU),, ineq 9 for tkz case of the
Lennard-Jones pair potentials may be expressed in terms of
the two pure solvent thermodynamic properties occurring in
eq 17, but with coefficients which are functions exclusively
of the molecular parameter ratios. The closed expression in
eq 17 may be regarded as the sum of the infinite series in eq
9 - provided the series is convergent — when the correct
mixing rules are introduced and the infinite dilution limit is
taken. Unfortunately, we do not know what the correct
mixing rules are although good approximations can be
given as exemplified by the choices of Hamad-Mansoori,
Meyer, and Deiters. The effect of these choices from the
point of view of approximating the sum of the serir .. in eq
9 is rather interesting. Effectively, the series is truncated
after the term (AU)p, and the remainder is taken into account
by readjustment of the cocfficients of U;/RT and =}, which
are now made to be, not only functions of the potential pa-
rametars, but also state-dependent. In other words, the ef-
fect of a good mixing rule is that of telescoping the infinite
series of eq 9 into its first order perturbation correction
term.

CALCULATION OF SOLID SOLUBILITIES

Since we already have an expression for (" — Hyy), the
calculation of the solubility, y,, is straightforward. Sub-
stitution of eq 17 in eq 8 gives

_ (e oy Y
Y2 = (fb."p)cxp[—f',(s, tT.p) RT

- Fils. 6T, p) 2 | (20)
where we have introduced the notations

= G
Ehh'
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In wnting eq 20, we have assumed that the correct mixing
fules are temperature- and density-dependent.

The fugacity of the pure solid ai temperature 7 and
pressure P is given by the expression (Prausnitz et al.!}

f;mlud = f.‘ul exp h.;ulul (P - P_,“") / RT l (22)

where v} is the molar volume of the solid: £+ and P
are, respectively, the saturated fugacity and pressure of the
solid. Since P3* « P, eq 22 takes the simpler form

/:wlld = f;\-‘ll CXp(P\’;/RT) . (23)

Equation 20 can now be rewritten in a more convenient
form

[/ (vofg )] = Fits. i T, p)z—'; +

Fas T p)zy (24)

There are at least twe ways in which we can use eq 24
to study solid solubilities in supercritical gases. One ap-
proach is to treat the molecular parameter ratios, s and ¢, as
adjustable parameters. This approach would require a mix-
ing rule to obtain F, und F, explicitly in terms of its argu-
ments.

A second alternative is to treat £ and £, as adjustable
parameters. This approach doesn't require any mixing rule,
A proper molecular investigation would certainly require
the first approach or some variant of it. However. in this
paper we shall opt for the second approach, deferring a de-
tailed molecular investigation to a later paper.

Meyer's mixing rules based on a comparison betwecn
exact hard-sphere equaticns-of-state for pure component and
mixtures, add a density-dependent correction term to the
well-known VDW-1 mixing rule. Use of Meyer's mixing
rules leads, therefore, to density-dependent Fyand F,, but
not to temperature dependence. Since tests against simu-
lated and real experimental data show encouraging success,
we believe that £, and F; might be weakly temperature
dependent. This hypothesis can be easily tested by plotting
at constant densities

.
he

Y = l—.ln[/:”""/(y,fb'"l’)] versus U = U (25)
e e RT

where f7*d is given by eq 23. A weak temperature depen-
dence for £ and F, would result in linear graphs.

To test whether this linearity is obtained. we have ex-
amined several solubility data of solids in supercritical car-
bon dioxide and ethylene. Figure | shows representative
plots calculated for the system adamantane/CO, (at p =

AV
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Figure 1. Quantity Y as function of U, as defined by eq
15. for the system adamantane/CO, at denstties p = 0.45,
0.60, and 0.90 g cm™*. Lincarily is observed which indicates
weah temperature dependence of £ and F,, defined by eqs 18
and 19, respectively.

0.45, 0.60, and 0.90 g cm*"). Similar plots were obtained
for octacosane, squalane, 2.3- and 2,6-dimethylnaphthalene,
benczoic acid. and phenanthrene in CO; and C.H,. but these
are not shown. All these graphs reveal a weak temperature
dependence for £ and F..

On the other hand, Meyer's mixing rules would lead to
a linear density dependence for Fyand F». Figure 2 shows a
few representative plots (also for the system adaman-
tane/COy of Fand Fy against density. As can be casily
seen (from these and sinilar graphs, which are also not

g
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Figure 2. Dependence of £, and F, with density for the
system adamantanc/CO,. Lincanty is not observed.

shown), this linear dependence with density is not con-
firmed — at least not over the finite range of densities
tested here.

DATA REDUCTICN

There are at least three ways in which egs 20-24 can be
employed in a useful data reduction process:

D) Using the constant density plots of ¥ against U to
smooth experimental data. More importantly, these plots
can be used for extrapolation and interpolation of solid sol-
ubilities, y,. between two temperatures, T) and T», at a
given density p = p,. when we hnow v, for the states (T,
po) and (T, py). Tables Fand U illustrate this procedure for
a couple of systems. For comparison, the same tables give
in the last column values obtained by, respectively, direct
linear interpolation and extrapolation of the given solubili-
ties,

2) Since in a xarrow range of densities, £, and F, are
effectively linear functions of density, it should be possible
to interpolate within a rectangular grid with vertices (7.
P ATy ) ATs py), and (Ta. py) for small values of Ip) -
pl.

Table 1I'" illustrates such an interpolation for the sys-
tem adamantane/carbon dioxide. Details of this calculation
are presented in Appendix |. For comparison, we have also
obtained solubilities for these same states by direct linear
interpolation; for example, we first interpolate linearly for
¥, between [(T. p;) and (T, pp)]. and (T, p3) and (T, p2)]
to obtain values at states (T, py) and (T, p,). Finally, we
interpolate linearly between these two states for y, at state
(7.p).

3) We can construct a solubility-temperature—density
(v;-T-p)-surface by fitting a set of (F), p)- and (F,, p)- val-

t* Using linear interpolation from (In ¢,. p)-plots instead of
(¢, p)-plots as given in Tables I to [ll, would make no
difference in the results of Tables I and 11 (interpolation and
extrapolation at constant density) and would give results
which are not better than those presented in Table 111,
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TABLE 1
Comparison of Experimental Solubilities With Those Obtained by Interpolation According to Eq 20
and Those Obtained by Ordinary Interpolation, for Given Solubilities at States (Ty, p} and (T, p).
Densities (p) in g cm-", Temperatures (T) in Kelvin, and Solubilities (ea) in g cm*® or in Mole Frac-
tions (y,).

p T, T, Interpolated Exp. ¢, (x 104 Interpolated ¢, (x 10Y
Temperature eq 20 Linear
adamantane/CO, (data from Swaid et al.19)

0.5 RER]) 402 362.5 10.5 11.0 15.1

382.0 19.7 19.7 24.1

0.7 43 402 x62.5 28.3 28.2 36.1

182.0 48.3 47.1 56.0

0.9 343 g2 162.5 38.0 19.7 43.7

Z.6-dimelhylnaphlhalene/(_‘,"4 (data from Kurnik et al.})
Interpolated v, (x 10%

Exp. ¢, (x 10%) eq 20 Linear
0.336 108 128 JI8 5.4 59 6.8
0.364 Jog 128 REF ] 9.0 9.3 1.7
0.384 o 328 REE -} 12.8 12,9 16.7
TABLE I

Comparison Between Solubilities Extrapolated to Temperature T According to Eq 20 With Solubili.
ties (c, Expressed in g cm or in Mole Fraction ya) Obtained by Linear Extrapolation for Given
Solubilities at State Ty, p) and (Ty, p). Temperatures in Kelvin and Densities in g cm-3,

p T, T, Extrapolated Exp. ¢, (x 10%) Extrapolated ¢, (x 10%)
Temperature eq 20 Linear

adamantane/CO, fdata from Swaid et all®)

0.5 RER] 362.5 N2 19.7 17.6 14.9
402 333 28.5 19.4
0.7 343 362.5 182 48.3 47.2 40.4
402 76.34 76.2 52.8
0.9 343 362.5 182 60.2 55.5 48.8

2.6-dimelh_vlnaphlhalene/C,H, (data from Kurnik et al.3)
Interpolated y, (x 10%)

Exp. c, (x 10%) eq 20 Linear
0.336 308 318 128 10.6 8.9 7.8
0.364 308 318 128 18.4 17.3 13.0
0.384 308 318 128 26.8 26.6 19.1

TABLE 111
Comparison of Solubilities for the System Adamantane/C0O; Obtained by Direct Linear Interpolation
with Solubilities Interpolated at State (T, p) Within a Rectangular Grid with Vertices Ty, py), (Ty,
Pih (T, py), and (T, p,) Using Eq 20. Densities (p) in g em3, Temperatures (T) in Kelvin, and
Solubilities (c,) in g cm'3,

o3 o T T T p Exp. ¢, (x 10%) Interpolated ¢, (x 10%)
eq 20 Linear
0.60 10.65 L343 402 162.5 0.625 21.7 22.6 28.7
IR0 0625 36.8 38.1 44.8

A
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TABLE 1V
Solutc (Adamantane) and Solvent (Carbon Dioxide) Properties at Selected States
T (K) CO, Adamantane
plgem3) P(bar) f(bar) -U;IRT -2 v (cm® mol'!) P (x 10" bar)
343 0.680 210 102.5 5.108 0.5233 0.127 4.33
343 0.906 500 177.5 .648 0.1485
362.5 0.695 290 143.5 4.819 0.3907 0.127 12.09
362.5 0.893 600 251.2 6.095 0.0184
382 0.442 200 129.9 3.000 0.3730 0.127 30.35
382 0.703 37 194.2 4.534 0.2708
382 0.821 552 268.9 5.244 0.0714
402 0.457 240 166.0 2.867 0.3086 0.127 71.06
402 0.725 475 268.0 4.353 0.1369
ues (o a suitable function of p. In this way, we were able 0.100 70100
to construct such a (y,~T-p) surface for the system o T fnpadmental O Caleutated
adamantane/carbon dioxide, by fitting a set of (F,, p) and
(Fa. p) values to quadrauc functions of density. [Appendix 5
2 summarizes the principal steps leading to the construc- - o
tion of a (v,~T-p) surface]. Explicitly, we have for y, the
following expression: oot0p jootw
a ) (.
Py Pyohd Uy . g eni®) [
Yo = ( 'vnp)cxp ( Fl(p) ﬁ- FZ(p) Zb,) (26)
with 0.001 . ‘ 0.001
0.40 0.60 .3 0.00 100
Fi(p) = A +8p +Cp! Qn density {gem ™ )
0.10 10.99
and L —— Guperiments)l O Cakuislee
Te302 K o
Fap) = A" +Bp+Cp?. (28)
o
Table IV lists relevant thermodynamic properties of ¢
pure carbon dioxide and adamantane at selected states. ( ‘r';:;,
These values were used to calcuiate (from eq 26) the con- gom °
centration ¢} of adamantane in supercritical carbon dioxide
which are compared in Table V with experimental values.
This comparison is shown in graphical form in Figure 3
tor 343 K and 382 K. As shown, the agreement between
calculated and experimental results is good, v ihin the 001 A . L 0.0
0.30 0.20 070 0.90

range of temperature and density for which the surface (y,~
p-1) was constructed.

! The relationship between solute concentration, c,, and
mole fraction, y,, is given by

o = DM,

: Mb( | - _V.)

where py refers to the density of the pure solvent gas and
M, and M\, are the molecular weights of the solute ¢ and of
the solvent b, respectively.

density {g e ¥ )

Figure 3. Experimental (Swaid et al.'®) and calcuiated (this
work, from eqs 26 and 29) solubilities cf solid adamantane
in supercritical carbon dioxide ar 343 and 382 K.

EXTENSION TO THE (ALCULATION OF
SCLUBILITIES OF LIQUI>S

Without going into details, we briefly observe that
with suitable replacements in egs 20 and 24, namely by re-
placing f;>*!"d by f14, these equations may still be used.
provided the liquid is sparingly soluble in the supercritical

/\7
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TABLE Vv
Experimental (Swaid et al.'%) and Calculated
{from Eqs 26 and 29) Solubilities of Adaman-
tane in CO,

P (bar) p(gcem?) €, X 10% (g cm?)
Exp. Cale.
T=343K (Pr'=433% 10" bar)
135 0.4318 3.23 14
145 0.4848 5.44 5.35
175 0.6000 10.95 11.04
210 0.6800 14.90 14.97
290.5 0.7800 21.38 18.93
330 0.813 24,00 20.12
400 0.858 25.57 22.40
500 0.906 27.10 27.16
660 0.962 26.93 41.87
T=3625K (P =1209x% 10" bar)
200 0.5378 13.74 14.05
290 0.6950 27.74 27.00
360 07630 35.18 31.44
400 0.7925 37.53 33.42
500 0.8496 41.47 38.81
600 0.8926 42.74 46.72
750 0.9423 42.29 67.78*
T=382K (P:=3035 x 10" bar)
200 0.442 12.81 12,91
246 0.543 25.00 25.11
277 0.595 32.54 29.35
326 0.659 41.58 40.41
370 0.703 48.80 45.43
440 0.758 56.11 51.05
550 0.821 63.15 59.31
660 0.868 65.53 70.79
T=402K (P =7106% 10° bar)
172 0.3132 8.35 7.73»
211 0.3988 18.66 T16.62%
228 0.4317 22.02 21.74+
240 0.457 25.79 25.75
259.5 0.492 31.82 32.20
332 0.597 51.96 53.68
475 0.725 82.26 76.10
600 0.795 94.48 89.06

* Values calculated for states outside the range of lempera-
ture and density for which surface is consiructed: 045 S p g
0.90.

gas. However, contrary to what is observed for solids,
there is usually an appreciable solubility of the supercritical
gas in the liquid. Hence, f}9 is a function of the mole frac-
tion of the gas dissolved in the liquid. Once we have mod-
elled this composition dependence of the liquid phase
fugacity, the procedure can be carried out as for solid solu-
bilities. In another paper, we shall address the subject of
liquid solubilitics.

CONCLUSIONS
The present study indicates that the one-fluid conformal
solution theory can be successfully applied 10 the correla-

The Journal of Supererineal Fluids, Vol 2. Nos. 2&3. 198¢

tion, mterpolanon, and extrapolation ol solid solubilities i
supercnitical fluds. Of particular importance is the fact tha
linear isochores can be obtained, thus leading to the possi-
bility of interpolating and extrapolating sparse daty along
constant density paths; further, with 3 few isochores se-
lected over a given density range, it becomes possible to
construct a tcmperalure—dcnsity—solubilily surface valid for
that range.

The successful use ot the one-fluid conformal solution
theory predicuvely, on ths molecular level, depends cru-
cially on the availability of 4 good combining rule and on
the availability of g good mixing rule. Given these two
prerequisites, we may expect to be able to predict the sojy-
bilities of solids 1n supercritical fluid solvents,
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APPENDIX 1
INTERPOLATION OF SOLID SOLUBILITIES

In the example presented in Table 11 for the system
adamanmnchO;. solubilities are given at states (7, pP)
represented by (343, 0.60), (343, 0.65), (402, 0.60), and
(402, 0.65) where temperatures are in Kelvin and densities
in g cm'Y; the solubility being calculated for the states
{362.5, 0.625) and (382, 0.625).

To acconplish this interpolation, we first use the
given data to obtain Fi(p) and Fy(p) at densities P and p,.

\



The Journal of Supercrincal Fluids, Vol. 2, Nos. 2&3, 1989

Thus, we obtain F(0.60) = 0.8146; F(0.65) = 0.7471;
F(0.60) = 0.6060: and F1(0.65) = 1 703,

By linear interpolation, we now obtain £, and F, at
density 0.625 g ecm'. Thus we find, F,(0.625) = 0.7809
and F»(0.025) = 0.8045.

The solubilities, y,. for the states (362.5, 0.625) and
(182, 0.625) are now calculated using eq 20. From these
values, concentrations, c,, are obtained from eq 29; they are
presented in Table II1.

APPENDIX 2
CONSTRUCTION OF THE (y,-T-p) SURFACE

The construction of the (v,~T-p) surface is performed
from the following steps:
Step 1.

We start by choosing a density py and then calculate Y
and U (as defined by eq 25) at this density and the various
temperatures at which experimental solubility isothermis
are available.

The input thermodynamic dat. for the pure components
are the saturated vapor pressure and molar volume of the
pure solid and the fugacity, the residual intemnal energy, and
compressibility factor of the pure solvent gas.

Step 2.

With this data, we make a least-square fit of the calcu-

lated (Y — U) values to the equation

Y=a+hU
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and identify a and b as
asFyp)

and

b=F\(p).

Step 3.

Repeat steps 1 and 2 for other densities, pg = p,, pa.
etc.
Step 4.

Finally, we tit the set of (F, p)- and (F,, p)-values so
obtained to quadratic functions, as given by eqs 27 and 28.
For the system adamantane/CO,. the values obtained for
the fitting constants of these equations are

A =2417533 A'=-10.99275

B =-3893446 cm*g! B’'=31.20106 cm® g"!

C=200M615cmbg?  C'=-19.55385 cm® g2

We observe in this fitting process, that the states
(generally the high density states) at which Izl « 1 can be
given a smaller weight compared to other states, in fitting
F. since this coefficient need not be known accurately.
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Application of Supercritical Fluia Extraction

to the Purtfication of Eucalyptus 011

P.C. SimBes. M. Munez da Ponte. H. Matosi(2), ang E. Gomes de
Azevedo(n)

'hculdaae de Clénclas e Tecnologta. Universidade Nova de Liaboa

P-2028 Monte ac Caparica. Portugal., and (2) Centro de Quimica
Estrutural. Instituto Superior Tecnico, P-1096 Lisboa. Portugal

Introeduction

High solubllities of easential oils in supercritical fluids have
been reposted by soveral authors /1.2/. However. waen delllhq- with
Comsplex mixtures. the sain prodles nay bde selactivity of extraction.

fucalyptus o011 hnay 1.8-cinecle a3 1ts maln component. aixed with
sasller quantities cf terpenic hydrocarbons. Jike pinenas and
é-l11monens. Thls last Component 13 the most difficult to separate from
cineole, dug to the Slallarity 3sn vapour presaures. that tuies out
d4istilletion as & feasidle separation process 1In this case. For
exasple. their norasl bolling polnts differ by 2°C oniy.

™ ulta and Dizcussion

In thi~ vork., we began vy examining the selectivity ot S‘OII
supercritical fluids tovaras the comsponents of eucalyptus oil. Pure
carbon dioxide. s quasi-azeotroplc aixture of carbon dioxide ana
ethane. and pure ethene (ethylane) wvere exam:ned In succession. The
firat two fluias vere not 2elactive 73.47. ¥ith ethene.
Ilqula-llqula-\upour equilibrium appeared at tempersturés above the
critical temparature of the pure solvant. As ¢n example. Figure 1}
shous the Pressure-compoattion diagrams showing the Phase equilibria
behavior of the mixture of d-limonene with supercritizal) ethene at
13. 25 ana 35°,

At the Jlower temperatures there 1a a three-phase Jine which
indicates the coexistence of three phases 1n equilibrium: a gas. a
tiaonene~-rich 11quid phrase and o ethane-rich 1iquia phase. Thess
S883urenonts vere made in a high-pressure exparimental appacatus
(previourly describea /747) consisting sainty 1r & static vapor-liquid

40

{ NO1lv¥2Ig9nd



equilibrium stainleas steel cell.
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Figure 1l: Pre:sure-co-poaltlcn dlagran for the

3ystea
4-limonenesethene at 13. 23, ana 337C.

This three-phase behavior was confirmed by observation in a
windous 15 gaa
thick, which wvas used for detatledq measureasents of Phase equilibria 1n
the critical and three-phase regions,

The resulting phase diagrams might be included
Type IIl or Vv of the classification of van
/5/. Our experimental resujts vare supported by calculations using the
Pang-Rodinson equation of state. Using conventional aixing rules ana
one binary interaction Parameter (l‘.-0.0S) regressea from the
fitting of vapor-iiquia equilidriua data, ve calculatea the
Preasure-teampoerature Projection for this binary. Figure 2 snhows
typical calculations tor the pressure-temperature projectton of
d-llnoneno‘athene 8yatem. which are in reasonahle agreement with our
Sxperimental data.

Sialler studies for the 3ystem cineole with Supercritical ethene
indicate that there are Significative differences

in elther
Konynenburq and Scott

between the

w range of
solubllities ot cineole and oOf d-llmonene. 1in a narco q

ons a n oces. volv <rpene
ibilities In the aesign of a separation process involving t
4

up new

based essential olls. Toward this enda. a3 conhtinuous countercurrent
he feasidi Yy o

operated to examine t 1t
being -] 3 4

extraction unit is sectnily
obtaining high purity cineole by purification of eucalyptu '

percritical ethene. This unit 1is schematically shown in Flgur .
"

¢

Pressure
o
Y
[Whot

E % & 3 oo
= Temperature ( K )
3 ——
.
L
L)
e | /
Y &
o o
i .0
33 4
L Y
2 .
¢
30 1
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",nn 300
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Figure erimenta <« 0 ) ng calculated (trom Peng-Robinson
1 a 1 1

g 2: Exp

equation of state with k__=0.05) pressure-temperature projection for

enlarged
the sysatea da-limonene+ethene. The area ¥ .tked above 13 shown ]

in tha bottoa tigure.
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Figure 3: Flov dlagram of the continuous countercurrent extraction
apparatus. BPR: back pPressure regulator; C; coapressor; EC: extraction
¢2lumn; G: gas cylinders HE: heat exchanger; LF: 1line fllters mnemy
mans flovseter; MP: metering Pump; PG: pressure gauge; §p; piston
pump; RD: rupture diax; SC: aseparation column; TS tesperature
sensor

It has twvo one-meter high pressure columns of 2.5 cm internal
diameter. fillled with atructured metallic Pacxing from Sulzer an4 13
operated at temperatures between 12 ang 15°C ana pressures petween 5.5
and 6.5 MPa. In addition to the separation stucies. this equipaent
will be a’«o used to obtain transport data. namely mass transfer
coeffics .. » and ratesa. and solvent loadingsa. It will alao be atudled
the influance in the extraction efficiency of several parameters,
namely pressure. tesperature. and solvent rate.
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ABSTRACT

Application of supercritical fluid extraction to deacidify olive oils
and olive husk oils has been subject to conflicting reports in the
recent literature. In particular, basic data, like solubilities in
supercritical carbon dioxide of some key compounds, vary wildly from
author to author. In this work, we measured the solubilities of
substances chosen for their importance in that extraction process,
namely pure glycerol trioleate, the most abundant triglyceride in olive
oil, and of a husk oil with a high acid content. Our results agree well
with some of the previous repcrts on this subjsct. These are a
trustworthy data base from which we may conclude that supercritical
deacidification of olive oils is technically feasible.

1. INTRODUCTION

The use of supercritical fluid extraction in the vegetable oil
industry has been suggested by several authors. For example, Friedrich
et al. (1) and List et al. (2) compared the composition and stability of
vegetable oils either obtained by supercritical carbon dioxide (SC-CO2)
extraction or recovered and purified by conventional methods. Stahl
and collaborators (2-5) performed extensive studies of the solubilities
of soybean oil up to very high pressures.

Vegetable oils have two major groups of constituents: triglycerides
and free fatty acids. The solubilities in SC-CO; of pure compounds
belonging to each of these classes have been reported in several
literature references (6-9); unfortunately, lack of agreement betwe=n
the various reports is still quite frequent, reflecting the need for
additional work to be performed in this field. The accurate knowlege
of these solubilities is an useful reference to the studies of
supercritical fluid extraction applied to mixtures. Processes for
deacidification and deodcrization of natural fats and oils have actually
been described in patents by Zosel (10) and by Coenen and Kriegel
(11). Brunner and Peter (12) descr'be a deacidification method of
palm oil using supercritical carbon dioxide as solvent and ethanol as
entrainer.

Olive oil is a vegetable oil extracted by mechanical means from
olives. Large quantities of oil are unsuitable for Immediate
consumption, due to a high /ree fatty acid content., and require
refining. Conventional refining processes, however, may alter the
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nutritional qualities of the oil, resulting in a lower price product. On
the other hand, about 15% of the triglyceride content of olives remain
trapped in the solid matrix, from where it is usually extracted with
organic solvents. The end product is husk oil, which has a triglyccride
composition slightly different from olive oil, and a much higher acid
content.

Brunetu ei al. (7) have recently suggested the use of SC-COq
extraction as a de->cidification method of olive and husk oils; however,
their data of solubilities of the pure components are in notorious
disagreement with otlier results reported in the literature, like those
of Chrastil (8) and King et al. (6). On the other hand, Di Giovacchino et
al. (13) report preliminary measur:ments that seem to show that SC-
COz3 is not selective towards the free fatty acids present in olive oil.

In this work, we try and contribute to sort out between these
conflicting results. We were concerned with two different aspects of
the extraction of olive oils with SC-CO,; : a) measurement of the
solubility of pure compounds that are frequently found in these oils; b)
evaluation of the selectivity of SC-CO, towards components of the oil
that are usually removed by various methods in order to improve its
quality .

We present measurements of the solubility in SC-CO; of a pure
triglyceride - glycerol trioleate, usuzlly known as triolein, the main
component of olive oil - and compare our results with analogous
results from: other authors.

Additionally, the solubility behaviour of triglycerides and free iatty
acids present in a husk oil of high acidity was investigated to evaluate
the possibility of their separation by SC-CO; extraction.

Finally, the SC-COj extraction of husk oil directly from the
corresponding solid { husk flakes ) was also performed and results are
compared with similar data of King et al. (6) for rapeseed.

2. EXPERIMENTAL
2.1 MATERIJALS

The CC, used in this work was 99.5 % (w/w) pure and supplied by
Air Liquide,and glycerol trioleate (triolein) was 99% (w/w) pure,
purchased from SIGMA. All solvents used in the chromatographic
analysis were of analytical grade and obtained from E. MERCK. The
husk flakes were milled to 0.5 to 1.5 mm thickness prior to use.

2,2 METHODS
2.2,1 Solubilities in supercritical Carbon Dioxide
The solubility measurements were performed in the appar~tus
schematically shown in figure 1. This is an improved version cf the

one used in previous studies (14), and is similar to the apparatus
described by Matos et al. (15).
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The main piece of equipment is a static vapour-liquid equilibrium
cell, of approximately 30 cm3 , immersed in a thermostated water

A typical experiment starts with filling of the cell, at atmospheric
pressure, with a small amount (about 2.5 c¢m3 ), of liquid ( crude husk
oll or triolein ) or solid (husk flakes). The CO, is then pressurized by a
diaphragm compressor into the ceil trough valves 2 and 3. After about
60 minutes of stirring (using a magnetic barj and about the same time
of rest, the pressure is read on a Bourdoa tube manometer, with an
accuracy of * 100 kPa, and the temperature is measured with a
mercury thermonieter of 0.1 K precision. A sample is then taken from
the top of the cell.

The samples are collected by depressurization and expansion
trough valve 4 into a glass trap connected to a large steel bottle of
calibrated volume, in the thermostated bath . When the valve is open,
the solute condenses in the cold trap, while the solvent gas expands
into the steel bottle (with a volume of approximately 1 dm3 , calibrated
to £ 0.1 cm3 ). The pressure of the gas is read in a mercury
manometcr with a precision cathethometer, and is uscd to calculate
the amount of gas present in the sample. The amount of liquid is
measured by weighing.

The accuracy of the obtained composition results is limited by
disturbances introduced in the phase equilibrium by the sampling
procedure itself. A sufficlent amount of the fluid phase has to be
withdrawn from the cell to deposit a measurable amount of liquid in
the cold trap. Observed pressure drops in the cell were between 0.2
and 1 MPa, depending on the pressure at wich the sampling is
pertormed. The mass taken out in each sample is no more than 3 % of
the total mass inside the cell.

Another source of error in this procedure is the existence of a dead
volume between valve 4 and the cold trap, where some solute may
condense. To minimize these errors, series of samples were
successively taken in the same operating conditions and the average
value of solubility was estimated. The standard deviations for each of
the sets of measurements vary from 0.7 mg/nL to 3.2 mg/nL; the
average value {s 1.8 mg/nL.

2.2.2 Capillary Gas Chromatography

Gas chromatography of SC-CO; extracted husk olil, and of other oil
samples we used for reference, was performed with a Carlo Erba
instrument of the Mega Series, model 5300, equipped with a Carlo
Erba MFA 515 injector and a flame ionization detector (FID).
Quantitative calculations were made with a Shimadzu CR3A computing
integrator equipped with a floppy disk unit and a CRT display.

GC-analysis of the samples were carried out in a home made glass
capillary column coated with OV-17-OH, of 0.25 micrometer diameter.

Injection was performed at programmesd temperature under the
following conditions : FID temperature 400 °C ; injector ten:peratures
- initial temperature 100 °C , final temperature 390 °C ; split of the
solvent (n-pentane) during a period of 300 s. After the split period,
the injector was ballistically heated to 390 °C, and followed a splitless
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period of 180 s, at this temperature. The split valve flow rate was 340
ml/min. 0.1 ml aliquots of the non extracted oil samples and 3 ml
aliquots of the SC-CO3 extracted oil samples were injected. Hydreogen
at a pressure of 100 kPa was the carrier gas.

The oven temperature was programmed as follows : initially set at
150 °C and after ballistic heating to 280 °C, it was linearly
programmed at a heating rate of 8°/min until the final temperature of
370 °C was reached.

The reproducibility of injection was tested with samples of non
extracted oil ; aliquots of different concentration were injected with
eight replicates each , and the mean value deviation was of 1-2.5 % to
the higher concentrations and of 4-5 % to the lower concentrations.

3. RESULTS

We measured the solubility of glycerol trioleate ( usually refered to
as triolein) in SC-CO,, at (308.1  0.2) K, over a pressure range of 9.6
to 22 MPa. The results are given in table 1, where the solubility units
are mass of solute per normal liter of gaseous carbon dioxide ( 1 nL =
1000 cm3 at 1 bar, 0 ©C = 1.977g of CO3).

The solubility of crude husk oil ( previously extracted with hexane
from husk flakes ), in SC-COy, was measured at (308.6 £ 0.3) K and
(313.6 £ 0.1) K, in a pressure range of 9 to 22 MPa. Extraction of the
husk oil from the husk flakes was performed in a pressure range from
10 to 18 MPa and at 308.6 K. The results of these measurements are
presented in table 2.

We used capillary gas chromatography to obtain the composition
profiles of some of the extracted husk oil liquid samples. By the same
method, we analysed the composition of the crude husk oil from
which the SC-COs extraction was performed, and additionally a husk
oil obtained by traditional refining processes and two olive oils with a
good market acceptance.

Integrating the peak areas corresponding to the major groups of
compounds present in the several samples analysed, we obtained their
relative concentration in the samples. These groups were ,in all cases,
triglycerides and free fatty acids.

The composition data thus obtained and the corresponding results
for the oil solubility enabled us to calculate the sclubilities of the free
fatty acid and of the triglyceride fractions of the oil, as a function of
pressure. These are given in table 3 .

In tables 4 and 5 the composition of the free fatty acid and the
triglyceride fractions of the SC-CO; extracted husk oil is
discriminated into their individual elements. The triglycerides are
identified by a group of three lettzrs corresponding to the fatty acid
moieties, present in the triglyceride molecule, for instance, PLO
refers a triglyceride that results from the esterification of glycerol
with palmitic acid, linoleic acid and oleic acid, respectively in the
first, second and third carbon atoms of the glycerol molecule.The
relative concentration of each free fatty acid or each triglyceride is
defined as its weight percent within the corresponding fraction, for
instance, oleic acid weight % is defined as the concentration of oleic
acid in the free fatty acid fraction.
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Table 5 also includes the composition of the triglyceride fractions
of the crude and refined husk oils and of the two olive oils mentioned

above.

4. DISCUSSION

The solubility of triolein, measured in this work at 308.6 K, is
compared in figure 2 with data of other authors. Our results are in very
good agreement with the solubility values obtained by King et al. (6}, at
308.15 K. The results of Chrastil (8) are also within experimental
error of ours. Although they were obtained at a 5 K higher
temperature, 313.15 K, interpolation between results at different
temperatures of King et al. suggest that this increase in temperature
should lower the solubility by only about 0.6 mg/nL.

The data reported by Brunetti et al. at 313.15 K are also shown in
figure 2. They are much higher than the above mentioned results and
also than other published values of the solubilities of oils mainly
composed by triglycerides, like those of Sthal et al. (4) for soybean oil
and those of Klein et al. (16) for rapeseed oil.

We measured husk oil solubility in carbon dioxide from previously
hexane extracted crude husk oil and also from solid olive husk flakes.

Our results of the SC-CO extraction from the husk flakes are in
good agreement with those of King et al. (6) on rapeseed (another
triolein rich solid matrix). We verify that, in both cases, solubilities are
slightly higher than the solubility of triolein in identical pressure and
temperature conditions. This probably means that the seed extracted
oil contains compounds other than triglycerides - King reports the
presence of small amounts of free fatty acids in the rapeseed oil
extracts.

When SC-CO; extraction is performed from the husk flakes, the
solubility values are lower than when similar measurements are done
on liquid husk oil. This difference is shown in figure 3 and indicates
that some of the compounds extracted with hexane are less or even
non extracted by SC-CO, from the solid matrix. The hexane extracted
husk oil ( crude husk oil ), and the corresponding SC-CO, extracts,
were analysed by capillary chromatography and in both cases high
contents of free fatty acids were found .

The chromatographic analysis allowed the separate calculation of
solubilities of the free fatty acid and triglyceride fractions of SC-CO2
extracted husk oil samples.

The corresponding free fatty acids solubilities are shown in figure
4, at 313.6 K. As the major constituent of the free fatty acid fraction is
by far oleic acid, with about 60 % in weight (followed by palmitic and
linoleic acids in amounts that do not exceed 16 % , as given in table
4), we compared our results with data of several authors for pure oleic
acid.

It can be seen in figure 4 that, as for triolein, the results of Chrastil
(8) and of King et al. (17) are in close agreement with our own. The
measurements of Peter et al. (9) give somewhat higher solubilities.

As to the results of Brunetti et al. (7), they are once again higher
than those of most other authors, as found previously for pure triolein.
For oleic acid, however, a recent papeir by Zou et al. (18) gives
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solubilities in carbon dioxide that are even higher. As to the
triglyceride fraction, solubilities at 308.65 K and 313.65 K are similar
but slightly lower than the solubility of triolein, as measured in this
work or as reported by Chrastil (8), at 313.15 K.

Triolein is not as prevailing among triglycerides in husk oil as oleic
acid is among free fatty acids. After triolein ( with about 45% weight),
the most abundant constituent of the triglyceride fraction is 1-palmitil
diolein ( approximately 30% weight); other triglycerides are present
in amounts lower than 10 % weight. We do not have data on the
solubility of pure 1-palmitil diolein, but since it is reported (8) that
tsipalmitin has a lower solubility in SC-CO2 than triolein, it is
reasonable to suppose that the presence of a palmitic group in 1-
palmitil diolein will be associated with a lower solubility of this
triglyceride.

In figure 5 we can see how free fatty acids are more easily
extracted than triglycerides from the oil , at 313.6 K. This difference
between the solubility .« free fatty acids and triglycerides was also
detected at 308.6 K. The enrichment in free fatty acids is clear, if we
compare the chromatograms of crude and SC-CO2 extracted oils
shown respectively in figures 6 and 7. Therefore, application of SC-CO2
extraction to deacidify vegetable oils, particulary husk and olive oll,
seems to be feasible in relatively mild operational conditions. This is
the same conclusion as reached recently by Brunetti et al. (7), but
based on substantially different results.

As mentioned above, the conventional refining processes used to
deacidify either olive and husk oils may introduce changes in the
triglyceride composition, producing a decrease in the nutricional
qualities of the oil.

The results in table 5 show that the SC-CO, extracted huck oil, the
crude oil and the twc olive oils have a similar triglyceride composition;
refined husk oil presents some considerable differences from all
others, particulary in the weight % of triglycerides that contain oleate
or linoleate groups. This is shown in figure 8. As no detectable
differences were found between the crude oil and the extracts, it is
reasonable to assume that contact with high pressure carbon dioxide,
oppositely to classic refining processe;, does not affect the
organoleptic qualities of husk oil.

Therefore, the results obtained In this work indicate that SC-CCz
extraction can achieve a deacidification of olive and husk oils,
retaining their triglyceride composition and consequentiy preserving
their nutritional characteristics.
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TABLES

Table 1 - Solubility (S) of glycerol trioleate in carbon dioxide, at
pressure P and at 303.15 K.

P S P S
MPa mg/nL MPa mg/nL
96 1.1 122 38
99 1.9 140 44
100 22 150 56
103 19 189 62
11.3 3.6 220 7.7

Table 2 - Solubllity of husk oll in carbon dioxide, at pressure P and
temperature T = 308.65 K and 313.65 K. The oil was extracted from:
a) solid phase - husk flakes , b) liquid phase - crude husk oil

P T/K 308.65 313.65

MPa
a) solid  b)liquid b) liquid

9.0 5.0
10.0 4.7 5.5
10.5 6.1 5.5
11.3 7.5 7.3
12.0 6.2 8.9 7.8
12,5 9.3
13.0 10.0 10.5
142 11.7 11.2
15.3 11.9 13.7
16.0 6.4 12.3
16.8 13.4 159
17.6 14.6 17.0
18.0 8.1 15.8
18.6 16.9
19.5 18.8 17.5
19.8 19.1
20.7 17.5
217 18.4




Table 3 - Comparison between the solublility S, in carbon dioxide, of
crude husk oil (Sog), and of the corresponding triglyceride (STry) and
free fatty acid (Spra) fractions, at pressure P and at temperatures of
308.6 K and 313.6 K.

S
T/K P mg/nL
MPa
_ Soil STrt SFFA
308.65 11.3 7.5 37 3.4
12.5 9.3 4.2 4.6
14.2 1.7 3.5 7.1
15.3 11.9 3.4 7.1
17.6 14.6 3.6 9.2
19.8 19.1 3.4 14.3
313.65 10.5 5.5 1.7 34
13.0 10.5 1.6 7.4
14.2 11.2 2.0 8.2
15.3 13.7 3.7 8.8
17.6 17.0 5.3 10.3
20.7 17.5 3.9 12.1
21.7 18.4 6.0 10.7

Table 4 - Characterization of the free fatty acid fractions from oil
samples obtained by extraction of crude husk oil with SC-CO,, at
pressure P and temperatures of 308.6 K and 313.6 K. iadividual free
fatty acid concentration is given as the weight percent of the total free
fatty acid fraction.

T/K P Individual FFA Weight Percent
MPa Palmitic Stearic Oleic Linoleic
(C16:0) (C18:0) (C18:1) (C18:2)
308.65 11.3 7.7 55 57.5 11.2
12.5 10.4 1.7 61.3 5.3
17.6 8.0 2.0 63.7 7.3
19.8 14.7 4.6 71.5 3.7
313.65 10.5 7.7 5.2 62.5 9.4
11.5 6.4 51.7 15.8 13.0
17.6 9.6 2.4 57.7 12

20.7 7.7 1.6 59.5 7.2




Table 8 -
corresponding to: SC-COg extracted husk oll, crude husk oil, refined

husk oil and two olive oils; the SC-CO, extracted oil samples were
obtained at pressure P and temperatures of 308.6 K and 313.6 K.

Individual triglyceride concentration is

the total triglyceride fraction.

Characterization of the triglyceride fractions

given as the weight percent of

Ou Individual Triglyceride Weight Percent
Samples P
MPa POP PLP POO PLO PLL Q00 QG0 OOL OLL
SC-COg
extracts
1 11.3 43 27 248 8.1 37 424 94 45 00
2 12.5 49 23 302 66 1.6 465 64 15 0.0
3 17.6 70 70 30.1 103 00 375 80 00 00
4 19.8 55 29 292 80 17 431 75 2.1 00
5 17.6 63 23 334 61 02 452 49 05 00
6 20.7 64 23 322 59 03 450 55 0.8 00
crude 46 18 289 68 02 456 68 09 02
husk oil
refined 31 10 140 72 7.7 218 88 9.7 132
husk ofl
olive oil 42 24 320 60 29 470 85 00 00
1
olive oil 42 23 281 60 29 434 85 0.0 00
2

The temperature at which the extracts were obtained was : extracts 1 to 4 - 308.65 K:
extracts 5and 6 - 313.65K.



FIGURES

FIGURE 1 - Schematic diagram of the SC-CO extraction apparatus.

FIGURE 2 - Solubility of glycerol trioleate in SC-CO5 , at 308.6 K (@);
Comparison with measurements reported by: King et al.(%), at 308.15
K: J. Chrastil (A) and Brunetti et al. (0), at 313.15 K.

FIGURE 3 - Solubility of husk oll in SC-CO,, at 308.6 K, when
extraction is performed from crude husk oil (Q) or from olive husk
flakes (@).

FIGURE 4 - Comparison between : a) solubility in SC-CO; of free fatty
acids from husk oil (@), at 313.6 K; b) other authors reports on the
solubllity in SC-CO, of oleic acid - Chrastil (a), Peter et al. (v), Brunetti
et al. (0), Zou et al. (), at 313.15 K and King et al. (¥) at 308.15 K.

FIGURE 5 - Solubllity of : crude husk oil(®), the free fatty acid(Q) and
the triglyceride (A) fractions from the same oil, in SC-CO, , at 313.6 K.

FIGURE 6 - Typical chromatographic profile of a crude husk oil.

FIGURE 7 - Chromatogram of a SC-CO; extract obtained from crude
husk oil, at 17.6 MPa and 313.6 K.

FIGURE 8 - Triglyceride composition of SC-COs extracts obtained in
different pressure and temperature conditions; comparison with olive
and husk oils.
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A. M. P, Vasconcelos

Departamento de Fitotecnia, Universidade de Evora, 7000 Evora, Portugal

M. Gongalves, E. J. S. Gomes de Azevedo, M. Nunes da +cnte, and H. J. Chaves das Navas
Departamento de Quimica, Faculdade de Ciéncias e Tecnologia, Universidada Nova de Lisboa, 2825 Monte de Caparica, Portugal

KeyWords:

High temperature CGC
SF CO, extraction
Pattern recognition
Fatty oils

Summary

High pressure oxtraction of vagetable fatly olls by supercritical
fiuid carbon dioxid e wes investigated. Prazaures from 8 to 20 MPa
at 4U°C were uxcd., The extracs wers monitored by high
temperaturs cer’ilary gas chrometograplhy; tor sterol and %:4-
glyceride comp: vition. The quality of the extri.ctod ol's wes ova.
luatad by nume:ical taxonomy methods. The extraction products
compared wall with the characteris'ica of commercial futty olls of
the samevegetable origin. No significnnt qualitative variationwns
dotected in tha pressurs range studied. :

1 introduction

The appli o1l ty of supercntical Huid extraction (SCFE) to the
recovery . veygetalje {atty oils has teen reported by several
authors The solubaluy otvegetable fatty oils in SCF-CO; as wel!
as the advantages of this technology over conventional
methods of Letty o'ls extraction have been described |1-5] How-
wever i Hanginstancees charactenzation of the extracts 1s made
solely cn the basis of graviinetrnic methods by which product
guality can hard+ be assessed [1-4] Gas chromatographyofthe
fatty acid content has been used 2| Data on fatty acid com-
positinn of fatty uils 15 often biased by the fact that the values
obtained may sutl be within the accepted range, 1n spite of
contammations Therefore, on the basts of fatty acid content
along, the olls cannot be adequately charactenzed.

In the present work, high temperature capillary gas chromato-
graphy was used tn monutor the tnglycende and sternl com-
position of the fatty oils obtained by SCF-CO, extracuon of
soybean seed., and oils, carned out in < home-made axiractor
The data weie treated by computensed pattern recegnition
methods in oider to chdractenze the different extracts obtamned
from the same materntal under different extraction conditions
The results were compared with 1dentical data obtained from
crude and refined commercial oils of identical plantonigin. The
resclts presented show that SCF-CO, ex:racticn:leads to

'oductsthalarequanmanvelyandqualxtauvelycomparablet.o
the ones obtainad by traditional techniques The application of
high temperatute capillary gas chromatography, associated
with pattein recognition techniques, for 1apid assessment of
prodfuct qua'ity in inemtoring the extraction procedure 18
illustrated

Prorantod at the Ninth Internationa) Symposium on Capillary
Chromatography
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2 Materials and Methods
2.1 Materlals

The COz used was of commercial grade obtained 1n cylinders
purchased from Companhia Poriuguesa do Ar Liquido The
seeds were obtained directly from vegetable o1l manufacturers
as being the same raw matenals as used in fatty o1l pr. duction
Crude and refined oils were obtained from the same industrnal
sources The seeds were milled in a coffee mill, producing flakes
of 05to 1 5 mmthickness All solvents were of analytical grade
obtained from E Merck (Darmstadt)

2.2 Instrumonts

Gas chromatography was petformed with a Carlo Trba
mstrument of the Mega Senies, model 5300, equipped with a
split-splitless njector and a flame 10nization detector (FID)
Quanttauve calculatons were made with a Smimadzu CR3A
comguting integriror equipped with a floppy disk unit and a
CRT display Tniglycendes were 1denufied by compansion with
oils of known composition and the sterols were 1dentified by
GC-MS with a Shimadzu model QP- 3000 instrument from EI
mass spectta Computerizedtreatment of the data was perform-
ed on an [BM and an Apple Ile microcomputer

2.3 Cepillary Gas Chromatogranhy and GC-MS

GC of tnglycendes from oils and SCF extracts was carrned out
with a 25 X 025 mn1d steel-armored fused silica capillary
column coated with OV-17-OH purchased irom Rescom 0 1 pl
aliauots of 0 01% solutions of the olls 1n n- heptane were injected
in spatless injection mode For this purpose, the 1njector was
equipped 'with a € cm X 26 mm 1d. glass hiner (0.25 ml) and
Injecuon was carned atelevated carner gas flowrate (6 ml/min).
A splitless penod of 40 s was used Thenitial oven temperature
dunng njectiop was 40°C After ballistic heating to 240°C the
oventemperature wes hinearly programmed at a heating rate of
8°min unul the tiiel temperature of 370°C was reached.
Hydrogen was used as carrier gas, P, = 120 KPa Injector
temperatu.e, ~3u°C; FID temperature 400° Raw data of all
analyses wete stored on floppy disk for subsequentintegration.

Sterols wers analyzed undenvatized on a home-made 61 X 0 25

mm 1d. borosilicate glass capillary, coated wiii 0OV-17-0H,
underisothermal conditons at 260°C. Carrier gas,hydrogen P;=

© 1909 Dr. Alfred Huethlg Publishers
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40 kPa Injector and FID temperature, 350°C The samegas chro-
matographic conditions were used for GC-MS of the sterol
fractions obtained from the unsaponifiable fractions. The mass
spectra (El. 70 eV) were obtained under the [ollowing mass
spectrometer conditions, on source temperature 250°C,
interface temperature, 350°C, multipler, 2,100 V The capillary
coluinn was directly connected to the 1on source by means of a
1 m piece of 025 mm 1 d deactivated fused silica column, con-
nected to the capillary by means of a low dead volume butt
connector (Supelco)

2.4 Pattern Analysis

Each oil sample was regarded as an assembly of vanables, each
variable being the mean value of five replicates for the percent-
dage integrated peak areas of the peaks of interest The tnglycer-
1des composition and the sterol composition for each sample,
formed two arrays of data vectors, representing that sample
Principal component analysis and the “star plot” diagrams were
made by an IBM PC processor, by means of STATGRAPHICS®
(Staustical Graphics Corporation, Rockvilie, Maryland) Dendo-
grams were made by an Apple Ile by means ot CLUE?® (Elsevier
Scientific Software, Amsterdam)

2.5 Supercritical CO; Extraction

The apparatus used in SCF-CO, extraction 1s schematically
represented 1in Figure 1 Carbon dioxide, from cylinder 1 1s
brought to the desired pressure by a diaphragm compressor (3)
and injected in a lngh pressure cell (5) The cell has aninternal
volume of approximately 30 mland is immersed 1n a water bath
The connections at both ends of the cell 5 are made of flexible
steelcapillary tubing, thus allowing vigorous shaking of the cell
The shaking 1s necessary for ensunng a good contact between
the supercntical fluid and the matenals inside One-hour
shaking penods were used before sampling The end caps ofthe
cell 5 are designed for easy removal Pressure 1s measured by a
Bourdon tube manometer (4), with an accuracy of £ 100 kPa
Valve 6 1s a pressure valve which opens to a glass container
were the extract left behind by the depressurized CO, gas 1s
collected Valve 8 leads the gas to a thermostated cyhinder, of
calibrated volurne, connected to a mercury manometer This
arrangementallows the measurementoftheamountofCO; that
dissolved the recovered extract.

L—J

Figure 1

SCF-CO, Extraction app 1= CO, cyli 2 and 4 = manometers;
3= compressor; 5 = high pressure cell; 8 = pressure reducing valve; 7 =
glass container; 8 = valves.

Journal of High Resolution Chromatography

3 Resuita and Discussion

The apparatus represented schematically 1n Figure 1 wascon-
structed for the supercntical fluid carbon dioxtde (SCF-CO3)
extraction of soybeanoil The cell wasimmersedinawater bath
at constant temperature (406°C & 05° After temperature
equilibration for one hour the sample i1s kept in contact with
supercntical COjp, also for one hour, with vigorous shaking.
Extractuons were performed at 89, 119, 12, 14.4 (3 samples),
14 9,and 18 4 MPa Withinthe pressurerangeof119to184MPa
the extraction yields corrslates linearly with the extraction
pressure (r=0.9978) The oils obtained were analyzed by high
temperature capillary gaschromatography fortriglycendes and
sterols composition All samples showed similar gaschromato-
graphic profiles (Figure 2).

Litn

~TO

0*
Figure 2

Typica! high temperature capillary GC profile for triglycerides (A) and
unsaponifiable mattar sterols (B) of SCF-CO, extracts of zoybeancil: A=
trigiycerides (fcr nomenciature see [68)); B = sterols; 1 = A%-campesterol;
2matf ol;3mA’< ol; 4 = sltosterol; 5=fucosterol;6mA®.

ol; 7= stigmastenol; 8 = citrostadlenol

The extraction pressure showed no significant effect on the
trnglycende composiuon of the oils For each extracted oil, the
relative concentration of the individual tniglycendes was calcu-
lated as the percentage peak areas {6] A tndimensional plot of
the relauve percent composition of each tnglycende vs
extraction pressureisshownin Figure 3 It canbeseenthat‘-e
different SCF-CO; extracts have similar quahtauve and
quantitative triglycende r-ompositions Under the 1sothermal
conditions used, SCF-CO, does not seem to possess selective
solvent properties for any particular triglyceride.

The percent relative composition of tnglycendes was also
determined for commercial soybean oils, of which two were
refined products and the other two were crude industnal
extracts, obtained by traditional solvent extraction techniques
The results were compared with those obtained from SCF-CO,
extraction Two kinds of SCF-CO; soybean ol extracts were
obtained: direct SCF-COj; extraction of the seeds, and direct
extraction from commercial soybean oil. Both kinds of extracts
were obtained at the descnibed working pressures The mean
concentrauons of the individual tnglycendes are compared
withthe corresponding values lor commercialrefined and crude
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Figure 3

Trid) lonal plot of p t relative concentrations of individual
triglycerides present in the SCF-CO, extracted soybean olls, st different
pressures (kPa X 10°%), Triglycerides: 1 = POP; 2 m PLP; 3 = POO; 4 = FLO;
5mPLL;6=SLO; 7= OC0L;8=0LL; 9= LLL; 10 =LLLn (for romencisture,
soe [8]).

soybean oils in Figure 4 Except for POP in the SCF-CO,
soybean seed extract, the samples have very similar tnglycends
composition (Figure 4) When the SCF-CO; extraction 1s
performed onthe soybean oilitself, the tniglyceride composition
of the extract does not differ significantly from the compos:uon
of the oll remaining behind 1n the extraction cetl

Although these results show the similarity between the current
commercial soybean oils obtained by solvent extraction tech-
niques and those obtained by SCF-COjextraction. as well asthe
minute influence of the extraction pressure on the tnglycende
composition, it 1s not supnnsing that classification of the oils
may not always be casily achieved on the basis of tngiycende
analysis alone A better correlaton between gas chromatogra-
phic tnglycende profiles and the nature of the fatty oils can be
achieved by the use of pattern recognition methods

The application of pattern recogniion methods to the
charactenization of fatty oils 1s reported elsewhere |7) Figure &
shows the results of hierarchical clustenng of different vege-

Figure 8

Dendogram of plant fatty il clsasification
nccordlnqloMglycoridopomonhqolntognhd
peak arsas fror high tempareture caplitary gas
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Figure 4
Histograms for the individual triglyceride position In p

peak areas for dliferent soybean olis: A= commercial crude oll; B=com-
marclal refinad; C = residual oll in the extraction cell after 8CF-CO,
extraction; 2 = 8FC-CQ,; oll extracted trom commercisl oll; E = SCF-CO,
oll extracted directly from the milied seeds.

table fatty oils including the soybean o1ls obtained by SCF-CO,
extracuon. The dendogram was drawn by the CLUE® program
(Elsevier Scientific Software). The percentage integrated peak
areas of tnglycerides (Figure 2), were used as vanables without
any previous treatment. The o.is are well grouped together
according to their ongin All soybean oils are grouped together
under the same cluster. It is intereshing to note, however, that
two independent sub-clusters are formed by the commercial
soybean olls, on one side, and the oils obtained by SCF-CO,
extracuon, on the othaer.

These observations show that high temperature capillary gas
chromatography 1s the method of choice for monitoring SCF-
CO; extracuonof fatty oils through their triglycende profiles. No
sample preparatonisrequired Solutions oftheoils (001%)1nn-
heptane canbedirectlyanalyzed under splitless conditions.The
percentage integrated peak areas for the individual tnglyce-
ndes areused as object (o1l) charactenzing features (vanables).
Straightforward information may be obtained from these data,if
treated by the “star symbol plot” sub-rounne of the

chromatographic asuay. Fatty olls (sampleno.):
S = soybean; C = com; §¥ = sunflower; G8 =
grapostone; MX = commercial mixture; O =
olive; OH = ollve-husks; 87%F (extraction

o
pressure in bars) = SCF-CO, extracted soybean aaan ; §
oll. w 3
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Figure 8

Star symbol plot of capillary GC percentage Integrated peak areas of
triglycerides for quality control of SCF-CO; extracted soybean ollo at
ditfersnt pressures. Comparison with current ¢lal olls originati
from the same seeds.
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Figure 7

Three-dimensionai plot of sterol relative composition (%) of 8CF-CO,
sxtracted soybean olls atdifferent pressures (kPa x 10-?), Sterols: t= A%
campesterol; 2 = stigmasterol; 3 = sitosterol; 4 = A*-avanasterol; 5 = stig-

» 1 0 1adi 1
8= citr

STATGRAPHICS® program (Figure 8). This 1s an interesung
way ol graphing multivanate data, allowing visual comparison
ofthedifferentobservations The “star”1s formed froma series of
rays drawn from a center pont, each ray representing the
magnitude of each vanable in the matnx Inthis case,nospecial

Journal of High Resolution Chromatography

knowledge of pattern recognition techniques is required. The
similarities and differences between the different oils and thieir
comparison with the plots obtained from current soybean oile
are recognized directly (Figure 6).

Additional informaton may be obtained from capillary gas
chromatography of the unsapomfiable matter s:erols. Howaever,
in contrast to triglycendes, the individual sterols seem to be
somehow irregularly affected by the extraction pressure
(Figure 7). For these reasons, and also owing to the smaller
overall concentrations and sample preparation procedures, the
role of sterol analysis 1s limited to complomentary qualitative
information as far as the extraction momtoring 1s concerned.

4 Conclusions

Capillary gas chromatography of fatty onus 1s an adequate
technique for the monitoring of SCF-CO; extraction of fatty oils,
as demonstrated for soybean oil. Treatment of the data by
methods of pattern recognittion permits assessment of compa-
rative quality.
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