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Abstract

Enriching Vitamin E from its notural sources, i.c., cdible oils, and in its original, natural homologous matrix is becoming increasingly
desirable. Supercritical fluid extraction (SFE) offers several advantages over conventional techniques such as vacuum distillation. In this
paper, results are presented that were obtained in the course of investigating two different feed materials, namely crude palm-oil (CPO) and
o soy oil deodorizer distillate (SODD). CPO contains several tocochromanols at a concentration of approximately 500 ppm. The investigated
SODD contains approximately 50 wt.% tocochromanols, Thus, this work allows conclusions about the Vitamin E extraction over the entire
concentration range. Phase equilibrivm measurements were conducted in order to obtain basic data in respect to gas load and distribution
coefficient, This data allowed the theoretical description of the separation process within the scope of a scparation analysis, eventually yielding
in optimum cxtraction conditions and column design paramelers. The results were subsequently verified experimentally by employing 26 m
SFE column in pilot scale. The results show that the Vitamin E enrichment is well within the ability of SFE techniques.

© 2004 Elscvier B.V. All rights reserved.
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1. Introduction

Vitamins are organic agents that are indispensable for
maintaining many physical functions. They are essential for
the human body and hence have to be ingested with the daily
nutrition. A'total of eight substances exhibit Vitamin E ac-
tivity in the human and animal body, with varying biologi-

cal vitality. These eight substances-—collectively known as -

tocochromanols—can be subdivided into two groups: the to-
copherols and the tococtrienols, with the -trienols possess-
ing three unsaturated double bonds in their aliphatic side
chain at the 3, 7', and 11’ position, as shown in Fig, 1,
Each group consists of four homologous, designated as a-
» B-, -, and &-tocopherol (-trienal), referring to the number
and site of methyl groups at the chroman-ring (R1 and R2
in Fig. 1). Of these compounds, a-tocopherol is reported to
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have the highest biological activity [1]. The Vitamin E ac-
tivity has been associated with the antioxidant properties of
these components, especially against lipid peroxidation in bi-
ological membranes. Hence, it is believed to have-—among
others—anti-tumor properties (2). Recently, reports were
published saying that naturally occurring homologous mix-
ture has a more beneficial effect than the intake of syntheti-
cally produced Vitamin E [3). Asa consequence, the demand
of natural occurring Vitamin E is steadily increasing.

Supercritical fiuid extraction (SFE) represents a true al-
ternative technique to conventional pracesses, especially in
treating and processing natural accurring compounds like Vi-
tamin E. An extensive description of the unique properties of
supercritical fluids, as wel) as an overview about SFE appli-
cations is given in [4],

Besides the advantage of offering a simple technique for
obtaining solvent-free products, supercritical fluid extraction
competes well with standard techniques such as vacuum dis-
tiltation for processing temperature-sensitive components.
While temperatures of more than 373 K are frequently used in

N
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Fig. 1. Chemical structure of tocochromanals.

vacuum distiltation, typical SFE operating temperatures with
CO; are 323-333 K, which have a less detrimental effect on
these natural components. The low operating temperature is
due to the low critical properties of CO; (Pc =7.38 MPa,
Te=304.15K).

In this paper work conducted with two different feed
materials—crude palm oil (CPO) and soy oil deodorizer dis-
titlate (SODD)—is presented. Palm oil is the major edible
oil in the South-East Asian region and only second to soy
oil in the world, with Malaysia being the biggest producer of
CPO. SODD is a by-product of the soy oil raffination. The
idea to enrich vitamins from these two feed stocks is hardly
new; several authors described the enrichment of provita-
min A {B-carotene) from palm oil (e.g.. Markom et al, [5])
or its production by-products (e.g., Franga and Meireles [6],
Birtigh et al. (7)) and Vitamin E from soy oil deodorizer dis-
tillate (e.g., Nagesha et al. [8), Mendes et al. (9], and Chang
et al. [10]) with SFE, some even employing a countercurrent
extraction column like Brunner et al. [11]. However, most in-
vestigations deal with batch extractions, often conducted in
lab-scale apparatuses. Although the qualily and importance
of these works is not questioned, the next step is a continu-
ous working pilot-scale plant that was employed in this work.
Furthermore, the extraction step was modeled with short-cut
methods, allowing to obtain design data for a production-
scale extraction apparatus.

The course of action was similar in both cases: perform-
ing phase equilibrium measurements in order to obtain reli-
able data for a theoretical description of the separation, i.e.,
a separation analysis, and the verification of these results by
performing experiments employing a pilot scale supercritical
fluid extraction column,

2. Materials and methods

Table 1 shows the composition of the respective feed mate-
rials. Asatypical crude 0il CPO mainly consists of glycerides
and free fatty acids (FFA). The Vitamin E content amounts to
300 ppm. In contrast to other major edible oils, palm oil con-
tains tococtrienols as main Vitamin E components, whereas
tocopherols are the major species present in other oils.

2302086A__1_>

Toble 1
Composition of feed materials

CPO (wt.%) SODD (wL%)
FFA 4.6 2.7
Tocochromanols 0.03 49.7
Squalene n.a. 3.1
Sterols 0.03 18.8
Glyeerides

95.0 na,

In the SODD matrix the Vitamin E content is signifi-
cantly increased to approximately S0 wt,%. Other associated
components are enriched, too, such as squalene and sterols. -
Whereas the separation from glycerides is predominant in
case of CPO, the separation from phytosterols is prevailing
when treating SODD.

Standard analytical method was gas chromatography. An
HP35890A gas chromatograph equipped with an autosampler
and FID (at 623 K)) was used for the analysis. Separation took
place on a capillary DB-5 fused silica column from J&W
Scientific (30 m, 0.1 pwm, i.d. 0.25 mm). The injector was op-
erated in split mode (1:100) at a temperature of 573 K. The
temperature program started at 343 K and stopped at a final
temperature of 623 K. Nitrogen was employed as carvier gas,

CO; (99.95% purity) for the phase equilibrium measure-
ments and the extraction experiments was supplied by KWD,
Germany. CPO was supplied by Deutsche Cargill GmbH,
Germany; SODD was obtained from Hoffmann-La Roche,
Switzerland.

3. Phase equilibrium measurements

The knowledge of the phase behavior of the investigated
system is crucial for designing a separation strategy, for ob-
taining optimum SFE operating conditions, and for modeling
the extraction process (as discussed in more detail in Section
5). The measurements were conducted according to the static-
analytical method employing an apparatus shown in Fig. 2.
The equilibrium autoclave has an inner volume of approxi-
mately | dm? and is equipped with a magnetic stirrer. It is
connected to a second autoclave that serves as a compensa-
tion vessel (inner volume approximately 0.7dm?). Both the
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Fig. 2. Setup of cquilibrium apparatus,

compensaﬁ‘bn autoclave and the high pressure CO; pump that
cnsures a cq‘nstant CO; pressure prevent pressure fluctuations
during sampling. Sampling lines in the gaseous and the liquid
phase enable to draw samples from both phases. In order to
obtain an amount of solute sufficient enough for GC analysis,
relatively high gas volumes (2-20 dm?) need to be sampled
due to the rather low solubility in compressed CO,. With
this setup, pressure fuctuations could be lowered to less than
0.1 MPa during sampling, Without the above-described com-
pensation, pressure loss would be inevitable during sampling
resulting in a disturbed equilibrium. All necessary compo-
nents of the apparatus were electrically heated and insulated;
tlemperature fluctuations were less than 0.5 K.

in Fig. 3 the employed sampling setup is shown. The so-
lute precipitated inside a cool trap filled with crushed ice.
Gas volumes from 0.1 (liquid phase samples) to 20 dm?3 (gas
phase samples) need to be read off with a high precision.
Thus, two different ways of determination were implemented.
Small volumes were detected in a burette system, where the
gas displaces walter inside the burcttes. Larger volumes were
detected with a gas meter. Afier sufficient mixing (usually
ovemnight) and settling of the phases (1-3h) at least three
samples were drawn from the respective phases. If neces-
sary, more samples were taken unti! the mean value of the
solubilities showed less than 5% error.

The aim of these experiments was to determine the ob-
tainable gas load (capacity of the solvent) and Lo analyze the

BNSDOCID: <XP. 23820854 __| >

- samples gas-chromatographically in order to calculate the

distribution coefficients of the major components present in
the respective feeds (selectivity of the solvent). Distribution
coefficients K; were calculated as the ratio of onc compo-
nent's concentration in the gaseous phase, y;, to that in the
liquid phase, x;:

Ki= -& n
1

Hence, a substance enriched in the gaseous phase has a
distribution coefficient being bigger than one; a substance
that is enriched in the liquid phase exhibits a K;-value being
smaller than one. A distribution coefficient being close to one
indicates a component that is neither enriched in the gaseous
nor in the liquid phase. Consequently, in a countercurrent
separation column, substances with K;> 1 can be obtained
as top phase product, whereas components with Kj< | will
be found in the bottom phase of the column. A component
having a distribution coefficient of K; = | at certain P and
T cannot be enriched in an extraction column under these
conditions. The CO7 used as solvent in these investigations
is withdrawn from the system after the separation; thus, it is
neglected when calculating the solubilities y; and x;, as well
as in K;. The values are hence calculated solvent-free,

With this information the separation can be analyzed as it
is described below, The measured mutual solubilities of both
feed materials and CO; are given in Table 2. A comparison
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Table 2
Solubilities of feed materials in CO;
Qil T (K) P (MPa) Density (kym’) [14} Solubility (mass fraction)
Liquid phase xco, Gaseous phase yco,
CPO 310 20.0 856.3 0.2879 0.9952
25.0 893.3 0.3029 0.9922
30.0 922.0 0.3221 0.9893
340 20,0 679.7 0.2349 0.9980
25.0 752.7 0.2679 0.9953
30.0 801.2 0.3027 0.9928
370 200 496,1 0.2119 0.9993
25.0 603.1 0.2569 0.9975
30.0 674.8 0.2984 0.9933
SODD 343 16.0 549.1 0.1875 0.9966
200 660.0 0.2033 0.9922
230 711.2 0.2127 0.9894
353 200 594.8 0.1980 0.9945
23.0 655.7 0.2157 0.9913
260 700.7 0.2204 0.9877
363 2.0 601.5 0.2248 0.9960
26,0 652.4 0.2203 0.9899
29.5 698.2 0.2355 0.9866

BNSDCCID: <XP. 2302085A_1_>
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Fig. 4. Mutual solubilities of CPO and SODD with COs.

of the solubility of both materials in CO; as a function of
pressure and temperature is shown in Fig. 4.

As can-be seen from this figure, mutual solubility gener-
ally increases with pressure. In case of SODD, the solubility
of carbon dioxide in the oil phase is almost independent of
temperature. CPO on the other hand dissolves more COj, than
SODD does and shows a small lemperature dependence with
the solubility decreasing with increasing temperature, How-
ever, more important for SFE processes is the solubility of
the solute in the gaseous solvent. Here, a distinct difference
between CPO and SODD can be observed. The solubility at
comparable temperatures and pressures is higher in case of
SODD. This behavior is abvious if the composition of both
materials is taken into account. CPO almost only consists of
triglycerides that exhibit a rather low solubility in compressed
carbon dioxide. The components contained in SODD have a
higher solubility in supercritical CO,. This fact is also shown
in Figs. 5 and 6.

In Fig. 5 the distribution coefficients of thc components
of interest in this work are shown. The distribution cocf-
cients were calculated from the raw data shown in Table 3.
Free fatty acids (FFA) and tocochromanols exhibit a much

B Y v T T
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Fig. 5. Measured distribution coefficienis for CPO a1 340K,
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Fig. 6. Mcasured distribution coefficients for SODD a1 353 K.

higher solubility in CO; than the triglycerides. Hence, these
components are enriched in the gaseous phase, expressed by
a distribution coefficient being higher than one. Addition-
ally, the K; values are rather high, suggesting a somewhat
easy separation of these two components from the contained
triglycerides. Consequently, the distribution coefficient of the
triglycerides is smaller than one, meaning that they stay in
the oil phase. As a consequence, the tocochromanols as the
substance of interest can be extracted as top phase product in
a separation column. This separation is thus the first step for
enriching Vitamin E from natural sources.

Another possible way of treatment should be mentioned
briefly. In this method, the triglycerides are subject to an
esterification with methanol to form fatty acid methyl es-
ters (FAME). The FAME are easily extractable with CO».
That means that the tocochromanols, together with other un-
saponifiable matter (squalene, sterols, etc.) are enriched in
the bottom phase of an extraction column. This attempt is
described in more detail elsewhere [12].

The common denominator in both approaches is that sub-
sequently the tocochromanols have to be separated from other
non-glyceride components present in edible oils. This separa-
tion was subject for the investigations performed with SODD.
In this feed material, tocochromanols are the main compo-

Tuble 3
Composition of liquid and gaseous phase in phase equilibrium measurements
of CPO ’

T(K) P{MPa)

Liquid phase x; (wi.%) Gaseous phase y; (wi.9h)

FFA TG Tocos  FFA TG Tocos
(ppm) (ppm)
310 200 6.16 9384 276 2536 74.64 1540
250 6.59 93.41 282 27.15 7285 1335
300 6.67 9333 na. 2684 7316 na.
340 20.0 6.67 9333 589 44,15 5585 2654
250 6.63  93.37 558 30.1¢ 69.89 1639
300 6.65 93.35 583 2693 7304 1498
370 20.0 673 9327 499 7525 2475 1381
250 7.09 9291 na 5332 46.68 na
300 6.66 9334 163 39.55 60.45 265
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Table 4
T (K}
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nent and have to be separated from other unsaponifiable sub-
stances present in edible oils, e.g., squalene and sterols.

Fig. 6 shows the distribution coefficients of these compo-
nents. The phase compositions of both phases are shown in
Table 4. As can be seen, of these compounds squalene ex-
hibits the best solubility in supercritical carbon dioxide. All
phytosterols have a rather low solubility in COz and remain
in the oil phase, expressed by 2 very small K; value., The
solubility of the tocochromanols is intermediate between the
other components. Conspicuous is the difference between
a-tocophero! and the other species; a-tocopherol exhibits
a distinct higher solubility in CO; than the other homol-
ogous. This behavior could be attributed to the molecular
structure of a-tocopherol. Since it has three methy! groups
atits chroman ring (R, R2=CHj in Fig, 1) the polar OH-
group is better shiclded compared to the other homologous,
which enhances the solubility in the unpolar solvent carbon
dioxide. Pereira et al. {13] also found a higher solubility of
a-tocopherol than for the 3-specic in the respective binary
mixtures.

4. Extraction experiments

SFE experiments were conducted in a pilot scale plant
(Fig. 7). The core of this apparatus is an extraction column
having an effective separation height of 6 m equipped with
a Sulzer EX gauze packing. Half a meter at each end of the
column are left packing-free allowing for phase separation.
The inner diameter of the column is 17.5 mm and it can be
operated either in a true stripping mode with the solvent in-
troduced at the bottom and the feed at the top of the column or
inreflux mode. In the latter mode of operation the feed is in-
troduced at the middle of the column and part of the extract is
reintroduced at the top of the column to ensure countercurrent
flow. The extract precipitates in the separator by reducing the
pressure to 5-6 MPa. Windows at the bottom of the separator
and at the bottom of the column enable the operator to visually
observe the production of extract and raffinate, respectively.
A window at the middie of the column allows for observing
the flow regime inside the column and is important for notic-
ing flooding of the column. The gaseous solvent is regener-
ated inside the separator and can thus be recycled. The mass
flow of the recycled carbon dioxide stream is measured by a
mass flow meter (Rheonik, Germany) and controlled by an
air-driven regulation valve (Kiimmerer, Germany). The col-
umn pressure is also regulated by a similar regulation valve
situated in the line leading from the columns top to the sep-
arator (extract line). It closes when the pressure inside the
column is below the set point. If the pressure exceeds the set
point the pressure is released to the separator. All necessary
components are heated electrically with the exception of the
feed container and the feed pump. These two parts are con-
nected to a thermostat working with water. The feed pump
and the reflux pump are both piston pumps; their flow rates
are regulated via their respective number of revolutions, be-
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Fig. 7. SFE pilot scale plant,

cause operating them with a small stroke proved to be difficult
with some feed materials.

Extraction experiments with CPO were performed at tem-
peratures of 340 and 370 K and at pressures between 20 and
3OMPa. The solvent-to-feed (S/F) ratio was varied in the
range from 25 to 65. Operating the column with reflux sig-
nificantly enhances the quality of the products. Extracts con-
taining 48 wt.% FFA and 3200 ppm tocochromanols could
be obtained, meaning a 10-fold increase in concentration.
Furthermore, the raffinate contained only 0.2 wt.% FFA, thus
yielding a product similar to one obtained after conventional
palm oil deacidification.

Investigations employing SODD as feed material for the
extraction were performed at temperatures of 353 and 363 K
and at pressures of 23 and 26 MPa. The S/F ratio was var-
ied in the range between 33 and 171, the reflux ratio was set
between 1.0 and 38.0. Experiments show that, as expected,
squalene is enriched in the top phase product. In fact, it could
not be found in the bottom phase. Consequently, it was en-
riched from 3.1 wt.% in the feed to 18.8 wt.% in the top phase
product. The sterols were completely enriched in the bot-
tom phase, occasionally to more than 50 wt.%. Here, some
problems arose due to the high melting temperature of the
sterols. If the concentration exceeds S0 wt.%, the products
become too viscous and clog the packing mash and the col-
umn. Higher temperatures were regarded as unhelpful due
to the increased thermal strain that entails degradation of

2392685A__ [ »

the products. The tocochromanols, as intermediate-soluble
components, were neither distinctly enriched in the top nor
in the bottom phase product. In order to simulate a higher
extraction column, the top phase product of some experi-
ments was collected and introduced as feed a second time.
With this sterol-free feed material, the separation of squa-
lene and tocochromanols was now possible. Starting from a
tocochromanol concentration of 48.3 wt.% an enrichment to
94.4 wt.% in the bottom product was obtained. This separa-
tion was performed at 23 MPa, 353 K, having a S/F ratio of
110 and a reflux ratio of 4.6. The contained squalene could
be completely enriched in the top phase product

The employed column is too short to perform the extrac-
tions to the end. In order to describe the separation steps com-
pletely, a separation analysis based on a short-cut method was
performed for both scparations as described in the following
section.

5. Separation analyses

A separation analysis eventually yields the optimum oper-
ating conditions for a separation column, It correlates the nec-
essary number of theoretical separation stages (nth) and the
solvent-to-feed (S/F) ratio to the reflux ratio (v), respectively.
In this work, a short-cut method according to Ponchot-Savarit
was used, implementing a Janecke load diagram (gas load
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Fig. 8. Separation analysis of the separation of FFA and tocochromanols
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Fig. 9. Scparation analysis of the separation of squalenc and tocochro-
manols/sterols from SODD (99 wt.% squalene in extract, 1 wi.% squalene
in raffinate),

over composition). Fig. 8 (separation analysis for CPO) and
Fig. 9 (SODD) show two different arrays of curves. The solid
lines represent the dependence of the theoretical number of
separation stages to the reflux ratio; dashed lines show the in-
teraction between solvent-to-feed ratio and reflux ratio. Input
parameters are feed composition, product purities (1o be spec-
ified), feed and solvent flux, as well as information about the
gas load and separation factor as a function of composition,
as obtained from the phase equilibrium measurements.

Generally, an increased reflux ratio causes the necessary
number of separation stages to decrease. A higher reflux ratio
is thus advantageous for the column design, since it allows
for a shorter column. However, a higher reflux ratio entails
a higher S/F ratio. That in tum increases operational costs,
because the main expenses running a SFE column are the
(re-)compression costs of the supercritical solvent. A higher
§/F ralio hence means thal more solvent has to be conveyed
through the plant. Thus, a compromise between these two
contrary cffects has to be found.

Regarding the separation of FFA and tocochromanols
(summarized as highly-volatile components, HVC) from
CPO (Fig. 8), it can be observed that at a temperature of
370K a lower pressure is advantageous in terms of necessary

2302085A_)_»

separation stages. Unfortunately, the S/F ratio increases sig-
nificantly at a given reflux ratio if the pressure is decreased. If
a top phase product is desired that contains 95 wt.% HVC and
if the raffinate should only contain 0.1 wt.% HVC, the sep-
arations should take place at 340 K/20 MPa, 370 K/25 MPa,
or 370 K/30 MPa. Employing these conditions, a reflux ratio
of 10-20 and S/F ratios of 50170 would result in a column
design that is capable of performing the separation with 6-10
separation stages.

For the separation of squalene from sterols and tocochro-
manols in the SODD matrix a separation analysis was per-
formed at 23 MPa and 353 K. Product specifications were a
squalene concentration of 99 wt.% in the top phase product
and 1 wt.% in the bottom product. At thesc conditions the
minimal reflux ratio is 10.4. As a good rule of thumb, the
optimum reflux ratio for extractions is v=(2-3)vpin. This
is true for this case, too, and would result in S/F ratios of
60-90. Then, 13~15 separation stages would be necessary to
perform the extraction and obtain the desired produets. Not
shown in Fig. 9 but also interesting is the fact that a reduction
in top phase purity to 90 wt.% would significantly decrease
the necessary separation.stages to 7-9.

6. Conclusions

The results suggest that a Vitamin E enrichment starting
from crude edible oil to very high concentrations is possible
by means of supercritical fluid extraction. Correct data from
phase equilibrium measurements are crucial for the theoret-
ical description of the separation. These short-cut methods
in turn are capable of giving a good impression of optimum
operating conditions and column design. Thus, SFE is a true
alternative for conventional techniques due to its capability
of producing solvent-free products under moderate thermal
conditions.
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Fractionation of fats with
supercritical carbon dioxide

Gerd Brunner

Technical University Hamburg-Harburg, Germany

1 Introduction: Fractionation by
countercurrent extraction

Separation of complex mixtures of adible. oil related sub-
stances can be eflectively achieved by countercurrent
multistage processing with supercritical gases. The su-
percritical fluid, in most cases carbon dioxide, is applied
as a solvent or as a mass separating agent in supercrili-
cal fluid extraction (SFE). The process is an extraction
with two separation cascades - a stripping section and an
enriching section. Reflux of the extract is applied at the
top. The process also Is comparable to fractionat distilla-
tlon, in particular if a binary solvent-free approach is ap-
plied to SFE.

Countercurrent separation using supercritical gases as
solvents offers the opportunity for applying many theoret-
ical slages in separalion problems, Some fractionations
are possible during the extraction process from solids and
the downstream precipitation of the extract. This will not
be covered here, because this typa of fractionation is lim-
ited to a very few theoratical stages.

While separating a binary system is comparably easily
and well understood, separaling compounds from multi-
component mixtures is more complex and can only be
demonstrated on real cases.
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2 Target compounds of fats and oils with
respect to countercurrent separation

In edible oll processing a great number of components
may be of importance. The major groups of these com-
pounds are: fatty acid esters, squalene, frae fatty acids,
carolenes, tocochromanols, mono- and diglycerides,
slerols, sterolesters, trigiycerides, and others. Solubility of
compounds in supercritical carbon dioxide is determined
by molecular weight and by molacular interactions. Since
carbon dioxide is a relatively nonpolar moleculs (no dipo!
moment, but a quadruple momant) it dissolves nonpalar
molecules best. Therefore, molecular weight gives a hint
whether separation with supercritical carbon dioxide may
be possible within groups of similar chemical compounds
and among nonpolar molecules of different chemical
structures,

Invesligations on the separation of two or more of the
above mentioned compounds have been carried out by
numerous groups using supercritical fluids, mainly carbon
dioxide as a solvent.

Separation of the free fatty acids and the mono-, di- and
triglycerides was explored. From crude oils the separation
of the Iree fatty acids (de-acidification), the carotenes,
and the tocochromanols have baen investigated, from
distillates, removal of fatty acid esters, free fatty acids,
and the enrichment of squalene, tocochromanols, and
sterols have been treated. Oils have been modified
(transesterified) to be able to remova the fatty acid esters
more easily in ordar to obtain enriched fractions of squa-
lene, tocochromanols, carotenes, and sterols. Similar,

* fish-oils have been treated in order to separate and enrich

the unsaturated fatty acids (as esters) in particular
the n-3-polyunsaturated fatty acids EPA (C 20:5), DHA
(C 22:6) and DPA (C22:5).

Some of these separations have been developed to an in-
dustrial applicable process yielding products of defined
specifications and have besn demonstrated on an indus-
trial basis, and have been economically avaluated. in the
following, the design procedure will be reviewed, some
examples reported, and conditions for an economic oper-
ation discussed.

3 Fundamentals of countercurrent SFE,
Evaluation by experiments and modelling

Separation of complex mixtures of edible oil related sub-
stances can be achieved effectively by countercurrent
multistage processing with supercritical gases. Carrled
out in a continuous mode, tha separation is a binary one,
In a column or any other multistage separation devica
with two separation cascades, one compound (or group

4
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of compounds) can be removed to a certain specification
and at a given yleld. For a cleaning process of a com-
pound from a multicomponent mixture with compounds
less and more soluble in supercritical carbon dioxide
thera have to be at least two runs in a two cascade col-
umn (as is the case for Iraclional distillation).

The following aspects have to be considered for design-
ing a separation process:

® Separation performance or datermination of number of
theoretical stages; determination of phase equilibria,
short-cut methods; multicomponent process stmula-
tion; separation analysis;

® Mass transfer: determination of HETP (height equiva-
lent of a theoretical plate) , HTU (height of a transfer
unit);

o Capacily of mass transfer equipment: determination of
pressure drop, flooding limits;

¢ Column diameter or size of the separation device;

e Solvent cycle: product precipitation from solvent, re-
generation of solvent, and solubility enhancement.

Extraction with supercritical fluids (SFE, gas extraction)
extends the possibllities of separation processes like dis-
tilation, absorption and liquid-liquid extraction to the iso-
lation and purification of components of low volatility. Fur-
thermore, it enables separation of components with very
similar properties if used in the countercurrent mode.
Process temperatures In gas extraclion are determined
by the critical temperature of the solvent and noy, as Is the
case of distillation of any kind, by the liquid-vapour transi-
tion of the feed mixture. As compared to liquid-liquid
extraction, gas extraction enables easily to operate a two-
rascade separation column, applying a stripping and an
anriching section. This often poses a problem in liquid-
liquid extraction where a two-phase region often only can
be achieved by applying a second solvent. Combined,
these possibilities allow gas extraclion to be operated at
very moderate temperatures and as a separation process
for difficult separations. Countercurrently operated gas
extraction can be applied at moderate to low separation
factors, in the range of about 21,2,

In Fig. 1 the process scheme of a countercurrent gas ex-
traction for \he separation of two components into practi-
cally pure substances is shown.

The separation column consists of two separation cas-
cades. In the upper one (enriching section) the bottom
product compounds are separated from the top product
compounds and rejected to the lower section (stripping
section). In the stripping section the top product com-
pounds are separated from the bottom product com-
pounds and transported to the enriching section.
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Fig. 1. Scheme of countercurrent multistage processing.
Process equipment consists of the separation column (1)
whare gaseous and liquid phases are contacted counter-
currently, a separator at the top lor separating solvent and
extract (2), devices for feeding reflux to the column (3), for
recovering top product (4), for delivering feed to the col-
umn (5), for recovering product at tha lowar end of the col-
umn {6), and for recycling the solvent (7).

At the top of the column the separator removes the ex-
tract from the solvent, From the extract a spacified part is
separated and introduced at the top of the column as re-
flux. The remaining part of the extract is the top product.
The solvent is reconditioned (filtered, sometimes liquetied
and again evaporated for removing trace substances,
pressure and temperature are adjusted) and recycled by
the cycle pump as the supercritical solvent at the botiom
of the column. The feed is introduced at an intermediate
location in the column by the feed pump; for a mixture of
two components of about the same concentration, this lo-
cation is at about the middle of the column,

The separation of two compounds into practically pure
subslances is possible with multistage countercurrent gas
extraction. Two separation cascades are needsd lor this
separation. A separation cascade is a sequance of sepa-
ration steps. Gassous or liquid streams enter or leave the
cascade only at the ends. No sidestreams or additional
feedstreams are allowed. A separation of two compo-
nents is specified by two values, e.g., Ihe concentration of
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a compound at one end of the cascade and the amount
recovered of this compound. In order o achieve this
specified separation, two separation cascades are negd-
ed. The upper one serves to separate the bottom product
compound from the top product, and the lower one serves
to separate the top product compound from the bottom
product. In multistage distillation the separation cascades
are known as reclilying and stripping sections. In most
cases the two cascades for one separation are unified in
one separation column.

The separation of two components is the basic case. This
case is not very common in practice, since multicompo-
nent mixtures prevail, But the main features of a multi-
component separation can be clearly shown by a two-
component separation. Therefore, it is common practice
to try to reduce mutticomponen! separations to two-com-
ponent separations,

The procedure for designing a separation process for
complex organic natural mixtures al maximum recovery
of individual compounds or special fractions comprises

- the following steps: Determination (in most cases mea-

surements) of phase equilibria, The results obtained are
the extent of the wo-phase region, the mutual solubilities
in the co-existing phases, in particular the solubility In the
gaseous phase, the separation faclor {selectivity}, and, if
mixtures of various composition are available, its concen-
tration dependencs.

Then, a simplified determination of the number of theoret-
ical plates can be carried out using well-known chemical
engineering mathods like McCabe-Thiele or Ponchon-
Savarit. The number of theoretical stages is determined
assuming a quasi-binary system (key components) or
‘with pseudo-compdnents. These simplified methods pro-
vide essential insight into the operation of the separation
column or the separation device.

With the separation factor known, the number of theoreti-
cal stages can be calculated not only for one set of given
operating conditions, but in dependence on reflux ratio,
conditions of state, with ditfgrent separation factors and
solubilities, and for different product specifications and
yields. The resulting separation analysis provides an
overview on limiting operating conditions (minimum num-
ber of theorstical stages and minlmum reflux ratio), as
well as on reasonable process parameters. Important de-
cistons on further experimants, feasibility and favourabls
operating conditions can be made right from the desk,

Then, separation experiments stilt have to be carried out
in 1aboratory or small pilot plant columns. They prove the
accuracy of the separation factor determined by phase-
equitibrium measurements and provide data on the helght
of a theoreticat plate (height of a transfer unit). In addition,
material of a different composition to the feed is obtained
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for renewed phasa-equllibrium measurements which
yield the concentralion dependence of the separalion fac-
tor.

Data on pressure drop and flooding limits must be provid-
ed for determination of capacity of the separation device.
Time-consuming and expensive experiments can be
avoided nowadays in most cases. Correlations for limiting
flow (flooding) are now available for structured packings
as used in SFE.

Simulation of the multicomponent separation and tha sol-
vent cycle is carried out for optimisation of number of
stages and energy consumption. A cost analysis than pro-
vides the basis for funther decisions,

4 Systems investigated and processes
developed

The lollowing examples provide an overview on the type
of separations which have been Investigated. The sum-
mary Hlustrates the depth of work, it is not comprehan-
sive.

4.1 Deacidifying (removal of free fatty acids)

The separation factor betwaen Iree fatty acids and triglyc-
arides is high. At 30 MPa and about 330K the separation
factor is 5. It increases to 8 at 20MPa. Removal of fres
fatty acids in a countercurrent column is relatively easy
and can be completed with a few theoretical stages and
practically no loss In triglycerides. Solubllity of the free
fatty acids In supercritical carbon dioxide is low (about
1 wt.-% at the condilions given). Since the conlent of free
fatty acids in the crude oils (triglyceridas) is relatively low,
and only the fatty acids have to be removed via the
gaseous phase, deacidification could be a relatively
favourable application for countercurrent SFE. Thers
have been soma laboratory investigations In which the
distribution of the minor components has also been taken
into account. To my knowledge no industrial evaluation of
the process has so far been carried out or published.

4.2 Methy! oleate, squalene

Removal of fatty acid esters from distillates Is relatively
easy. The solubility of the main components, the free
tatty acids, is much lower in supercritical carbon dioxids
than that of the esters. The separation of methy! oleats
from squalene as a model system was investigated in the
laboratory. At 13MPa and 313K separation factors of 2
(15% squalene) and 3.5 (70% squalene) have been
reported. The separation is relatively easy, yet an evalua-
tion of the process on a real system has not been repori-
ed.

)
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4.3 Separation of free fatty acids (FFA)

The separation of free fatty acids by vacuum distiflation is
a well astablished procedure. Using supercritical carbon
dioxide, the separation can be achieved at much lower
temperatures. For a separation of C16- and C18-free fat-
ty acids (99% of C16 in top product, 1% of C16 in bottom
product) at P = 20MPa and T = 373 K, the separation fac-
for is 1.8. There is a minimum reflux of 3.3 needed, and
the minimum number of theoratical stages is 18. A rea-
sonable set of conditions may be: refiux ratio 5.3, number
of theorstical stages 30. The solvent to feed ratio (S/F) is
110 which is relatively high. Il represants the low solubili-
ty of <2 wt.-% of the free fatty acids in supercritical car-
bon dioxide.

Since the solvent cycle delermines process costs, the sol-
vent to feed ratio must be towared in order to be competi-
tive with conventional vacuum distiflation. This can
be achieved by carbon dioxide-propane mixtures. Other
mathods for improving compelitive strength are such
which allow recycling of the solvent gas at no or low pres-
sure drop (see below),

4.4 Enrichment of tocopherols

Tocophera! mixtures of initially about 55% have been en-
riched to fractions of about 85 wt.-% of total tocopherol
content. Most of the remaining non-tocopherol - com-
pounds seem to have a solubility in supercritical carbon
dioxide which is within the range of that of the tocopherol
isomars. Therefore, a higher concentration can probably
only be achieved with chromatographic methods. Since
the feed mixture was obtained by unil operations other
than SFE, it is possible that artificial compounds have
been formed during the processes. Starting from the ini-
tial distillales using SFE may lead to higher concentra-
tions than the so far achleved 85%, No industrial evalua-
tion of this process has been carried out.

4.5 Separation of squalene from tocopherols
and sterols

Squalene Is an interesting targst compound from distil-
lates. After removal of the fatty acid esters, the separation
problem is between squalene and tocopherols. The mix-
ture may also contain sterols. This separation was thor-
oughly investigated in our laboratorles, Squalene can be
separated as top product. In the limited laboratory column
{6m packing, Sufzer EX) only part of the separation could
be experimentally demonstrated. From a quasi binary
separation analysis on the basis of these experiments it
was concluded that for a 99%-separation of a 10% squa-
lene feed (99% of squalene in top product, 1% of squa-
lene In bottom product) the characteristic data of a sep-
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Fig. 2. Analysis of the separation of squalene/tocopherol
and sterols: number of theoretical plates versus reftux
ratio,

aration are: pressure P= 26 MPa, teamperature 7= 363K,
minimum reflux ratio vmin = 9.3, minimum number of
theoretical stages Nygamin = 15, solvent to feed ration
S/F = 30 kg/kg, number of theoretical S1aQes 17 neor = 26,
height of a theoretical stage HETP = 0.45m (Sulzer EX),
and the height of the column should be 11.6m (Fig. 2).

The sterols can be enriched in the bottom fraction to
about 50%. Then they have to be removed by crystallisa-
tion because viscosity of the bottom mixture becomes too
high, and solidification may occur. Thus, a highly enriched
sterol fraction can be withdrawn.

The process has baen extensively investigated on a labo-
ratory scale. The application of carbon dioxide-propane
mixture may enhance the perdormance of the process.

The separation of squalene from an olive oll distillate
proved to be possible up to 70% as top product if free fat-
ty acids were prasant in the feed mixtura. At this concen-
tration of squalene, the free fatty acids became enriched
in the gaseous phase, while at lower concentrations
squalene is enriched in the gaseous phase (if free fatty
acids are present). This is no fundamental restriction. The
mixture can be further separated in another run or anoth-
er column,

If the free fatty acids are removed or modified to much
more or less volatile components befare the separation,
then the squalene product can be achieved up to 90%
(again with the limited size of the laboratory column). Yet,
further enrichment is not as easy as hoped since saveral
compounds seem to have a very similar solubility in
supercritical carbon as squalene. Therefore, each case
has to be Investigated individually.
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4.6 Carotenes from crude palm oil (CPO)

and from palm-oil-esters

Itis an old dream to directly remove carotenes from crude
oils. There are two basic restrictions: first, the concentra-
tion is low, usually in the range of 500 to 1000 pm, and
second the best solvents for carolenes are Iriglycerides.
tn terms of selectivity that means that all other compo-
nents can be readily separated as top product from the
crude oil but the carotenes can only be separated as
bottom product. That implies that 99% or more of the feed
have to be removed as top product. Considering the rela-
tive low solubility of triglycerides in supercritical carbon
dioxids this is prohibitive.

Therefore, other possibilities were investigated. One is
the addition of fatty acid ethyi esters which could act as an
entraingr and enhance the volatility of carotenes more
than that of triglycerides. Experiments proved that this is
not the case. Another possibility is to modity the crude oil
to esters (mathy! or ethy! asters). The saparation of esters
from carotenes (and squalene, sterols, and the rest) is
easy, as has been discussed above. Then a highly con-
centrated mixture of carotenes, tocochromanols, sterols
and other compounds remains which can be treated ef-
fectively by countercurrent SFE, as has also been dis-
cussed above. The transestarification of crude oils is not
far fetched, since the methyl asters are discussed, and
partly in use, as biodiesei/fuel.

4.7 Polyunsaturated fatty acid esters (PUFA)
from fish oil

Polyunsaturated fatty acid esters can be separated by
countercurrent SFE. The separation can be laid between
the naturally occurring carbon numbers, e.g., between
C16 and C18, or C18 and C20, ar C20 and C22. The tar-
get compounds EPA, DHA and DPA can be produced up
to concentrations of more than 90% (DHA and DPA in a
mixturg) which so far could not be achieved by vacuum
distilation. A typical set of characleristic data for a
C18/C20 separation is: P= 14.5MPa, T = 333 K, separa-
tion factor = 1.33, Vain = 5.2, Mingormin = 27, Ningor = 45,
HETP = 0.25 m (Sulzer CY). The procass is fully davel-
oped and demonstrated at industral conditions. An ex-
perimentally determined and simulated concentration
profile of a C18/C20 separation is shown in Fig. 3.

5 Process cycle, economics
and conclusions

Separation of lipophilic compounds in a countercurrent
mullistage mode using supercritical solvents is very effec-
tive. It can be superior to comparable separation process-
os like vacuum distillation or molecular distillation with re-
spect lo the degree of separation which is possible, and
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aven with respect to economics, as will be discussed in
the following.

The cost of the solvent cycle determines operating cost in
processes applying an additional solvent as a separating
agent. This is also true for SFE. High solvent ratios and a
high energy demand due to recompression of the solvent
rander the total process in most cases to be non compat-
itive if only supercritical carbon dioxide Is considared as
solvent, and reducing the pressure is the only way to re-
cover the product from the solvent.

There are two ways to lower cycle costs in SFE: Enhance
solubility in the gaseous phase, and maintain operating
pressure during product recovary.

The first way can be achieved by enhancing pressure or
lemperature. Enhancing the concentration (solubllity) in
the gaseous phase this way, has its natural limits in phase
equilibria; the critical point of the mixture may be nearby
which renders practica! operation of a separation device
impossible, or temperature is too high for.the compo-
nents. It is therefore better to use an alternate solvent.
Pure hydrocarbons like ethane or propane are a cholce,
but it is found that the separation tactor (selectivity) is re-
duced to unacceptable low values (a = 1). Another way is
adding some propane to supercritical carbon dioxide. In
the concentration range of 10 to 20% of propane, the sol-

Column heighi [m)
Number of theoretical plates

e \f@pourphase \
- | iquidphase

0 10 20 30 40 S50 60 70 80
Phase composition [wt.-%)

Fig. 3. Experimental concentration profiles and multicom.
ponent procass simulation.
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ubility in the gaseous phase is enhanced appraciably
while selectivity is maintained.

Enhancing solubility thus directly reduces solvent cycle
costs. It could be shown thal in the purification of toco-
pherols the costs could be reduced by a factor of 10.

The second way is to precipitate the product at operating
pressura. This can be achieved by an anti-solvent (N,,
He, H,), by membrane separation, by adsorption, and by
absorption. Other methods have been discussed, but
these are the most obvious ones. In the decafieination,
adsorption on aclive charcoal was used first, while now
absorption in water is prelerred. An anti solvent is very ef-
fective. The resulting mixture of gases must be separat-
ed, preterably by membrane separation. Al the high pres-
sures applied in SFE processes, membrane processes
have not been demonstrated on an industrial basis. There
are very promising laboratory results, but application on
an industrial scale has yet to be proven.

A favourable case is when the extract can be adsorbed on
an adsorbent and the adsorbate is a product. For such a
case it could be shown that gas cycle costs reduce (using
pure CO, as solvent) by a factor of 4, if a mixture of car-
bon dioxide and propane Is used combined with adsorp-
tion, the reduction is by a factor of about 20.

In eonclusion, there are modes of operation for supercrit-
Ical fluld extraction in the countercurrent muitistage mode
available which reduce costs for the solvent cycle sub-
stantially and have been demonstrated on a pilot plant
scale. With respact to investment costs, SFE enables a
simplified process scheme, since ramoval of volatile sub-
stances is not necessary before beginning the separation
of the target compounds, From the known investigations it
can be concluded that for lipophilic compounds, as dis-
cussad, a separation column of 300 mm diameter could
produce 400 tons of product per year. The investment
could be around 1.5 mio Euro, and the production costs
for such a separation could be about 1.5 Euro per kg of
product. Of course, for higher amounts of product the
specific costs would be tower, but this is the size for which
countercurrent SFE can be taken as developed.

The prospect for separation of lipophilic compounds with
supereritical fluids is excellent. A few processses have
been developed to commercial application, There is still a
wide field for further successful development and intro-
duction o commaercialisation.

A compilation of literature ¢an be downloaded from:
hitp://www.tu-harburg.de/vt2,
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Fractionation of fats by
membranes, mechanisms and
development opportunities

Jacques Fanni, Miche! Parmentier

Laboratoire de Physicochimie el Génie Alimentaires,
ENSALIA, Nancy, France

Membrane tangential filtration has been used for 30 years
in food technology, especially In the cheese-making
process, in order to separate the soluble fraction of the
milk from the protein phase. Taking into account the size
of the pores of the membrane material, several methods
have been developed In various food transformations
leading to complex fractionation routes and many separa-
tion techniques, mainly depending on the size of mole-
cules (Fig. 1).

tn such a narrow view, investigating a membrana alterna-
tive for the fractionation of tats is an interesting topic. One
of the lirst works carried out on filtration of oils have been
done by Bornaz et al. (2] highlighting a discrimination
between spacific triacylglycol (TG) groups in butter oll.
These authors showed that a threshold was observed on
a slainless stee!l membrane for each group characterised
by a given unsaturation dagree.

Undar a classical approach, the filtering of trigiycerides
appears troublesome, because of the short extent of mol-
ecule size (500~-1000 Da), which seems only compatible
with nanofiltration, Compared to a polar medium contain-
ing well identifiad macromolecules dispersed in an aqua-
ous solvent phase, a hydrophobic medium made of olls or
melted fats, exhibits a continuum of properties which are
obviously very difficult to separate acrass a porous mate-
rial. The discrimination between TG moleculas should
rely on specific physical properties. It has been said
above that the range of molacular size s very short: the
length of the carbon chains does not permit discrimination
between species, especially in the vagaetal ofl araa, where
C16~C18 chains prevail. This may be quite different for
animal fats, and especially for butter oil in which the range
of molecule size is larger. The particular stereochemicat
behaviour of the first terms (C4-C8 FA chalns) leads to a
possible discrimination based on the specific conforma-
tions that may affect these molecules In interface Inter-
calation [3]. Such a behaviour could be abserved through

Correspondence: Jacques Fanni, Laboratoire de Physlco-
chimig el Génie Alimentaires, Ecole Nallonale Supéreure
d'Agronomie et Industries Alimentaires (ENSAIA), 54505
Vandoavre l&s Nancy, France. R

Phone: +33 38 359-5886, Fax: +33 38359-5804;

e-mail: Jaques.Fanni@ensaia.inpl-nancy.ir

16



