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CRITICAL REVIEW OF SUPERCRITICAL CARBON DIOXIDE EXTRACTION
OF SELECTED OIL SEEDS

Milan N. Sovilj

Supercritical carbon dioxide extraction, as a relatively new separation technique, can
be used as a very efficient process in the production of essential oils and oleoresins from
many of plant materials. The extracts from these materials are a good basis for the new
pharmaceutical products and ingredients in the functional foods. This paper deals with
supercritical carbon dioxide extraction of selected oil seeds which are of little interest in
classical extraction in the food industry. In this article the process parameters in the su-
percritical carbon dioxide extraction, such as pressure, temperature, solvent flow rate,
diameter of gound materials, and moisture of oil seed were presented for the following
seeds: almond fruits, borage seed, corn germ, grape seed, evening primrose, hazelnut,
linseed, pumpkin seed, walnut, and wheat germ. The values of investigated parameters in
supercritical extraction were: pressure from 100 to 600 bar, temperature from 10 to
70°C, diameter of grinding material from 0.16 to 2.0 mm, solvent flow used from 0.06 to
30.0 kg/h, amount of oil in the feed from 10.0 to 74.0%, and moisture of oil seed from 1.1
to 7.5%. The yield and quality of the extracts of all the oil seeds as well as the possibility
of their application in the pharmaceutical and food, industries were analyzed.

KEYWORDS: supercritical extraction, seed oils, process parameters, global extraction
yield.

INTRODUCTION

Supercritical fluid extraction using carbon dioxide (SC-CO,) is a particularly suitable
isolation method for isolation of the valuable components from plant materials. A natural
plant extract, free from chemical alterations brought about by heat and water, and without
solvent residues and other artifacts can be obtained by this method. Carbon dioxide is
non-toxic, non-explosive, readily available and easily removed from the extracted pro-
ducts. All products characterized by their internal content are claimed by the market’s
consumers to have a reproducible and stable quality. Technological solutions are sought
that ensure these properties of the products and satisfy the standards in a more repro-
ducible way. For extraction of oil seeds a variety of solvents, including alcohols, acetone
and hexane can be used. However, these organic solvents leave adsorbed residues behind
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and elevated temperatures at the desolventization process can cause chemical transfor-
mation of the oleoresins. The solvent residues must be reduced to very small concentra-
tions, generally in the range of 25-30 ppm or less (1).

Supercritical fluids are gases with properties between that of a ,,normal® gas and a
liquid. Variation of pressure changes properties of supercritical fluids continuously from
more gas-like behavior to more liquid-like behavior. This behavior may lead to new
technologies in processing natural materials (extraction and purification), in processes
related to the environment (destruction of waste with supercritical water), and in reaction
engineering (hydrogenation with mixtures of hydrogen and supercritical carbon dioxide).
Supercritical fluids produce practically solvent-free products and avoid deteriorating
reactions. Process temperatures are low to very moderate. Solvent handling is favorable
because it can be easily and totally removed, it is readily available and cheap, and it is
accepted and part of the environment (water, carbon dioxide). Even then, solvent losses
are minimal when compared to ordinary men’s activities for these substances, since the
solvent is recycled. Situations where supercritical fluids may be useful emerge from the
effects which supercritical fluids have on pure compounds and mixtures. Supercritical
fluids change compound properties, phase equilibria, chemical equilibria, and related rate
processes, as it has been discussed in many publications.

ANALYSIS OF EXPERIMENTAL DATA

Almond fruits (Pinus dulcis) are important products from trees found in European
countries and elsewere. They are valued for their reamakable nutrition properties leading
to high economical value. They have high oil content, which contribute to their use as a
source of energy in the Mediterranean diet and exibit high levels of mono- and polyunsa-
turated fatty acids. Almond fruits have about 20% albumens, 50% lipid components, 17%
glucose, and some of minerals, as well as potassium, phosphorus, calcium, iron, and vita-
min B3. The amount of oil in the almond fruits is about 50%. The almond oil has oleic,
linoleic, and palmitic acids. Almond fruits are rich a source of flavonic antioxidants, vita-
min E, Mg, P, plant fiber, and very quality albumens. The almond fruit oil is light yellow
color and gentle odor. It can be used as an oil for care and massage. The high production
and competition among productive zones have hardened the commercialization of this
product. On the other hand, almond oil is very appreciated for alternative medicine, cos-
metics, etc. Thus, production of almond oil may be an option for expanding the almond
market. In this way, using clean process such as supercritical fluid extraction for almond
oil extraction may also lead to an almond revaloraziton as a ,light“ product (partially
defatted almonds).

Femenia et al. (2) presented the results of extraction of oil from crushed almond fruits
by supercritical carbon dioxide (SC-CO,) at 330 bar and 50°C, Table 1. The oil percen-
tages in the feed ranged between 15.5 and 64.3% of extracted lipids. Moisture, oil frac-
tion, protein, dietary fiber, ashes, and soluble sugars were determined for almond prepa-
rations before and after oil extraction. Samples of nontreated fresh almond seeds, fresh
almond kernels, and toasted seeds were analyzed to allow comparison with further ana-
lyses performed on partially defatted samples. As expected, oil extraction by SC-CO,
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promoted an increase of the percentages of the remaining fractions. Thus, defatted al-
mond samples contained large amounts of protein and dietary fiber. This latter fraction
was particularly important in the case of whole almond seeds. From a nutritional point of
view, the reduced fat content, together with the increased protein and dietary fiber frac-
tions, might provide almond kernels as an interesting food source. In fact, dietary recom-
mendations have called for a reduction of total calories received from fat with an equiva-
lent increase in calories from complex carbohydrates (2). Marrone et al. (3) examined the
extraction of oil from almond fruits with supercritical CO, at 350 bar and 40°C. Almond
particles of three different mean sizes were tested (0.30, 0.70, and 1.90 mm). Extraction
of the smaller particles was performed at two different solvent flow rates (0.72 and 1.43
kg/h), Table 1. The quantity of oil extracted flow divided by the weight of the initial
charge (exctraction yield), is usualy given as a function of the ratio between the mass of
CO, used and the mass of seeds charged in the extractor (specific mass of solvent). From
the comparison between the experimental data in this system it is possible to observe that,
during the first part of the extraction process, the mass of oil extracted is independent of
both the particle size and the solvent flow rate. These considerations strongly suggest that
the thermodynamic equilibrium of the oil between the solid and the fuid phases applies to
this part of the extraction. For extraction yields larger than 10%, the extraction curves
show a considerable spreading suggesting the onset of a mass transfer resistance. An
increase of particle size increases the extraction time as it is expected from a correspon-
ding decrease of the mass transfer rate. For very large extraction times, it can be identify
an asymptotic value of the yield of about 50% by weight. This value is in good agreement
with the oil content measured in a Soxhlet extraction with hexane, which gave about 54%
of weight fraction of oil and was assumed to be the maximum possible yield, Yoo. Leo et
al. (4) gave the results of the SC-CO2 extraction of almond fruits at pressure from 350 to
550 bar, temperature from 35 to 50°C, and solvent flow rates from 10 to 30 kg/h, Table 1.
The results were compared with those obtained when hexane/methanol using as solvent.
The almond oil obtained from the various fractions, extracted with either hexane/metha-
nol or supercritical CO,, was intensely yellow in colour having a variable content of toco-
pherols. After oil extraction, the residual defatted almond was a white flour with variable
grain size, more or less fine, depending on the degree of grinding of the fresh matrix and
on the effect of the operating conditions (pressure, flow rate, temperature) used to remove
the oil. The almond seeds were homogenized and sieved to obtain four representative
sub-samples: whole, broken (4-8 mm), milled (0.5-3.0 mm) and powered samples. The
decreasing of the particle causes an icrease in the oil content in the extract for the conven-
tional extraction process of almond seeds. It was evident that the yield of SC-CO, extrac-
tion not only depended on the utilized pressure, temperature and flow rate of the solvent
through the extraction bed, but also on the chemical and physical characteristics of the
matrix such as oil composition, moisture content and particle size (4). The influence of
pressure on the CO, supercritical oil extraction from almond seeds was determined at
pressures of 350, 450 and 550 bar, respectively, and at a constant temperature of 50°C
and a constant flow rate of 20 kg/h. The extraction curves obtained at 450 and 550 bar
were characterized by an initial period in which the oil yield rose more steeply as the
pressure was increased and a second period characterised by a higher value of the plateau
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as the pressure increased. The extraction curve showed a linear period without a flex
point at low pressure (350 bar).

Table 1. Amount of oil in the feed and process parameters in the Supercritical carbon
dioxide extraction of the selected oil seeds

. Amount of oil
Oil seed in the feed, % Process parameter Ref.
P = 330 bar; T = 50°C; v = 20-40
15.5-64.3 kg/h; w=1.1-5.5% @
. P =350 bar; T = 40°C;
E;}f;;;lsd;;‘;c’;i) 54.0 v=0.72 - 1.43 kg/h; 3)
d,, =0.30 - 1.9 mm
P =350 - 550 bar; T = 35 - 50°C;
45.0-60.0 v =10 - 30 kg/h; dyy = 0.5 - 8.0 mm @)
P =200 - 300 bar; T= 10 - 55°C;
310 v=7.5-12.0 kg/h; w = 6.6% 5)
Borago seed P =200 - 300 bar; T =40 - 60°C;
Lo 31.0 v =0.20 kg/h; dav = 1.125 mm; (6)
(Borago officinalis L.) W=17.99%
P =100 - 350 bar; T =40°C;
30.0 v=30L/h &
Corn germ 45.0 - 55.0 P =300 bar; T =42°C (8)
P =280 - 550 bar; T = 40°C;
Grape seed 10.0 day =0.39 - 0.97 mm; v =0.36 kg/h; 9
(Vitis vinifera L.) w=3.9%
12.0 P = 100-500 bar; T = 40-60°C (10)
Evening primrose seed 280 P =200 - 300 bar; T =40 - 60°C; )
(Oenothere biennis L.) ) v =0.17 kg/h; d,, = 0.63 mm
P =150 - 600 bar ; T = 40 - 60°C;
Hazelnut 36.0-60.0 v=0.121/h; d;, = 1.0 - 2.0 mm an
(Corylus avellana L.) P =300 - 450 bar; T = 40 - 60°C;
gt ' 60.0 v=0.06 - 0.30 kg/h; (12)
d,=0.85 - 1.00 mm
Linseed P =300-500 bar ; T = 47-52°C;
. o 35.0-45.0 v=_8.8kg/(kgh); (13)
(Linus usitatissimum L.) d.,=0.16 - 2,00 mm
Pumpkin seed P =150 - 300 bar ; T = 40-60°C ;
(Cucurbita peppo) 42,0-54,0 v=0.20kgh ;d,, =0.50 - 0.63 mm (14
P =180 -234 bar; T =35 - 48°C;
Walnut 65.0 v=4.0 L/h; d;, = 0.01 - 0.50 mm (15)
(Juglans regia L.) P =200 - 400 bar ; T =25 - 70°C;
grans regid L. 74.0 v=10.5 kg/h; dyy= 1.2 - 2.4 mm; (16)
w=25-7.5%
P =200 - 350 bar; T =40 - 60°C;
Wheat germ 8.0-14.0 v=1525L/h a7
11.0 P =200 - 300 bar; T = 40°C (18)

P — pressure, T — temperature, v — flow rate, d,,— average diameter of grinding material, w — moisture content

108



APTEFF, 41, 1-203 (2010) UDC: 665.3:66.061
DOI: 10.2298/APT1041105S BIBLID: 1450-7188 (2010) 41, 105-120
Review

In view of these results it can be stated that at the beginning of the extraction process,
when the physical phenomenon of quantitative extraction mass depends mainly on the
available amount of oil extracted into the CO,, an increment of the extraction pressure
determines the yield increment of oil. On the other hand, at a constant flow rate an in-
creas in pressure resulted in an increasing of extraction yield. As expected, using the
same quantity of CO, per kg of matrix, as pressure increased the solubility of the almond
oil in CO, increased. The results of the pressure effect on the oil yield suggest that the
increased yield resulted from the increasing density of the solvent and consequently from
increased solubility of almond oil in the CO,. The results obtained clearly indicate that
the extraction yield was promoted by an increase in temperature. At fixed conditions of
pressure and flow rates, an increase in temperature produced an almost fourfold yield
increment. An explanation of this phenomenon is that the oil solubility in the CO, is
enhanced. However, the temperature effect on CO, extraction is more difficult to assess
than the other parameters, pressure and solvent flow, because it influences both the sol-
vent diffusion in the matrix and the oil dissolution in the solvent (4). From the expe-
rimental results it is evident that oil yield, at the initial stage of extraction, increased with
increasing CO, flow rate from 10 to 30 kg/h, with constant pressure of 420 bar and
constant temperature of 50°C. It appered that flow the rate of supercritical fluid affects
directly the extraction rate. In conclusion, these experiments demonstrated that when
extracting a biological matrix at the described conditions, the oil yield increased with
increasing pressure, temperature and flow rate (4).

Borago seed (Borago officinalis L) contains about 30% of oil, i.e. lipid components.
The oil from borage seeds consists mainly of triglycerides consisting of C16 - C20 fatty
acids. The fatty acid composition of the oil expressed in percentage by weight, is as
follows: palmitic acid (9 - 12%), stearic acid (3 - 5%), oleic acid (15 - 20%), linoleic acid
(30 - 40%) and vy-linolenic acid (18 - 25%). One of this acids, y-linolenic acid (GLA), is
the first intermediate formed during the conversion of linoleic acid to prostaglandins by
means of the dehydrogenation of the C-6 position by the enzyme A-6 dehydrogenase.
However, factors like stress or diabetes, can reduce, or even inhibit, the formation of
GLA causing an alteration of the metabolism and series of dysfunctions (1). Consequent-
ly, the possibility to restore the levels of GLA appropriately through a supplementary diet
has motivated a growing interest in the search of vegetables oils rich in this essential fatty
acid, such as borago seed oil, evening primrose oil, etc.

The extraction of borage seed oil using compressed CO, was studied on a pilot plant
apparatus with the aim to of optimize plant performance and collect data for scale-up
purposes, (5). Effects of extraction pressure (200 - 300 bar) and temperature (10 - 55°C),
solvent flow rate (7.5 - 12.0 kg/h) and bed length (0.25 - 0.50 m) were examined, Table
1. It can be seen from experimental results that, in the early stages of the extraction, the
curves present a steady state situation (near-constant extraction rate) and follow the
solubility lines. After the extraction of around 70% of the oil (approximately 0.20 kg of
oil/kg of seed) the extraction rate reduces progressively and the curve tends to the maxi-
mum oil yield as indicated by the horizontal line. This gradual decrease in the extraction
rate is due to the exhaustion of the freely available oil and the mass transfer resistances
turned to the intraparticle diffusion of the last fraction of oil. The form of the extraction
curves is the same for all conditions despite of the considerable differences in solubility
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arising from the different pressures and temperatures (5). The investigation of the effect
of solvent flow rate on the extraction yield showed that the lower flow rate test resulted in
a slightly higher oil load, but the higher flow rate leads to a shorter extraction time to
reach the same yield as the lower flow rate test. Solvent flow rate affects both the resi-
dence time and the film coefficient. Within experimental ranges, the extraction rates were
found to be mainly controlled by the solubility of the oil in compressed CO,. The effects
of flow rate on the extraction curves was smaller than those of pressure and temperature
(5). Kotnik et al. (6) also investigated the high-pressure extraction of borage seed oil,
containing the valuable GLA, Table 1. Extraction was performed with supercritical car-
bon dioxide on a semi-continuous flow apparatus at pressures of 200 and 300 bar, and at
temperatures of 40 and 60°C. A constant flow rate of carbon dioxide in the range of 0.20
kg/h was maintained during extraction. Empirical results showed that the total yield and
extraction rate increased with increasing pressure from 200 to 300 bar. At 200 bar, the
temperature had a positive effect on the extraction yield and, oppositely, a negative effect
on the extraction rate. At 40°C, a higher extraction rate was observed than at 60°C, which
is a consequence of the higher density of CO, and the higher solvent power at lower
temperature. At 300 bar, the temperature had no influence on the total extraction yield
and extraction rate, and the highest yields were obtained. The extraction yields obtained
using dense CO, were similar to those obtained by conventional extraction using hexane
as solvent. The composition of extracted crude oil was determined by GC analysis. The
best results were obtained at 300 bar and 40°C for borago seed oil, where the quality of
oil was highest with regard to GLA content (6). Dauksas et al. (7) studied the influence of
different pressures of CO, and the addition of caprylic acid methyl ester as an entrainer
for the extraction process of borage seed, Table 1.The increase of CO, pressure from 100
to 350 bar resulted in the increase in extract yield from 0.14 to 24.29% (w/w) while the
changes in the extract composition were not so considerable. The highest solubility of
pure caprylic acid methyl ester in dense CO, was determined at 100 and 300 bar. The
addition of this entrainer increased the yield of pure extract up to 47.8 times at 100 bar,
2.4 times at 200 and 300 bar. Due to the high solubility of caprylic acid methyl ester at
the lower (100 bar) pressure it is easy to separate the entrainer, which constituted only
4.22% of the total borage seed extract. The highest extract yield and the fastest extraction
rate were achieved after increasing the pressure above 250 bar. The extraction rate in-
creased slightly with an increase of pressure from 250 to 300 and 350 bar; however, the
final yields were 21.89, 21.59 and 24.29%, respectively, which were quite comparable for
all these pressures. The appearance of the extracts obtained at different pressures was
very similar and can be characterized as a yellow oil-like transparent liquid. However,
some changes in the intensity of the color (darker at higher pressures) were observed (7).
Corn germ is a very quality product which contains a significant amount of oil. The
light-yellow oil is rich in the tocoferols (vitamin E), amino acids, fatty acids, as well as in
linoleic, oleic, palmitic acid, and contains small quantites of minerals: phosphorous, iron,
magnesium, and sodium. Corn germ oil can used use in the production of margarine, and
in some of culinary prescriptions. It is light-colored and has significantly lower refining
loss and phosphorous content. The corn kernel contains only 5% of oil, so processing it
for oil is uneconomical. Both wet and dry millers separate the lipid containing germ and
recover the crude oils by expeller pressing and/or solvent extraction with hexane. The
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literature reports that the dry-milled corn germ protein meal obtained by SC-CO, extrac-
tion showed better nutritive and physicochemical properties than when the protein de-
fatted by hexane. The SC-CO, extraction dissolves only slightly polar lipids (phospho-
lipids and glycolipids), so they essentially remain in the extracts. Thus increasing polar
lipid content can influence the functional properties of germ proteins (8).

Ronay et al. (8) investigated the extraction rate of corn germ with carbon dioxi-
de+ethyl alcohol mixtures. The effect of the amount of ethyl alcohol entrainer on the
composition of oils as well as on the nutritive value and functional properties of defatted
proteins was examined. The laboratory experiments were carried out at constant pressure
(300 bars) and temperature (42°C) with amount of ethyl alcohol ranging from 0% to 10%
by CO, weight, Table 1. Because of higher solubility of the oil with increasing alcohol
concentrations the extraction time was decreased significantly. The global extraction
yields were plotted against the specific CO, solvent mass passed through the extraction
vessel. The extraction curves are characterized by a linear increase at the beginning and a
region in which the curve approaches asymptotically the horizontal line determined by
ultimate yield, and is controlled by diffusion in the solid phase at the end of the extrac-
tion. The former part represents the quasi-equilibrium conditions under which the extrac-
tion is conducted. The solvent is saturated with oil in this period. The alcohol content in
CO; has a strong influence on the rate of the extraction. Increasing the amount of alcohol
in the fluid decreases the extraction time and the amount of CO, consumption (8).

The grape seed oil (Vitis vinifera L.) is a product which is ever more appealing for its
large availability, as a by-product of the wine-making industry, and for its properties
which make it interesting for the food, cosmetic, and pharmaceutical industries. The in-
dustrial interest for grape seeds is demonstrated by their increasing cost and by some new
technologies developed to preserve their properties while processed in the alcohol indus-
try. Grape seeds are traditionally sold to the oil extraction industry and more recently
they are asked for by cosmetic and pharmaceutical sectors for their use as a source of
antioxidants. Grape seed is a well known oilseed crop containing typically 8 - 15% (w/w)
of oil with recognized quality due to its high level of unsaturated fatty acids, namely oleic
and linoleic and antioxidant-rich compounds. In terms of applications, it is becoming
increasingly popular for culinary, pharmaceutical, cosmetics, and medical purposes. Gra-
pe seed oil contains a large percentage of free fatty acids (and high level of unsaturated
fatty acids, such as linoleic and oleic acids), mono and diglycerides and large amounts of
tannins. It is indicated for human consumption and in particular for infants and elderly
people: its pharmaceutical activities concern the ability to contrast free-radicals, cardio-
vascular dis- eases, cholesterol. The same properties emphasezeid (accentuated in
strength) are today commercially advertised in ,,new* and costly products such as grape
seed extract and grape extract (9).

Fiori (9) presented the results on supercritical CO, extraction of grape seed oil which
has been analyzed both experimentally and theoretically. Extractions of crushed seeds at
pressures varying in the range 280 - 550 bar and at a fixed temperature of 40°C were per-
formed, Table 1. In the first part of extraction for all the pressure investigated the ex-
traction yield increase (the slope of the curve is constant), then it lowers until the ma-
ximum yield is approached. The latter is about 8% for all the tests, except for the lowest
pressure. Considering the various tests in their linear portion, increasing the pressure the
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slope of the curve also increases. The initial linear portion of the experimental curves
yielded oil solubility data in the supercritical solvent. It was found that the maximum oil
yield appears to depend on the particle dimensions, the smaller the particle the greater the
final yield. This results are in accordance with other papers dealing with the similar
substrates. It is worth mentioning that small change in particle size (diameters of 0.49
and 0.51 mm) results in significant change in the extraction curve. This could be due to
the physical nature of the substrate or to the intrinsic approximation of considering the
particle dimensions as represented by an average value — the Sauter mean diameter (9).
Murga et al. (10) have studied supercritical extraction with CO, extraction of grape seed
at pressures from 100 to 500 bar, and temepratures from 40 to 60°C, Table 1. They deter-
mined the solubility of some natural, low-molecular weight phenolic compounds, 3,4-di-
hydroxy benzoic acid (protocatechuic acid), methyl 3,4,5-trihydroxybenzoate (gallic acid
methyl ester or methyl gallate), and 3,4-dihydroxy benzaldehyde (protocatechualdehyde),
in SC-CO,. These phenolic compounds are contained in grape seeds and other natural
substrates. The data presented in this work indicate the possibillity are valuable to know
the possibility of separation from their natural matrices by SC-CO,.

Evening primrose seed (Oenothera biennis L.) contains about 28% of oil. Oil from
evening primrose seeds is rich in GLA, cis-6,9,12-octadecatrienoic acid), n-6 essential
fatty acid (FA), and free fatty acids (FFA) found in seeds oils, and thus have become a
major commercial source of this essential polyunsaturated fatty acid (PUFA). This fatty
acid is prone to oxidation and thermal rearrangement; therefore, the conventional reco-
very of the oil via mechanical expression and hexane extraction must be carried out under
very mild and controlled conditions. Studies have shown that GLA can help people with
breast cancer, skin problems, cardiovascular diseases, high blood pressure, and is useful
in treating neurological problems related to diabetes.

Kotnik et al. (6) studied the supercritical carbon dioxide extraction of the evening
primrose, Table 1. Extraction experiments were performed on a semi-continuous flow
apparatus with CO, at pressures of 200 and 300 bar, and at temperatures of 40°C and
60°C. The flow rate of CO, was measured at atmospheric pressure and room temperature:
approximately 0.20 and 0.17 kg/h for evening primrose seed extraction. The aim of this
work was also to investigate the differences between the compositions of oils obtained by
conventional extraction and SC-CO,; therefore, extraction by hexane was performed
using a Soxhlet apparatus. The median particle sizes of the extracted seeds of evening
primrose was 0.63 mm, determined by sieve analysis. The composition of the oils ex-
tracted was determined by GC analysis and compared with those published in the litera-
ture. These authors (6) concluded that for evening primrose seeds, the total yield and
extraction rate increased with increasing pressure from 200 to 300 bar. At 200 bar, the
temperature had a positive effect on the extraction yield and, oppositely, a negative effect
on the extraction rate. At 40°C, a higher extraction rate was observed than at 60°C, which
is a consequence of the higher density of CO, and the higher solvent power at lower
temperature. At 300 bar, the temperature investigated had no influence on the total ex-
traction yield and extraction rate, and the highest yields were obtained. The highest con-
tents of total FFA and GLA in evening primrose extract were obtained by CO, extraction
at 200 bar and 60°C. The total yield obtained by conventional extraction of evening prim-
rose seeds using the Soxhlet apparatus was similar to that obtained by CO, extraction,
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with much lower contents of total FFA and GLA. Generally, it can be observed that the
main difference is in the composition of FFA in the oil. The content of total and unsatu-
rated FFA obtained by SC-CO, was higher compared to conventional extraction. Con-
sequently, the content of saturated FFA in the oil obtained using Soxhlet extraction was
higher.

Hazelnut (Corylus avellana L.) is the most produced in Mediterraenean, especially in
Turkey. The solubility of hazelnut particles (1-2 mm) in SC-CO, under each condition
was deternined from the of extraction curves, drown as a g oil extrcated vs. CO, at be-
gining of a each extraction. The solubily values flow rate slopes of linear part It has a
high nutritional value, containing, generally, 65% oil, 14% protein, and 16% carbohydra-
tes. More than 90% of its oil consists of unsaturated fatty acids, especially oleic (76 -
80%) and linoleic (6 - 14%) acids. It has been reported that high levels of mono- and
polyunsaturated fatty acids and the sterol and tocopherol contents play a preventive role
in many diseases, especially cardiovascular ones, because they contribute to lower the
low density lipoprotein cholesterol (11).

Ozkal et al. (11) explored the SC-CO, extraction of hazelnut particle (1-2 mm) at
150-600 bar, and 40-60°C, Table 1. The solubility of hazelnut oil in SC-CO, under each
condition was determined from the slopes of the linear parts of extraction curves drown
as g oil extracted vs. g CO, observed the beginning of each extraction. The solubility va-
lues calculated by using SC-CO, flow rate of 0.12 L/h were 10% lower than the ones
calculated by using 4 times lower flow rate of 0.03 L/h. Therefore, the flow rate of 0.03
L/h was considered to be low enough to ensure saturation during the solubility measure-
ments. The solubility values were constant for the entire extraction time. The solubility of
an oil in SC-CO, changes during the extraction only if its composition changes upon
fractionation. It was observed (11) that the solubility increased with pressure and tem-
perature above 300 bar. However, at 150 bar the solubility showed a slight decrease with
temperature. This is consistent with the crossover phenomena generally observed for
some of the oils (12). The solubilities of oils in SC-CO, increase both with the density of
SC-CO, and the volatility of fatty acids. The crossover phenomenon is due to the compe-
ting effects of reduction in density of SC-CO, and increase in the fatty acids volatility,
which accompanis the temperature rise. Therefore, it could be concluded that the cros-
sover pressure for hazelnut oil was in between 150 and 300 bar. The extraction occurred
in two periods. The released oil on the surface of particles was extracted in the fast ex-
traction period, and 39% of the initial oil was recovered under each conditions. However,
the duration of the fast extraction period decreased with increased pressure and tem-
perature. The unreleased oil in the intact cells was extracted in the slow extraction period.
The maximum recovery was 59% at 600 bar and 60°C, for 180 min of extraction. The
fluid phase and solid phase mass transfer coefficients increased with increased pressure
and temperature. Ozkal et al. (12) used the Response Surface Methodology to determine
the effects of solvent flow rate (0.06, 0.18 and 0.30 kg/h), pressure (300, 375 and 450
bar) and temperature (40, 50 and 60°C) on hazelnut oil yield in SC-CO, supercritical
carbon dioxide extraction, Table 1. Oil yield was represented by a second-order response
surface equation (R*=0.997) using Box-Bhenken design of experiments. Oil yield increa-
sed with increasing SC-CO, flow rate, pressure and temperature. The maximum oil yield
was predicted from the response surface equation as 0.19 g oil/g hazelnut (34% of initial
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oil) when 4 g hazelnut particles (particle diameter<0.85 mm) were extracted with 0.30
kg/h SC-CO, flow rate at 450 bar, and 60°C for 10 min. Total extraction time under these
conditions was predicted to be 35 min (13).

Linseed (Linum usitatissimum L.) is very rich in oil which contains a high level of the
esential fatty acids, quality proteins, soluble and insoluble fibers, flavonoids and phenolic
acids. More than 70% of linseed oil consists of the polyunsaturated fatty acids. The most
of acids constitute the a-linoleic acid (ALA), essential -3 fatty acid, linoleic acid, and
essential Q-6 fatty acid.

Nikolovski et al. (13) investigated the SC-CO, extraction of linseed oil at the pressu-
res of 300, 400 and 500 bar, temperatures of 47°C and 52°C, extraction times of 4 h, sol-
vent flow rate 8.8 kg/(kg h), and fractions of grinding material of 0.16-0.315 mm, 0.315-
0.80 mm and 0.80-2.00 mm, Table 1. The extraction yield increased with increasing pres-
sure from 300 to 500 bar, if the temperature still constant, Figure 1. The extraction yield
decreased with increasing temperature, but this effect was of smaller significance than the
affect of the other process parameters. The maximum value of extraction yield was obtai-
ned when the smallest particle size of ground materials were used. This was caused by an
increse the specific area for mass transfer and a decreasing of diffusion path in the sol-
vent.

Pumpkin seed oil (Cucurbita peppo L.) can be usually obtained by cold pressing and
it has a very good organoleptic properties, odor, flavor, and the color from darc green to
brown red. The seed contains from 42 to 54% of oil. The oil has high nutritional value,
containing, generaly, 50% linoleic, 25% oleic, 10% palmitic, and 5% stearic acids. It is a
rich source of micronutritients, as well as vitamin E, phytosterols and lignane (14). The
higher dietary intake of phytosterols from the diet, the lower is cholesterol absorption and
the lower is the serum cholesterol level.

Sovilj and Barjaktarovi¢ (14) studied SC-CO, extraction of pumpkin seed on a labo-
ratory scale at pressures of 150, 225 and 300 bar, temperatures of 40 and 60°C, solvent
flow rate of 0.20 kg/h, and diameter of ground materials of 0.56 mm, Table 1. The ex-
traction yield obtained at 150 bar was rather low (18.4%) for an extraction time of 14 h.
However, extractions at higher pressures yielded greater quantities of the oil; at 225 bar
for 9 h, 36.3% of the oil and at 300 bar for 6 h, 41.0% of the oil, Figure 1. For compari-
son, hexane extraction of the same seed material yielded less than 40% of the oil. Tem-
perature did not influence the extraction yield. At a pressure of 300 bar, the color of the
fraction yielded during successive extraction time intervals varied greatly, from pail
yellow (the first 2 h), through orange-yellow (from 2-4 h) to red (after 4 h).

Walnut (Juglans regia L.) is a crop of a high economic interest for the food industry.
Walnut fruit contains high level of oil (52 - 70%) and it is consumed, fresh or roasted,
alone or in other edible products. Among the by-products of the walnut industry the oil
has not yet obtained popularity, although it has been demonstrated that its consumption
has a lot of nutritional benfits. The major constituents in the walnut oil are fatty acids,
such as linoleic acid (56.5%), followed by oleic acid (21.2%) and linolenic acid (13.2%).
The presence of the other bioactive minor components, such as sterols, tocopherols and
phytosterols, has been documented in the literature (15,16). The main component of
sterols is B-sitosterol (85.16%), followed by campesterol (5.06%).
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Figure 1. Dependence of the global extraction yield (Y) on the mass relation of carbon
dioxide (mcp) and ground particle bed (my,,) (specific solvent flow) in the ex-
traction of pumpkin seed oil (the mean particle size 0.56 mm, temperature
40°C, flow of CO,, 0.2 kg/h and pressures of 150, 225 and 300 bar); Y =
(mg/mg) 100, mg - extract yield (kg), my— feed (kg).

Oliviera et al. (15) examined the extraction of oil from walnut fruits with compressed
carbon dioxide in the temperature range of 35 to 48°C and in the pressure range of 180 to
234 bar. The influence of particle size was also studied at a solvent flow rate of 4.0
L/h,Table 1. Fatty acids, sterol, and tocopherol compositions were not different from tho-
se of oil obtained with n-hexane. Extraction yield increased with the increase in pressure
and under decrease in temperature. The particle size was also a very important parameter.
At the conditions studied, the yields increased with the increase in the median particle
diameter to an optimum value. At 150 min of extraction time, an optimal value of the
yield occurred for the particle diameter range studied, recommending values of about
0.25 to 0.3 mm. At 150 min, the yield exhibited high dependence on the pressure and
temperature, with high values for the yield at this extraction time at higher values of pres-
sure and lower values of temperature (15). Martinez et al. (16) evaluated the oil extrac-
tion process from walnut seeds by pressing followed by extraction with supercritical CO,.
The pre-pressed material resulting from the treatment at 7.5% moisture content and 50°C
pressing temperature, was ground to 1.2 — 2.4 mm and then extracted with CO, in a high
pressure pilot plant with single stage separation and solvent recycle. Extraction experi-
ments were done at two pressures (200 and 400 bar) and temperatures (50 and 70°C) with
a CO, mass flow rate of 10.5 kg/h, in an up-flow arrangement, Table 1. Pre-treatment of
moisture conditioning did not affect the oil quality as measured by free fatty acid content.
Increasing seed moisture content from 2.5% to 7.5% increased the extraction yield. The
highest extraction yield (89.3%) was obtained at 7.5% moisture and 50°C. At this mois-
ture content, an increase of temperature from 50 to 70°C produced a significant reduction
in the extraction yield, due to the frequent choking problems during press operation. The
drop in the extraction yield at 7.5% and 70°C was common at the end of the press
operation (16). The oil quality data from walnut seeds pressed at different moisture and
temperature conditions indicated significant variations for all parameters evaluated. The
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most outstanding feature was the increase of tocopherol content and acid values with
increasing pressing temperature. The CO, pressure had a pronounced effect on the extrac-
tion yield, the maximum recover being obtained at 400 bar. At this pressure, an increase
of temperature had no significant effect on the extraction yield (16).

Wheat germ is a by-product of the wheat milling industry. Germ constitutes about 2 -
3% of the wheat grain and can be separated in a fairly pure form from the grain during
the milling process. Wheat germ contains about 11% oil. Wheat germ oil is used in pro-
ducts such as foods, biological insect control agents, pharmaceuticals and cosmetic for-
mulations. Wheat germ processing presents challenges due to its high content of polyun-
saturated fatty acids and bioactive compounds. These compounds are prone to oxidation
and degradation under the conditions used for conventional edible oil extraction and refi-
ning methods. Resent studies have demonstrated that wheat germ oil has several im-
portant physiological effects, which include the ability to lower plasma cholesterol, to
reduce cholesterol absorption and to inhibit platelet aggregation (17).

Shao et al. (17) investigated the supercritical extraction of wheat germ with carbon
dioxide as a solvent. Supercritical CO, extraction was carried out using a pilot plant ex-
traction system. Thermostatic baths were switched on to reach the operating temperature
required for extraction. Gaseous CO, was introduced into a compressor. The extraction
vessel was 1000 ml volume capable of operating up to 500 bar and 75°C with the circu-
lation of heated water. The independent variables were temperature (40, 50 and 60°C),
pressure (200, 275 and 350 bar) and flow rate (15, 20 and 25 L/h), Table 1. After 200 g
sample was placed in extraction vessel, the extraction temperature, pressure and flow rate
were controlled automatically and maintained for 60 min. When the desired pressure,
temperature and flow rate were reached, the extraction was started. The oil dissolved in
the supercritical CO, was separated from the carbon dioxide and collected in the sepa-
rator. Conventional extraction was carried out using hexane in a Soxhlet apparatus for 20
h (with a fraction wheat germ size of 0.75 mm and humidity less than 0.35%) to ensure
maximum extraction efficiency. These values are considered very important to establish
an indisputable basis for comparison to the high-pressure process. Many parameters can
influence the separation performance of wheat germ oil extraction. It was shown that
wheat germ oil yield has a complex relationship with independent variables that encom-
pass both first and second-order polynomials and may have more than one maximum
point. The best way of expressing the effect of any parameter on the yield within the ex-
perimental space under investigated was to generate response surface plots of the equa-
tion. The three-dimensional response surfaces were plotted as a function of the interac-
tions of any two of the variables by holding the other one at a middle value. Contour plot
and response surface curve showing predicted response surface of oil yield as a function
of pressure and flow rate. It showed that at temperature 50°C the oil yield of wheat germ
increased with increase in pressure. The oil yield increased from about 7.13% to 10.00%
as the pressure was increased from 200 to 350 bar. The optimum pressure for the maxi-
mum yield of oil was around 350 bar. At lower pressure, the solubility of oil affected by
vapor pressure of the oil, apparently at this stage CO, relatively act as an ideal gas that
does not have any special characteristic of a solvent. However, at high pressures, the
solubility of the oil increased due to the increase in density of CO,. As the density in-
creases, the distance between molecules decreases and the interaction between oil and
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CO, increases, leading to greater oil solubility in CO,. Piras et al. (18) explored the SC-
CO; of wheat germ oil. The effects of pressure (200-300 bar at 40°C) and extraction time
on the oil quality/quantity of feed were studied, Table 1. A comparison was also made
between the relative qualities of material obtained by SC-CO, extraction and by organic
solvent extraction. The extracts were analyzed for a-tocopherol and polyunsaturated fatty
acid content. The maximum wheat germ oil yield at about 9% was obtained with SC-CO,
carbon dioxide extraction at 300 bar, while fatty acid and a-tocopherol composition of
the extracts was not remarkable affected by either pressure or the extraction method. The
SC-CO, gives an CO, extraction yield not significantly that of different from organic
solvent extraction. A comparison is made between the relative qualities of the oils pro-
duced by SC-CO, and by organic solvent extraction (hexane, methanol, chloroform-me-
thanol 2:1 mixure) in terms of a much lower selectivity. CO, yielded oil contained as
undesirable compounds.The effect of the specific mass of solvent, q (kg CO2/kg feed) on
the global extraction yield Y (%) for all the seed oils investigated is presented in Figure
2.
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Figure 2. Effect of the specific solvent flow (q) on the global extraction yield (Y) in
supercritical extraction of the selected oil seeds; q = kg COy/kg feed, Y =
(mg/my) 100, mg - extract yield (kg), m¢ - feed (kg).

RESULT AND DISCUSSION

The survey all the above papers related to the effect of extraction pressure on the
global extract yiled the SC-CO, extraction showed that the extract yield increases with
increasing pressure due to the increase of the solvents density, if the temperature, the
solvent flow rate, and the diameter of the ground material were constant.

It was observed that the solubility increased with pressure and temperature above 300
bar. However, at 150 bar, the solubility showed a slight decrease with temperature (11).
This is consistent with the crossover phenomena generally observed for some of the oils,
which results presented in the literature.
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In general, the increase of the temperature resulted in the decrease of the extraction
yield, due to the decrease of the solvents density, whose effect seems to have dominated
over the increase of the solute vapor pressure. In some of the cases the temperature had a
positive effect on the extraction yield and, oppositely, a negative effect on the extraction
rate (6). At higher pressure (300 bar) it was shown that the temperature had no influence
on the total extraction yield and extraction rate, and the highest yields were obtained (6).

In the most of systems investigated solvent flow rate did not influence the extraction
yield. From the experimental results for the system almond fruits oil - CO, (4) it is evi-
dent that oil yield, at the initial stage of extraction, increased increasing CO, flow rate,
with constant pressure and constant temperature. On the other hand, in the system borage
seed - CO,, the investigation of the effect of solvent flow rate on the extraction yield
showed that the lower flow rate test resulted in a slightly higher oil load, but the higher
flow rate lead to a shorter extraction time to reach the same yield as the lower flow rate
test (3).

The extraction yield increases by decreasing the particle size of the groumd materials.
It is due to the higher amount of oil released as the substrate cells are destroyed by
milling, and this because of the amount of oil is easily extracted for direct exposure to the
supercritical CO2. Moreover, shorter diffusion paths in the milled solid matrix result in a
smaller intraparticle resistance to diffusion.

The moisture containing pre-treatment conditionig did not affect the oil quality as
measured by free fatty acid content. Increasing seed moisture content from 2.5% to 7.5%
increased the extraction yield (16).

In two of the systems, the addition of entrainers was achieved in the aim of enchance-
ment the extract, effiency were added with aim to achive enchacement SC-CO2 extrac-
tion process (7,8). Caprylic acid methyl ester as an entrainer in the extraction process of
borage seed was added (7). The highest solubility of pure caprylic acid methyl ester in
dense CO2 was determined at 100 and 300 bar. The addition of this entrainer increased
the yield of pure extract at the pressures investigated. Due to the high solubility of capry-
lic acid methyl ester at the lower pressure it was easy to separate entrainer, which con-
stituted only 4.22% of the total borage seed extract (7). In the ectraction extraction of
corn germ laboratory experiments were carried out at constant pressure (300 bar) and
temperature (42°C) with amount of ethyl alcohol (entrainer) ranging from 0% to 10% by
weight in CO; (8). The alcohol content in the solvent had a strong influence on the rate of
the extraction. Increasing the amount of alcohol in the fluid decrease the extraction time
and the amount of CO, consumption (8).

CONCLUSIONS

In this study, supercritical carbon dioxide extraction of some selected oil seeds are re-
viewed. The influence of process parameters, such as pressure, temperature, solvent flow
rate, diameter of ground materials, and moisture of oil seed on the SC-CO, extraction for
the selected seed oils: almond fruits, borage seed, corn germ, grape seed, evening prim-
rose, hazelnut, linseed, pumpkin seed, walnut, and wheat germ was presented. The yield
and quality of the extracts all of the oil seeds investigated as well as the possibility of
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their application in the pharmaceutical and food industries were analyzed. The global ex-
traction yield varied between 7.5 (grape seed) and 65.0% (almond fruits).
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KPUTHUYKHU NIPETJIEJ] EKCTPAKIIMJE OJABPAHUX Y/bAPUIIA
HATKPUTHYHUM YI'JBEHJIUOKCHAOM

Muman H. Cosmin

HarkpuTrnyHa ekcTpakuuja yribeHIMOKCHIOM, Ka0 HOBHja CelapalioHa MeToja, Ko-
PHUCTH ce Kao euKacaH IOCTYIaK 3a J0OHjamke eTapCKUX M MACHHX YJba M3 BEIUKOT Opo-
ja OMJBHUX U JISKOBUTHUX CUPOBHHA, IIPH YeMy ce 100H]jajy eKCTPAKTH KOjU CIIyXkKe Kao Oc-
HOBa 3a NMPOM3BOJbY HHU3a JICKOBUTHX IIperapara M JoJaTaka MpexpaMOeHUM HPOU3BO-
quMa. Y OBOM pajy Aar je mperiies Ao0ujama yjba MOMONy HATKPUTHYHOT YTJbeHIHOK-
CHJIa U3 Mambe MMO3HATUX yJhAPHIIA, YUjH CC MPOU3BOIU TaKOe MOy KOPHCTHTH Kao Jie-
KOBHTH IperiapaTy WK CIIyKe Kao 1oJauu y GpyHKunoHnanHoj xpanu. [Ipukaszanu cy mnpo-
LECHU TapaMeTpy KOpUIINEeHH Y HAaTKPUTUYHO] €KCTPAKLUjU YIJbEHIUOKCHIIOM 3a Clle-
nehe yipapune: 6anem, komruie rpoxha, KyKypy3Ha KIHIa, JIEHIHUK, Opax, MIIeHHYHA
KJIMLa, ceMe OopaxknHe, jlaHa, Hohypka u yibaHe THKBe. OIICEr BPEAHOCTH I10jeIUHUX
MPOIECHHX TrapameTapa je 6wmo: mputrcak (150 - 600 bar), temmeparypa (10 - 70°C),
CpeIbH IIPEYHHUK YBPCTUX YeCTHUIla yeuTHeHOT MaTeprjana (0,16 - 2,00 mm), mpoToK Ko-
pumhenor pactapada (0,06 - 30,0 kg/h), canpkaj yipa y momasaom matepujary (10,0 -
74,0%) u cazmpikaj Biare y mosia3HoMm mnojasHom matepujany (1,1 - 7,5%). Ananusupanu
Cy IIPUHOC U KBAJIUTET NOOMjEHUX eKCTpaKara 1 MOryhHOCT mpuMeHe y papMalieyTcKoj u
npexpaMOeH0j HHIYCTPHjH 3a CBaKy OJ HCIIMTHBAHUX YJbapulla.
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