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Abstract. The paper presents the base and conditions for
the extraction of organic materials with solvents in the
supercritical state with particular attention to use of CO,
as the extraction agent. The advantages and disadvantages
of this process are described. The examples of extraction
of organic materials using supercritical of CO, are
presented.
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1. Introduction

A wide use of supercritical gas extraction (SGE) or
supercritical fluid extraction (SFE), as an extraction or
separation method, in fuel and energy, chemical, food
production or pharmaceutical industries as well as
methods of separating mixtures or extractions of
substances in analytic technology was possible because of
the discoveries and research results carried out in second
half of 19™ century.

In 1822 C. CagniarddelaTour [1] noticed that
beyond a certain temperature some substances do not
undergo the process of evaporation and condensation, but
occur in the form of supercritical fluid having specific
properties. In the 1870s Andrews [2] considerably
expanded the knowledge concerning supercritical
phenomena. For the first time he called the temperature
above which substances obtained the characteristic of a
supercritical fluid, a “critical point”. In 1879 Hannay and
Hogharth [3] proved that supercritical fluids have high
potential to dissolve solid matter and fluid. The above
discovery was used as supercritical extraction approx. 100
years later in numerous industries.

Already in 1920s attempts were made to use
compressed gases (supercritica fluids) in refinery industry

to separate heavy oil fractions from petroleum residue
using n-pentane in supercritical state — so-called ROSE
method [4, 5]. A little later attempts were made to
separate  mixtures in appropriate  columns  using
supercritical fluids [6, 7]. In the 1960s Zosel et al. [8]
designed the basics for the technology of extraction of
natural components using carbon dioxide (CO,) in
supercritical state. In food industry this technology was
used in 1970s in the process of the decaffeination of
coffee and work on decaffeination of tea as well as
extraction of oils from hop. In 1980s in Europe, USA and
Australia the technologies using supercritical extraction
were developed on an industrial scale. At that time the
first unit was built for complete fractioning, and the first
spices obtained via this method were admitted to market.

In 1970s the search for new ways of processing
coal to obtain synthetic crude oil led to intensified
research on extracting them with fluids in supercritical
state — SGE process. Researches on the new method of
liquefaction of coal, by extraction of coal using gaseous
solvents, compressed to high densities, at temperatures
higher than their critical point [9], were initiated by the
Nationd Coa Board in Great Britain [9-11]. The
researches were carried out between 1970s and 1990s
with various intensity in a number of government and
industrial research centres of the world [11-13], including
centres in Poland, mainly the Institute of Chemistry and
Technology of Petroleum and Coal, Wroclaw University
of Technology, (currently the Division of Chemistry and
Technology of Fudl). Inthis particular University research
centre supercritical  phenomena have been used in
numerous research areas [14-20].

Apart from industrial uses, the technology is
applied in analytic chemistry, analysis of biological and
environmental samples such as water, soil, flue ash,
biological tissue and other materials, to separate relevant
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organic compounds from matrix, as an alternative for
solvent extraction.

Huge interest in supercritical phenomena and their
practical use led to considerable increase in publications
and patents, which was expressed by publication of the
first international scientific journal (in 1988) “ The Journal
of Supercritical Fluids’, devoted to results of work on
SFE process.

A wide use of this extraction technology is related
to its high capahility of dissolving various substances by
compressed gases in supercritical conditions. The fluid or
gas in supercritical state (supercritical fluid) is dense and
capable of being dissolved by liquid solvents while the
speed of diffusion, viscosity and penetration ability is
comparable to that of gases. The connection of high
ability to dissolve supercritical fluids and the penetration
ability represent the main advantage of the supercritical
extraction process over the traditional solvent extraction
or traditiona distillation as aform of separation.

2. Basics of Supercritical Extraction
of Organic Materials

2.1. General Principles of the Extraction
Process

The process of extracting organic material using
supercritical solvents is based on the dissolving effect of
compressed gases compared to the condensed phases, i.e.
solid matter and liquids, expressed by the increase in
saturated vapour pressure over solid matter or liquid p/p°,
induced by the presence of compressed inert gas. This
increase in saturated vapour pressure being the measure of
deviation from the Dalton law, often reaches very high
values of 10 [21, 22].

The deviation from the Dalton law is present in
most real systems and it is the sense of SGE or SFE
extraction. The use of this phenomenon creates the
possibility of obtaining (from various materials)
substances of very low volatility, i.e. low saturated vapour
pressure. A quantitative description of solubility of solid
matter and liquids in compressed gases was first
introduced by Poynting [23]. It allowed to describe
experimental data mostly only in a qualitative method [24-
26], and the attempts to modify it did not result in a
material improvement of anticipated concentrations of gas
solutions with experimental data.

In 1950s scientists derived an equation of solubility
in compressed gases for real systems based on a virial
equation of real gas state [27-30]:

InS -V~ 2B, (1)
Co \%
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where c/c°® is a measure of an increase in concentration of
component 1 in gas phase over the c° value attributable to
a single-component, i.e. with no presence of inert gas;
VPV ratio corresponds to Poynting effect and this
expression does not depend on the type of gas, and only
shows the impact of total pressure in the equation on c/c®
value, the second ‘mixed viria B, coefficient is the
function of temperature. The ratio 2B,,/V depends both on
the character of gas and the substance in its compressed
phase. Thus it takes account of individual features of the
components creating the system in question.

Above the relationship allows with some deviations
[30], only to describe experimental results obtained in
simple, defined two-component system. Nevertheless the
dependence alows formulating general rules of
conducting gas extraction.

High concentration of gas solutions occur when
molar volume of V mixture goes to low values. Having
assumed that inert gas is the main component of a
mixture, it can be concluded that it will be more effective
at higher molar density I/V, i.e. at higher pressure. With
the constant pressure set, gas density decreases as
temperature rises, therefore extraction temperature should
be the lowest possible. Practicaly it means that gas
extraction should be conducted in temperatures close to
the gas critical temperature.

In the above eguation there is also another virial
coefficient By, i.e. the function of temperature. The paper
of Prausnitz [29] shows that the decrease in temperature
of gas extraction although results in increase of c/c®
guotient, but it is not a sufficient condition to obtaining
higher concentration in gas phase. The saturated vapour
pressure over the concentrated phase p' or corresponding
molar concentration ¢’ in the presence of inert gas, in
certain ranges of total pressure significantly decreases
with temperature [30]. Therefore the choice of extraction
temperature must be a compromise between the influence
of temperature on the c/c® and the impact of temperature
on the standard c° value.

The provided theoretical description of solubility in
compressed gases do not result in any limitations
regarding the applied pressure in extraction process
carried out above the critical temperature of the extraction
solvent.

Asit was mentioned above, the derived equation of
solubility in compressed gases for real systems based on a
virial equation of real gas state equation, does not allow to
estimate concentrations of the extracted substance in the
case of multi-component mixtures. An attempt to predict
“solubility” of coal in gas extraction based on the
solubility parameter Hildebrand 8, was made by Giddings
[31-33]. Basing on experimental data, Giddings suggested
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that the power of supercritical extractionis directly related
to their solubility parameter 8. Basing on the van der
Waals equation he obtained for different solvents almost a
linear correlation between the solubility parameter and
efficiency of the extract.

The attempt to obtain a quantitative description of
the SFE process is also affected by the occurrence (in the
case of using a mixture of two or more solvents, in which
one of the components of the mixture is a polar solvent,
e.g. toluene or methanol) of synergetic effect. In such a
case having a specific content of individual componentsin
the mixture, it is possible to achieve higher efficiency of
extracts, compared to efficiency of extracts obtained from
only individual components [32, 34].

2.2. Parameters of Extraction Process

Yields of SFE process, properties and chemical
composition of extracts depend both on the type of the
supercritical fluid, and the parameters of the process:
temperature, pressure, extraction time and the method of
extracted material contact with the solvent in the
supercritical condition. The higher the extraction solvent
density (i.e. the higher pressure of the process), the higher
its ahility to dissolve solids and liquids in supercritical
conditions. Typical solvents include simple paraffin
hydrocarbons (pentane, hexane), aromatic (benzene,
toluene), alcohols (methanol, isopropanol, n-butyl
alcohols) and their mixtures, and some gases (carbon
dioxide, ethylene, propane) are used. When choosing a
solvent for SFE process, the key parameters include its
temperature and critical pressure, hydrogen donor solvent
properties and polarity. Table 1 shows critical parameters
of selected extracting agents.
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In the relevant literature concerning supercritical
extraction of coals an important problem for the
economics of the process and yields, properties and
chemical composition of coal extracts is the problem
associated with the decomposition of the solvent (e.g.
alcohals) or connection of solvent molecules to extracted
organic substances and residues (e.g. simple aromatic
hydrocarbons). The scale in which the solvents are
decomposed depends on the temperature of the process
and the type of the used solvent and may reach up to 5%
of the mass in the case of toluene and up to 35% in the
case of butanal.

Generaly, supercritical fluids are non-polar and are
better in dissolving non-polar substances. In most cases a
supercritical fluid dissolves ionized substances. i.e. those
ones with dissociated acidic and basic groups and mineral
sdts, as well as polar compounds. In such a case two main
drategies are applied involving the increase in polarity of the
solvent, or the decrease in polarity of the substance being
extracted [37]. A substance which will modify polarity of the
supercritical fluid, eg. ethanal to CO,, can be applied aswell.
In addition operation parameters of the process influence the
effectiveness of extraction of polar compounds — the
decrease of pressure enhances the process[37].

The process of extraction performed under
supercritical conditions also alows fractioning of soluble
substances. Separation of components from a gas mixture
is achieved through the change of temperature and/or
pressure in a separation system. The result is the change
of individual components solubility alowing their
progressive precipitation [37, 38]. An appropriate choice
of temperature makes it possible to keep in the extractor
only one component; more volatile components may leak
out to a separator. According to this method one can
precisely separate and concentrate individual components.

Tablel
Critical parameter s of selected extracting agents[32, 35]
Solvent Critical temperature Tc, K Critical pressure Pc, Pa Critical density g, kg/m®

n-Hexane 507.9 2989087.5 234
Decane 621.2 2148090.0 231
Cyclohexane 554.1 4053000.0 270
Benzene 561.8 4863600.0 304
Toluene 593.8 4215120.0 292
Alcoholes:

M ethanol 513.0 79742775 272

Ethanol 516.5 6393607.5 276

| sopropanol 516.0 5370225.0 274

Butanal 559.7 4914262.5 270
Water 647.4 22139512.5 318
Carbon dioxide 304.2 7396725.0 468
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3. Supercritical Extraction of Organic
Material

3.1. Characteristics of Carbon Dioxide as
an Extracting Agent

Carbon dioxide (CO,) occupies a special position
among applied extraction solvents. It is easily accessible,
cheap and creates no problems typical for toxic waste; it is
characterized by low critical temperature (Tx =304 K) and
relatively high critical pressure (px = 7.39 MPa) (Table 1,
Fig. 1). It also offers low viscosity and high diffusion
which allows deep penetration of the substrate to obtain
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all desirable components from the raw material; it is non-
corrosive and non-flammable [39, 40]. In addition, under
normal conditions it is a gas which facilitates its removal
from the product after the extraction process. In
environmental terms, carbon dioxide can be obtained from
production surplus in other industries [41].

Taking into account CO, properties in supercritical
conditions, it is a Lewis base with a polarity comparable
to that of n-hexane. Therefore in polar extractions of
substances, organic modifiers enhancing solubility of CO,
should be used (its mixture with the modifier). Solubility
of compounds in supercritical carbon dioxide decreases
along with the increase in their polarity (Fig. 2), aromatic
feature (Fig. 3), number of carbons in a homologous series
and molecular mass [43].

Fig. 1. Phase diagram of carbon dioxide[42]
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Fig. 2. Influence of polarity compound on its solubility
in supercritical CO, (M-misciblewith liquid CO,) [43]
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Fig. 3. Decreasein compound solubility in supercritica CO, aong
with an increase in their aromatic features [43]



Supercritical Fluid Extraction of Vegetable Materials

Solubility increases with the increase in degree of
branching and unsaturation of the hydrocarbon chain.
Supercritical carbon dioxide is well dissolved with
extracting compounds with low molecular mass and
polarity, aliphatic hydrocarbons having less than 12 atoms
of carbon in a molecule, saturated mono-hydroxyl
aliphatic alcohols having less than 6 atoms of carbonin a
molecule, saturated aliphatic carboxylic acids having less
than 9 atoms of carbon in a molecule, esters such as
analogous acids, saturated aliphatic adehydes having less
than 8 atoms of carbon in a molecule, glycerides in a
mono < tri < di, resulting from decreasing polarity
corresponding to the increase in the degree of
esterification, but with increasng molecular mass [43].
Aromatic hydrocarbons and macromolecules, as well as
polar compounds, such as salts, glycerol, sugars and
protein are non-solublein supercritical carbon dioxide.

Undoubtedly the application of the high-pressure
equipment has an impact on the price of obtained
products.

The advantage of extraction in supercritical state
over liquid extraction is mainly more effective and more
precise separation of a solution from post-extraction
residue, associated with large differences in viscosity and
density of the supercritical phase and residue. In liquid
extraction multicomponent extracts without individual
chemical components are usually obtained.

3.2. Method of SFE Process Realization

The equipment for SFE process comprises a pump
for compressing the solvent or a compressor, pressure and
temperature measurement system, pressure extractor and
separators. Extraction is periodic. Each production cycle
begins by loading material to the extractor and then the
extractor is closed with a special lock.

Another operation involves dlow increasing
pressure in the extractor to the working pressure value.
The speed of increasing pressure is limited by the
temperature insde the extractor and capacity of the pump.
The admissible temperature is established based on
technological requirements concerning the processed
material and admissible extractor operational parameters.

After a specific level of temperature inside the
extractor is reached during the extraction process, its
loading process should be slowed down or even stopped.
The filling process can be resumed only after the
temperature islowered to a safe level.

After the working pressure is reached in the
extractor, circulation of carbon dioxide is initiated. Thisis
the beginning of the proper extraction process. Liquid
carbon dioxide is cooled to the required temperature and
added to the circulation pump, in order to prevent
cavitation and damage of valves or pistons of the pump.
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The level of carbon dioxide cooling depends on a pressure
to which CO, is compressed. After pressure reduction
carbon dioxide can be cooled using special cooling unit or
using a different cooling system (e.g. water cooling). The
extraction lasts as long as required for the used specific
material. After finishing the process the extractor is
stopped. After reducing the pressure inside the extractor to
the ambient pressure, the extractor is opened and the post-
extraction residues are removed.

In the case of multi-component materials the
separation is carried out gradually, decreasing pressure or
temperature. In such a way it is possible to selectively
separate several components of the extract.

3.3. Extraction of Vegetable Materials
with Carbon Dioxide in Supercritical
State

Based on the analyss of results published in
worldwide scientific literature in 2000 — 2013, Melo et al.
[44] presented an interesting publication concerning the
current state of knowledge and research on supercritical
extraction of vegetable materials. It includes the analysis
of the used plants and obtained products, processing
conditions under which they were obtained, including
solvents and co-solvents (modifiers), optimization and
modelling methods, as well development level of
individual processesin terms of their industrial use.

The above-mentioned publication describes more
than 300 raw meaterials, 28% of the works relates to the
extraction of seeds, 17 % — leaves, 10 % — fruit, 7% —
roots, 5% — flowers, 3% — rhizome and 32 % — other
materials, including their mixtures [44]. SFE extracts
obtained from vegetable matrices are typically mixtures of
the following compounds: triglycerides, fatty acids, fatty
alcohols,  terpenoids, phytosterols,  tocopherals,
tocotrienols and phenolics [44].

It is worth noticing that a large part of the material
is plant biomass. Many obtained extracts and pure
compounds from this biomass are used for human
nutrition and health purposes, the others represent
potentially new applications, involving plants [44].

As it was mentioned above, one of the efficient
ways of obtaining oils, including special oils from nuts,
seeds or grains of various plants or fruit, fragrant roots and
flavorings for food, pharmaceutical and cosmetic
industries, is their extraction using carbon dioxide in
supercritical conditions. These oils contain for example
bioactive substances soluble in fats (plant sterols,
carotenoids and vitamin E). The processis currently being
developed in fat industry as an adternative for
conventional refining, separation or fractioning methods.
A historic fact is the use of this method in food industry
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for decaffeination of coffee and tea as well as extraction
of ails from hop [45, 46]. The extract product contains
bitter acids, fatty parts and essential oils (10 vol %) [47-
48]. It contains no pesticides. The application of carbon
dioxide instead of currently applied dichloromethane or
methylene chloride [47] allows conducting the process at
relatively low temperature and anaerobic conditions. As a
result, active components are not decomposed and
oxidized and their organoleptic quality is not deteriorated.

An example of gpecia oils obtaining is
supercritical CO, extraction of Canola seeds. Under the
pressure of 10-35 MPa, at the temperature of 313-333 K,
using 6-26kgCO, for 1kg of raw materials, with
957wt % yield one can obtain oil which may be less
stable than refined or crude canola oil due to its higher
free fatty acid content and polyunsaturated fatty acid level.
However, it requires less refining to remove undesirable
compounds such as chlorophyll pigments. Quantification
of total phytosterol and tocopherol levels suggests
healthier oil than refined oil [49].

Carbon dioxide is often used in extraction of oil
fractions from specially prepared seeds (pre-macerated
with water). Plant oils are the mixtures of fatty acid
glycerides and free fatty acids. Individual compounds
differ in solubility regarding CO,. At the temperature
above 238 K and pressure of 20 MPathey well dissolvein
supercritical CO,. Interms of efficiency and quality of the
product the parameters for running extraction process
every time must be adjusted experimentally.

One of the reasons that SFE-obtained oils are
rancid is their low content of phospholipids which are
poorly soluble in CO, [50, 51]. Improvement in their
solubility in supercritical CO, can be achieved by
increasing its polarity by adding ethanol. The fact that oils
obtained by extraction have low content of phospholipids
was used to produce good quality lecithin [52]. It is
produced by double step phase extraction, involving the
use of CO,, then extraction of the oil to 15 wt. % of its
content in the material, and then extraction using
supercritical CO, with 10 % ethanal. This allows to obtain
oil with over 5wt % of phospohlipids from which lecithin
is produced. In this process a mixture of solvents can be
used simultaneously. This type of extraction involves the
use of both polar and non-polar solvents [53]. The polar
one which usually contains a mixture of methanal,
ammonia and water, dissolves low-molecular sugars, non-
protein nitrogen compounds, hydrating phospholipids and
glucosinolates, which improve the quality of both pellets
and ail [54].

Supercritical CO, extraction is also used to remove
strong volatile compounds and essentials oils. This
method is an attractive alternative for traditional
separation methods such as distillation or solvent-based
extraction. Essential oils mainly contain hydrocarbons and
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oxidised terpenes or sesquiterpenes. They are used as
flavour additives in food. Their share in oily plants is
low — from 1 to 3wt %. They can be separated using
supercritical CO, extraction which guarantees their best
solubility (920 MPa, 313-323 K). Solubility of essential
oils in supercritical carbon dioxide is much stronger
compared to other substances tested for extraction under
low pressure. Another example can be the extraction of
lemon aroma [55]. Limonene contained in the ped of
lemon belongs to the group of essential oils characterized
by good solubility in supercritical CO,. It is extracted at
7-10MPa and 323K. Under similar conditions
lemongrass is extracted [56]. Another interesting material
for obtaining fragrance substances is spices. The
efficiency of taste-fragrance extraction from spices
depends on the processing conditions, e.g. for ginger it is
4.5 wt %, for pepper — 12 wt % [45].

Another group of material is herbs, which are
especially reach in essential oils but aso contan
anthocyanins. Method is applied in research on extraction
of natural colouring agents (5-carotene, astaxanthin), and
removing animal fat from milk and egg yolk [37]; alsoin
deodorizing of fat and oils, separation of phosphatide
(lecithin), extraction of oil essences from mint, garlic and
oregano, extraction of aromas and tastes (tropical and
citrusfruits) [37, 57, 58].

Pomace from fruit juice production plants,
especially from berry fruits can be equally useful in
obtaining many unsaturated oils, as well as polyphenal,
TCP and carotenoids [59]. They serve as antioxidants
necessary for proper functioning of human body.

Algae and water plants or those from plantations
are rich in excellent bioactive compounds. Extracts from
algae are particularly used in cosmetic and pharmaceutical
industry, and as valuable source and supplements of diets.
Algae can be extracted using supercritical CO,. Extracting
efficiency may reach 95 %. The process should be
conducted under pressure of at least 60 M Pa, to obtain the
desirable efficiency [60].

4. Conclusions

Extraction of organic materials using carbon
dioxide in supercritica condition has numerous
advantages compared to other industrial methods. It
alows to obtain with high efficiency and purity the
individual components or mixture of a number of useful
compounds, e.g. bioactive compounds, colouring agents,
essential oils and specia oils. However this technology
requires installation of high-pressure equipment. Never-
theless, the cost of manufacturing various products using
SFE compared to traditional methods (e.g. producing
essence using distillation with water vapour) islower.
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HAJIKPUTUYHA ®JIOITHA EKCTPAKIIISA
POCJIMHHUX MATEPIAJIIB

Anomauia. [Ipuseoeni 0CHOBHI NONONHCEHHSL | YMOBU eKCm-
PAKYIT OP2aHIYHUX MAMepianie PO3YUHHUKAMU 6 HAOKPUMUYHOMY
cmani. Ocobnusy yeazy akyenmosano Ha euxopucmanni CO, sx
excmpazenma. Onucani nepesaeu i Heoonixu npoyecy. Pozensanymo
NPUKIAOU eKCPAKYLIL OPeaHIUHUX MAMEPianie 3 GUKOPUCTIAHHAM
naokpumuurozo CO,.

Knrouosi cnosa: oiokcuo gyeneyro, HaOKpumuyna Guoiona
EeKCmpaxKyis, pOCIUHHI Mamepiaiu.



