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Abstract

The process of extraction is well-known and widely used in numerous fields. Until recently, it has been performed in its
basic level both in laboratory and industry. However, increased environmental concerns, development of environmental
chemistry and wish to get safe products imposed new trends in extract production. The basic goals which have to be achieved
are elimination of harmful solvents and increase of extraction yield. Different modern techniques can be used in order to
accomplish these aims, but the special focus has been put on these one which rely on “green” solvents, such as subcritical
water or supercritical carbon-dioxide. These techniques could be great alternative for the extraction of compounds of different
polarity by setting operational parameters i.e. by varying solvent polarity. Obtained extracts do not contain residue of organic/
toxic solvents and there is no need for their further purification. This makes such techniques economically acceptable from
the industrial point of view. Yet, there is a question, which are the limitation of these techniques? Are they really so good?
This review tends to show all advantages and disadvantages of novel extraction techniques and to give the comprehensive

overview of all challenges in the process of developing of new environmentally-friendly techniques.
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1 Introduction

The process of extraction is one of the oldest separation
techniques and even today it is the most commonly used
in numerous fields and industries. Generally, it is a transfer
of compounds from their sources into the fluid phase, fol-
lowed by separation of the fluid phase and recovery of the
target components from the fluid [1]. Traditional approaches
for the extraction involve utilization of organic solvents and
show a numbers of disadvantages. Usage of organic sol-
vents (very often toxic and hazard) lead to their present in
atmospheric as pollutants. Additionally, they remain in the
raffinate, as well as in the extracts, detracting from their
purity. This imposes a need for additional purification which
requires significant energy consumption, making traditional
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processes uneconomical [1, 2]. Apart of this, in traditional
extraction processes low selectivity occurs as a serious draw-
back, which further lead to the presence of unwanted compo-
nents in the obtained extracts thus reducing their biological
potential.

Increased environmental concerns, development of envi-
ronmental chemistry and wish to get safe products imposed
new trends in extract production [3]. Moreover, there is
an increasing need for the new advanced techniques or to
upgrade conventional ones in order to overcome all disad-
vantages of well-known conventional techniques [4]. One of
the basic goal which have to be achieved is elimination of
harmful solvents with keeping or even increasing the extrac-
tion yield. Eliminating organic solvents is the demand from
the environmentally point of view but also the demands that
come from different industries and consumers. The latest
trends in technology (food technology, cosmetic technology,
etc.) are promoting products with plant extracts as functional
ingredients [5, 6]. In the products of new generation, the
extracts may have the role of additives influencing the prod-
uct quality thus eliminating synthetic additives [3].

The aim to eliminate organic solvents from the process
of extraction of biomolecules from plants with increasing
extraction efficiency and economy could be accomplished
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by using modern techniques and especially those one which
rely on “green” solvents [7].

In this paper an overview of the advantages of some of the
modern techniques for extracting bioactive compounds from
plant material has been given. In the first place, the work
promotes the use of pressurized fluids as solvents (supercriti-
cal carbon dioxide and subcritical water). Special attention
is devoted to the subcritical water as the cutting-edge tech-
nique which has shown numerous advantages for use both
in the laboratory and in the industry. However, despite the
numerous advantages of this technique, the number of indus-
trial plant for its application is rare, which can be due to
insufficient data on its characteristics, relationships between
extraction parameters, and its possible restrictions [8]. This
paper attempts to summarize the latest discovery regarding
advantages and disadvantages of subcritical water, referring
to its green character and security as a solvent. Also, great
accent is given to the fact that this technique enables obtain-
ing of high quality extracts.

2 Supercritical Fluid Extraction (SFE)

Among the all pressurised fluid extraction, supercritical fluid
extraction (SFE) is the most commonly used. This technique
represents the first environmentally-friendly technique suita-
ble for many chemical process. Extraction with supercritical
fluids is a process of mass-transfer which rely on the fact that
some gasses can became extremely powerful solvents under
the specific operational conditions [9]. Namely, by chang-
ing operational parameters (in the first place temperature
and pressure) during the extraction process and by bringing
the gases near to/above their critical point, their physico-
chemical properties are drastically changed.

The gas becomes a fluid with good mobility and solvat-
ing properties, but in the same time it is a fluid in which
mass-transfer process can be much faster. In other words,
supercritical fluids combined the properties of both liquids
and gases thus becoming gases and liquids in the same time.
The values of their viscosity are lower than viscosity of lig-
uids, but the diffusion coefficients are higher than in case of
liquids. These unique characteristics of supercritical fluids
allows their better penetration into the pores of matrices. As
a consequence, the velocity of extraction becomes higher
and the process could be done in a much shorter period in
comparison to conventional techniques [8].

The commonly used supercritical fluid is carbon-dioxide
(Sc-CO,). Some of its advantages are its non-toxicity, non-
flammability, chemical-inactivity, physiologically inactivity.
Special convenience for its utilization is their low critical
parameters. Critical temperature of 31.1 °C allows extrac-
tion of thermo-labile components. Furthermore, obtained
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extracts do not contain residue of organic/toxic solvents and
there is no need for their further purification.

From this point, such extracts can be directly used or
incorporated in myriad of products. Furthermore, avoiding
purification makes this process economically acceptable
from the industrial pint of view.

Sub/supercritical carbon dioxide is suitable for the extrac-
tion of non-polar compounds, which are usually extracted
by organic solvents such as, benzene, toluene, etc. In this
way supercritical carbon dioxide could be excellent green
substitute of organic solvents non-acceptable from the green
chemistry point of view. However, it has limitation when
it comes to more polar compounds. This can be overcome
by using the modifiers/co-solvents. Although the fact that
different solvents can be used as modifiers, ethanol is the
most commonly used in case of the extraction of bioactive
compounds, such as polyphenols [4].

The technique was encountered in industrial applications,
and through the Europe there are more and more industries
which involve this emerging extraction technique.

3 Subcritical Water Extraction (SCW)

Still now water represent the first-choice green solvent.
However, due to the high polarity it is suitable for the extrac-
tion of high-polar compounds and its usage as a solvent is
limited. Nevertheless, by bringing the water in its subcriti-
cal conditions its solvating properties can be drastically
changed as a consequence of the changes in its physico-
chemical properties. Basically, subcritical water (SCW) is a
water in its liquid form at the temperature between its boil-
ing (100 °C) and critical point (374 °C) under the pressure
which is high enough to keep it in liquid phase. Under these
operational conditions the characteristics of this “green” sol-
vent becomes remarkably different. The first and probably
the most important characteristics of water which succumb
to the changes is its dielectric constant. Under subcritical
conditions dielectric constant of water sharply decreases
from the value of around 80 to the value similar to that of
methanol or even lower. Thus subcritical water becomes
suitable for the extraction of non-polar and moderately polar
compounds under the controlled experimental conditions.
Apart of its dielectric constant, many other characteristics
of water are drastically changed by bringing water in its sub-
critical state. Temperature effects on surface tension and vis-
cosity reflect the efficiency of pores filling and the contact
between the solvent and sample matrix. Moreover, pH value
of water decreases three orders of magnitude with a tempera-
ture increase to 250 °C, thus providing more H;O" ions for
acid-catalysed reactions [7]. On the other hand, extraction at
too high temperature may cause degradation of thermolabile
compounds. Thus, it is very important to define the optimal
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temperature for target compounds in a tested matrix. Novel
scientific research proved the relationship between chemical
structure and temperature during subcritical water extrac-
tion. In case of bioactive molecules, such as polyphenols, it
was confirmed that the presence of conjugated double bonds,
side chains, glucose moieties or ether moiety in molecules
influence the efficiency of their extraction in subcritical
water [10]. Table 1 shows the optimal extraction tempera-
tures in SCW process depending on chemical structure of
particular compound [10].

In case of total extracted phenols optimal temperature
was proved between 130-140 °C depending on the plant
material. For example in case of chamomile, extraction at
130 °C led to extracts rich in polyphenolic components [11]
while in case of lotus seed epicarp (Nelumbo nucifera) this
effect was achieved at 140 °C [12]. This can be explain by
different structure of plant matrices and by different bound
between these components and different matrices.

Apart of the temperature, which influence has been thor-
oughly explored, other parameters could also affect solubil-
ity capabilities of SCW but they have not been investigated

in detailed. High pressure is obligatory in SCW process but
it was believed that maintain water in its liquid form is the
main role of this parameter. However, the latest research
has disproved these assertions by proving that the change in
pressure during the process significantly influences the con-
tent of bioactive ingredients in the obtained extracts, but also
has an influence on their activity. Thus, now the pressure has
been recognized as the second parameter which significantly
affects the efficiency of the process. The value of applied
pressure during the extraction depends on the target analyte.
For the majority of bioactive compounds, extremely high
pressures are unfavourable because of the possible inter-
action and aggregation of molecules or even by their re-
adsorption. On the other hand, utilization of low pressures
results in low extraction yield. Thus, moderate pressures in
the range 30-45 bar offers the extracts opulent with bioac-
tive molecules like polyphenols [11, 13]. Our previous study
showed the influence of this parameter on the total phenols
content in extracts obtained from chamomile (Fig. 1) [11].
Data from the Fig. 1 clearly show that pressure of
30 bar provides the highest phenols yield (181.51 mg

Table 1 Optimal extraction temperature in SCW for the extraction of polyphenolic components [10]

Chemical class Compound Structure Optimal temperature
o
Apigenin-7-glucoside T 85°C
Glucosides of flavonoids Luteolin-7-glucoside 85°C
Naringin 85°C
Apigenin 115°C
Flavonoids Luteolin 115°C
Naringenin 115°C
Ellagic acid 0§ 85°C
:b d on
d =
p-hydroxybenzoic acid E\l So 150°C
Phenolic acids e
p-coumaric acid \Q\/YOH 85°C
3
L . N o
Sinapic acid o J 210°C
OCH;
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Fig. 1 Pressure influence on total phenolic content in chamomile sub-
critical water

CAE/g). Statistical analysis showed that increases of pres-
sure from 45 to 60 bar and from 60 to 90 bar caused sig-
nificant difference between yield of phenolic compounds
(»=0.003109 and p=0.000251, respectively). However,
results of performed statistical analyses suggested that
there were insignificant differences in yields obtained at
45 and 90 bar (p=0.13363) [11]. The results impose the
significance of the pressure in SCW extraction and sug-
gests that for each group of compounds this parameter
should be optimized. For example, our other study [13]
showed that in case of aglycones, the presence of double

bounds as well as different substituents in the molecules
affect their solubility in SCW under different pressures.
In case of glycosides, presence of sugar moiety has strong
influence on their extraction making them more soluble
under the lower pressure in SCW process. In case of pres-
sure optimization, it should take into account that at higher
pressure interaction and aggregation of molecules could be
appeared influencing the efficiency of the process. Addi-
tionally, position of particular analyte in matrix, as well
as bounds between matrix and target analyte should be
considered [13].

So far, subcritical water extraction has been used for
the extraction of different molecules from different matri-
ces and numerous advantages of this technique over tradi-
tional and modern were observed [1]. A brief summary of
the various extraction methods used for natural products
extraction and the advantages of subcritical water extrac-
tion for their recovery is shown in Table 2.

Table 2 clearly shows the advantages of using SCW for
the extraction of both phenols and flavonoids from plant
matrices. Taking into account the fact that these groups
of natural biomolecules are considered as a carrier of
bioactivities of natural products, extract with their higher
concentration should be more bio-potent. Different stud-
ies have compared the bioactivity of SCW extracts and
bioactivity of extracts obtained by other modern and con-
ventional techniques (Fig. 2) [14-16].

Table 2 A brief summary of the various extraction methods used for natural products extraction

Plant material Extraction tech- ~ Total phenolic content Total flavonoid content References
nique

Chamomile (Chamomilla recutita L.) SCW 151.45 mg CAE/g 49.70 mg RE/g [17]
MAE 100.28 mg CAE/g 46.75 mg RE/g
UAE 95.98 mg CAE/g 34.65 mg RE/g
SE 101.90 mg CAE/g 37.00 mg RE/g

Chockberry (Aronia melanocarpa L.) SCW 48.62 mg CAE/g 39.19 mg RE/g [14]
MAE 16.65 mg CAE/g 12.22 mg RE/g
UAE 5.22 mg CAE/g 3.94 mg RE/g

Stinging nettle (Urtica dioica L.) SCW 463.59 mg CAE/g 11.00 mg CE/g [18]
MAE 380.08 mg CAE/g 10.99 mg CE/g
UAE 147.46 mg CAE/g 5.34 mg CE/g

Summer savory (Satureja hortensis L.) SCW 151.54 mg GAE/g 28.42 mg RE/g [15]
MAE 147.21 mg GAE/g 23.10 RE/g
UAE 132.40 mg GAE/g 19.68 RE/g
SE 119.28 mg GAE/g 5.23 RE/g
ME 125.34 mg GAE/g 16.27 RE/g

UAE ultrasound-assisted extraction, MAE microwave-assisted extraction, SE Soxhlet extraction, SCW subcritical water extraction, ME macera-

tion, RE rutin equivalents, CAE chlorogenic acid equivalents, GAE gallic acid equivalents

Table 1 clearly shows the advantages of using SCW for the extraction of polyphenolic compounds from plant matrices. Taking into account the
fact that this group of natural biomolecules are considered as a carrier of bioactivities of natural products, extract with their higher concentration
should be more bio-potent. Different studies have compared the bioactivity of SCW extracts and extracts obtained by other modern and conven-
tional techniques. Cytotoxic potential of different plant extracts obtained by modern and traditional techniques was compared in the this table
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Histograms from the Fig. 2 demonstrate improved anti-
oxidant activity of SCW extracts in case of three different
plant matrices by using three different assays (results are
expressed as ICs, values, i.e. half maximal inhibitory con-
centration). The ability of the SCW extracts of Satureja
hortensis, Lavatera thuringiaca and Chamomilla recutita
to act as scavengers of DPPH and OH radicals was stronger
than ability of extracts obtained by maceration, microwave,
ultrasound and Soxhlet extraction. Moreover, SCW extracts
were proven as better protectors of cells against the process
of lipid peroxidation [14-16].

Lavatera thuringlaca L. Chamomila recultita L.

uSE mMAC mUAE "MAE mSCW

Due to the relationship among antioxidant activity and
many other bio-abilities, plant extracts made with SCW
express high level of other bioactivities. Lately, special focus
of researchers have been put on cytotoxic activity in order
to find safe way for protecting the cells from the cytogenetic
illnesses. Table 3 shows cytotoxic potential of plant extracts
obtained by different extraction techniques indicating advan-
tages of SCW.

Taking into account high influence of extraction param-
eters during the process, in the first place temperature and
pressure, it should always taking into account that small

Tgble 3 Cytotoxic potential‘ of Plant material Extraction IC5, values (ug/mL) References
different plant extra.ch obtained technique
by modern and traditional Hep2C RD L205
techniques
Chamomile (Chamomilla recutita L.) SCW 30.54 20.54 19.65 [17]
MAE 32.67 46.53 94.28
UAE 13.39 18.59 15.34
SE 29.44 37.49 54.17
Chockberry (Aronia melanocarpa L.) SCW 12.01 20.97 2.98 [14]
MAE 21.84 19.96 591
UAE 13.27 11.12 3.19
Stinging nettle (Urtica dioica L.) SCW 13.42 9.69 7.52 [18]
MAE 17.25 10.44 12.30
UAE 19.06 12.29 15.18
Summer savory (Satureja hortensis L.) SCwW 13.23 18.43 20.51 [15]
MAE 23.43 18.87 21.09
UAE 28.15 27.32 25.63
SE 35.29 31.03 34.09
ME 31.39 30.17 26.51

UAE ultrasound-assisted extraction, MAE microwave-assisted extraction, SE Soxhlet extraction, SCW sub-
critical water extraction, ME maceration, Hep2c cell line derived from human cervix carcinoma, RD cell
line derived from human rhabdomyosarcoma, L205 cell line derived from murine fibroblast, /Cs, half max-
imal inhibitory concentration
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Fig.3 Pressure influence on antioxidant activity of the extracts
obtained by subcritical water

changes in their values could make significant differences
in bioactivity of the extracts. Figure 3 illustrate changes
in antioxidant activity of chamomile extracts depending
in applied pressure [13]. As it can be seen, the changes of
a pressure in the range 10—60 bar influence a significant
changes in antioxidant ability of the extract, but increasing
the pressure from 60 to 90 bar lead to the insignificantly
influence on biological activity. The highest influence
is between 45 and 60 bar, but the highest efficiency is
obtained by using the pressure of 30 and 45 bar.

Apart of hydrophilic components from plant material,
SCW could be used for the extraction of volatile com-
pounds, as well. In the study conducted by Pavlic et al.
[19] was demonstrated that yield of volatile fraction of
coriander seeds obtained by SCW at 150 °C is comparable
with the yield obtained by standardized hydrodistillation
technique. Also, it was noticed that increasing in tempera-
ture from 100 to 200 °C led to increases of volatile compo-
nents yield. Content of lipophilic compounds in obtained
extract at 200 °C was even higher than those one obtained
by SFE at 100 bar [19].

Potential thermal degradation together with high invest-
ment cost could be limitation for this technique. Moreover,
the obstacle that must be overcome is extremely difficult
analysis of obtained extract. Namely, subcritical water
represents a medium suitable for different reactions, thus
neo-formed compounds could be occur during the extrac-
tion process. Analysis of obtained extracts thus require
complex analytical protocols and sophisticate analytical
tools. It should be highlighted that the efficiency of SCW
can be additionally improved by combining it with oth-
ers modern techniques, in the first place with ultrasound
and microwave. All of these advantages and disadvantages
should be taken into account before the selection of extrac-
tion process and before scale-up it.
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4 Conclusion

Environmentally-friendly techniques proven as excellent
choice in terms of its solvating properties and selectivity.
Almost in all cases, these techniques provided extracts
richer in bioactive components. Obtained extracts are
safe and could be applied directly in myriad of functional
preparations. Bearing in mind a priori knowledge, pre-
sent requirements, potential risks and principals of green
chemistry, enhanced extraction techniques represent high-
potential techniques benign for environmental. Neverthe-
less, development of such techniques faces with different
challenges. Contemporary analytical approach and valida-
tion of selected methods are needed for new solutions in
order to protect human.
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