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Extending the design space in solvent extraction –
from supercritical fluids to pressurized liquids
using carbon dioxide, ethanol, ethyl lactate, and
water in a wide range of proportions†

Veronika Pilařová, ‡a Said Al Hamimi, ‡b Larissa P. Cunico, b

Lucie Nováková a and Charlotta Turner *b

Plants and food byproducts contain high-value bioactive compounds like carotenoids, tocopherols, flavo-

noids, and other phenolic compounds that can potentially be extracted prior to usage of the lower-

ranked biomass, all in line with a circular bioeconomy. Extraction is typically performed by leaching using

an organic solvent, or alternatively with more advanced techniques such as supercritical fluid extraction

(SFE), pressurized liquid extraction (PLE), microwave assisted extraction (MAE) or ultrasound assisted

extraction (UAE). With the exception of SFE, mass transfer is enhanced and solvent consumption is mini-

mised by the use of elevated temperature, which has a negative impact on the extraction yield and struc-

tural preservation for thermally labile bioactive compounds. Hence, in this study we aim to explore the

use of CO2 in extraction solvent mixtures as a viscosity-lowering entrainer. Furthermore, we aim to disre-

gard the instrumental boundaries between SFE and PLE by extending the design space for extraction

method development, using solvent mixtures of pressurized carbon dioxide, water, and either ethanol or

ethyl lactate, covering a uniquely large area of the solvent’s relative permittivity. Such a strategy will inher-

ently enable extraction method optimisation for target compounds differing a lot in polarity, here demon-

strated for β-carotene, α-tocopherol, and quercetin in sea buckthorn berry pomace. Our results show

that by the use of experimental design, optimum extraction conditions were found for each of the three

compounds: supercritical CO2 with 10 vol% of ethanol at 300 bar and 80 °C for β-carotene, liquid CO2/

ethanol/water (50/44/6, v/v/v) at 210 bar and 60 °C for α-tocopherol, and liquid CO2/ethyl lactate/water

(33/54/13, v/v/v) at 200 bar and 62 °C for quercetin. Extraction rates were fast in all three cases, giving

complete extractions within less than 20 min at the highest flow rate explored, 3 mL min−1. The developed

extraction methods gave significantly higher extraction yields than published optimised extraction

methods based on PLE. Moreover, the optimized methods for the less polar compounds, β-carotene, and
α-tocopherol, enabled a significantly lower consumption of organic solvents (30–52%), which makes

them greener in comparison with the more conventional PLE extraction methods.

Introduction

Renewable resources such as plants, microalgae, seaweeds,
and food industry by-products contain high-value biologically
active compounds and constitute an under-utilized source of
compounds of value in food and fine chemical production.

Traditionally, well-established techniques such as maceration,
distillation, and Soxhlet extraction are often employed to
obtain bioactive compound extracts, despite the fact these
methods are time-consuming, involve the use of a large
amount of toxic organic solvents, and often provide relatively
low yields of the bioactive compounds. Due to these draw-
backs, alternative more efficient extraction methods that
utilize green solvents have been explored over the years, includ-
ing microwave assisted extraction (MAE), ultrasound assisted
extraction (UAE), pressurised liquid extraction (PLE), super-
critical fluid extraction (SFE), and recently also carbon dioxide-
expanded liquid extraction (CXLE).1–4

SFE is usually based on the use of supercritical carbon
dioxide (scCO2) at pressure and temperature over the critical
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point, i.e. 74 bar and 31 °C,5 but in practice between 200 and
400 bar and 40 and 80 °C, respectively. Under such conditions,
the fluid acquires physicochemical properties such as liquid-
like density and gas-like viscosity, giving fast mass transfer
and high solubility of non-polar compounds.6–8 However, neat
scCO2 does not have sufficient solvent strength to extract polar
compounds. For this reason, the addition of 1–15 vol% of the
organic modifier, also called co-solvent, is often used to
increase the relative permittivity of the fluid. Methanol and
ethanol are preferred as co-solvents mixed with scCO2, but
also water and ethyl acetate have been used in binary and
ternary mixtures to increase the relative permittivity of the
extraction solvent and thus the solubility of the compounds to
be extracted.8–11

Recently, it has been demonstrated that instead of adding a
co-solvent to scCO2, liquid CO2 can be added to an organic
solvent, thereby obtaining a solvent of even higher relative per-
mittivity than in the SFE case above (Fig. 1). Such a solvent is
commonly called a CO2-expanded liquid (CXL), although other
descriptions have been used, such as gas expanded liquid,
enhanced fluidity liquid, and binary fluid.12,13 CXLs have
similar density to neat organic solvents, however with the
benefit of lower viscosity, and tunable relative permittivity.14,15

In comparison with SFE, significantly lower pressures are
used, i.e. equipment is simpler to use and of lower-cost. From
our point of view, CXLE is an extraction technique that pro-
vides enhanced mass transfer without necessarily using elev-
ated temperature,16 which on the contrary is the case for most
solvent-based extraction techniques, including PLE, MAE, and
UAE. For thermally labile compounds, for instance flavonoids
extractable from plants and foods, elevated temperatures cause
relatively rapid degradation, especially in the presence of
oxygen.17,18 In another situation, elevated temperature might
be desired to enhance the desorption of the target-compound
from the sample.

So far, SFE, CXLE, and PLE are considered as three comple-
tely different extraction techniques. Commercial instruments
for SFE and PLE are very different, e.g. a PLE system cannot be
used with liquid CO2 as a solvent, and an SFE system might

not necessarily support the use of 100% organic solvent. For
CXLE there are no commercial instruments, but in some cases
a commercial SFE system can be used. In our opinion, it would
be of value if mixtures of liquid (or supercritical) CO2 and
green solvents such as ethanol, water and ethyl lactate could
be used in a wide range of mixture ratios, using one single
piece of equipment and one method optimisation. This would
however require knowledge of phase equilibria for different
mixtures, in order to ensure that the used mixtures are present
as a single liquid phase.

The aim of this study is to explore the use of 0 to 90%
addition of liquid/supercritical CO2 to green solvent mixtures
(“co-solvent”) of ethanol, ethyl lactate and water, for the extrac-
tion of three types of bioactive compounds with largely
different physicochemical properties, β-carotene, α-tocopherol,
and quercetin (Table 1). The sample used for this purpose is
sea buckthorn berry pomace, which is a by-product recovered
from juice production. In fact, industrial berry pomace is a
large untapped source of fibre, has a wide range of
antioxidants,19–22 and can be added to food and bakery pro-
ducts to improve nutritional and sensory properties.19 Sea
buckthorn berries contain biologically important compounds
including ascorbic acid, tocopherols, carotenoids, polyun-
saturated fatty acids, flavonoids, and other phenolic com-
pounds, which offer health benefits like antioxidant activity,
cardioprotective, immunomodulatory, and anti-cancer activity,
hepatoprotective activity, and anti-stress activity.23–26 Hence,
this study not only provides for the first time a holistic
approach merging SFE, PLE, and CXLE in green solvent extrac-
tion, but also shows the potential of using sea buckthorn berry
pomace as a high-value renewable source of β-carotene,
α-tocopherol, and quercetin.

Results and discussion
Selection of appropriate green extraction solvents based on
Hansen solubility parameters

In extraction, solubility of target compound(s) in the extraction
solvent is important to ensure high recovery in a short time. In
this study, we aimed to screen and develop green extraction

Fig. 1 Scheme of physicochemical properties of the green solvent
mixture composed of 0 to 100% CO2; from neat scCO2, to organic
solvent-modified scCO2, CXL, and finally neat polar organic solvent, for
instance ethanol. Redrawn from ref. 15.

Table 1 Summary of physicochemical properties of extracted com-
pounds from sea buckthorn berry pomace

Compound Structure MW (g mol−1) Log P

β-Carotene 536.89 13.5

α-Tocopherol 430.71 10.5

Quercetin 302.04 2.0
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methods based on compressed CO2 mixed with “green” co-sol-
vents such as water, ethanol and ethyl lactate. The aim was
also to explore a uniquely wide range of compositions of these
solvents (0 to 90 vol% CO2 and 0 to 20 vol% water added to
either ethanol or ethyl lactate), as well as a wide range of
pressure (100–300 bar) combined with relatively moderate
temperatures (40–80 °C), thereby disregarding typical instru-
mental boundaries between SFE and PLE. In order to assess
the suitability of the green solvents investigated here, Hansen
solubility parameters (HSP) were initially calculated for pure
solvents and mixtures, along with the studied compounds
(β-carotene, α-tocopherol, and quercetin). See Table 2 for dis-
persive, polar and hydrogen bonding interaction of the com-
pounds and solvents investigated in this study. It is clear that
CO2, ethanol, ethyl lactate and water demonstrate a wide range
of different polar and hydrogen bonding interactions, and
different mixtures of these solvents should enable high solubi-
lity of the investigated compounds. Note that HSP are merely a
theoretical tool, which describes intermolecular interactions
based on the group contribution method. They are not by any
means an exact method for determining the ideal solvent
mixture to dissolve a compound. Furthermore, when conduct-
ing extractions from real complex samples (such as sea buck-
thorn berry pomace as in this study), other aspects should be
taken into account, like sample matrix effects and mass trans-
fer limitations. For instance, the addition of CO2 to a polar
organic solvent does not only decrease the relative permittivity
of the solvent, it also lowers the viscosity and thereby enhances
the mass transfer. Furthermore, the addition of water to the
solvent does not only alter the solvent strength, but also
enhances the solvent’s ability to desorb compounds from the
sample matrix in cases where the compounds are strongly
adsorbed by polar/hydrogen bonding. What can be concluded
from Table 2 is that the selected solvents for this study make
sense, since they together embrace the wide range of solubility
parameters calculated for the target compounds.

Phase diagrams for binary and ternary green solvent mixtures

Once the selection of green solvents has been made, the ques-
tion to be asked is which proportions of these mixtures can be
used in the extraction system. In this study, a continuous flow
(dynamic) extraction system is used, in which solvent mixtures

are produced continuously in a mixer (T-shaped joint). It is
important that the obtained mixtures are homogeneous and
occurring as single-phase liquids, which was ensured by using
a coil of 200 cm after the T-joint. However, when CO2 is one of
the components of a binary or ternary system, the mixture
might be found as a single liquid phase or as two to three
phases (one vapor phase and one to two liquid phases), all of
which depends on the nature of the liquid solvent(s), tempera-
ture, pressure, and the molar fraction of CO2. Jessop and
Subramaniam classified solvents based on their ability to dis-
solve CO2.

13 Water is classified as class I, since it has insuffi-
cient ability to dissolve CO2, whereas ethanol and ethyl lactate
are class II solvents, because of their ability to dissolve large
amounts of CO2. There are many studies in which phase dia-
grams for the binary system of CO2 and ethanol and the
ternary system of CO2, ethanol and water have been experi-
mentally determined.27–29 However, in the literature there is
only one study conducted to investigate the phase behaviour of
CO2 and ethyl lactate mixtures,30 but unfortunately, there are
no studies on the ternary mixture of CO2, ethyl lactate and
water.

In this study, the extraction solvent used is found as a pure
organic solvent (ethanol or ethyl lactate), a binary system (CO2/
ethanol, CO2/ethyl lactate, ethanol/water or ethyl lactate/water)
or a ternary system (CO2/ethanol/water or CO2/ethyl lactate/
water). To illustrate the phase diagram of the extraction system
under each condition, the molar fractions were calculated
using the mass of each component delivered from each pump,
see the Experimental section. Table S1 (ESI†) shows examples
of the calculations for mixtures of water, CO2, and ethanol at
different pressures and ratios of CO2 to solvent containing
water. Previous studies30,31 showed that the binary systems of
CO2 with ethanol or ethyl lactate at 100 bar and above in the
range of 30–60 °C are found as a single liquid phase at any
molar fraction of CO2. The data obtained by Lim et al.27 were
used to illustrate the phase diagram of the ternary system of
CO2, ethanol and water at 60 °C and 142 bar (Fig. 2). The
explored extraction solvent compositions used in this study
(0–90 vol% CO2 added to ethanol, which in turn contained
0–20 vol% of water) show that all the conditions were found as
a single liquid phase except when the water was present at 20
vol% in the ethanol and the content of CO2 in the solvent was

Table 2 Hansen solubility parameters, including dispersive interactions (δD), polar interactions (δP) and hydrogen bonds (δH), for target compounds,
pure solvents, and final optimised solvent mixtures in this study. EtOH = ethanol, EL = ethyl lactate

Compound δD (MPa1/2) δP (MPa1/2) δH (MPa1/2) Conditions

β-Carotene 17.4 0.8 1.7 Ambient
α-Tocopherol 15 1.4 2.8 Ambient
Quercetin 23 15.8 25 Ambient
ScCO2 10.7 4.5 4.8 300 bar, 60 °C
Liquid CO2 10.5 4.4 4.9 100 bar, 25 °C
EL 16.0 7.6 12.5 Ambient
EtOH 15.8 8.8 19.4 Ambient
Water 15.5 16.0 42.3 Ambient
CO2 + EtOH 9.8 4.6 5.7 CO2/EtOH (90/10, v/v), 300 bar, 80 °C
CO2 + EtOH + water 12.1 6.7 12.7 CO2/EtOH/water (50/44/6, v/v/v), 210 bar, 60 °C
CO2 + EL + water 13.1 7.3 13.2 CO2/EL/water (33/54/13, v/v/v), 200 bar, 62 °C
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45 vol%. For this composition, at 60 °C and 142 bar, the liquid
phase co-exists with a vapor phase. Such conditions should be
avoided for instruments that employ mixing in-line upstream
of the extraction vessel. In the case of ethyl lactate, there is no
existing study on the phase diagram of the ternary system of
CO2, ethyl lactate and water. Therefore, we are not certain
about the state of the investigated conditions. A future study
on phase equilibria of CO2 + water + ethyl lactate would
certainly be valuable.

Optimization of the extraction conditions

To understand the impact of temperature, pressure, water
content in the organic solvent (ethanol or ethyl lactate), and
the volumetric ratio between CO2 and the solvent, on the
extracted amount of β-carotene, α-tocopherol, and quercetin,
two face centred central composite designs were created for
ethanol and ethyl lactate, individually. The range of the exam-
ined variables was selected to ensure that optimal extraction
conditions can be found for each of the target compounds,
considering their largely different physicochemical properties.
All recovered extract solutions were analysed by either HPLC/
DAD or ultrahigh performance supercritical fluid chromato-
graphy (UHPSFC/DAD), and the obtained peak areas for each
compound under different extraction conditions were treated
as the response in the Design of Experiment (DOE) models in
order to find the optimal conditions for the target
compounds.

Optimum conditions for β-carotene

The obtained results show that the use of ethyl lactate as an
extraction solvent for β-carotene gave an invalid model (Fig. S1,
ESI†) with R2 = 0.3 that describes the model fit and Q2 = <0.1
that estimates the future prediction precision. Any model that
has a value for Q2 of less than 0.25 is considered an invalid

model due to the lack of prediction power. We have no expla-
nation for this, but hypothetically, this might be explained by
complex interactions between the factors which cannot be rep-
resented as a correlation between them. On the other hand,
when ethanol was used as a solvent, the fitting of the model
gave valid values (R2 = 0.83 and Q2 = 0.71), as also demon-
strated in the plots of observed versus predicted values (Fig. S2,
ESI†). The coefficient plot for β-carotene using ethanol mix-
tures as the extraction solvent in Fig. S3 (ESI†) shows that the
presence of water in ethanol decreased significantly the
extracted amount of β-carotene. This is expected since water is
a very polar solvent and β-carotene is a very nonpolar com-
pound as shown in Table 2 with HSPs. A higher CO2 ratio has
a positive effect on the extracted amount of β-carotene. Such
results were reported previously by Baysal et al. who examined
co-solvent (ethanol) percentage in CO2 between 5 and 15 vol%
for maximum yield of β-carotene from tomato.32 They found
that a higher amount of ethanol decreased the extractable
amount of β-carotene. Contour plots (Fig. S4, ESI†) confirm
the observation from the coefficient plot, of which the most
interesting contour plot showing CO2 ratio vs. water content of
the co-solvent (ethanol) is shown in Fig. 3.

An optimizer function based on a simplex algorithm with a
non-linear desirability function was applied to find the con-
ditions where the highest response is existing. It turned out
that scCO2 containing 10 vol% ethanol (with no water added)
at 300 bar and 80 °C was the optimum extraction condition for
β-carotene in sea buckthorn berry pomace.

Optimum conditions for α-tocopherol

Both DOEs with ethanol and ethyl lactate gave valid models
for α-tocopherol (Fig. S1†). However, the model with ethanol
showed higher values of R2 and Q2 compared to that of ethyl
lactate. In addition, the response values from the experiments
with ethanol are greater than the ones using ethyl lactate,
which implies that higher amounts of α-tocopherol were
extracted with ethanol. Thus, the DOE with ethanol was
selected and addressed in this discussion. The fitting

Fig. 2 Phase diagram of a ternary system composed of CO2, water, and
ethanol. The blue circles mark the boundary between a single liquid
phase and two phases (vapor/liquid) at 60 °C and 142 bar.27 The red
crosses present the investigated conditions (plotted for 200 bar) and
green crosses are the optimal conditions for the extraction of
β-carotene and α-tocopherol from sea buckthorn berry pomace. Note
that the pressure and temperature conditions are not the same as for
the plotted equilibrium data.

Fig. 3 Contour plot from a face centred central composite designs
(FC-CCD) showing the direct and interactions’ influence of the CO2 ratio
(vol%) and water content in ethanol (vol%) on the extracted amount of
β-carotene (peak area absorbance (mAU)). Temperature was 60 °C and
pressure 200 bar.
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summary of the model has values of R2 = 0.87 and Q2 = 0.79,
which reveals a valid method that has the power to predict the
optimal extraction conditions within the investigated experi-
mental range. The coefficient plot in Fig. S3 (ESI†) for
α-tocopherol shows that only water content in ethanol has a
positive significant effect on the extracted amount. This might
be attributed to the slightly higher δP of α-tocopherol com-
pared to CO2. This also can be due to the interactions of water
with other variables to enhance the solubility of α-tocopherol
in the mixture of the solvents. However, most reported studies
in α-tocopherol extraction showed that addition of a co-solvent
such as ethanol increased the extraction recovery compared to
neat CO2. Dubbs et al. studied the solubility of α-tocopherol in
a mixture of ethanol/water and found that 70% ethanol
achieved the highest solubility.33 The contour plots in Fig. S5
(ESI†) are non-linear, and reveal strong interactions between
the different variables. The plots also indicate that the
optimum conditions are found in the middle point of the
range for each variable. Fig. 4 shows that the maximum extrac-
table amount is found in the middle of the design. The pres-
ence of water up to 12 vol% in ethanol (ca. 6 vol% in the
ternary solvent mixture) enhances the recovery; however a
further increase in water content in ethanol increases the
polarity of the solvent, which might affect the solubility of
α-tocopherol negatively. By applying an optimizer function tar-
geting the maximum amount of α-tocopherol, the optimal con-
ditions were found at 210 bar, 60 °C, and the composition
CO2/EtOH/water (50/44/6, v/v/v).

Optimum conditions for quercetin

Quercetin differs from β-carotene and α-tocopherol since it
belongs to the class of phenolic compounds which are rela-
tively polar compounds due to the presence of hydroxyl
groups. This is clear from the high values of δP and δH in
Table 2. Intuitively, scCO2 is not the best choice to extract quer-
cetin although there are studies on this topic.34,35 In the study
conducted by Xiao Ruan,35 the best conditions to extract quer-
cetin from Taxus chinensis (Chinese yew) were acquired with
CO2/ethanol (18/82, v/v) at 46 °C and 250 bar, and extraction

time exceeding two hours. Obviously, the presence of a polar
solvent is essential to increase the solubility and extractability
of quercetin. In our study, both DOEs with ethanol and ethyl
lactate gave valid models for the extraction of quercetin, with
R2 and Q2 of around 0.9 and 0.8, respectively (Fig. S1†). The
observed versus predicted value plot in Fig. S2 (ESI†) shows a
high degree of linearity for both designs with ethanol and
ethyl lactate. However, ethyl lactate gave higher responses
(extracted amount) in comparison with ethanol. Hence, ethyl
lactate was selected to be investigated further in this study.
Marta Lores et al.36 studied the potential to use ethyl lactate to
extract polyphenols including quercetin at high temperature
using the PLE technique, as compared to extraction with the
same solvent under ambient conditions. They found that at
higher temperature the extracted amount of polyphenols
increased considerably compared to under ambient con-
ditions. This supports the fact that a higher temperature
increases the dissociation from the sample matrix and the mass
transfer in the solvent lowers the relative permittivity, which
altogether enhances the solubility, extractability, and extraction
rate. In this study, instead of increasing the temperature to
enhance mass transfer, CO2 was added to the organic phase to
decrease the viscosity. Addition of CO2 to ethyl lactate enhanced
the extractability of quercetin more than increasing the temp-
erature as can be seen from the plot of CO2 ratio vs. water
content (Fig. 5), water content vs. temperature (Fig. S6, ESI†),
and in the coefficient plot (Fig. S3, ESI†).

Addition of 30 vol% CO2 to ethyl lactate containing 10 vol%
water increased the response from 70 to >85 (mAU). In con-
trast, increasing the temperature from 40 to 60 °C at 10 vol%
water in the co-solvent increased the response to almost 80
(mAU). The coefficient plot in Fig. S3 (ESI†) for quercetin
using ethyl lactate solvent mixtures reveals that increasing the
water content increased the extracted amount of quercetin,
while the increase in the CO2 ratio had a significantly negative
impact. The contour plots in Fig. S6 (ESI†) show that the
maximum extracted amount of quercetin is found at the
highest water content of the co-solvent (20 vol%) and in the

Fig. 4 Contour plot from a face centred central composite designs
(FC-CCD) showing the direct and interactions’ influence of the CO2 ratio
(vol%) and water content in ethanol (vol%) on the extracted amount of
α-tocopherol (peak area absorbance (mAU)). Temperature was 60 °C
and pressure 200 bar.

Fig. 5 Contour plot from a face centred central composite designs
(FC-CCD) showing the direct and interactions’ influence of the co-
solvent/CO2 ratio and water content in ethyl lactate on the extracted
amount of quercetin (peak area absorbance (mAU)). Temperature was
60 °C and pressure 200 bar.
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middle of the ranges of temperature, pressure, and CO2 ratio.
The optimum extraction conditions for quercetin were found
at 200 bar, 62 °C and the composition CO2/ethyl lactate/water
(33/54/13, v/v/v).

Extraction kinetics

To complete the optimization of the extraction process for the
target compounds, the flow rate was investigated at three
levels; 1, 2 and 3 mL min−1 under the optimum conditions for
each compound. Variation of the flow rate provides infor-
mation about the best flow rate to complete the extraction in a
short time. In addition, it can be used to investigate whether
the extraction process is limited by solubility or by mass trans-
fer. In this study, fractions were collected at defined time
periods for the three different flow rates for each analyte to
reveal the extraction profile and kinetics as shown in Fig. 6. It
is clear that for all compounds, during the first 15 min the
extracted amounts increased with the flow rate (Fig. 6A). When
the extracted amounts instead are plotted versus solvent
volumes used (Fig. 6B), the curves clearly overlap during the
first part of the extraction. This indicates that the extraction
process is limited by solubility rather than by mass transfer.
This observation reveals that the compounds have been
quickly transferred to the surface of the sample matrix but dis-
solution is limited by solubility. Therefore, running the extrac-
tion at a higher flow rate will increase the extracted amount
per time unit. Hence, running the extraction at the highest
possible flow rate during this initial extraction period
(0–15 min) is recommended to shorten the extraction time.

After 15 min, the extracted amount per time unit is less, indi-
cating that the extraction rate is limited by the mass transfer of
the compounds inside the sample matrix. It may also indicate
that there remain only small amounts of extractable com-
pounds in the sample, meaning that the concentration differ-
ence between the sample and solvent is minimal. Overall, the
plots in Fig. 6 confirm that the extraction rates of the investi-
gated compounds are controlled by solubility, explained by the
low viscosity and fast mass transfer obtained with the optimal
solvent mixtures. A high flow rate not only reduces the extrac-
tion time, it also minimises the risk of degradation especially
for unstable compounds like the compounds studied here.
Therefore, extraction at 3 ml min−1 for 20 min was considered
the optimal extraction conditions for the flow rate and extrac-
tion time for the investigated compounds.

Comparison with other extraction methods

In the literature, there are many methods developed to extract
the investigated compounds using techniques based on SFE
and PLE. The previously published SFE methods of selected
compounds enable the extraction from various vegetable and
fruit matrices. For quercetin, the SFE conditions are usually
set up as follows: CO2/ethanol (10–85%, v/v) mixture as the
extraction solvent, pressure 70–400 bar, and temperature
35–60 °C. In all cases, the extraction took more than 2 hours
(120–160 min).4,35,37–39 For α-tocopherol and β-carotene, a
wide range of different extraction conditions have been used
in SFE, including pressures (100–500 bar) and temperatures
(20–80 °C). In this case, different organic solvents (alcohols,

Fig. 6 Extracted amount of β-carotene, α-tocopherol, and quercetin (µg g−1 of sea buckthorn pomace sample) versus (A) extraction time, and (B)
solvent volume, at three different flow rates using the optimum extraction conditions for each compound.
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oils, propane, chloroform) have been used as a co-solvent to
extract these lipophilic compounds. The extraction time varied
from 30 min to 5 hours depending on the extraction
conditions.40–44 In this study however, we selected published
carefully optimised extraction methods based on PLE to
conduct a comparison with the herein developed methods.
The solvent to sample ratios were kept similar to enable a
somewhat fair comparison between the methods. The results
are illustrated in Fig. 7, which reveals that the developed
methods are more efficient in the extraction of the investigated
compounds. This could be explained by higher solubility as
well as faster mass transfer. For instance, the developed
method for quercetin increased the extracted amount by 40%
compared to the PLE method in the literature. This significant
difference could also be explained by less thermal degradation
during the extraction.

In addition, the developed methods are less organic
solvent-demanding compared to the conventional methods.
For example, the developed method for β-carotene requires
only 6 mL of ethanol while the PLE method consumes more
than 20 mL of ethanol to complete the extraction. The
method for α-tocopherol requires toxic solvents like n-isopro-
panol and methanol. On the other hand, the developed
extraction method for quercetin is longer and requires a
higher amount of organic solvent when compared to the PLE
method. However, the developed method operates at much
lower temperature and that is more suitable for sensitive

compounds like a flavonoid such as quercetin. Table 3
summarizes the comparison between the conditions and
extracted amounts of developed methods and the method
from the literature.

Experimental
Chemicals and reagents

Ultrapure CO2 in cylinders with a dip tube was provided by
AGA industrial gases (Lidingö, Sweden). Ethanol 99.7% was
ordered from Solveco (Rosenberg, Sweden). LC-HPLC grade
methanol was provided by VWR (VWR Chemicals, France).
Ethyl L-lactate, 99% and β-carotene, 99% were ordered from
Alfa Aesar. Formic acid ≥95%, α-tocopherol ≥95.5%, and quer-
cetin anhydrous ≥95% were purchased from Sigma-Aldrich
(St Louis, MO). Water was purified using a Milli-Q purification
system (Millipore, Billerica, MA). Stock solutions for the stan-
dards were prepared at concentrations of 1.00 mg mL−1 and
then diluted with EtoH or ethyl lactate to different concen-
trations to establish the calibration curves.

Sea buckthorn samples

Sea buckthorn pomace was collected from a juice processor on
the day of pressing from Kelterei Walther GmbH, Arnsdorf,
Germany. The pomace was freeze-dried at −24 °C for 72 h
(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode,
Germany) and milled after lyophilization using a ZM 100 ultra-
centrifugal mill, equipped with a 0.5 mm sieve (Retsch GmbH,
Haan, Germany) at 14 000 rpm. The milled samples were kept
in sealed containers in a −20 °C freezer until the time of
analysis.

Extraction instrument

An analytical SFE system (Waters MV-10, Milford, MA, USA)
consisting of a fluid delivery module for pumping CO2 and
the co-solvent, an oven for placing the extraction vessels, an
automated back pressure regulator, a make-up pump, and a
fraction collector module was used to conduct the experi-
ments. The heads of the CO2 pump were cooled using a
chiller operated at 4 °C. The sample (1.00 g) was mixed with
glass beads and loaded into a 10 mL stainless steel extraction
vessel. The flow was controlled as the volumetric ratio

Fig. 7 Comparison of the extracted amount of compounds from sea
buckthorn berry pomace using the optimised CXLE methods as com-
pared to PLE methods found in the literature49–51 and applied here.

Table 3 Comparison of the new CXLE methods and conventional PLE methods for the extraction of quercetin, α-tocopherol, and β-carotene from
sea buckthorn

Quercetin α-Tocopherol β-Carotene

PLE CXLE PLE CXLE PLE CXLE

Extraction solvent H2O/EtOH/formic acid,
94/5/1, v/v/v

CO2/EL/H2O
33/54/13, v/v/v

MeOH/2-propanol
50/50, v/v

CO2/EtOH/H2O 50/
44/6, v/v/v

EtOH CO2/EtOH
90/10, v/v

Temperature [°C] 120 62 50 60 60 80
Pressure [bar] 100 200 110 210 50 300
Organic solvent usage [mL] 10 32 50 26 20 6
Extraction time [min] 8 20 16 20 11 20
Extracted amount [µg g−1] 521 ± 57 828 ± 91 278 ± 43 412 ± 57 642 ± 68 854 ± 96
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between CO2 and the co-solvent. The collected extracts were
diluted to final volumes of either 10, 25 or 50 mL depending
on the collected volume of the extract. After each extraction
the system was flushed with a CO2/co-solvent mixture for
5 min followed by neat CO2. The collected extracts were
stored in a −20° freezer until the time of analysis. The system
was controlled by using ChromScope™ software (Waters,
Milford, MA, USA).

Hansen solubility parameters (HSP)

Hansen solubility parameters45 can be used to obtain the
theoretical knowledge of the solubility of the compounds of
interest (in this work: β-carotene, α-tocopherol, and quercetin)
and the chosen solvents for the extraction of these com-
pounds. According to this method, close values of HSP
between the compound and the solvent would indicate high
solubility. Since the original values of HSP from Hansen’s
work45 were not available for β-carotene, α-tocopherol, and
quercetin, the software HSP in Practice (HSPiP)46 was used to
predict the HSP values. The temperature dependence of HSP
was calculated by the equation of Jayasri and Yaseen.47 For the
HSP calculations of CO2, the effect of pressure was considered
and therefore the method of Williams et al.48 was used. In this
work, the HSP for a mixture of solvents were obtained consid-
ering a linear relationship with the composition of the solvents
in the mixture.

Phase diagrams

To illustrate the phase diagram of the extraction solvent
mixture under each condition, the molar fractions were calcu-
lated using the mass of each component delivered from each
pump. The density of the liquids (water, ethanol, and ethyl
lactate) at 25 °C was used to convert volumetric flow (mL
min−1) to mass flow (g min−1). The density of CO2 was calcu-
lated at each pressure and 10 °C (pump head chiller) using the
online software https://webbook.nist.gov/chemistry/fluid/.

Design of experiments and method optimization

Two face centred central composite designs (FC-CCD) for
ethanol and ethyl L-lactate with three centre points were
created in MODDE 10.1 (Sartorius Stedim Biotech, Malmö,
Sweden) and used to examine the effect of extraction temp-
erature (40–80 °C), pressure (100–300 bar), water content in
the co-solvent (0–20 vol%), and CO2 ratio of the co-solvent
(0–90 vol%), on the extracted amount of β-carotene,
α-tocopherol, and quercetin extracted from sea buckthorn
pomace. The flow rate and extraction time were kept at
2.0 mL min−1 and 15 min, respectively. In total, 27 experi-
ments for each design were performed in a random run order
(Tables S2 and S3, ESI†). Multiple linear regression (MLR)
was used to calculate the fitting model and response surface.
The adequacy of the models was evaluated by the R2 and Q2

values (where R2 shows the model fit and Q2 shows an esti-
mate of the future prediction precision), predicted vs.
observed plot and coefficient plots. The optimum processing
conditions for the maximum peak area for each target com-

pound were obtained by using graphical and numerical ana-
lysis based on the criteria of the desirability function and the
response surface plots.

The flow rate and extraction time were studied separately
using the optimal extraction conditions for each compound.
The flow rate was varied between 1, 2, and 3 mL min−1 and the
fractions were collected at defined time periods during a
certain extraction time. Flow rates over 3 mL min−1 were not
studied since these caused fluctuation in the back pressure,
especially when ethyl lactate was used as a co-solvent. The data
were acquired and plotted as the extracted amount in µg per g
of sample versus time and solvent amount to understand the
extraction kinetics.

Extraction with conventional methods

Three different conventional methods were selected to
compare the extraction efficiency of the optimised methods for
β-carotene, α-tocopherol, and quercetin using the PLE tech-
nique with a Dionex ASE-350 (Thermo Fisher, Germering,
Germany). For β-carotene the selected method was optimized
to extract β-carotene from the carrot by-product.49 Briefly,
1.00 g of the sample was extracted with pressurized hot
ethanol in a 10 mL extraction cell. Extractions were performed
at 60 °C, 100 bar, with 5 min pre-heating, and 2 min static
extraction for two cycles. The sample was flushed with 60%
volume of the extraction solvent. For α-tocopherol the method
has been used to extract α-tocopherol from different foods like
corn, mangoes and spinach.50 Briefly, 1.00 g of the sample was
extracted with methanol : isopropanol (1 : 1 v/v) in an 10 mL
extraction cell. Extractions were performed at 50 °C, 100 bar,
with 5 min pre-heating, and 5 min static extraction for two
cycles. The sample was flushed with 60% volume of extraction
solvent. For quercetin the selected method was optimized to
extract phenolic compounds from apple pomace.51 Briefly,
1.00 g of the sample was extracted with pressurized hot water
containing 5% ethanol and 1% formic acid in a 10 mL extrac-
tion cell. Extractions were performed at 99 °C, 100 bar, with
5 min pre-heating, and 1 min static extraction for two cycles.
The sample was flushed with 60% volume of extraction
solvent. All the extracts were diluted to a final volume of 25 mL
with the same solvent composition of extraction and kept at
−20 °C until analysis.

HPLC-DAD analysis

The separation of β-carotene, α-tocopherol, and quercetin was
carried out using an Agilent 1100 HPLC system with DAD
detection. The samples were injected into an ODS-2 Hypersil
analytical column (100 mm × 2.1 mm; 5.0 μm) and separated
using gradient elution with 1% formic acid in water (eluent A)
and 1% formic acid in MeOH (eluent B) with a flow rate of
0.6 mL min−1, and a temperature of 40 °C. The gradient
started at 5% of eluent B, and increased to 60% over 15.0 min.
Then, an isocratic step with 100% of eluent B followed until
25.0 minutes. At 26 minutes, the percentage of eluent B
ramped to original conditions (5%). The total time of chroma-
tographic separation including column equilibration was
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30 minutes. Three different wavelengths were used for the
compound detection, namely 295 nm for α-tocopherol,
370 nm for quercetin, and 450 nm for β-carotene. An example
of a chromatogram is presented in Fig. S7 (ESI†).

UHPSFC-DAD analysis

To verify the results from the HPLC-DAD system and to
increase the selectivity and sensitivity, an ultrahigh perform-
ance supercritical fluid chromatography (UHPSFC-DAD)
method was optimised for the separation of all compounds.
The separation was carried out using a Waters Acquity
UltraPerformance Convergence Chromatography (UPC2)
system (Waters, Milford, MA, USA) with DAD detection at
295 nm for α-tocopherol, 365 nm for quercetin, and 445 nm
for β-carotene. 2 µL of sample was injected into a HSS C18 SB
analytical column (100 mm × 3.1 mm; 1.8 µm) from Waters
(Milford, MA, USA) and separated using gradient elution with
CO2 (eluent A) and MeOH containing 20 mM citric acid (eluent
B) with a flow rate of 2.0 mL min−1. The gradient started at 2%
of eluent B, increased to 10% over 5.0 minutes, and to 20%
until 6.0 minutes. At 6.2 minutes, the percentage of eluent B
ramped to original conditions (2%) for column equilibration.
The total time of chromatographic separation was 8 minutes
as shown in Fig. S8 (ESI†).

Conclusions

In the present study, extraction efficiency of β-carotene,
α-tocopherol, and quercetin from sea buckthorn pomace was
screened in a wide range of physicochemically different sol-
vents, including mixtures of liquid or supercritical CO2, water
and ethanol or ethyl lactate. The most polar mixture investi-
gated was CO2/ethanol/water (10/72/18, v/v/v), and the least
polar was scCO2/ethanol (90/10, v/v). The optimization process
showed that scCO2 with 10 vol% of ethanol at 300 bar and
80 °C were the best conditions to extract β-carotene. For
α-tocopherol, the best conditions were CO2/ethanol/water
(50/44/6, v/v/v) at 210 bar and 60 °C. Because of the higher
polarity of quercetin, the addition of 20 vol% of water to ethyl
lactate enhanced the recovery of quercetin. The best conditions
were found with CO2/ethyl lactate/water (33/54/13, v/v/v) at 200
bar and 62 °C. The kinetics study showed that the extraction
process for the three investigated compounds using their
respective optimised solvent mixture was mainly controlled by
solubility, meaning that at least for the first 20 min of the
extraction, the highest possible flow rate should be used, i.e. at
least 3 mL min−1. The quantitative analysis of investigated
compounds extracted under the optimum conditions showed
significantly higher amounts compared to published opti-
mised methods in the literature.
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