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Abstract
The main objective of this study was to recover hydroxytyrosol from olive mill waste (olive leaves and a semi-solid waste 
with a 65–75% of humidity called alperujo). The recovery process involved solid–liquid extractions using two hydrophilic 
deep eutectic solvents (DESs), CIS-DES (a 1:1 mixture of choline chloride and citric acid) and Etagline (a 1:2 mixture of 
choline chloride and ethylene glycol). The results achieved using this non-conventional process was compared with the 
results achieved using conventional solid–liquid extraction processes using ethanol, methanol, and water. The extraction 
ratio (R) achieved using Etagline DES was 11.4 times higher than the R achieved using methanol. The hydroxytyrosol 
extraction efficiencies were higher when using the selected DESs than using methanol, under the same working conditions. 
On the other hand, with the use of DES it is possible to obtain similar extraction efficiencies to those obtained with organic 
solvents, but using 75% less extraction phase, when DESs were used instead of methanol. The DES extraction processes 
gave high re-extraction capacities when supercritical  CO2 was used as a stripping phase. The highest pure hydroxytyrosol 
extraction efficiency, 80%, was achieved using Etagline and supercritical  CO2 re-extraction at a pressure and temperature 
close to the critical values. The results suggest that DES is an efficient, safe, and sustainable alternative to methanol for 
extracting bioactive compounds from olive mill waste and that DES extraction combined with supercritical  CO2 extraction 
can be classed as a green process.
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OMW  Olive mill waste
OL  Olive leaves
DESs  Deep Eutectic Solvents
CO2  Carbon dioxide
EtOH  Ethanol
MetOH  Methanol
HPLC  High performance liquid chromatography
R  Extraction ratio
SCE  Supercritical fluid extraction
GAE  Gallic acid equivalent
w/w  Refer to mass fraction
v/v  Referred to volume/volume percent
DW  Dry waste
S/L  Solid/liquid extraction process

Statement of Novelty

Olive oil production hides one of the strongest antioxidants 
within its byproducts, Hydroxytyrosol (HT). Due to its 
hydrophilic nature, the concentration of this polyphenol is 
greater on its byproducts (mainly olive leaves, pulp and veg-
etable water) rather than in the olive oil itself. Polyphenols 
are usually extracted with water or ethanol; however, the 
complex purification step after extraction limits its applica-
tion on a pure state. Several studies have shown the solvent 
capability of deep eutectic solvents (DESs) to extract poly-
phenols from solid matrices. These solvents are nonvolatile, 
a useful characteristic for the purification of polyphenols 
with gas-stripping by the use of supercritical  CO2, not only 
for its green properties as a solvent but also for making an 
easy recovery of the pure product.

Introduction

Olive oil production in Chile increased exponentially 
between 2004 and 2012. Very large amounts of residues are 
produced during the olive oil production process. More than 
120,000 tons of olive oil mill wastes are produced each year 
in Chile, and much of this is produced in the Maule region 
in South Chile.

There are two types of olive oil extraction process, the 
two and the three phase extractions systems. From the two-
phases extraction system olive oil and one waste are gener-
ated called alperujo that is a semisolid, constituted by the 
aqueous liquor from mill together (olive pulp 20% p/p, olive 
stone (10–15% p/p), fat content of 9% (referred to dry mat-
ter) with a 65–75% of humidity and a high pollutant load 
due to its acidic pH, high content in organic substances, and 
high concentration of phenolic compounds, up to 10 g L−1, 
which include carbohydrate, lipids, proteins and polyphe-
nols. From the three-extraction system beside the olive oil 

two wastes are generated, orujo with a 45–55%, of humidity 
and a fat content approximately 7% (referred to dry matter) 
and has similar characteristics to alperujo with the difference 
that presents a lower humidity and a liquid fraction with 
83–94% of water, 4–16% of organic matter (polysaccharides, 
proteins, organic acids, polyphenols) and 0.4–2.5% of salts 
(carbonates, phosphates, K, Na) called alpechín with a high 
organic load, this liquid waste varies in composition and 
properties due to the different varieties and state of the olive 
according to the parameters used in the extraction process.

On the other hand, olive leaves are rich in a wide variety 
of phenolic compounds, such as secoiridoids and flavonoids, 
along with other phenolic compounds such as hydroxytyro-
sol, tyrosol, caffeic acid and ferulic acid. However, the phe-
nolic profile in olive leaves varies depending on the origin 
and variety of the plant material, the geographical location 
and the seasons. Attention is increasingly being paid to these 
types of wastes because they are abundant and renewable 
sources of active compounds and disposing of the waste can 
cause serious environmental problems related to phytotoxic 
effects caused by the high concentrations of lipids, pectins, 
phenolic compounds, polyalcohol, sugars, and tannins in the 
waste [1–3].

Hydroxytyrosol is the most abundant polyphenol in 
olives, olive oil, and olive mill waste [4] (Fig. 1). Hydroxy-
tyrosol, which is also called 3,4-dihydroxyphenylethanol or 
3,4- dihydroxyphenolethanol, is a phenolic compound with 
a molecular weight of 154.16 g mol−1 [5]. Hydroxytyrosol 
is of great interest because it offers nutritional benefits as 
an antioxidant and may have anticancer, anti-inflammatory, 
antiviral, and cardio protective effects [6, 7]. Hydroxytyrosol 
has a higher antioxidant capacity than many other phenolic 
compounds with similar structures, such as resveratrol, vita-
min C, and vitamin E [8]. Hydroxytyrosol is used in various 
industries, and is added to functional foods and cosmetics 
[9], used as a chromatographic and spectroscopic standard 
in analytical laboratories, and used in agronomic processes 
[10].

Polyphenols have been recovered from olive oil produc-
tion waste using liquid–liquid, solid–liquid extraction meth-
ods, enzymatic reactions, and thermal treatment, and for the 
purification of poly-phenolic compounds, supercritical fluid 
extraction, centrifugation, and chromatographic methods are 
used [11–13]. Some of these processes require large amounts 
of volatile organic solvents and give extracts containing 

Fig. 1  Hydroxytyrosol struc-
ture. Adapted from Férnandez-
Mar et al. [34]
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solvent residues, meaning they have negative effects on 
human health and the environment.

It has been proposed that various membrane separation 
techniques may offer promise for extracting target com-
pounds from olive oil production waste. In previous studies, 
phenolic compounds have been recovered by microfiltration 
[9], ultrafiltration [14], nanofiltration [9], reverse osmosis, 
membrane distillation, osmotic distillation, osmotic mem-
brane distillation [15] and combined microfiltration/nano-
filtration/vacuum membrane distillation and osmotic distil-
lation [2, 16]. In 2013, Rubio-Senent et al. [17] subjected 
alperujo samples to a hydrothermal treatment at 160 °C for 
60 min and then extracted phenolic compounds using ethyl 
acetate at 77 °C for 8 h. The ethyl acetate extracts were then 
passed through chromatographic fractionation columns, and 
the compounds of interest were isolated. A maximum of 
99.88 µg of hydroxytyrosol was obtained per milliliter of 
extract. Ugurlu et al. [18] successfully used mineral sorb-
ents to sorb phenolic compounds from olive mill wastewater 
and olive leaves, and then desorbed the phenolic compounds 
from the mineral sorbents.

Recent studies of phenolic compound extraction from 
olive mill waste have mainly been focused on improving 
currently available extraction methods to increase phenolic 
compound yields and the economic viabilities of the meth-
ods. Introducing green chemistry concepts could improve 
research on this topic, especially in terms of replacing 
conventional organic solvents with more environmentally 
benign alternatives.

A deep eutectic solvent (DESs) is a structure formed 
from two or three molecules interacting through hydrogen 
bonds. DESs generally have a hydrogen bond donor (e.g., 
choline chloride) and a hydrogen bond acceptor (e.g., an 
amine, sugar, alcohol, or carboxylic acid) [19]. DESs will 
have a lower melting point than any of its components. DESs 
offer several advantages over conventional solvents in that 
DESs have low vapor pressures and low toxicities, are easy 
and cheap to prepare, and are biodegradable. Most DESs 
research has been focused on chemistry, electrochemistry, 
material science, and physics. Scientists have been attempt-
ing to identify DESs those are less toxic and more environ-
mentally benign in the last decade. Dai et al. identified large 
numbers of stable natural compounds, particularly primary 
metabolites such as organic acids, amino acids, and sugars 
that can form DESs, these solvents have less toxic properties 
against human health and environment, than ionic liquids 
and conventional organic solvents [20]. Natural products are 
ideal components of DESs because they are very chemically 
diverse and many are biodegradable and have pharmaceuti-
cally acceptable toxicities [20].

Supercritical fluids are also widely used ‘green’ solvents. 
A pure compound is considered to be in a supercritical state 
if the temperature and pressure are higher than the critical 

values.  CO2 is the most often used supercritical fluid because it 
is non-toxic, inexpensive, and chemically inert and has a rela-
tively low critical point (pc 73.8 bar, Tc 304.8 K). Supercritical 
 CO2 is currently used in various processes as, for example, a 
solvent, reaction medium, or co-solvent (to decrease the vis-
cosity of the main solvent) [21–23]. Supercritical extraction of 
bio-compounds has been used as an alternative to conventional 
extraction with organic solvents to overcome the limitations 
of conventional extraction methods, such as long extraction 
times, poor quality extracts, the need to evaporate the organic 
solvent (and therefore the use of large amounts of solvent), 
and degradation of bioactive compounds at the high extraction 
temperatures required [24].

Valadez-Carmona et al. [24] used supercritical  CO2 and 
ethanol as a co-solvent to extract cacao by-products (pod 
husks), and obtained an extract rich in phenolic compounds. 
The maximum Gallic Acid Equivalent (GAE) yield was 0.52% 
(12.97 mg GAE per gramme of extract) using an extraction 
temperature of 60 °C, a  CO2 pressure of 299 bar, and an etha-
nol content of 13.7%. Medeiros et al. [25] extracted caffeine, 
catechin, and epicatechin from Guaraná (Paullinia cupana) 
seeds using supercritical  CO2 adding ethanol and methanol 
as modifiers; on the other hand, they investigated the anti-
microbial activities of the obtained extracts which showed a 
potential for treating nosocomial infections. Baldino et al. [26] 
obtained an oleuropein powder (36% w/w) by subjecting an 
ethanolic extract of olive leaves to supercritical antisolvent 
extraction at 35 °C and 150 bar. The extract had very low etha-
nol content and the powder contained quasi-spherical particles 
with nanometer diameters.

In the study presented here we assessed the hydroxytyrosol, 
tyrosol, and oleuropein extraction efficiencies when olive mill 
waste and olive leaves were subjected to solid–liquid extrac-
tion using DESs [Etagline (a 1:2 mixture of choline chloride 
and ethylene glycol) and CIS-DES (a 1:1 mixture of choline 
chloride and citric acid)]. The non-volatile DESs were regener-
ated using supercritical  CO2 as a stripping phase to re-extract 
the target antioxidant polyphenols. Proposed process has the 
aim to recover hydroxytyrosol, tyrosol and oleuropein recov-
ery, using two alternative solvents, such as Deep Eutectics 
Solvents and Supercritical Carbon Dioxide, sequentially, from 
waste produced during olive oil production. This sequential 
extraction process was done with the aim to avoid the con-
tamination of final product with conventional organic solvent 
or without alternative solvent.

Experimental

Amount of Hydroxytyrosol in the Solid Waste

Olive mill waste and olive leaves were obtained from a 
two phase olive oil extraction plant in the Maule region, 
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Chile. The samples were collected between May and July 
2018. Due to hydrophilic condition of the Deep Eutectic 
solvents used in this work, alperujo and olive leaves were 
dried in a conventional oven at 60 °C until to obtain a con-
stant weight and then ground with a blender, in despite of 
a partially degradation of phenolic compounds, in order to 
maintain the integrity of deep eutectic solvents.

The total amounts of hydroxytyrosol, tyrosol, and ole-
uropein in the olive mill waste and olive leaves were deter-
mined. A 5 g aliquot of an olive mill waste or olive leaves 
was treated with Soxhlet extraction process, as extraction 
phase were used 200 mL of water, during 6 h at boiling point 
and at ambient pressure, all assays were developed in tripli-
cate. The aim of this step was to obtain the hydroxytyrosol, 
tyrosol, and oleuropein content in olive mill waste and olives 
leaves and establish a point of comparison for the extraction 
processes. The hydroxytyrosol, tyrosol, and oleuropein con-
centrations in the soxhlet extracts were determined by high 
performance liquid chromatography (HPLC).

Solid–Liquid Extraction Using DESs

Olive mill waste and olive leaf samples were extracted using 
the DESs Etagline (a mixture of choline chloride and ethyl-
ene glycol at a molar ratio of 1:2) and CIS-DES (a mixture 
of choline chloride and citric acid at a molar ratio of 1:1) 
in an ultrasonic bath of 40 kHz of power (Fisher Scientific 
model FS 60D) at 30 °C. The aim was to completely extract 
hydroxytyrosol, tyrosol, and oleuropein. For comparison, the 
extraction efficiencies achieved by performing solid–liquid 
extractions using water and two conventional organic sol-
vents (ethanol and methanol) were also determined. Each 
extract was centrifuged in a Centurion Scientific K 2015R 
centrifuge, at room temperature and 1000×g for 20 min, to 
separate the extract containing the phenolic compounds of 
interest and the solid phase. The hydroxytyrosol, tyrosol, and 
oleuropein concentrations in the extracts were determined by 
HPLC following the method described in Sect. 2.4.

The extraction efficiencies achieved using the different 
solvents were used to compare the performances of the 
solvents. The extraction ratio (R) was defined indepen-
dently of the solid/solvent ratio used in an experiment. R 
was calculated using Eq. 1, in which  WW is the total mass 
of olive mill solid waste (g dry weight),  VS is the volume 
of solvent used (mL), and CHT is the hydroxytyrosol con-
centration in the extract (g mL−1).

Solid–liquid extractions were performed using different 
solid waste: extraction phase ratios (1:1, 1:4, and 1:10), 

(1)R =
CHT ⋅ Vs

WW

(

gHT

gSolid waste

)

contact times (60 and 120 min), and extraction phases 
(Etagline, CIS- DES, water, and methanol).

Solid–Liquid Extraction Using Conventional 
Solvents

Conventional solid–liquid extractions were performed 
using ethanol, methanol, and water following the method 
described earlier. A 1 g aliquot of dry waste (olive mill waste 
or olive leaves) was then placed in an amber vial and 4 mL 
of ethanol, methanol, or water was added. The mixture was 
placed in an ultrasonic bath of 40 kHz of power, Fisher Sci-
entific model FS 60D, at 30 °C for 1 h, then sample was 
placed in a 15 mL Falcon tube and then centrifuged (in a 
Centurion Scientific K 2015R centrifuge) at 3000 rpm at 
room temperature for 20 min to separate the solid phase 
(depleted in phenolic compounds) and extract (enriched in 
phenolic compounds). The extract was diluted with the ini-
tial mobile phase, passed through a 0.22 µm disposable filter, 
and then analyzed by HPLC to allow the hydroxytyrosol, 
tyrosol, and oleuropein concentrations to be determined fol-
lowing the procedure described in the following section of 
chromatographic assays (Fig. 2).

Chromatographic Assays of Hydroxytyrosol, Tyrosol, 
and Oleuropein

The hydroxytyrosol, tyrosol, and oleuropein concentrations 
in the extracts were determined using a Dionex Ultimate 
3000 HPLC system (Thermo Fisher Scientific, Waltham, 
MA, USA) with an MWD-3000 UV–VIS detector. The 
HPLC system had a quaternary pump, an autosampler, and 
an Ultimate 3000 thermostatically controlled column com-
partment. Separation was achieved using an Intersil ODS-4 
C18 column (250 mm long, 4.6 mm i.d., 5 µm particle diam-
eter; GL Science, Tokyo, Japan) and an Intersil ODS-4 pre-
column (10 mm long, 4.0 mm i.d., 5 µm particle diameter; 
GL Science). The column was kept at 40 °C and the flow 
rate was 0.57 mL min−1.

Mobile phase A was water with 0.07% v/v acetic acid, 
and mobile phase B was a 1:1 v/v mixture acetonitrile and 
methanol. The gradient program was: 0–8 min, 7% to 10% 
solvent B; 8–18 min, 13.5% solvent B; 18–28 min, 16% sol-
vent B; 28–40 min, 16% to 28% solvent B; and then up to 
30.5% of solvent B in 40 min. The total analysis time was 
77 min. The column was washed for 10 min between runs 
with 100% solvent B and then kept at the initial conditions 
for 15 min.

Each extract sample was washed with hexane (3:1 sam-
ple: hexane ratio) and stirred at 120 rpm for 60 min for the 
removal of residual oil. Later on, samples were centrifuged 
at 4000 rpm for 20 min and each suspension were used for 
HPLC analysis and to determine the total phenolic content.
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In the case of solid–organic solvent extract, an aliquot 
of 100 µL of sample was diluted with 2 mL of the initial 
mobile phase before HPLC analysis. Each 0.5 mL aliquot 
of solid–DES sample extract was diluted with 1.0 mL of the 
initial mobile phase before HPLC analysis.

Recovery of Hydroxytyrosol and Regeneration 
of the Extraction Solvent Using Supercritical  CO2

Supercritical  CO2 was used as a stripping phase to recover 
hydroxytyrosol, tyrosol and oleuropein from the DES 
extracts. This supercritical fluid process, in addition to 
recover the compounds of interest, is capable of regener-
ated the DESs, thus allowing the possible reuse of DES to 
extract another sample. CIS-DES and Etagline extracts were 
treated with supercritical  CO2 to recover the hydroxytyro-
sol, tyrosol, and oleuropein at different operation pressures 
(75, 100, 125, 150, and 175 bar) at 35 °C. A 5 g aliquot of 

DESs extract containing phenolic compounds of interest, 
was placed in a high-pressure cell of the supercritical fluid 
extraction device (see Fig. 3) and extracted at the desired 
pressure for 1 h, and then the supercritical  CO2 was allowed 
to decompress using a micro-metering valve. The DES was 
then removed from the high- pressure cell. The hydroxyty-
rosol, tyrosol, and oleuropein extraction efficiencies were 
calculated using Eq. 2:

where Ci
(byproduct) is the initial hydroxytyrosol, tyrosol, or 

oleuropein concentration in the olive leaf or olive mill waste 
sample (before solid–liquid extraction) and Ct

(byproduct) is the 
hydroxytyrosol, tyrosol, or oleuropein concentration in the 
extract (organic solvents or DES) at time t.

Results and Discussion

Olive mill waste and olive leaves were chemically character-
ized immediately after being collected. The pH values, elec-
trical conductivities, total dissolved solid contents, salinities, 
ammonium contents, nitrate contents, phosphorus contents, 
potassium contents, and total sugar contents of the fresh 
olive mill waste are presented in Table 1.

Soxhlet Extraction Results

Methanol and water have previously been used to Soxhlet 
extract hydroxytyrosol, tyrosol, and oleuropein from olive 
mill waste and olive leaves, for the case of the soxhlet extract 
of dry olive leaves were obtained concentrations of oleuro-
pein of 37.8 ± 2.0 mg/g dried leaf when methanol was used 
as solvent [27]. Representative chromatograms of water Sox-
hlet extracts of the olive mill waste and olive leaves obtained 
in this work are shown in Fig. 4.

The highest hydroxytyrosol concentration in olive mill 
waste was found when the waste was Soxhlet extracted with 
water. The mean hydroxytyrosol content of the water Sox-
hlet extract of the olive mill waste was 46.59 ± 3.5 mg  L−1 
and the R was 3.2 × 10−2 ± 1.17 × 10−4 g of hydroxytyrosol 
per gram of dry olive mill waste. This agreed well with the 
results of a study by Sannino et al. [28], who found 23 mg of 
hydroxytyrosol in 100 mL of ethyl acetate extract, and with 
the results of a study by Hamza and Sayadi [29], who found 
hydroxytyrosol at a concentration of 1530 mg  L−1 in olive 
mill wastewater pre-treated with enzymes, microfiltered, and 
ultrafiltered.

(2)

Extraction percentage(%) =
C
byproducts

i
− C

byproducts

t

C
byproducts

i

⋅ 100

Liquid fraction

1 mL           DESs Etagline
1 g DW  + 4 mL    of    CIS-DES

10 mL          EtOH
MetOH
or H2O 

Solid fraction removed

R ratio > 0.1 g HT g-1

Ultrasonic bath      (40 

Centrifugation             

Olive mill waste or 
Olives leaves samples

HPLC analysis 

Super critical 
extraction

R ratio < 0.1 g HT g-1

Fig. 2  Flowchart of extraction steps of solid–liquid extraction using 
DES and conventional solvents
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Solid–DESs Extraction Results

The higher concentration of hydroxytyrosol, tyrosol, and 
oleuropein concentrations in olive mill waste and olive 
leaves, were obtained in soxhlet extraction with water as sol-
vent (5 g of solid and 200 mL of water) and in DES extracts 
in a ratio of ¼ (1 g of solid waste and 4 mL of each DESs 
in 120 min in an ultrasonic bath) these results are summa-
rized in Table 2. When CIS-DES was used as extraction 
phase, olive leaves extracts shows a higher concentration 
of hydroxytyrosol, tyrosol and oleuropein than olive mill 
waste extracts, that fact implies that olive leaves has higher 
content of these compounds than olive mill waste. The ole-
uropein and hydroxytyrosol concentrations would have been 
higher in the olive leaves than in the olive mill waste because 

during the olive oil production process the olive mill waste 
will have been in contact with water added to improve emul-
sion formation. The presence of this added water would have 
extracted some hydroxytyrosol (which is hydrophilic). The 
leaves, however, will not have been in direct contact with 
water, so hydroxytyrosol will not have been removed with 
the water added for the emulsion formation in olive mill 
waste.

This explanation would also apply to tyrosol and oleuro-
pein and would explain the higher concentrations of these 
compounds in the DES extracts of the olive leaves than in 
the DES extracts of the olive mill waste. The extraction 
capacity would have been limited by the DES properties, 
such as viscosity and pH, and interactions between the DES 
and the solid matrix (olive mill waste or olive leaves).

Table 3 shows different concentrations of hydroxytyrosol, 
tyrosol and oleuropein reported in previous research by dif-
ferent extraction methodologies.

The R values for hydroxytyrosol were calculated from the 
hydroxytyrosol concentrations in the extracts, obtained once 
solid–liquid extraction assays were done, with Deep eutec-
tic solvents and conventional organic solvents as extraction 
phase, for the calculation of R value Eq. 1 were used and 
obtained results are shown in Table 4.

It can be seen from Table 4 that the R values of hydrox-
ytyrosol were 11.4 and 7.3 higher for the hydroxytyrosol 
when the solid–liquid extraction assays were developed 
using olive leaves as solid phase and Etagline and CIS-
DES, as extraction phase, respectively, compared with 

Fig. 3  Experimental setup used for hydroxytyrosol (HT) recuperation and DESs regeneration by means of supercritical fluid extraction

Table 1  Chemical characteristics of the fresh olive mill waste

Parameter Value

pH 6.5 ± 0.2
Electrical conductivity (mS  cm−1) 6.61 ± 0.1
Total dissolved solids (ppm) 3305 ± 50.3
Salinity (PSU) 3.63 ± 0.05
NH+

4 (ppm) 12.96 ± 0.7
NO−

3 (ppm) 1141 ± 31
Phosphorus (ppm) 536 ± 2
Potassium (ppm) 7648 ± 23
Total sugars (g  L−1) 2.64 ± 0.01
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Fig. 4  Chromatograms of a water Soxhlet extract of dry olive mill waste and b a water Soxhlet extract of dry olive leaves

Table 2  Concentrations 
of hydroxytyrosol  (CHT), 
oleuropein  (COl), and tyrosol 
 (CT) in olive mill waste, olive 
leaves and in deep eutectic 
solvents extracts

HT Hydroxytyrosol, T Tyrosol, OI Oleuropein

DESs Residue CHT [mg  L−1] COl [mg  L−1] CT [mg  L−1]

Soxhlet extract concentration 
in water used as solvent

Olive leaves 59.75 ± 2.3 60.72 ± 3.8 10.22 ± 1.9
Olive mill waste 46.59 ± 3.5 13.84 ± 1.5 6.07 ± 0.93

CIS-DES Olive leaves 26.50 ± 1,12 54.49 ± 3.42 10.47 ± 2.34
Olive mill waste 2.630 ± 0,53 0.244 ± 0.002 6.781 ± 0.39

Etagline Olive leaves 35.50 ± 0.97 103.2 ± 8.8 3.454 ± 0.45
Olive mill waste 35.869 ± 2.02 11.473 ± 0.96 6.754 ± 0.48
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conventional solvents. This, independent of the amount of 
solvent used as extraction phase, allowed us to assess how 
the hydrogen bonds in the DES structures allowed the poly-
phenols to be extracted from the solid sample matrices and 
stabilized. The difference between the R values of the two 
DESs could mainly be explained by the difference in the 
viscosities of the DESs. CIS-DES is almost 100 times more 
viscous than Etagline (Viscosity of CIS-DES = 3690 cP and 
viscosity of etagline = 200 cP, measured by a Microviscom-
eter Lovis 2000 M Anton PAAR), meaning there is much 
more resistance to mass transfer in CIS-DES than in Etag-
line. We concluded that the difference in viscosities was the 
main parameter causing the difference between the R values 

because other variables, such as the molecular weights and 
densities of the DESs, were similar.

However, the molar ratio between the components of 
Etagline was 1:2, so the R for Etagline may have been higher 
than the R for CIS-DES because of the hydrogen bonds 
between the hydrogen atoms in the polyphenol hydroxyl 
groups and the ethylene glycol carbonyl groups.Finally, 
ANOVA Analysis to the R factor, demonstrated with a 95% 
confidence interval that there is a significant difference in the 
R values when the same natural source of HT is used, coding 
as analysis factors the use of traditional solvents (methanol, 
water and ethanol) and deep eutectic solvents.

A different statistical analysis can be done using the 
ANOVA test, coding OL and OMW as factors maintaining 
R as an independent variable. A 95% confident interval is 
obtained for these sets of data, with no significant differ-
ence between the sources of obtention of HT, even when 
these samples were treated with different solvents for the 
extraction.

The percentages of the hydroxytyrosol, tyrosol and ole-
uropein extracted by the supercritical  CO2 from the DES 
extracts at the different pressures values, were calculated 
using Eq. 1, using the concentration of phenolic compounds 
of interest in DES extracts as initial concentration, obtained 
values of extraction percentages are shown in Fig. 5.

The effectiveness with which supercritical  CO2 extracted 
hydroxytyrosol from the charged DESs in a pure and sta-
ble form can be seen from the data shown in Fig. 5. These 
results are important because relatively low pressures were 
required. Extracting polyphenols from a liquid usually 
requires supercritical  CO2 at higher pressures and tem-
peratures. The effectiveness with which supercritical  CO2 
extracted hydroxytyrosol from the charged DESs meant 

Table 3  Concentrations of hydroxytyrosol, tyrosol and oleuropein reported in previous research by different extraction methodologies

Extraction type Sample Hydroxytyrosol con-
centration

Tyrosol concentration Oleuropein concentra-
tion

References

Supercritical fluid 
extraction/soxhlet 
extraction

Dried leave (Turkey) – – 218 ± 11 mg/g 
/37.8 ± 2.0 mg/g

[27]

Nanofiltration and then 
osmotic distillation

Olive mill wastewaters 
from three phases 
process (Italy)

406.89 ± 20.34 mg/L 1,785.08 ± 89.25 – [30]

Liquid-deep eutectic 
solvents

Olive oil 35 ± 3.05 mg/g 19.45 ± 2 – [19]

Ultrasound assisted 
extraction and natural 
deep eutectic solvents

Olive cake from two 
phases process 
(Argentina)

0.111 ± 0.02 mg/g 1.35 × 10−3 ± 4.8 × 10−5 mg/g – [31]

Maltose deep eutec-
tic solvent with 
homogenate-assisted 
extraction

Olive pomace from 
three phases process 
(Greece)

6.08 ± 0.33 mg/g – 7.16 ± 0.19 mg/g [32]

Table 4  Hydroxytyrosol extraction ratios (R expressed in gram 
of hydroxytyrosol per gram of dry olive mill waste or olive leaves, 
solid–liquid extractions were done in an ultrasonic bath). Samples 
were extracted using conventional solvents and deep eutectic solvents 
(DESs)

Solvent Organic Source R [g HT g 
solid waste −1]

CIS-DES Olive leaves 0.13546
Olive mill waste 0.01516

Etagline Olive leaves 0.18339
Olive mill waste 0.20665

Methanol Olive leaves 0.01805
Olive mill waste 0.01912

Water Olive leaves 0.01717
Olive mill waste 0.02835

Ethanol Olive leaves 0.01055
Olive mill waste 0.01192
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the DESs could be regenerated and used to perform further 
solid–liquid extractions.

Some important properties of supercritical  CO2, such as 
density, viscosity and Z factor, are shown in Table 5. These 
properties allow explaining the different hydroxytyrosol 
extraction efficiencies found at different work pressures.

The hydroxytyrosol extraction efficiency for CIS-DES 
and olive leaves increased as the  CO2 pressure increased, 
and seemed to be directly related to the increase of  CO2 den-
sity or rather its solvating power. The high-pressure cell used 
for the re-extraction procedure had a constant volume, so 
increasing the  CO2 density meant more  CO2 was in contact 
with the DES. The capacity of the  CO2 to extract hydroxyty-
rosol from a CIS-DES extract was therefore mainly based on 
the hydroxytyrosol transferring (weakly) to the  CO2 phase. 
The hydroxytyrosol distribution was only a function of the 
relationship between the DES and  CO2 phases.

The oleuropein and tyrosol extraction efficiencies 
achieved when the CIS-DES extracts were extracted with 
supercritical  CO2 at different pressures were similar to the 
extraction efficiencies achieved for hydroxytyrosol. How-
ever, the oleuropein extraction efficiencies were slightly 
higher because oleuropein was at a higher concentration 
than hydroxytyrosol in the CIS-DES extracts, as shown in 
Table 2. This meant that the force driving mass transfer from 

the liquid to the supercritical  CO2 was higher for oleuropein 
than for hydroxytyrosol. A similar but less pronounced effect 
was found for tyrosol because the tyrosol concentrations 
were lower than the oleuropein concentration in the CIS-
DES extracts. Tyrosol is less polar than oleuropein, meaning 
tyrosol will be more soluble than oleuropein in supercritical 
 CO2. These results, in terms of oleuropein extraction effi-
ciencies are consistent with those obtained by Sahin and 
coworkers [27], who report that the highest oleuropein yield 
was obtained at 300 bar and 100 °C with an oleuropein con-
tent of 21.04 ± 0.25 mg/g dried leaf.

Hydroxytyrosol was extracted in minor quantity than 
tyrosol and oleuropein from the DES extracts by supercriti-
cal  CO2 extraction process. This could be explained by the 
large amount of water in the CIS-DES extract, caused by the 
hygroscopic character of the CIS-DES and the lower amount 
of hydroxytyrosol in the olive leaves. The amount of water 
in the solvent will affect the behavior of this liquid phase. 
Then, the presence of water will make the hydrogen bond 
system in the extraction phase more complex, and this will 
have stabilized the hydroxytyrosol, hindering the transport 
of hydroxytyrosol to the supercritical  CO2.

Hydroxytyrosol was not extracted at 175 bar, this fact 
may be explained because the oleuropein will have decom-
posed to form hydroxytyrosol, due to the large amount of 
 CO2 dissolved in the liquid phase, which will have made 
the medium acidic enough for the oleuropein decomposition 
reaction to occur.

The poor hydroxytyrosol, tyrosol, and oleuropein extrac-
tion efficiencies achieved when the DESs extracts were 
re-extracted using supercritical  CO2 could be explained by 
the low extraction efficiencies achieved in the previous CIS-
DES solid–liquid extraction step. These meant only small 
amounts of extracted compounds were present in the organic 
solvent.

The comparison of hydroxytyrosol extraction efficien-
cies achieved with supercritical  CO2 extraction process, 
using Etagline and CIS-DES extracts are show in Fig. 6. As 
shown in Fig. 6, the variations in the extraction efficiencies 
with supercritical  CO2 pressure were very different for the 
Etagline extracts and CIS-DES extracts. It can be seen from 
Fig. 6 that the hydroxytyrosol extraction efficiency remained 
constant as the pressure changed. This could only be caused 
by the fact that hydroxytyrosol and Etagline being in equi-
librium (the mean extraction efficiencies of 45% and 80% 
found at different  CO2 pressures and 35 °C, implying that 
the maximum extraction capacity was reached because the 
hydroxytyrosol are remaining in the liquid extraction phase 
and the supercritical  CO2 phase was unable to enter and 
impregnate this phase leaving the remaining hydroxytyrosol 
in the liquid phase). The strong solute–solvent interactions 
that would have occurred mean that this result is very impor-
tant because achieving the maximum possible extraction 

Fig. 5  Hydroxytyrosol (HT), tyrosol (T), and oleuropein (Ol) extrac-
tion efficiencies found when 1:1 choline chloride and citric acid (CIS) 
deep eutectic solvent extracts of olive leaves and olive mill waste 
were extracted with supercritical  CO2

Table 5  Density, compressibility (Z) factor and viscosity of near crit-
ical and supercritical carbon dioxide at 35 °C [33]

Pressure [bar] Density [kg  m−3] Z factor Viscosity [cP]

75 296.9 0.439 2.43 ×  10–2

100 653.3 0.269 5.19 ×  10–2

125 737.5 0.291 4.98 ×  10–2

150 790.2 0.326 5.21 ×  10–2

175 829.8 0.362 5.21 ×  10–2
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efficiency at relatively low supercritical  CO2 pressures and 
temperatures is a key to scaling up the extraction process 
at a relatively low cost. This would also make it possible to 
develop a continuous liquid–gas extraction process because 
 CO2 interaction forces and the solvent capacity will be at 
their maxima close to the critical point, and the process will 
only be limited by the mass transfer conditions.

The differences between the hydroxytyrosol extraction 
efficiencies achieved when the Etagline extracts of the olive 
mill waste and olive leaves were extracted with supercriti-
cal  CO2 may have been caused by the high water contents 
of the olive leaf extracts. The hydrophobicity of hydroxy-
tyrosol and the hydrogen bonds formed in the liquid phase 
containing water may have decreased the effectiveness of the 
supercritical  CO2 extraction, in which the solvent activity is 
based on van der Waals forces characterized by the Z factor.

The tyrosol behavior could be explained by the low tyro-
sol concentrations in the olive leaf and olive mill waste 
extracts and the stability of tyrosol in the liquid phase.

The oleuropein supercritical  CO2 extraction results could 
be explained by the amounts of water present in the Etag-
line extracts, due their hydrophilic nature. Supercritical  CO2 
was unable to extract oleuropein from the olive leaf extracts, 
maybe due to the  CO2 behavior will have been negatively 
affected by the amounts of water present in the extracts.

Finally, the behavior for the re-extraction of HT from 
olive leaves with supercritical  CO2 can be additionally 
studied by an analysis of multilevel factorial experimen-
tal design, coding the use of CISDES as (− 1), and the 
use of Etagline as (1). The variables were assigned as S 
for the variable representing the type of solvent, and the 
variable P for the pressure, coded from − 1, − 0.5, 0, 0.5, 
and 1, to represent the 5 studied pressures. The experi-
mental adjustment model obtained, results in an extraction 
% = 37.7 + 27.6 S − 5.2 · P + 1.6 (SP) − 22.28 P2. According 
to the normal probability plot, is the type of eutectic solvent 

used for the re extraction phase as well as the interaction 
with the pressure, the most significant variables.

For the behavior of the extraction of HT from olive mil 
waste, under the same conditions of the previous experi-
mental design, the adjustment model responds in a categori-
cal condition when indicating that the use of the CISDES 
impedes the re-extraction of HT with (Sc)  CO2 Sc. Accord-
ing to this analysis and the normal probability plot, the type 
of solvent seems to be the only significant variable, respond-
ing to a percentage of re extraction of HT from the Etagline 
with sc  CO2 with a constant value of 80%.

Conclusions

Hydroxytyrosol, tyrosol, and oleuropein were extracted 
using a solid–liquid extraction method using DESs as extrac-
tion phases, then the DESs were regenerated and the hydrox-
ytyrosol, tyrosol, and oleuropein purified by supercritical 
 CO2 extraction. The solid–liquid extraction yields when 
Etagline and CIS-DES were used as extraction phase were 
between 11.4 and 7.3 times higher than the extraction yields 
achieved when conventional solvent as using as extraction 
phase in solid–liquid extraction step. The high viscosities of 
DES caused an increase in the resistance to the mass trans-
fer. On the other hand, the hydroxytyrosol recoveries yields 
(81.1% from olive mill waste extracts and 57% from olive 
leaf extracts) were highest when Etagline was used as extrac-
tion solvent and as final step was used supercritical  CO2 at 
35 °C and 100 bar as hydroxytyrosol purification step. The 
oleuropein extraction yields were lower than the extraction 
yields of the other target compounds, and were even negative 
in some cases, because oleuropein may have decomposed to 
form hydroxytyrosol.
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