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Effect of solute polarity on extraction efficiency
using deep eutectic solvents+
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While ionic liquids and deep eutectic solvents, DESs, have been extensively used for natural product

extraction relatively little is known about the factors affecting extraction efficiency. In this study, 7 simple

solutes are extracted into 4 DESs at two temperatures and the thermodynamics of phase transfer are

determined. It was found that solutes which are able to form hydrogen bond are more successfully

extracted into the DES phase from cyclohexane. For less polar solutes, the extracting DES has a more pro-

nounced effect on extraction efficiency with liquids of a lower surface tension being more effective. With

polar solutes the effect of the DES is less pronounced. It is shown that the Gibbs energy of extraction is

proportional to the pK, of the solute demonstrating the importance of hydrogen bonding in solute par-

tition. The study was extended to 5 phenolic compounds commonly found in olive oil and again the
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1 Introduction

The 2019 the natural product extraction market was estimated
to be approximately $23.7 bn and projected to be worth $59.4
bn by 2025." This has been driven partly by the move away
from synthetic flavours and fragrances towards plant extracts
particularly for the food, drink and cosmetic industries. A
small but nevertheless important sector is the extraction of
antioxidants and most importantly phenolic derivatives which
was estimated to be approximately $1.3 bn in 2018 with an
7.2% expected annual growth from 2019-2025.> There are a
range of natural products which contain phenolic antioxidants
such as fruits, vegetables, herbs and spices. In plants they
fulfil the important role of protection against ozone and ultra-
violet damage.>® Many natural products are extracted using
organic solvents, particularly alcohols. While the move to less
toxic solvents is important, there are still concerns over the
energy requirements due to the need for multiple extractions
and solvent evaporation.

The amphiphilic nature of ionic liquids makes them good
candidates for the extraction of a range of materials ranging
from minerals to natural products. Several groups have demon-
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extraction efficiency was shown to be related to the solute pK,. The green metrics for the extraction of a
range of solutes were determined and shown in some cases to be superior to molecular solvents. The
energy consumption of extraction was shown to be comparatively small even when mechanically

strated the use of ionic liquids for extraction of a wide range of
solutes but issues such as toxicity, cost and low vapour
pressure make solute separation difficult.® It is also not par-
ticularly suitable for natural product extraction due to the
need to ensure no ionic liquid residues are left in the extract.
Several groups have therefore extended these ideas to deep
eutectic solvents which are mixtures of quaternary ammonium
salts with hydrogen bond donors.” These have similar tunabil-
ity of polarity but cost and toxicity are less of an issue even
though they still have similar issues of low vapour pressure.
The use of DESs for natural product extraction has recently
been reviewed.®'° Recent work by a French company Naturex
uses a process called Eutectys™, where the DES is used as a
carrier of the extract in the final product so benign DESs have
been developed for this purpose.’* One example of a relatively
benign DES is an equimolar mixture of betaine and lactic acid.
The company has used this approach to create a range of plant
extracts with antioxidant properties and they showed that the
extracts actually have a greater efficacy in the DES than from
an alcoholic solution.

While numerous groups have studied extraction, relatively
few have attempted to understand the factors affecting product
partition. A recent study was carried out to test whether DESs
would be suitable for extraction of sulfur containing com-
pounds from mineral oils for the specific application of desul-
furisation of diesel fuel.'* The thermodynamics of extraction
were determined for the first time and it was shown that the

Green Chem., 2021, 23, 5097-5105 | 5097


www.rsc.li/greenchem
http://orcid.org/0000-0003-2803-6884
http://orcid.org/0000-0001-9556-8341
http://crossmark.crossref.org/dialog/?doi=10.1039/d1gc01747k&domain=pdf&date_stamp=2021-07-16
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1gc01747k
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC023014

Open Access Article. Published on 21 June 2021. Downloaded on 2/13/2026 11:01:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

partition of thiophene had a small positive Gibbs energy and
this was found to be due to the endothermic enthalpy of trans-
fer. By measuring the partition coefficient in a variety of DESs
it was found that this was controlled mostly by the enthalpy of
cavity formation. The entropy of transfer into the DES was
positive showing that it became less structured because it was
breaking up the hydrogen bonding network of the DES."” The
partitioning of thiophene into DESs followed the trend in
surface tension which is the energy required to break the mole-
cules in the liquid apart. This is related to the energy required
to make a cavity in the liquid. Liquid-liquid extraction requires
a cavity to be made in the receiving liquid and the energy of
this cavity formation has to be smaller than the enthalpy of
solvation of the solute for spontaneous extraction to occur.

In the current study, the thermodynamics for solute extrac-
tion of a range of compounds from alkanes is studied. The
polarity of 7 similarly sized solutes with significantly different
polarities was compared. The study was then extended to 5
antioxidant solutes commonly extracted from olive oil to see if
the same trends occurred. Finally these data were compared to
a variety of literature studies and the Green Chemistry metrics
were applied to determine whether the use of DESs could be
comparable with standard molecular extraction solvents.

2. Experimental

All materials and reagents employed in this work were used as
received and their sources and purities are listed in Table 1.
The deep eutectic solvents were prepared using similar
approaches described by literature methods.”*™*®> The hydro-
gen bond donor (HBD) and salt were mixed in the given
molar ratio Oxaline (1 ChCl:1 oxalic acid dehydrate), Reline
(1 ChCl:2 urea), Ethaline (1 ChCl:2 EG) and Glyceline
(1 ChCl:2 glycerol). The mixture was stirring in a flask and
placed on a hot plate, magnetic stirrer at ca. 80 °C and 500

Table 1 Sample source and purity

Compound Source and purity

Choline chloride
Ethylene glycol (EG)
Butanoic acid
Pentanol

Ethyl acetate
2-Pentanone

Sigma-Aldrich >99%
Sigma-Aldrich >99%
Sigma-Aldrich >99%
Sigma-Aldrich >99%
Sigma-Aldrich >99%
Sigma-Aldrich >99%

Cyclohexane Sigma-Aldrich >99%
Urea Sigma-Aldrich >99%
Phenol Sigma-Aldrich >99%
Benzylalcohol Alfa Aesar 99%
Cyclohexanol Fisher chemical >98%
Oxalic acid dihydrate Fisher >99%

Glycerol Fisher >99%

Tyrosol Alfa Aesar, 98%
Vanillic acid Alfa Aesar 98%

Ferulic acid
p-Coumaric acid
Apigenin
Triolein

Acros organics 99%
Sigma-Aldrich >98%
Sigma-Aldrich 97%
Sigma-Aldrich >65%
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rpm for at least 3 hours until a colourless homogeneous liquid
was formed. The liquids were all stored in an oven at 50 °C.
Solutions of butanoic acid (0.12 mol kg™ in 2.0 g cyclo-
hexane), 1-pentanol (0.14 mol kg™' in 2.0 g cyclohexane),
2-pentanone (0.04 mol kg™ in 2.0 g cyclohexane), ethyl acetate
(0.03 mol kg™" in 2.0 g cyclohexane), phenol (0.02 mol kg™ in
2.0 g cyclohexane) benzyl alcohol (0.03 mol kg™ in 2.0 g cyclo-
hexane) and cyclohexanol (0.04 mol kg™* in 2.0 g cyclohexane)
were prepared, then extracted at two different temperatures (25
and 40 °C) with 2.0 g of DES, at a stirring rate of 500 rpm for
120 min. The concentration of these solutes were determined
using GC-FID with a fused silica capillary column (PE Elite-5,
29.45 m long, 0.25 mm in diameter) connected to gas chro-
matograph (PerkinElmer Autosystem XL) using the Totalchrom
software. The operational temperature of the FID was 320 °C,
and that of the injector was 310 °C. For the first three minutes,
the temperature of column was set at 50 °C, increased to
300 °C at a rate of 15 °C min~", kept at 300 C for 2 min.
Helium was the carrier gas at a flow rate of 1 ml min™". See
ESIf for calibration curves. The concentrations of phenolic
compounds tyrosol, vanillic acid, ferulic acid, p-coumaric acid
and apigenin were 4.16 x 107>, 3.57 x 107>, 3.88 x 107>, 3.84 X
107 and 3.00 x 107 mol kg™" in 2.0 g triolein respectively.
The phenolic compounds were then transferred to the DESs
following the similar approach above mentioned.
Concentrations for these solutes were determined using UV-
vis spectroscopy using a Mettler Toledo UV5Bio UV/visible
scan spectrophotometer with the cell path length was 10mm.

3 Results and discussion

The four aliphatic solutes chosen were butanoic acid, 1-penta-
nol, ethyl acetate and 2-pentanone as they all have approxi-
mately the same size but clearly the first two are strong hydro-
gen bond donors whereas the last two are significantly weaker.
These were compared with three cyclic alcohols, phenol,
benzyl alcohol and cyclohexanol which also have similar sizes
but different pK, values. These groups are commonly found in
a variety of bioactive compounds extracted from plants."®™*®
The partition coefficients of these solutes into four DESs;
Ethaline, Glyceline, Oxaline and Reline were determined. The
4 DESs possess different physical properties especially vis-
cosity, surface tension and polarity, which influence the extrac-
tion efficiency. The physical properties of the DESs vary accord-
ing to their composition (HBA and HBD) and the values are
given in the literature."”

The extraction efficiencies of these 7 solutes were measured
at two temperatures and the data are presented in Table 2 in
terms of partition coefficients (K,) and in Table S27 (ESIf) in
terms of extraction efficiency with errors analysis.

3.1 Thermodynamics and partition coefficient determination

The first part of the study investigated the effect of the func-
tional group type on the thermodynamics of solute extraction.
The partition coefficient of the compound between the DESs

This journal is © The Royal Society of Chemistry 2021
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Table 2 Partition coefficients and Gibbs energy change for 2-penta-
none partition from CgH;, to the DESs

AG
Ky, at (k] mol™) at
AH AS (J mol ™' K™)
DES 25°C 40°C 25°C 40°C (k] molfl) at 25 °C
1-Pentanol pK, = 16.8 RMM = 88.15 g mol™*
Ethaline 1.22 095 -0.50 +0.11 -12.71 —44.41
Oxaline 0.71 0.80 +0.82 +0.57 +5.95 +17.20
Glyceline 0.43 0.38 +2.04 +2.50 —7.28 —-31.28
Reline 0.31 0.27 +2.84 +3.37 —7.57 —34.97
2-Pentanone pK, = 19.6 RMM = 86.13 g mol "
Ethaline 0.02 0.04 +9.44 +8.41 +30.01 +69.01
Oxaline 0.17 0.20 +4.38 +4.08 +9.66 +17.83
Glyceline 0.14 0.20 +4.71 +4.11 +16.71 +40.27
Reline 0.12 0.23 +5.07 +3.80 +30.47 +85.21
Ethyl acetate pK, = 25 RMM = 88.11 g mol™*
Ethaline 0.10 0.20 +5.50 +4.03 +38.40 +110.30
Oxaline 0.16 0.22 +4.51 +3.86 +17.40 +43.25
Glyceline 0.09 0.18 +5.86 +4.40 +34.93 +97.54
Reline 0.10 0.22 +5.62 +3.91 +39.58 +113.94
Phenol pK, = 10 RMM = 94.11 g mol ™"
Ethaline — — — — — —
Glyceline 15.9 15 —-6.85 —7.04 -3.01 +12.88
Benzyl alcohol pK, = 15.4 RMM = 108.14 g mol "
Ethaline 6.47 6.12 —4.62 -4.71 —2.87 +5.87
Glyceline 5.36 4.75 —4.15 —-4.05 —6.24 -7.01
Cyclohexanol pK, = 16 RMM = 100.16 g mol ™"
Ethaline 4.53 3.86 -3.74 -3.51 -8.27 -15.20
Glyceline 2.51 2.09 -2.28 -1.91 —9.46 —24.09
Thiophene pK, = 33 RMM = 84.14 g mol™*
Ethaline 0.3 0.35 +3 +2.6 +13.2 +34
Oxaline 0.1 0.16 +5.6 +4.8 +31.2 +85.9
Glyceline 0.09 0.14 +6 +5 +35 +97.4
Reline 0.06 0.14 +7.2  +5.04 +70.8 +213.5

and the organic phases was studied as a function of tempera-
ture and K}, was determined at 298 and 313 K:

~ (molality of solute); pes
P (molality of solute)

(1)

in cyclohexane

The thermodynamic parameters were then determined
using the following equations:"®

AG = —RT In K, (2)

K, AH /1 1
()% @) o
AS = (AH — AG)/T (4)

where, R is the gas constant and T is the absolute
temperature.

To transfer a solute from one phase to another, there are a
variety of enthalpic and entropic terms to be considered. The
enthalpic term will be made up of the energy required to
create a cavity (hole) in the accepting solvent, which will be
endothermic due to the need to break up the strong solvent-
solvent interactions. When the solute is solvated the enthalpy
of solvation is usually exothermic as the solute interacts with
the solvent, in the case of DESs usually through hydrogen
bonding. The enthalpy of transfer will depend upon the rela-
tive solvent-solvent-solute interactions. The entropic term will

This journal is © The Royal Society of Chemistry 2021
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mainly depend on how the solute breaks up the structure of
the DES.

The transfer of butanoic acid from cyclohexane to the DES
phase shows no signs of butanoic acid remaining in the cyclo-
hexane phase after extraction in any of the DESs tested. This is
not surprising as butanoic acid is a stronger hydrogen bond
donor than ethylene glycol, urea or glycerol and is similar to
oxalic acid. The butanoic acid will therefore partition to the
DES presumably because it has a strong interaction with the
chloride anion of the DESs. The experiment was repeated with
Ethaline containing different ratios of ChCl: EG; 1 ChCl: 3 EG,
1 ChCl:4 EG and 1 ChCl:5 EG and in each case all the buta-
noic acid was extracted into the DES showing that hydrogen
bonding dominates extraction.

Table 2 shows the thermodynamic data for the partitioning
of pentanol in the 4 DESs. It can be seen that the partition
coefficients are slightly larger than those previously observed
for thiophene'? which is not surprising as pentanol is a better
hydrogen bond donor. For Ethaline, Glyceline and Reline the
enthalpy of transfer is slightly exothermic whereas for Oxaline
it is endothermic. This is logical as pentanol will have similar
interactions with chloride as glycerol, urea and ethylene glycol.
Oxalic acid will have larger interactions with chloride than
pentanol so the enthalpy of mixing is understandably
endothermic.

AG is negative for extracting pentanol of using Ethaline as
an extractor solvent, showing that the process is spontaneous,
so the equilibrium mostly lies towards the solute being in the
DES layer. The process is however nonspontaneous using
Oxaline, Reline and Glyceline as the extraction liquid (Table 2).
It can be concluded that for Oxaline hole-formation dominates
and partition is driven by the increase in entropy by disrupting
the structure of the DES whereas for the other DESs it is the
enthalpy of solvation which dominates, driven by the for-
mation of hydrogen bonds as the entropy change is negative
(the system becomes more ordered).

The thermodynamics of pentanol extraction are only
slightly affected by the type of DES, unlike the extraction of
thiophene previously reported.'® This shows that the contri-
bution of hole formation is small compared to the enthalpy of
solvation for more polar solutes which is dominated by hydro-
gen bonding. This is an important conclusion as it shows that
the DES type is important for non-polar solutes but less impor-
tant for polar solutes.

Table 2 also shows the thermodynamic data for the parti-
tioning of 2-pentanone and ethyl acetate separately in the 4
DESs. The data confirm that the transfer of both solutes from
cyclohexane to the DESs is controlled by the enthalpy of sol-
vation. The process is nonspontaneous with the solute being
predominantly in the alkane layer. This is not surprising as
the solutes are poor hydrogen bond donors. The data also
show that the change in entropy of partition to the DESs is
positive which would also seem logical as both solutes disrupt
the structure of the ordered DES, which emphasise that it is
the formation of voids that limits partition and it is the
increase in entropy that drives partition. This also supports

Green Chem., 2021, 23, 5097-5105 | 5099


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1gc01747k

Open Access Article. Published on 21 June 2021. Downloaded on 2/13/2026 11:01:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the above conclusion about the importance of solvent polarity
when extracting non-polar solutes.

Given that the above data show the extraction efficiency
depends on the polarity of the functional group, it was
decided to fine-tune the polarity of solutes with an OH moiety
to see how the acidity of the proton affected the partition
coefficient. To this end the extraction of phenol, benzyl
alcohol and cyclohexanol into Ethaline and Glyceline were
studied. These solutes are clearly able to form a hydrogen
bond with the chloride of the DES which is expected to be
larger than that between the chloride and the HBD (ethylene
glycol or glycerol) of the DES. The acidity of the proton can be
determined from the pK, of the solute and these are listed in
Table 2.

For phenol, GC-FID showed that > 99% of the solute was
extracted by Ethaline at both temperatures. In Glyceline which
has higher viscosity, surface tension and lower hole radius
than Ethaline, the percentage extracted was also high but
slightly lower than with Ethaline (Table 2). Benzyl alcohol
extracted well into both Ethaline and Glyceline however not as
well as phenol. This supports the hypothesis that the hydrogen
bonding ability of the solute is important in its ability to be
extracted. The larger pK, of benzyl alcohol compared to phenol
(15.4 vs. 10.0) confirms that it should be a less strong hydrogen
bond donor. Table 2 showed that cyclohexanol was again
extracted well by both DESs but again less than phenol and
benzyl alcohol which fits with its lower pK, of 16.0.

The thermodynamic data in Table 2 confirm that the extrac-
tion process for all -OH containing solutes is spontaneous as
the value of AG < 0 at both temperatures. Therefore, the equili-
brium lies towards the solutes being in the DES phase. The
data also show that the enthalpy of transfer cannot be calcu-
lated for phenol using Ethaline which extensively extracted the
solute however, it is fair to assume that it is exothermic. The
same results in terms of spontaneity for phenol can be also
seen for both benzyl alcohol and cyclohexanol. Interestingly
the enthalpy of transfer to the DES is still endothermic
showing that entropy is still driving the transfer of all of these
cyclic alcohols to the polar DES phase.

These data show categorically, for the first time, that for a
given DES, the partition coefficient of the solute can be related
to the polarity of the solute. Non-polar solutes are driven by
entropy change and polar solutes are driven by enthalpy
changes ie. their ability to hydrogen bond to the DES
suggesting that it is the chloride which is pulling the solute
into the DES.

As a crude assumption, the ability of a solute to hydrogen
bond with a solvent could be predicted from the pK, of the
solute. Fig. 1 shows the Gibbs Energy of transfer for the
solutes listed in Table 2 from cyclohexane into Ethaline (black
squares) as a function of solute pK,. It can be seen that there
is a relatively good correlation between these two parameters
showing that for polar solutes it is the hydrogen bonding
ability of the solute which controls the partitioning into the
DES. Clearly the polarisability of the solute will also be impor-
tant but these can only be obtained semi-empirically and can
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Fig. 1 Plot of AG values as a function of pK, for the solutes listed in
Tables 2 and 3 solutes from cyclohexane (black squares) and Triolein
(red circles) to Ethaline. Data: 1 Phenol, 2 Benzyl alcohol, 3
Cyclohexanol, 4 1-Pentanol, 5 2-Pentanone, 6 Ethyl acetate, 7
Benzothiophene, 8 Thiophene, 9 Tyrosol, 10 p-coumaric, 11 Vanilic, 12
Ferulic, 13 Apigenin.

only be applied to liquid solutes. This can be seen for the
three cyclic alcohols in Fig. 1 which have negative Gibbs
Energy of transfer which will be more polarisable and deviate
from the more linear correlation of the other solutes.

3.2 Natural product extraction

Phenolic compound extraction from natural products is an
important area as these compounds are commonly used as
antioxidants. Numerous methods are used to extract phenolic
compounds from plant oils including solvent extraction and
chromatography. The solvent and energy considerations will
depend on which product stream is used for the extraction.>®
DESs have previously been used for the extraction of phenolic
compounds from olive o0il.*>! These studies are difficult to
compare quantitatively due to the variability of the active ingre-
dients in samples so for the purposes of this study a synthetic
olive oil analogue was made containing five phenolic com-
pounds; tyrosol, p-coumaric acid, vanilic acid, ferulic acid and
apigenin in triolein, a synthetic triglyceride (2,3-bis[[(Z)-
octadec-9-enoyl]oxy|propyl (Z)-octadec-9-enoate). These solutes
were chosen due to their importance as antioxidants but also
their ease of quantification using UV-vis spectroscopy. The
structures molecular weights, pK, and melting points of the
solutes are shown in Fig. 2.

The aim was to assess the extraction efficiency of those phe-
nolic compounds using Ethaline and comparing the method
and system used here to other studies. The thermodynamics
for the extraction of the phenolic compounds from the oil
phase was also studied. From the data in Fig. 2 it would be
expected that the solutes with carboxylic acid functionalities
and therefore the lower pK,s would be preferentially extracted.

This journal is © The Royal Society of Chemistry 2021
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OH (@] (e}
o oy O
HO
HO HO

OCHj,

Tyrosol p-coumaric acid Vanilic acid
138.16 g/mol 164.16 g/mol 168.15 g/mol
pKa=10.2 pKa=4 pKa=4.16
mp = 92°C mp =210°C mp =211°C

o} OH
Boaa:
HO
OH O
Ferulic acid Apigenin
194.18 g/mol 270.24 g/mol
pKa=4 pKa=6.63
mp = 170°C mp = 345°C

Fig. 2 Structures of phenolic compounds extracted in this work.

The thermodynamics of phase transfer for the extraction of
the phenolic compounds listed in Fig. 2 from triolein to
Ethaline were calculated at two temperatures. The data in
Table 3 shows that all solutes partition more favourably in the
Ethaline layer than the oil phase. Table 3 shows that good extrac-
tion yield was obtained for all phenolic compounds, but the
order of extraction efficiency was vanilic acid > p-coumaric acid >
ferulic acid > tyrosol > apigenin. All of the solutes in Fig. 2 have
a lower pK, than ethylene glycol and so it would be expected
that all of them should form hydrogen bonds more readily with
the chloride of the DES than ethylene glycol. The high extraction
efficiency is not surprising as the phenolic acids have two types
of HBD functionalities namely carboxylic acid and hydroxyl
groups. It is however noted that despite apigenin having more
hydroxyl groups than tyrosol, the former was transferred with
lower extraction efficiency but this can be accounted for in terms
of the differences in their molecular weights and melting points.

The negative AG values may be expected given that most of
the compounds have relatively low pK, values. The data also
shows that the solutes partition more favourably into the DES
at higher temperature showing that the enthalpy of transfer is
positive which is beneficial for extraction as temperature is an
easy parameter to improve solute partitioning.

The AG values were compared with those calculated in
Table 2 and plotted as a function of pK, (Fig. 1 (red circles))
and it can be seen that all data follow an approximate trend.
The correlation shows that hydrogen bonding is an important
factor controlling partitioning of solutes into DESs however
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the diversity of solute properties such as size and melting
point will also be important. It should also be remembered
that the solutes transferred in this section were from triolein
rather than a cyclohexane.

It has previously been shown that larger solutes partition
less favourably into DESs due to the energy needed to create a
larger cavity to accommodate the solute.'”> While acid-base
(dipole-dipole and ion-dipole) interactions will be important
they are not the only factors governing solvent-solute inter-
actions and therefore solubility. Fig. 2 is however important as
it will give a guide to the types of compounds which will be
preferentially extracted.

Table 4 analyses literature data for the extraction of similar
compounds to Table 3 from olive oil into DESs. Direct com-

Table 4 Effects of pK, on extraction of phenolic compounds from lit-
erature studies

Yield

Study DESs Extracted phenolics  pK, (%)?
Garcia et al.* Acid based” Hydroxytyrosol 9.45 44
Oleacein 9.7 2.8
Oleocanthal 10 10

Tyrosol 10.2  31.6
Alcohol based”  Hydroxytyrosol 9.45 2.4
Oleacein 9.7 2.5
Oleocanthal 10 47
Tyrosol 10.2 36
Chanioti et al.**  Acid based” Oleuropein 49 91
Rutin 6.4 6.4
Hydroxytyrosol 94 1.3
Alcohol based”  Oleuropein 4.9 84
Rutin 6.4 10
Hydroxytyrosol 94 3.4
Fanali et al.*® Acid based® Oleuropein aglycon  4.95 27
Lygstroside aglycon — 4.95 24
Hydroxytyrosol 9.45 7.5
Tyrosol 10.2 16

Alcohol based® Oleuropein aglycon ~ 4.95 26.5
Lygstroside aglycon — 4.95 28
Hydroxytyrosol 9.45 11
Tyrosol 10.2 10
Bonacci et al.>>  Acid based” Demethyloleuropein  4.20 16
Oleuropein 4.95 83
Oleacein 9.7 0.7
Alcohol based” Demethyloleuropein  4.20 2.6
Oleuropein 4.95 96
Oleacein 9.7 1.2

“Choline chloride: lactic acid. ? Choline chloride: glycerol. Choline
chloride: ethylene glycol. ?Yield (%) = (mass of the specific phenolic
compound/the total phenol compound mass) x 100.

Table 3 Partition coefficients and Gibbs energy change for studied phenolic compounds partitioning from Triolein to Ethaline

K, at AG (k] mol™) at
Phenolics 25°C 40 °C 25 °C 40 °C AH (k] mol™) AS (J mol ' K™) pK,
Tyrosol 3.84 12.85 -3.33 —6.64 +62.43 221 10.2
p-Coumaric acid 5.48 62.36 -4.21 —10.75 +125.63 436 4
Vanilic acid 6.86 21.29 —4.78 -7.95 +58.27 212 4.16
Ferulic acid 4.20 28.74 —3.55 -8.73 +99.42 346 4
Apigenin 2.09 2.76 —1.82 —2.64 +14.39 54 6.63

This journal is © The Royal Society of Chemistry 2021
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parison of all the data is not possible due to the different con-
ditions of each study, however Table 4 shows that within each
study higher partition coefficients were obtained for solutes
with lower pK, values.”’* This is the first time that this
general prediction has been highlighted.

While the primary aim of this study was to determine the
factors affecting extraction rather than to optimise the process,
the extraction yield, the effect of time, stirring and extractant
volume were optimised and the results are shown in the ESI
(Table S37).

3.3 Green chemistry metrics

Ionic liquids and DESs are not inherently green and their tox-
icity has been quantified.*>*® They can however be tuned for a
given application to minimise toxicological issues. It has been
highlighted that the two components of a DES can react
together particularly when the hydrogen bond donor is acidic
and the quaternary ammonium salt has an OH functionality.””
Although this is only a real issue under anhydrous conditions
at higher temperature. It should however be noted that toxicity
is often associated with lack of reactivity and bioaccumulation
so there is a dichotomy between solvent stability and environ-
mental compatibility. To meaningfully assess the impact of
using DESs compared to conventional solvent processes it is
important to fully assess appropriate metrics including an
energy comparison.

In the following section, 3 metrics were chosen to compare
the data from this study with those from the literature; yield
(Y), reaction mass efficiency (RME) and environment factor
(E-F). These are defined by the following equations:

__actualyield x 100

Yield(Y) = ———————
ield(Y) theoretical yield

(5)

. - mass of product x 100
Reaction mass efficiency(RME) = -
total mass uses in the process

(6)

total mass of the waste
mass of the final product

Environment factor (EF) = (7)

In addition to the metrics, reaction conditions such as
extraction temperature, the amount of energy and cost to com-
plete the reaction and the cost of the solvent can be also
included in assessing different extraction reactions. These
parameters can provide a more comprehensive assessment of
the cost-effectiveness and the “greenness” of the extraction
reactions. A typical weakness of Green metric assessment is
the setting of meaningful and reliable benchmarks. While
numerous processes exist all use different starting materials.>
For the purposes of this study the bench marks set in previous
DES extraction studies will be used as these do at least use the
same starting materials.”>?*

Extreme care must be applied when calculating process
metrics as they are extremely dependent on the assumptions
made when defining inputs and outputs, particularly when
classifying what is a waste product. It is important to compare
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like processes and since the literature has focussed on
different sources and extracts this comparison will only con-
sider tyrosol and hydroxytyrosol as the extracted products as
they are common to all studies and are some of the most abun-
dant extracts in all studies.”®*° A second and more difficult
assumption is what to consider as waste. Initially it is assumed
that all extraction solvents including the starting material
(natural product) will be waste. None of the literature studies
recycle the solvent and the difficulty with comparing the data
for the Eutectys approach is that the solvent is part of the
product but not an active ingredient. It should, however, be
noted that Naturex claim that the DES increase the activity of
the active ingredient compared to alcoholic solutions could be
used to justify their inclusion as process products.'*

For the purposes of this comparison the extraction of
tyrosol from triolein using Ethaline was compared to two other
studies that used DESs and conventional solvent to extract phe-
nolic compounds from olive products. A study by Garcia et al.
extracted tyrosol using glycerol and lactic acid based DESs
from extra virgin olive 0il.>* The authors also used convention-
al solvents such as water and methanol/water mixture using
the same extraction conditions. Another study by Chanioti
et al. used similar extraction solvents but extracted phenolic
compounds from olive pomace which is the remainder of the
olive once the oil has been pressed from the original berry.>*
The pomace will have different types and quantities of com-
pounds than the extra virgin oil component as it contains skin
and pits. The study by Chanioti et al. used alternative tech-
niques to increase yields including homogenate-assisted
extraction (HAE), microwave-assisted extraction (MAE), ultra-
sound-assisted extraction (UAE) and high hydrostatic pressure
assisted extraction (HHPAE).**

Table 5 lists the percentage yield (Y%), reaction mass
efficiency (RME%) and environment-factor (EF) metrics calcu-
lated from the three studies listed above. The yield percentage
achieved in the current study was higher than most other sol-
vents systems reported by the other two studies. This is partly
down to the reaction conditions and experimental designs. In
the current study the tyrosol content of the triolein was known
so the yield calculation is accurate. The study by Garcia et al.>!
determined the tyrosol yield using a literature tyrosol content
for olive oil (250 mg kg™").*> A similar approach was used by
Chanioti et al.** using a literature value of 2800 mg kg™ for
tyrosol in olive pomace.**

The glycerol and lactic acid DESs are more viscous and have
higher surface tensions which will affect the thermodynamics
of extraction. The experiments were also carried out for shorter
time periods so it may be expected that the extraction yields
will be lower. The true unknown tyrosol content in the
samples of olive oil and olive pomace used by Garcia et al. and
Chanioti et al. also make direct comparison difficult.*"** The
result for the lactic acid DES using HHPAE shows very high
yields, which demonstrates that the assumed tyrosol content
for olive pomace must be approximately valid.

Table 5 shows that tyrosol extraction using Ethaline pro-
duces a higher yield than aqueous solutions or water-methanol

This journal is © The Royal Society of Chemistry 2021
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Table 5 The calculated metrics for different substrates reported in the three methods investigated
Study Substrate Extraction solvent/method Y (%) RME% EF
This study Triolein Ethaline (1:1%/25 °C) 79.3 0.06 (100.2)“ 1606 (1.0)“
Garcia et al.”! Olive oil Glycerol-DES 7.3 0.4 276
Lactic acid-DES 55 2.8 36
80% methanol 11.5 0.6 162
Water 5.1 0.3 395
Chanioti et al.** Olive pomace Glycerol DES + HAE 38.9 7.0 14.3
Lactic acid DES + HAE 73.9 13.6 7.3
Water + HAE 8.6 1.8 56.3
70% ethanol + HAE 11.4 2.7 37.7
Glycerol DES + UAE 38.6 6.9 14.4
Lactic acid DES + UAE 38.2 7.1 14.2
Water + UAE 8.2 1.7 58.7
70% ethanol + UAE 34.6 8.0 12.4
Glycerol DES + HHPAE 32.1 5.8 17.3
Lactic acid DES + HHPAE 91.8 16.9 5.9
Water + HHPAE 8.9 1.9 54.0
70% ethanol + HHPAE 14.6 3.4 29.5

% Assuming the DES is part of the active product and not a waste material.

mixtures. Tyrosol is relatively hydrophobic so it is unsurprising
that it poorly partitions into water and water-methanol mix-
tures. All of the DESs show enhanced extraction capability
compared to aqueous solutions even when mechanical action
is used to enhance yields. This shows the importance of the
amphiphillic nature of the DES. While the yields extracted by
the current study are high, the relative mass efficiencies and
environmental factors are low which are due to the experi-
mental set up and the comparatively high ratio of DES to trio-
lein. What the above experiments do show is that extraction
using DESs is more successful using liquids with lower surface
tensions and lower viscosities, at higher temperature.

If the Eutectys™ approach is used and the extract stays in
the DES, then the DES is not considered a waste but rather
becomes a product. By doing this the RME and EF for the first
entry in Table 5 changes from 0.06 to 100.2 and 1606 to 1.0
which are significant improvements over current molecular
solvents. The same would be the case for the other DES
studies in Table 5.

Garcia et al. showed that both DESs used for extraction
demonstrates improved RME and EF values compared to the
Ethaline data. Clearly Ethaline would not be a practical solvent
due to the toxicity of ethylene glycol but it shows the impor-
tance of the HBD in the DES for the thermodynamics of extrac-
tion. The lactic-acid based DES used by Garcia show around 50
times better extraction efficiency (RME) and 4.5 lower waste
generation (EF) compared to 80% methanol under the same
conditions. The same is true in Chanioti method,** in which
DES-based solvent demonstrate better extraction efficiency and
lower waste generation than conventional solvents.

The data in Table 5 show that the study by Chanioti et al.
was able to significantly increase the RME values and decrease
the EF values by increasing the mass transport through
mechanically assisted extraction.”* The combination of lactic-
acid based DES with high hydrostatic pressure - assisted
extraction (HHPAE) showed the best extraction efficiency and

This journal is © The Royal Society of Chemistry 2021

the least waste generation followed by the lactic acid based
DES using homogenate assisted extraction (HAE). Extraction
using olive pomace is clearly advantageous as it has a much
lower value than that using extra virgin olive oil but it also has
potentially higher loadings of some of the phenolic
compounds.

In addition to the green metrics, an important parameter to
compare is the energy usage of the different systems.
Therefore, the energy and cost of the extraction method were
quantified by the reaction temperature, reaction time, and
heat capacity of the solvent. Energy consumption in the
Triolein-Ethaline extraction system includes both the thermal
energy necessary to heat the extraction system and the electri-
cal energy required to run the magnetic stirrer during extrac-
tion. Full methods and data are contained in the ESLf{ The
data show that despite the high viscosity of the DESs, extrac-
tion of phenolic compounds can be carried out with decreased
energy compared with molecular solvents even when mechani-
cally assisted extraction was carried our due to the higher
extraction efficiency. Table S41 shows that the total thermal
energy consumption is negligible in comparison to the energy
required for the assistant extraction method (i.e. stirring,
shaking or homogenisation) in all three studies and these are
even more insignificant compared to the cost of the extraction
liquid.

As for the Chanioti method,** the data in Table S4F shows
that the phenolic compounds were extracted at the same con-
ditions in terms of time and temperature using HAE and UAE
extraction systems. It was however found that the energy costs
£0.67 kg™' of substrate using HAE compared to the obvious
lower cost of £0.39 kg™' using UAE. The data also show that
the energy required to extract tyrosol from the oil phase is
lower using UAE < HAE = HHPAE extraction techniques which
were 0.53, 0.91 and 0.92 kW h respectively. Therefore, although
HHPAE show the highest yield and RME and it is also showing
the lowest EF value, it consumed higher energy and it is the
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most expensive extraction system, although it does lead to sig-
nificantly higher yields.

In general, it has been seen that using DESs to extract
tyrosol from an oil phase resulted in reducing the waste gene-
ration with a high extraction yield of the target compared to
the conventional methods and solvents. These results can be
further enhanced using the extraction systems including HAE
and HHPAE which require low energy and cost. This approach
of natural product extraction therefore only really lends itself
to the Eutectys method proposed by Naturex due to the low
vapour pressure of the DES and the difficulty in removing it
from the extract.™

4 Conclusion

This study investigated the partitioning of solutes of different
polarity; butanoic acid, 1-pentanol, 2-pentanone, ethyl acetate
phenol, benzyl alcohol and cyclohexanol in 4 DESs, Ethaline,
Glyceline, Oxaline and Reline. Partition into DESs is greatest
where the enthalpy of solvation is exothermic. This clearly
occurs when the solute is strongly hydrogen bonding and to
achieve this the hydrogen bond formed between the solute
and the chloride of the DES will have to be larger than that
between the chloride and the HBD of the DES. It was shown
that the DES type had a stronger effect on the extraction of
the less polar solutes (ketone and ester) whereas the more
polar solutes were less strongly affected by the DES type. It
was also shown that there was a correlation between the
Gibbs energy of phase transfer and the pkK, of the solute
showing the importance of hydrogen bonding in the extrac-
tion process.

These ideas were tested on natural product extraction
using tyrosol, p-coumaric acid, vanilic acid, ferulic acid and
apigenin in triolein, a synthetic triglyceride. It was found
that the solutes with the lower pK, values were extracted
more efficiently. This was also shown to be the case for 4
literature studies which extracted phenolic compounds from
olive products.

Finally, green chemistry metrics of the extraction reaction
studied here were compared with two similar published
studies. The metrics assessed were yield, reaction mass
efficiency (RME) and environment factor (EF) and these were
assessed not only for DESs but also with other traditional sol-
vents. The study also investigated mechanically assisted
methods in terms of their cost, energy required and their effec-
tiveness. It was found that DESs showed increased extraction
efficiency compared with molecular solvents. RME and EF
parameters were shown to be lower using Ethaline, however
but this was mostly due differences in experimental con-
ditions. Assuming that the DES was a product rather than a
waste using the Eutectys™ method led to RME and EF para-
meters which were far superior to molecular solvents. The
study also showed that mechanically assisted extraction could
significantly improve efficiency without a significant increase
in process energy or cost.
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