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ubstitute hexane with green
solvents for extraction of carotenoids? A
theoretical versus experimental solubility study

E. Yara-Varón,ab A. S. Fabiano-Tixier,ac M. Balcells,a R. Canela-Garayoa,a Antoine Bilyc

and F. Chemat*ac

The present study was designed to evaluate five green solvents, i.e. 2-methyltetrahydrofuran (2-MeTHF),

dimethyl carbonate (DMC), cyclopentyl methyl ether (CPME), isopropyl alcohol (IPA) and ethyl acetate,

for the substitution of n-hexane in the extraction of carotenoids from carrots. Initially, solvent selection

was made through the theoretical physicochemical solvent properties and solubility results obtained

using two simulation programs, Hansen Solubility Parameters (HSPs) and Conductor-like Screening

Model for Realistic Solvation (COSMO-RS) which use a statistical thermodynamics approach based on

the result of quantum chemical calculation, for comprehension of the dissolving mechanism. On the

basis of the HSPs analysis, non-polar or slightly polar solvents were the most suitable solvents for

extraction of carotenoids. COSMO-RS analysis showed a higher probability of solubility for all the

carotenoids from carrot in CPME, 2-MeTHF and ethyl acetate compared with n-hexane. The

experimental results using a conventional solid–liquid extraction by maceration showed that the best

green solvents were CPME, 2-MeTHF and ethyl acetate in accordance with the predictive results from

COSMO-RS. The highest carotenoid content (78.4 mg 100 g�1 DM) was observed in CPME where 66%

was represented by b-carotene and 34% was a-carotene. These results support the potential of CPME

and 2-MeTHF as alternative green solvents for extraction of carotenoids.
Introduction

Nowadays the carotenoids are one of the major groups of
natural pigments that nd widespread utilization in the food
industry. Furthermore, they are also used for medical, cosmetic,
and biotechnological purposes. The use of articial coloring in
the modern food industry is common practice, but there is
growing concern about their actual or potential effects on
human health. This concern has led to an increasing interest
and utilization of natural and bioactive products as alternative
food colorants. The addition of colorants such as carotenoids to
food serves for one or more of the following purposes: (1) to
replace color lost during processing, (2) to enhance color
already present, (3) to minimize batch-to-batch variations, (4) to
color otherwise uncolored food and (5) give nutritional value,
since they are bioactive compounds.1 It is therefore not
surprising that the global market value for carotenoids was
estimated in USD$1.5 billion in 2014 and is projected to reach
nearly USD$1.8 billion in 2019, with a compound annual growth
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rate (CAGR) of 3.9%.2 The carotenoid market can be broken
down by compound, representing 10 submarkets for b-carotene,
lutein, astaxanthin, capsanthin, annatto, canthaxanthin, lyco-
pene, b-apo-8-carotenal, zeaxanthin and b-apo-8-carotenal-
ester. The largest market for individual carotenoids is b-caro-
tene (USD$261 million in 2010, projected to grow to USD$334
million by 2018, CAGR 3.1%).3 This compound holds unique
properties as a colorant, physiological antioxidant and provi-
tamin A. This versatility means that it is used across many
different segments, which include food, feed, supplements and
cosmetics. In the EU, b-carotene is dened as a food additive
(E160a) according to Commission Regulation (EU) 231/2012
and may be chemically synthesized, extracted from plants, or
produced by the cultivation of Blakeslea trispora (fungus) or
Dunaliella salina (green algae).3

Carotenoids are known to be natural pigments responsible
for the red, orange and yellow colours of plant leaves, fruits, and
owers, as well as for the color of feathers, crustacean shells,
sh esh and skin, etc. These compounds can be bio-
synthesized as secondary metabolites by a great number of
plants, algae, bacteria and fungi. They are formed by polymer-
ization of isoprene units to an aliphatic or alicyclic structure.
The term carotenoid represents a wide range of chemicals,
which include two major classes of pigments: rstly, carotenes
(e.g., a-carotene, b-carotene, lycopene), which are exclusively
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Experimental design and diagram for extraction of carotenoids
from carrots (Daucus carota). 2-Methyltetrahydrofuran (2-MeTHF),
dimethyl carbonate (DMC), isopropyl alcohol (IPA), cyclopentyl
methyl ether (CPME), ultra violet spectroscopy analysis (UV), high
performance liquid chromatography (HPLC), Hansen solubility
parameters (HSPs), conductor like screening model for realistic
solvation (COSMO-RS).
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hydrocarbons, and secondly, xanthophylls (e.g., lutein, zeax-
anthin, fucoxanthin and astaxanthin).4 Humans cannot
synthesize these compounds; therefore, they must be obtained
from dietary sources plants being the most important ones.
Carotenoids are important compounds to human health, due to
their protective effects against serious disorders such as cancer,
heart disease and degenerative eye diseases.5

Due to their moderate to high hydrophobicity, the extraction
of carotenoids from vegetable sources is usually carried out by
using organic solvents (e.g., hexane, acetone, dichloromethane,
chloroform, ethanol, etc.). However, these solvents are usually
volatile organic compounds (VOCs) sourced mainly from non-
renewable resources. They are ammable, volatile, and oen
toxic and are responsible for environmental pollution and the
greenhouse effect. Nowadays, n-hexane is one of the most used
solvents to extract non-polar carotenoids for its various qualities
such as low polarity, ease removal from the products by evap-
oration, convenient boiling point (high enough to limit losses
during extraction but sufficiently low to limit heat consumption
during its recovery) and stability.6 However, solvents of petro-
chemical origin as n-hexane are now strictly regulated by
European Directives and Registration, Evaluation, Author-
isation and Restriction of Chemicals (REACH). Therefore,
industries are forced to turn to use more environmentally
friendly alternatives as green solvents, some of them produced
from renewable resources as biomass (wood, starch, vegetable
oils or fruits). Green solvents have to satisfy the twelve princi-
ples of Green Chemistry developed by Anastas and Warner.7

Thus, according to Estévez8 green solvents are dened as
solvents which has to bear a number of environment, health
and safety (EHS) characteristics that differentiate it from exist-
ing hazardous solvents. Hence, the adjective “green” is used to
describe different types of solvents including the ones that are
produced from biomass feedstock (bio-based solvents) and eco-
friendly petrochemical-based solvents that are non-toxic and/or
biodegradable.9 The importance and the potential of green
solvents that could be alternatively used instead of the petro-
chemical ones has been widely studied. Examples of that are the
extractions of fat and oils from rapeseed using MeTHF instead
of hexane,6 extraction of oil from microalgae using D-limonene
instead of hexane10 and extraction of a-mangostin from Garcinia
mangostana L. using as alternative solvents DMC, MeTHF and
ethyl acetate.11

In this paper, the selection of the most appropriate solvents
to extract carotenoids from carrot (Daucus carota) was initially
carried out using two predictive computational programs
(Fig. 1), i.e. the Hansen solubility parameters (HSPs) and
a conductor like screening model for realistic solvation
(COSMO-RS) which are being used to predict the most suitable
solvents for extraction of natural products.12–14 Finally, aer the
completely in silico approach and considering the physico-
chemical properties we selected ve alternative bio-solvents (n-
hexane, 2-MeTHF, DMC, CPME, IPA and ethyl acetate) to
experimentally evaluate their ability compared with n-hexane to
extract carotenoids from carrots. We performed appropriate
comparisons in terms of solubility, carotenoid extraction yields
and economic versus ecological parameters.
This journal is © The Royal Society of Chemistry 2016
Materials and methods
Plants material

Carrots (Daucus carota) cut in small pieces and dried were
provided by Naturex Company (Avignon, France). The dried
carrot pieces were kept in a well-closed container and protected
from light until further use.

Reagents

n-Hexane (HPLC grade), 2-methyltetrahydrofuran (2-MeTHF)
(purity 99%), ethyl acetate (purity 99%) and isopropyl alcohol
(IPA) (purity 99.9%) were supplied by VWR International
(Darmstadt, Germany). Dimethyl carbonate (DMC) (purity 99%)
was from Alfa Aesar, Germany. Cyclopentyl methyl ether (CPME)
(reagent plus 99.99%), b-carotene and lutein standards (95–
99%) were provided by Sigma Aldrich, Germany.

Computational methods

Solubility parameters of solvents have been studied by means of
Hansen Solubility Parameters (HSP) theoretical prediction and
COSMO-RS.

Hansen solubility parameters

Solubility parameters for predicting the solubility of a solute
were proposed by Hansen.15 HSP provides a convenient and
RSC Adv., 2016, 6, 27750–27759 | 27751
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efficient way to characterize solute–solvent interactions
according to the classical “like dissolves like” rule. HSP are
based on the concept that the total cohesive energy density is
approximated by the sum of the energy densities required to
overcome atomic dispersion forces (dd

2), molecular polar forces
arising from dipole moments (dp

2) and hydrogen-bonds
between molecules (dh

2), as given in the following equation.

dtotal
2 ¼ dd

2 + dp
2 + dh

2 (1)

where dtotal is the Hansen total solubility parameter, which
consists of three HSP in terms of dispersion (dd), polar (dp) and
hydrogen-bonding (dh). For HSP solvent optimization, a simple
composite affinity parameter, the relative energy difference
(RED) number, has been calculated using eqn (2) to determine
the solubility between solvent and solute.

RED ¼ Ra/Ro (2)

where Ro is the radius of a Hansen solubility sphere, and Ra is
the distance of a solvent from the centre of the Hansen solu-
bility sphere, given by eqn (3):

Ra
2 ¼ 4(ddA � ddB)

2 + (dpA � dpB)
2 + (dhA � dhB)

2 (3)

where A refers to the solute and B refers to the solvent. The
factor 4 in eqn (3), based on Prigogine's Corresponding States
Theory, has proved to effectively expand the dimensions in
order to give spherical plots. The smaller Ra is the greater
affinity between solute and solvent. It means that good potential
solvents have an RED of less than 1 (the compound has similar
properties and will dissolve), while medium and poor solvents
have RED values of from 1 to 3 and more than 3, respectively.

The chemical structures of the solvents and solutes (Fig. 2)
discussed in this article could be mutually transformed by
JChemPaint version 3.3 (GitHub Pages, San Francisco, CA, USA)
to their simplied molecular input line entry syntax (SMILES)
notations, which were subsequently used to calculate the solu-
bility parameters of various solvents and carotenoids. These
solubility parameters were further modelled to a three-
dimensional HSP sphere for better visualizing the solute/
solvent interactions (HSPiP Version 4.0, Hansen-Solubility,
Hørsholm, Denmark).
COSMO-RS

The Conductor-like Screening Model for Real Solvents (COSMO-
RS) uses a statistical thermodynamics approach based on the
result of quantum chemical calculations for an understanding
of the dissolving mechanism. COSMO-RS combines quantum
chemical considerations (COSMO) and statistical thermody-
namics (RS) to determine and predict the thermodynamic
properties without experimental data. The COSMO-RS devel-
oped by Klamt16 is known as a powerful method for molecular
description and solvent screening based on a quantum-
chemical approach.

COSMO-RS is a two-step procedure including microscopic
and macroscopic steps. In the rst step, the COSMO model is
27752 | RSC Adv., 2016, 6, 27750–27759
applied to simulate a virtual conductor environment for the
molecule of interest. The molecule is embedded into a virtual
conductor (Fig. 3a). In such an environment the molecule
induced a polarization charge density on its surface (Fig. 3b).
Thus, during the quantum calculation self-consistency algo-
rithm the solute molecule is converged to its energetically
optimal state in the conductor with respect to its electron
density and geometry. The standard quantum chemical
methods, triple zeta valence polarized basis set (TZVP) was used
in this study.

The second step used the statistical thermodynamic calcu-
lation. This polarization charge density was used for the
quantication of the interaction energy of the pair-wise inter-
acting surface segments with regard the most important
molecular interaction modes, i.e. electrostatics and hydrogen
bonding. The 3D distribution of the polarization charges on the
surface of each molecule was converted into a surface compo-
sition function (s-prole). Such s-prole provided detailed
information about the molecular polarity distribution (Fig. 3c).
The thermodynamics of the molecular interactions that were
based on the obtained s-prole was then used to calculate the
chemical potential of the surface segment (s-potential) as
shown in Fig. 3d using COSMOthermX program (version C30
release 13.01).

The s-potential described the likeliness of the compound
being able to interact with the solvents with polarity and
hydrogen bonds (Fig. 3d). The part of the negative charge of
the molecule was located on the right side (acceptor
hydrogen bonds) with positive s values while the part of the
positive charged was located on the le side (donor hydrogen
bonds) with negative s values. Generally, the region s � 0.01
e A�2 was considered to be non-polar or weakly polar. The
s-prole and the s-potential were used for interpreting
the affinity of the solvent for surface polarity, to understand
the interaction between the compound and solvent in mixed
state and to estimate the thermodynamic properties of the
system.

In addition, the COSMOthermX also calculated the relative
solubility between the solid compound and the liquid solvent in
terms of the logarithm of the solubility in mole fractions
(log10(xsolub)). The logarithm of the best solubility was set to
0 and all other solvents were given relative to the best solvent.
Also, the logarithm was transformed into probability of solu-
bility and was expressed in percentage. The calculation for
carotenoids (b-carotene, a-carotene, lutein and lycopene) and
solvents was performed at 65 �C.
Carotenoid extraction

The carotenoids were separately extracted by solid–liquid
extraction with n-hexane, 2-MeTHF, ethyl acetate, DMC, CPME
and IPA (125 mL). Immediately before to extraction the dried
carrot pieces were ground into a ne powder using a grinder.
An amount of 30 g of the powder was added to the jacketed
reactor with the solvent at 65 �C. The mixture was mechanically
stirred and macerated for 1 h in the dark. Aerwards, the
mixture was ltered through cotton, while the solid residue was
This journal is © The Royal Society of Chemistry 2016



Fig. 2 Structures and a-surfaces of carotenoids and solvents used in experimental study.
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washed two times with fresh solvent. Aer extraction, the
solvent was evaporated under vacuum in a rotary evaporator.
The residue was dissolved with n-hexane, transferred to
This journal is © The Royal Society of Chemistry 2016
a smaller ask and dried with N2 stream. The samples were
stored at �20 �C until analyzed. All experiments were carried
out in triplicates.
RSC Adv., 2016, 6, 27750–27759 | 27753



Fig. 3 Step calculation with COSMO-RS: (a) molecule emerged; (b) s-surface; (c) energies of local surface interactions between s-profiles of b-
carotene and solvents; (d) s-potentials of b-carotene and solvents.
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Ultra violet (UV) spectroscopy analysis

The carotenoid content was measured spectrophotometrically
(Biochrom Libra S22 UV/Vis Spectrophotometer) in a 1 cm
optical path-length quartz cell at 450 nm for b-carotene in each
extract against the n-hexane used as a blank. The Beer–Lambert
law was used to determine the carotenoid concentration in each
extract. The following equation was used to calculate the
carotenoid concentration,17 C (mg L�1):

C ¼ Almax
� 104

A1%
1 cm

where Almax
is the absorbance of the extract at lmax and A1%1 cm is

the absorption coefficient (absorbance at 1 cm a given wave-
length of a 1% solution in a spectrophotometer cuvette with a 1
cm light path) of b-carotene in the respective solvent. The
absorption coefficient was 2592 in n-hexane at 450 nm. Finally
the yield of carotenoids in each extract was calculated and
expressed as mg (b-carotene) 100 g�1 of dry matter.
Quantitative analysis of carotenoids by HPLC

HPLC analysis was carried out using a HPLC Agilent 1100
equipped with a UV-VIS detector (DAD). Separation was ach-
ieved at 25 �C on a C18 column (150 � 3.0 mm and 3 mm ID).
The mobile phase consisted of acetonitrile/methanol (with
0.6% ammonium acetate)/dichloromethane (77/20/3, v/v/v), and
was pumped at a ow rate of 1.4 mL min�1. The sample
27754 | RSC Adv., 2016, 6, 27750–27759
injection volume was 10 mL and the quantitative detection was
at a wavelength of 464 nm. The calibration curves of carotenoids
were established using standard carotenoids (concentration
range was 5, 10, 25, 50 and 100 mg L�1). Each calibration point
was carried out in triplicate. The identication of major carot-
enoids in carrot extracts was carried out by comparing the
retention times and absorption spectra.

Results and discussion

This study has been performed by theoretical procedure using
two computational predictive methods (HSPs and COSMO-RS),
technical properties of the solvents and via experimentation.
The comparison was made in terms of amount of carotenoids in
each extract and taking into account technical and economical
parameters of the solvents used in the carotenoid extraction.

Solute–solvent solubility by HSPs

Initially, several solvents with different polarity were selected to
carry out the simulation by HSPs. The solubility of the carot-
enoids in each solvent used in the theoretical study was
compared with n-hexane, which is one of the most used solvents
for extraction of these compounds. The soware allows the
assessment of the relative energy difference (RED), which esti-
mates the capacity of a solvent to dissolve solutes. Table 1 shows
the RED calculated for every selected solvent with carotenoids.
The RED values <1 represent a good solubility whichmeans that
This journal is © The Royal Society of Chemistry 2016



Table 1 Relative energy difference (RED) values to n-hexane for HSP assisted selection of solvents for the extraction of carotenoidsa

a Gray color: reference; green color: better solvent than reference (<1); yellow color: equivalent or slightly worse solvent than reference (1–3); red
color: worse solvent than reference (>3).
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n-hexane is not the best solvent, from a theoretical perspective,
for the extraction of the carotenoids evaluated in this work.
According to the results, terpenes (a-pinene, b-pinene, D-limo-
nene, p-cymene and b-myrcene), ethyl oleate and isopropyl
palmitate are better solvents for the extraction of carotenoids
than n-hexane. Other solvents (ethyl laurate, CPME, 2-MeTHF,
ethyl acetate, methyl acetate and DMC) are theoretically equiv-
alent or some of them slightly worse than the reference. Finally,
polar solvents (isopropyl alcohol, 1-butanol, ethanol, methanol
and water) were worse than n-hexane in the HSPs theoretical
study. This can be explained by the difference in the polarity of
these solvents regarding to the solutes.
COSMO-RS prediction

The COSMO-RS simulation was also conducted in order to
determine the potential of various solvents for the extraction of
carotenoids. The soware integrates a quantum chemistry
approach that permits the calculation of various properties
such as the relative solubility of a compound in several solvents.
It means, that the analysis of the s-prole and s-potential of the
components in the mixture (carotenoids and solvents) gives
some important information about the molecules that can be
used to predict possible interactions in the uid phase. For
example, Fig. 3c shows the s-prole of six solvents (n-hexane, 2-
MeTHF, DMC, CPME, IPA and ethyl acetate) and the main
This journal is © The Royal Society of Chemistry 2016
carotenoid from carrot: b-carotene. Generally, the region �1 �
10�2 e A�2 is considered as non-polar or weakly polar. The s-
prole of b-carotene shows two peaks; the rst peak resulted
from the polarized hydrogen atoms and the second peak at a s

approximately of 0.005 e A�2 resulted from the carbon atoms
(Fig. 3c). Therefore, the s-potential of b-carotene is symmetric
(Fig. 3d). The s-prole of the n-hexane also shows two peaks,
resulting from the hydrogen atoms on the negative side and
from the carbons atoms on the positive side. As a consequence,
the s-potential of n-hexane is similar to the parabola with center
at s ¼ 0, a characteristic of a non-polar solvents and similar to
the s-prole and s-potential of the b-carotene.

Table 2 shows the solubility of the main carotenoids from
carrot in the different solvents used in this study expressed in
log10(xsolub) (best solubility is set to 0) and percentage of prob-
ability of solubility for a better understanding of the results. It
can be noted that the prediction was carried at 65 �C, which is
the temperature of extraction under industrial conditions.
According to the rule “like dissolves like” n-hexane and the
other non-polar or weakly polar solvents evaluated in this study
show high probability of solubility (60–100%) for b-carotene, a-
carotene and lycopene. However, those solvents presented low
(0–20%) or medium (20–60%) solubility for lutein, that can be
due to the hydroxyl groups of lutein that give higher polarity to
the molecule. On the contrary, polar solvents exhibited better
RSC Adv., 2016, 6, 27750–27759 | 27755



Table 2 COSMO-RS: relative solubility (log10(xsolub)) and probability of solubility of carotenoids in several solvents at 65 �Ca

a Green color: high probability of solubility (60–100%); yellow color: medium probability of solubility (20–60%); red color: low probability of
solubility (0–20%).
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solubility for lutein than for the other carotenoids. The best
solvents to extract the main carotenoids from carrot compared
with n-hexane were CPME, 2-MeTHF and ethyl acetate that
exhibited a 100% probability of solubility for the four
carotenoids.

Nevertheless, parameters other than solubility were consid-
ered (Table 3). In fact, data such as ash point, viscosity, boiling
point and energy required for solvent evaporation as well as
log P, toxicity category or resource, are physicochemical and
technical properties of the solvent that are important for the
solvation of specic compounds but also for the implementa-
tion of the process at different scales. Therefore, taking in
consideration the theoretical results obtained by the two
computational predictive methods and the parameters related
to energy efficiency shown in the Table 3 (such as energy for
solvent evaporation which is dependent on boiling point and
has to be as lower as possible6 and toxicities) we decided to
perform the experimental study using ve green solvents (2-
MeTHF, DMC, CPME, IPA and ethyl acetate) which can have
potential to replace the n-hexane.

Total carotenoids yield and composition of the extracts

The experimental extraction solid–liquid of carotenoids from
dry carrot using six different solvents was performed by
maceration. The results presented in the Table 4 concern the
total carotenoids yield (expressed in mg 100 g�1 of dry vege-
table matter, DM) and the percentage of individual carotenoids
by HPLC analysis. All the green solvents used were capable of
extracting a-carotene and b-carotene, but lycopene and lutein
were not detected in quantiable amount (only traces were
observed). The yield of carotenoids extraction was in the
following order: CPME > 2-MeTHF > n-hexane > ethyl acetate >
27756 | RSC Adv., 2016, 6, 27750–27759
IPA > DMC. The carotenoids extracted with each solvent were
different due to the difference in the polarity and solubility
between carotenoids and the solvents. The highest carotenoid
content (78.4 mg 100 g�1 DM) was observed in CPME where
66% was represented by b-carotene and 34% was a-carotene.
The carotenoid content extracted with CPME was 40% higher
than that obtained with n-hexane. Moreover, HPLC analysis of
all extracts showed similar relative percentages of a-carotene
and b-carotene and it did not reveal any peaks that would
indicate isomerization or degradation. According to Moity
et al.9 CPME is a diprotic dipolar solvent and belong to the
cluster III in the COSMO-RS classication. That means that
compounds with alkane chemical structure such as carotenes
can be easily dissolved in that kind of solvent. Although CPME
was the best solvent to extract carotenoids, we have not found
any reference in the literature where this solvent has previously
been used for this purpose. CPME has been found as a low toxic
alternative solvent and has many preferable characteristics for
Green Chemistry; it is used in organic synthesis, especially in
process chemistry research, in the pharmaceutical industry as
well as in the electronic and fragrance industries.18,19 The
second solvent that extracted more carotenoids was the 2-
MeTHF (65.8 mg 100 g�1 DM), which represents 18% more
extracted carotenes when compared to n-hexane. This result is
similar to that published by Sicaire et al.20 They found that the
starting accessibility and the effective diffusivity of 2-MeTHF
were higher compared with n-hexane. This means that the
washing step with 2-MeTHF permits to solvate a higher amount
of carotenoids at the surface of the matter and the extraction is
faster with 2-MeTHF than with n-hexane. Finally, they
concluded that 2-MeTHF allowed to extract 23% more caro-
tenes than n-hexane.
This journal is © The Royal Society of Chemistry 2016
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Table 4 Total carotenoid yield (CY), CY compared to maximum carotenoids content in carrots (%) and percentage of HPLC separated carot-
enoids from carrot extracted by maceration with different solvents, at 65 �C for 1 hb

Solvent
Carotenoid yield
(CY) (mg 100 g�1 DM)

CY compared to maximum
carotenoids content in carrots (%)

HPLC identied carotenoids (%)

a-Carotene b-Carotene Lutein Lycopene

n-Hexanea 82.3 � 3.5 100.0
n-Hexane 55.8 � 7.6 67.8 � 9.3 36.0 � 1.6 64.0 � 1.2 tr tr
CPME 78.4 � 7.4 95.1 � 7.3 34.0 � 1.8 66.0 � 1.7 tr tr
2-MeTHF 65.8 � 4.8 80.0 � 5.9 34.7 � 1.3 65.3 � 1.5 tr tr
Ethyl acetate 53.1 � 8.2 64.4 � 10 34.5 � 0.6 65.5 � 0.5 tr tr
DMC 37.8 � 4.6 44.9 � 5.5 33.1 � 1.3 66.9 � 1.3 tr tr
IPA 40.8 � 5.5 49.5 � 6.6 36.7 � 0.9 63.3 � 0.7 tr tr

a Maximum carotenoids content in carrot (n-hexane at boiling point for 2 h, three cycles). b Values aremeans� SD (n¼ 3). DM, dry vegetable matter.
tr, traces.

RSC Advances Paper
To perform a better comparison of the amount of caroten-
oids obtained by every solvent used in this study, we determined
the maximum content of carotenoids in carrots through the
extraction with n-hexane at boiling point for three extraction
cycles (until not color was observed in the solvent). Table 4
shows that the maximum carotenoid content in carrots was 82.3
mg 100 g�1 DM. These results are in agreement with that re-
ported by Fikselová,21 who described that carrots are one of the
best sources of carotenes and its carotene content ranges from
60–120 mg 100 g�1 of DM. Furthermore, b-carotene constitutes
the main part of carrot carotenoids (60–80%), the fraction of a-
carotene is 10–40%, and the fraction of lutein does not exceed
1–5%.22 However, there are variations in the composition of
carotenoids in vegetables due to factors such as variety, stage of
maturity, geographic origin, farming practices and climate or
season.23,24 The percentage of carotenoid extracted by CPME
and 2-MeTHF were 95.1 and 80% of the maximum carotenoid
content in carrots. This is 27.3 and 12% respectively, higher
than n-hexane. So, these green solvents are potential alternative
solvents to n-hexane for the extraction of carotenoids from
carrots.
Ecological versus economical evaluation

In recent years, the main objective in extraction of natural
products has been set to develop greener and more economi-
cally competitive processes for the efficient extraction of natural
substances with potential application in the food, cosmetic or
agrochemical industries. In this context, we evaluated under
Table 5 Technical and ecological parameters of solvent used experime

Solvent
Boiling point
(�C) Resource Toxicity index l

n-Hexane 68.5 Petroleum 5 3
CPME 105.3 Chemical synthesis 4 1
2-MeTHF 79.9 Cereal crop 4 0
Ethyl acetate 73.9 Cereal crop 5 0
DMC 90.5 Chemical synthesis 5 0
IPA 73.0 Cereal crop 5 0

a The values of the solvent parameters in the table were obtained from: h
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ecological and economical terms, the different solvents that we
used in this study. Table 5 shows various parameters that
allowed the comparison of the green solvents in front of n-
hexane for the carotenes extraction. First of all, some of the
green solvents are prepared by chemical synthesis and others by
biochemical transformations of agro-synthons, i.e. dened
molecules obtained from the biomass feedstock.9 In contrast n-
hexane is obtained from petroleum and it is classied as
a hazardous product for the environment and health. The
energy necessary to evaporate 1 kg of solvent (E) was calculated
according to Sicaire et al.6 using the specic heat, latent heat of
vaporization and the boiling point. Results gave the following
order: n-hexane > 2-MeTHF > ethyl acetate > CPME > DMC > IPA.
That means that n-hexane requires less E to be evaporated than
all the evaluated green solvents. Nonetheless, 2-MeTHF and
CPME require only 4 and 9% more E, respectively. Moreover,
both solvents extract more carotenes under the same operation
conditions than n-hexane, which means that economic cost
generated by the extra E can be compensated by the higher
carotenoid extraction yield. In addition the mass CO2 generated
by kg of solvent is directly related to E; therefore its behavior is
the same shown by E. On the other hand, CPME and 2-MeTHF
are two solvents that in the last years are being increasingly
used within the academic and industrial chemical communi-
ties. This is due to the fact that they offer better physical and
chemical properties, as well as lower toxicity19,25when compared
with solvents derived from fossil sources. So, this makes these
solvents a proper alternative to extract natural products espe-
cially for the food industry.
ntallya

og P
Energy evaporation of
1 kg solvent (E) (kW h)

E compared
to hexane (%)

Mass CO2 generated
by kg of solvent (g)

.94 0.121 — 96

.41 0.132 +9 106

.82 0.126 +4 101

.71 0.127 +5 102

.15 0.194 +60 155

.16 0.219 +81 175

ttps://ilab.acdlabs.com/ilab2/.
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Conclusions

The aim of this study was evaluate the potential of various
green, non-toxic and biodegradable solvents to replace the
n-hexane for the extraction of the main carotenoids from
carrots. The alternative solvents used in the experimental work
were selected taking into account the results obtained fromHSP
and COSMO-RS simulations as well as their theoretical
parameters. In the experimental study CPME and 2-MeTHF
showed higher extraction yield for a-carotene and b-carotene
while ethyl acetate was similar to n-hexane. That means that
those solvents are promising green solvents to replace n-hexane
due to their properties to dissolve the carotenoids in carrots and
their low toxicity, which is very important for the food industry.
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