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Abstract: Chlorophylls and their derivatives have been extensively studied due to their unique and
valuable properties, including their anti-mutagenic and anti-carcinogenic features. Nevertheless,
high-purity-level chlorophylls extracted from natural sources are quite expensive because the meth-
ods used for their extraction have low selectivity and result in low yields. This study aimed to
develop a “greener” and cost-effective technology for the extraction of chlorophylls from biomass
using aqueous solutions of ionic liquids (ILs). Several aqueous solutions of ILs, with hydrotropic and
surface-active effects were evaluated, demonstrating that aqueous solutions of surface-active ILs are
enhanced solvents for the extraction of chlorophylls from spinach leaves. Operating conditions, such
as the IL concentration and solid-liquid ratio, were optimized by a response surface methodology.
Outstanding extraction yields (0.104 and 0.022 wt.% for chlorophyll 2 and b, respectively, obtained
simultaneously) and selectivity (chlorophyll a/b ratio of 4.79) were obtained with aqueous solutions
of hexadecylpyridinium chloride ([C14py]Cl) at moderate conditions of temperature and time. These
extraction yields are similar to those obtained with pure ethanol. However, the chlorophyll a/b
ratio achieved with the IL aqueous solution is higher than with pure ethanol (3.92), reinforcing
the higher selectivity afforded by IL aqueous solutions as viable replacements to volatile organic
compounds and allowing the obtainment of more pure compounds. Finally, the recovery and reuse
of the solvent were evaluated by using a back-extraction step of chlorophylls using ethyl acetate. The
results disclosed here bring new perspectives into the design of new approaches for the selective
extraction of chlorophylls from biomass using aqueous solutions of surface-active ILs.

Keywords: solid-liquid extraction; ionic liquids; surfactants; spinach; chlorophylls; factorial plan-
ning; process optimization; selectivity; chlorophyll 2 and b

1. Introduction

Chlorophylls are the main photoreceptors in photosynthesis and common are in nature;
they are found in plants, algae and cyanobacteria [1]. Regarding plants, two chemical
forms can be distinguished, namely chlorophyll 2 and b, usually present at a ratio of 3:1 [2].
Chlorophylls’ structure consists of a basic skeleton of porphyrin with a magnesium ion
at the center of the aromatic plane. The difference between the two forms of chlorophyll
consists in the presence of a methyl group at the C3 carbon for chlorophyll a, while in
chlorophyll b a formyl group was found at the same position (Figure 1) [1,3,4].

In the last years, several studies have demonstrated the positive effects of natural
pigments in human health [5]. Chlorophylls have been described as presenting anti-
mutagenic and anti-carcinogenic properties due to their ability to accumulate in tumor
tissues and to cause a photodynamic effect under laser radiation, producing reactive
oxygen species and resulting in cancer cell death [6]. In addition, some data reported
that chlorophylls were able to accelerate wound healing [1], help in cellular repair and
increase hemoglobin levels in blood [7]. Recently, it was demonstrated that chlorophyll
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derivatives extracted from spinach are able to prevent oxidative DNA damage of human
lymphocytes [8]. In addition to their recent medicinal applications, chlorophylls are
extensively used as a natural colorant in food and cosmetic industries [1].

Chl a: R=CHj
Chl b: R=CHO

Figure 1. Chemical structure of chlorophyll a and b.

The extraction of chlorophylls, which are highly lipophilic compounds, from natural
sources is usually carried out with acetone, dimethylsulfoxide, dioxane, ethanol and
dimethylformamide [9]. In addition to the long processing times and high temperatures
required, these solvents result in extracts with low selectivity and/or low yield [10]. The
process can be even more complex and costly if isolated chlorophyll a or b are aimed.

Considering that chlorophylls are highly hydrophobic compounds with negligible
solubility in water [11], the introduction of additives with co-solvency, hydrotropy or ten-
sioactive effects to increase their solubility in water and improve extraction yield could be
seen as a favorable approach. In this field, the use of aqueous solutions of ionic liquids (ILs)
as alternative solvents can be considered. ILs are organic salts usually composed of poorly
coordinated large organic cations and inorganic or organic anions. The first definition
of ILs was proposed by Walden et al. [12] as salts with melting temperatures below the
boiling point of water (100 °C) in order to differentiate these from typical salts. In the last
years, the definition of ILs has been reviewed and updated by different authors [13,14].
Silva et al. [13], based on the phase-forming ability trend to create aqueous biphasic sys-
tems as a function of temperature, showed that ILs are organic salts capable of establishing
a much wider range of interactions than inorganic salts, particularly dispersive-type inter-
actions that are not possible in inorganic salts. More recently, Mariani et al. [14] proposed
that “ILs are water-free organic salts with a melting temperature lower than decomposition
temperature.” ILs have attracted high attention due to their outstanding properties, such
as negligible vapor pressure, non-flammability, high thermal and chemical stabilities and
enhanced solvation ability for organic, inorganic and organometallic compounds [15,16].
These characteristics are dependent on IL nature, meaning that the appropriate combina-
tion of their ions can be used to tune their properties [17]. However, the fact that they have
negligible vapor pressure is not enough to claim that these compounds are truly “green,”
although losses to the atmosphere are completely avoided when compared to traditional
volatile organic solvents. In this line, toxicity and biodegradability of ILs must be known
or investigated as well. Several studies have been carried out in recent years to assess the
toxicity and biodegradability of ILs by varying the alkyl side chain length and number of
alkyl groups at the cation and/or by combining various anions and cations [18]. Overall,
the cation nature of ILs determines their toxicity, with their toxicity increasing with the
increase in length of the alkyl side chain (increase in hydrophobicity) [19,20]. However, the
opposite occurs with biodegradability and where the inclusion of ester groups increases
their biodegradable nature. Commonly, the anion has a smaller impact in toxicity than the
cation [21,22]. Moreover, the cytotoxicity of the ILs is another important topic to address
when the final product is envisaged for human consumption. Although the molecular
mechanisms behind ILs’ toxicity are still not completely understood, relevant studies have
been developed in this line. Recent studies suggested that ILs” cytotoxicity is directly
correlated to cell membrane damage—increasing the alkyl chain length of one of the cation
alkyl substituents results in higher toxicity [23]. Losada-Pérez et al. [23] investigated the
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interaction of amphiphilic 3-methylimidazolium-based ILs with a lipid bilayer as a model
cell membrane to understand these ILs” cytotoxicity at a molecular level. The authors
concluded that the amphiphilic ILs essentially interact with lipid membranes such as ionic
surfactants, suggesting that the cytotoxicity of amphiphilic ILs could be predicted from
the assessment of environmental safety of commonly used ionic surfactants of similar
alkyl chain structures and lengths. IL aqueous solutions may act as enhanced solvents
in the solid-liquid extraction of high-value compounds from biomass [24-28], which can
be achieved by their co-solvency, hydrotropic behavior or micelle formation [29], thus
increasing the solubility of target products and extraction yield. In general, aqueous so-
lutions of ILs display higher solubilization and extraction performances relative to small
organic compounds when compared to the respective pure solvents, as well as a decreased
viscosity [24,29].

Hydrotrope ILs at moderately high concentrations form aggregates with the target
solute, which is usually a moderately hydrophobic low molecular weight compound,
therefore enhancing its solubility in aqueous media [30-32]. The hydrotropic behavior of
ILs was shown by determining the solubility of different biomolecules in aqueous solutions
of ILs, where a significant increase in solubility (e.g., up to 84-fold for syringic acid) was
observed [30]. Considering this solubility improvement, Faria et al. [30] showed that
aqueous solutions of hydrotrope ILs are efficient solvents to extract syringic acid from
Rocha pear peels, a residue from food industries. On the other hand, surface-active ILs have
been reported as promising solvents for increasing the solubility of highly hydrophobic
compounds in aqueous solutions. Bica and co-workers [33] reported the extraction of
piperine from black pepper using surface-active ILs. Jin et al. [34] proposed a family
of water-IL mixtures with amphiphilic anionic functional long-chain carboxylate ILs
(LCC-IL) for the simultaneous dissolution of biomass and extraction of hydrophobic
bioactive compounds. The authors studied the dissolution mechanism and demonstrated
the formation of nanomicelles when tocopherol is dissolved in water/LCC-IL mixtures,
meaning that the formation of IL aggregates achieved by the use of surface-active ILs allows
the incorporation of hydrophobic bioactive compounds into the micelle core, thereby
enhancing extraction yield. More recently, Freire and co-workers [35,36] showed the
successful extraction of cynaropicrin and triterpenic acids from C. cardunculus L. leaves
and apple peels, respectively, by using aqueous solutions of surface-active ILs. Ventura
and co-workers [37] attempted the extraction of phycobiliproteins from red macroalgae
Gracilaria sp. The structural features of the ILs were optimized, demonstrating that the
more hydrophilic ILs better extract phicobiliproteins, while those of lower hydrophilicity
are better extraction solvents for chlorophylls and carotenoids.

In the field of biomass, recent studies have demonstrated the ability of aqueous
solutions of surface-active ILs in the extraction of chlorophylls from Spirulina [38] and wild-
harvested algae [39]. More specifically, Martins et al. [38] showed that ammonium-based
ILs and, in particular, tetradecyltrimethylammonium bromide ([Ny4414]Br) were able to
increase the yield of extraction of chlorophyll a from Spirulina in 25% compared to the con-
ventional methodology. On the other hand, Ventura and co-workers [39] demonstrated that
the use of the tributyltetradecylphosphonium chloride ([P44414]Cl) allowed achieving a max-
imum extraction yield of chlorophyll from wild-harvested algae of 5.96 mg/g dry algae.

Taking into account the valuable properties of chlorophylls as well as the advantages
of ILs, we propose here the use of IL aqueous solutions as alternative solvents for the
extraction of chlorophylls from spinach leaves by solid-liquid extraction at moderate
temperature and time. To this end, an initial screening on various ILs with hydrotrope
or surface-active behavior was conducted. After the identification of the most promising
ILs, response surface methodologies were applied to optimize the operating conditions of
the extractive process, namely the solid-liquid ratio and surface-active IL concentrations.
As benchmark, the extraction of chlorophylls using ethanol was also studied. Finally, IL
recovery and reuse have been attempted by the back-extraction of chlorophylls. To the
best of our knowledge, no attempts have been previously reported in the literature on the
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use of aqueous solutions of surface-active ILs to improve selectivity in the extraction of
chlorophylls or their a/b ratio from biomass.

2. Materials and Methods
2.1. Materials

Spinach was purchased at a local market (Auchan Aveiro, distributed by VITACRESS,
Aveiro, Portugal) and immediately frozen for storage. Before extraction, spinach (Spina-
cia oleracea) leaves were frozen with liquid nitrogen and ground by means of a coffee
grinder until a green powder was obtained. Chlorophyll a standard (>95 wt.%) and chloro-
phyll b standard (>99 wt.%) were supplied by Sigma-Aldrich (Algés, Portugal). The ILs
used, namely tetramethylammonium chloride, [N1111]Cl (97 wt.%); tetraethylammonium
chloride, [N2222]Cl1 (98 wt.%); tetrapropylammonium chloride, [N3333]Cl (98 wt.%); tetra-
butylammonium chloride, [N4444]Cl (97 wt.%); myristyltrimethylammonium bromide,
[N11114]Br (99 wt.%); hexadecylpyridinium chloride, [C15py]Cl (99 wt.%); and cetylpyrid-
ium bromide, [C14py]Br (98 wt.%), were purchased from Sigma-Aldrich (Algés, Portu-
gal). The ILs 1-methyl-3-tetradecylimidazolium chloride, [C14mim]CI (98 wt.%); 1-butyl-3-
methylimidazolium triflate, [C4mim][CF3503] (99 wt.%); and 1-butyl-3-methylimidazolium
chloride, [C4mim]Cl (99 wt.%), were purchased from Iolitec (Heilbronn, Germany). Guani-
dinium chloride, [Gdm]Cl (99 wt.%), was purchased from Merck (Algés, Portugal). IL hex-
adecyltrimethylammonium bromide, [N14111]Br (99 wt.%) was acquired from Fluka (Porto
Salvo, Portugal). The ILs tributyltetradecylphosphonium chloride, [P44414]Cl (97 wt.%),
and tetrabutylphosphonium chloride, [P4444]Cl1 (97 wt.%), were kindly supplied by Cytec
Industries Inc. (Carnaxide, Portugal). The chemical structure of all ILs investigated is
shown in Figure 2. ChemDraw 19.1© software was used for drawing all the chemical
structures of the studied compounds. Before use, all ILs were dried, at least 24 h, under
vacuum at moderate temperature (=80 °C) to remove volatile impurities. The purity of
each IL was further confirmed by 'H and 13C NMR spectra.

2.2. Chlorophylls Extraction

Solid-liquid extractions were carried out in the dark in a Carousel 12 Plus Reaction
Station from Radleys Tech (Germany) that is able to both stir and maintain temperature
within 1 °C. In all experiments, the temperature was kept constant at 25 °C and stirring
at 600 rpm. At least three individual samples were prepared and quantified, allowing
the determination of the average extraction yield and respective standard deviation. All
aqueous solutions were prepared gravimetrically within £10~* g. Mixtures of spinach
ground leaves and extraction solutions were prepared by weight taking into account the
solid-liquid ratio. Several concentrations of IL in water, solid-liquid ratio and extraction
time were optimized as described below.

After the extraction step, the aqueous solutions were separated from biomass by
centrifugation (at 4000 rpm for 30 min using a centrifuge 5804, Eppendorf AG, Nussloch,
Germany). The quantification of chlorophylls in each solution was carried out by UV-Vis
spectroscopy by using a multi-mode microplate reader Synergy HT, BioTek Instruments
(Lexington, MA, USA). Calibration curves were prepared using the commercial standards
of chlorophylls a and b in IL aqueous solutions. OriginPro 8.0 was used for the spectral
deconvolution of peaks at 649 and 665 nm that correspond to the maximum absorption
wavelengths of chlorophylls b and g, respectively. Absorbance was recorded in duplicate
for each sample. The amount of chlorophylls a and b in spinach leaves was calculated
according to the weight of chlorophylls (a or b) present in the extract divided by the weight
of dried biomass used. Selectivity was calculated as the ratio between the content of
chlorophyll a4 and the content of chlorophyll b in each sample.
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Figure 2. Chemical structures of the ILs investigated: (a) [N11114]Br; (b) [N16111]1Br; (¢) [C1amim]CL; (d) [Ci6py]Br;
(e) [C16pylCL; (f) [Pa414]CL (g) [N1111]CL (h) [N22o2]CL (i) [N3333]1CL (§) [Nggas]CL (k) [GAm]CL; (1) [C4mim]ClL; (m)
[C4mim][CF3SO03]; and (n) [P4444]CL

2.3. Surface Response Methodology

Surface response methodology was applied to simultaneously analyze various operat-
ing conditions and allow the identification of the most significant parameters that enhance
the chlorophylls’ extraction yield. In a 2¥ surface response methodology, there are k factors
that contribute to a different response, and the data are treated according to a second-order
polynomial equation as follows:

y=Po+ Y BiXi+ Y BiuX; + ) BiXiX; @)

i<j

where y is the response variable and fo, B;, fi; and B;; are the adjusted coefficients for
the intercept, linear, quadratic and interaction terms, respectively, and X; and X]- are
independent variables. This model allows drawing surface response curves, and by using
analysis, the optimal conditions can be determined. Based on the results obtained in
the initial screening with several IL, [C15py]Cl IL was selected to perform a 22 factorial
planning, with the aim of optimizing the extractive process of chlorophylls from spinach
leaves, i.e., the concentration of IL and solid-liquid ratio. A 22 factorial planning has been
defined by the central point (zero level), the factorial points (1 and —1, level one) and
the axial points (level x)—see Table S1 in the Supplementary Materials. The independent
variables coded levels used in factorial planning are presented in Table S2 in Supplementary
Materials. The axial points are encoded at a distance « from the central point, as described
by Equation (2).

o= (29 )

For comparison purposes, a 22 factorial planning was performed with ethanol (Supple-
mentary Materials, provided in Table S3). The obtained results were statistically analyzed
with a confidence level of 95%. Student’s t-test was used to check the statistical significance
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of adjusted data. The adequacy of the model was determined by evaluating the lack of
fit, the regression coefficient (R?) and the F-value obtained from the analysis of variance
(ANOVA) that was generated. Statsoft Statistica 10.00 software was used for all statistical
analyses and for representing response surfaces.

2.4. Chlorophylls Recovery and Solvent Reuse

With the goal of developing a more sustainable extraction process, the reuse of the
IL aqueous solution as solvent after chlorophyll recovery was addressed. The recovery of
chlorophylls from the IL aqueous solution, after solid—liquid extraction, was carried out by
liquid-liquid extraction. To this end, ethyl acetate was added to the IL aqueous solutions
containing the extract obtained under the optimum operating conditions ([C15py]Cl at
17.1 wt.%, solid-liquid ratio of 0.017, 30 min at 25 °C) in a ratio of 1:1 (v:v). After equilibra-
tion, organic and aqueous phases were separated. Chlorophylls were back-extracted to the
ethyl acetate (top) phase. After phase separation, the recovered fractions were analyzed by
UV-Vis spectroscopy to evaluate the recovery of chlorophylls a and b, as described before.
The IL aqueous solution was reused three times with a new sample of grounded spinach,
and the respective extraction performance was addressed.

3. Results and Discussion
3.1. Screening of the IL Chemical Structure to Efficiently Extract Chlorophylls from Spinach Leaves

A first screening on aqueous solutions of ILs with hydrotrope or surface-active be-
havior was carried out in order to evaluate the most promising IL for the extraction of
chlorophylls. The same operating conditions were kept in all experiments, namely the
IL concentration at 10 wt.%, a spinach-solvent weight fraction ratio of 1:50 (solid-liquid
ratio (R) = 0.02) and an extraction time of 30 min at 25 °C. The effect of different ILs on the
extraction yield of chlorophylls (ratio between the weight of each extracted chlorophyll
and the weight of dried biomass) and selectivity towards chlorophyll a (given by the
chlorophylls a/b ratio) is presented in Figure 3, providing as well the same parameters for
pure water as solvent

Hydrotrope ILs Surface-active ILs

o
o
<)

0.05 4

0.04

Chlorophylls yield (wt.%)
o

o

o

]
|

0.01

0.00 ,Ai:I_'_ﬁ ‘

Ratio a/b

Figure 3. Yield of extracted chlorophyll 2 (M) and chlorophyll b (") from spinach leaves using IL aqueous solutions (IL at
10wt.%; R = 0.02; 30 min; 25 °C; and 600 rpm) and ratio of chlorophyll a/b (A).

Although the amount of extracted chlorophylls depends on IL chemical structure
(anion and cation), in general, surface-active ILs perform better in the extraction of chloro-
phylls than ILs with hydrotropic characteristics. More specifically, aqueous solutions of
most ILs with hydrotrope behavior ([N1111]Cl, [N2222]1Cl, [N3333]Cl, [N4444]1Cl, [Gdm]C],
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[C4mim]Cl, [C4mim][CF3S03] and [P4444]Cl) present poor extraction performance, with
extractions similar or even worse than pure water (Figure 2). In fact, most of these IL
aqueous solutions result in a negligible extraction yield (below the quantification limit).
Therefore, hydrotropy is not a relevant main mechanism on promoting chlorophylls’ solu-
bility in aqueous media and further extraction from biomass. On the other hand, extraction
efficiency increases significantly with surface-active ILs, i.e., with ILs composed of long
alkyl side chains that are able to form micelles in aqueous solutions [40]. The surface-
active ILs here studied were [C14mim]Cl, [C16py]Cl, [C16py]BI, [P44414]CL, [N16111]Br and
[N14111]Br. Taking into consideration the critical micellar concentration (CMC) values for
the surfactant ILs under study (cf. Table S4), it is possible to guarantee that the concen-
trations of all ILs are well above their CMC, thus allowing the formation of micelles and
the incorporation of chlorophylls, which are hydrophobic compounds, in the ILs” micelle
core. The yields obtained with these ILs is significantly higher than those achieved with
water or with aqueous solutions of hydrotrope ILs. Thus, the importance of the surface
activity of the IL applied and micelles formation is evident when attempting chlorophyll
extraction from spinach leaves. When using IL with surfactant characteristics, solubility
and extraction yield enhancement occur due to IL self-aggregation and the possibility of
incorporating hydrophobic solutes in the micelle core, being usually more pronounced at
low concentrations of IL, close to CMC. This behavior is in agreement with that observed
by Faria et al. [35] and Martins et al. [38] in the extraction of triterpenic acids from apples
and chlorophyll a from Spirulina maxima, respectively.

In order to evaluate extraction selectivity, the ratio between chlorophyll a and chloro-
phyll b is also shown in Figure 3. Taking into account that the ratio of chlorophyll a and b
in plants is around 3:1, the extraction process is selective if the calculated ratio is higher
than 3. The results obtained reveal that ILs [C14py]Cl and [C14py]Br are able to isolate
higher amounts of chlorophyll a, where ratios of 3.31 and 3.22, respectively, were achieved.
Compared with pure water, where this ratio is 1.77, it is possible to conclude that the
addition of IL is advantageous in terms of selectivity towards chlorophyll a.

Overall, ILs [P44414]Cl, [C16py]Br and [C16py]Cl are the most promising ILs for the
extraction of chlorophylls from spinach leaves. Despite the results obtained with [P44414]Cl,
they are slightly better than those obtained with [C1py]Cl, and the latter presents a higher
selectivity value; as such, it was chosen for optimizing the operating conditions to improve
extraction process performance. Although IL [N44414]Br was efficient in the extraction
of chlorophyll a from Spirulina, resulting in an increased yield of 25% compared to con-
ventional methodology [38], in our work pyridinium-based and phosphonium-based ILs
promoted better yields in the extraction of chlorophylls from spinach leaves, revealing that
IL performance largely depends on biomass nature.

3.2. Optimization of the Operating Conditions by Response Surface Methodology

The enhanced extraction yields and selectivity obtained with surface-active IL aqueous
solutions motivated the optimization of process operating conditions. The effect of extrac-
tion time (from 5 to 60 min) was initially evaluated (see Figure S1 in the Supplementary
Materials) using a 10 wt.% [C14py]Cl solution. Results showed that the extraction time
does not seem to affect the chlorophylls extraction after 30 min, and this time was then used
in the following experiments. With the aim of optimizing the extraction process of chloro-
phylls from spinach leaves, a response surface methodology was then used. Two responses
were investigated, namely extraction yield and selectivity. To this end, factorial planning 22
(2 factors and 2 levels) was performed. Based on the results obtained in the initial screening,
the first factorial planning was carried out with [C14py]Cl, where the IL concentration and
spinach—solvent ratio were optimized. At this stage, extraction time was maintained at
30 min, and temperature was maintained at 25 °C. The response-surface graphs obtained
are depicted in Figure 4. Variance analysis (ANOVA) was used to estimate the statistical
significance of variables and the interactions between them. The experimental points,
model equation, the yield of chlorophylls experimentally obtained and the respective cal-
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culated values, as well as the complete statistical analysis, are provided in Supplementary
Materials (Tables S5-5S11 and Figures S2 and S3).
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Figure 4. Response surface with combined effects of solid-liquid ratio (R) and [C;4py]Cl concentration ([IL] wt.%) on the
(a) extraction yield of chlorophyll a (wt.%); (b) extraction yield of chlorophyll b (wt.%); and (c) chlorophyll a/b ratio.

From the presented factorial planning results, obtained by using the response surface
methodology, three distinct behaviors occur according to the response under study. When
using high IL concentrations and at any solid-liquid ratio, higher chlorophyll a yields
were obtained as well as a higher selectivity (Figure 4a,c). On the other hand, in order to
obtain a higher chlorophyll b yield, it is necessary to use low IL concentrations in aqueous
solutions and a high solid-liquid ratio (Figure 4b). The respective statistical data also
show different behaviors, as observed in Pareto charts shown in Supplementary Materials
(Figure S2). For chlorophyll a, IL concentration is the only significant parameter with
a positive effect. On the other hand, for chlorophyll b, the solid-liquid ratio is the only
significant parameter that also has a positive effect. Finally, for the chlorophyll a/b ratio,
both variables (solid-liquid ratio and IL concentration) have a significant impact, which is
expected since these results are counterbalanced by the effects ruling the extraction of each
type of chlorophyll.

Overall, extraction yields of 0.105 and 0.027 wt.% for chlorophyll a and b, respectively
(Figure 4a,b), were obtained. For chlorophyll 4, these values were obtained by using an
aqueous solution of 17.1 wt.% of [C14py]Cl and a solid-liquid ratio of 0.010 at 25 °C, with
30 min of extraction. For chlorophyll b, an aqueous solution of 5.0 wt.% of [C14py]Cl and
a solid-liquid ratio of 0.015 at 25 °C during 30 min was used. Leite et al. [41] also studied
the extraction of chlorophylls from spinach using non-ionic surfactants, with the results
related to the extraction yield of chlorophylls being similar to ours. The authors reported
a total chlorophyll extraction yield of 0.094 wt.% under optimal operating conditions
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(C11-C13 9EQO’s at 12.4 mM, a solid-liquid ratio of 0.007, a temperature of 41 °C and 30 min
of extraction time) [41].

In the current study, high values of chlorophyll a/b ratio or of selectivity towards
chlorophyll a were achieved, i.e., a value of 4.68 (Figure 4c), by using the extraction
conditions that result in the best yield of chlorophyll a. Leite et al. [41] did not optimize
solvent selectivity but commented on the relevance of hydrophilic-lipophilic balance (HLB)
of the solvent (non-ionic surfactant aqueous solutions) on selectivity. Surfactant Brij 98
(with an HLB of 15.3) allowed obtaining an extract rich in chlorophyll a (chlorophyll a/b
ratio of 4.71) but with low performance in the yield of chlorophylls extracted (0.007 wt.%
of chlorophyll 2 and 0.003 wt.% of chlorophyll b). Thus, aqueous solutions of surface-active
ILs appear as more promising solvents when high yields combined with selectivity towards
chlorophyll a is aimed.

For comparison purposes, a factorial design using ethanol as solvent was also applied.
The choice of this solvent is related to the fact that it is one of the used conventional organic
solvents for the extraction of chlorophylls [42,43], being the most “environmental friendly”
one. The results obtained with ethanol result in a maximum yield of chlorophyll 2 and b of
0.099 and 0.044 wt.%, respectively, and a maximum value of chlorophyll a/b ratio of 3.92,
as depicted in Figure 5 (cf. Tables S12-518 and Figures 54 and S5 in the Supplementary
Materials), under similar operating extraction conditions (i.e., solid-liquid ratio, extraction
temperature and extraction time). Similar patterns were observed by Derrien et al. [44] in
the extraction of chlorophylls from dried spinach leaves using a mixture of ethanol-water
mixtures at 93%, during 258 min at 43 °C, achieving values of 0.104 wt.% of total chlorophyll.
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Figure 5. Response surface on the (a) extraction yield of chlorophyll a (wt.%); (b) extraction yield of chlorophyll b (wt.%)
and (c) chlorophyll a/b ratio combined effects of solid-liquid ratio (R) and ethanol concentration ((ethanol) wt.%].

Although the chlorophyll yields obtained with ethanol are similar to those achieved
with aqueous solutions of the best surface-active IL investigated, the advantage of the
approach here proposed is the selectivity found for chlorophyll a. Taking into account
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factorial planning results, the optimum extraction conditions identified in this study with
the IL aqueous solution correspond to the following: [C14py]Cl at 17.1 wt.% and solid-
liquid ratio of 0.017 (see Figure S6 in Supplementary Materials), resulting in a yield of
(0.104 £ 0.009) wt.% of chlorophyll 2 and 4.79 + 0.10 of chlorophyll a/b ratio. Thus, the results
obtained highlight the potential of IL aqueous solutions to selectively extract chlorophyll 4 from
spinach at mild conditions when compared to conventional solvents, as summarized in Table 1.

Table 1. Summary of the results obtained in this study and in the literature on the extraction of chlorophylls.

Extraction Conditions Chlorophyll a Total Chlorophylls

Yield of Yield of Chlorophyll

al/b Ratio Ref.

(wt. %) (wt. %)

C11-C139EQO’s at 12.4 mM,
solid-liquid ratio of 0.07, --- 0.094 --- [41]

30 min at 41 °C
Brij 98 at 3.3 mM,

solid-liquid ratio of 0.02,

30 min at 25 °C
(not optimized)
Ethanol at 100%,

solid-liquid ratio of 0.01,

30 min at 25 °C
(not optimized)

Ethanol-water mixtures at 93%,

258 min at 43 °C

0.007 0.010 4.71 [31]

0.099 0.124 3.92 This study

0.104 [44]

[CigpylCl at 17.1 wt.%,
solid-liquid ratio of 0.017, 0.104 0.126 4.79 This study

30 min at 25 °C

The stability of chlorophylls in the extract (obtained under the optimized extraction
conditions) was evaluated. More specifically, the extract was stored at 4 °C and protected
from light for one month, and its chlorophyll content was measured once a week. The
results showed that no significant losses in chlorophyll content occurred during 3 weeks,
with visible losses only appearing after 4 weeks of storage. The respective results are
provided in Figure S7 and Table S19 in Supplementary Materials.

3.3. Chlorophylls Recovery and Solvent Reuse

After demonstrating that aqueous solutions of surface-active ILs are promising sol-
vents for extracting chlorophylls from biomass, we further investigated their recovery
while envisaging the reuse of the IL aqueous solution. The recovery of the chlorophylls was
performed by back-extraction using a renewable solvent, namely ethyl acetate, that was
placed in contact with the IL aqueous solution containing chlorophylls in a volume ratio of
1:1, as depicted in Figure 6. After chlorophyll liquid-liquid extraction, the concentration of
chlorophyll a and b in the IL aqueous solution was reduced from 18.53 mg/L to 0.09 mg/L
and 2.38 mg/L to 0.06 mg/L, respectively, allowing its reuse into a new cycle of extraction.
We carried out three further cycles of extraction with the recovered IL under optimum
extraction conditions ([C16py]Cl at 17.1 wt.%, solid-liquid ratio of 0.017, during 30 min
at 25 °C), where the yields of extraction of chlorophyll 2 and b and chlorophyll ratio a/b
were shown to be maintained. Furthermore, the possibility of reusing the solvent in new
extraction cycles, as shown above, and the fact that the process employs an aqueous solu-
tion of IL instead of a pure organic solvent demonstrate the higher sustainable character of
the developed process. Although it may raise the moderate toxicity of [C16py]Cl, which
obviously depends on IL amount and organism or cell line being appraised, it should be
mentioned that it is currently used in cosmetic products under European regulation [45].
Furthermore, this IL is applied in aqueous solution in a low content and is eliminated from the
chlorophylls” extract, as shown before, further permitting the recovery and reuse of the IL.
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Figure 6. Schematic process of extraction and recovery of chlorophylls developed.

Figure 6 summarizes the selective chlorophyll extraction method developed using
aqueous solutions of surface-active ILs, with the goal of recovering natural chlorophylls,
mainly chlorophyll g, that may be employed (at a cheaper cost) in food, nutraceutical,
cosmetic or pharmaceutical applications.

4. Conclusions

Aiming at developing a more cost-effective and sustainable process for chlorophyll
extraction, we report here the successful application of aqueous solutions of surface-active
ionic liquids (ILs) as alternatives solvents. Compared to pure water, extraction with
aqueous solutions of surface-active ILs results in a higher amount of extracted chlorophylls,
and IL hexadecylpyridinium chloride ([C14py]Cl) is the one that allows achieving a higher
yield of chlorophylls extraction, as well as a higher ratio of chlorophylls a/b. Then, response
surface methodology was applied to assess the significance of the most important process
variables, namely IL concentration and solid-liquid ratio, obtaining extraction yields of
0.104 and 0.022 wt.% for chlorophyll a2 and b, respectively, and a ratio of chlorophyll
a/b of 4.79. These values were achieved by using an aqueous solution of 17.1 wt.% of
[C16py]Cl and a solid-liquid ratio of 0.017 during 30 min at 25 °C. A response surface
methodology was also applied to ethanol-water mixtures as solvent. Although extraction
yields between both types of solvents are similar, improved results in terms of selectivity
towards chlorophyll a were achieved with IL aqueous solutions. Finally, the recovery of
chlorophylls and reuse of the IL aqueous solution were successfully demonstrated.

The results presented here produce new perspectives on using aqueous solution of
surface-active ILs for the selective extraction of chlorophylls from biomass while replacing
the traditionally used organic solvents.
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and chlorophyll a/b ratio; Figure S2. Pareto charts for the standardized main effects in factorial
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a/bratio. Vertical line indicates the statistical significance of the effects; Figure S3. Observed values vs.
predicted values in factorial planning [C14py]Cl aqueous solutions (i) chlorophyll 4, (ii) chlorophyll b
and (iii) chlorophyll a/b ratio; Figure S4. Pareto charts for the standardized main effects in factorial
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ratio. Vertical line indicates the statistical significance of the effects; Figure S5. Observed values
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(iii) chlorophyll a/b ratio; Figure S6. Profile of prediction of the optimal operating conditions for
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22 factorial planning; Table S2. Independent variables coded levels used in factorial planning using
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