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Università Magna Graecia

Germaneto

Italy

Antonio Procopio

Department of Health Sciences
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Preface to ”Green and Sustainable Solvents II: A
Themed Issue in Honor of Professor Giovanni
Sindona on the Occasion of His 70th Birthday”

Dear Colleagues,

Prof. Giovanni Sindona has been a full professor of Organic Chemistry at the University of

Calabria (Unical) since 1990, and has made seminal contributions to the areas of food chemistry, mass

spectrometry, and green chemistry. He graduated in chemistry in 1972 with the highest marks and

pize at the University of Messina, by discussing a thesis held at its Institute of Organic Chemistry on

modern bioanalytical applications of mass spectrometry. He completed his training in 1977 at both the

Universities of Messina and Calabria, followed by a stint at the Institut für Physikalische Chemie of

the University of Bonn (Germany) as a fellow of the prestigious Alexander von Humboldt Foundation

(of which he became a lifetime member), by perfecting the knowledge of mass spectrometry in the

group of professor Hans D. Beckey. Here, he developed the knowledge of desorption methodologies,

which allowed for the first time the direct characterization of proteins and nucleic acids by mass

spectrometry. His formation was completed as a NATO fellow at the King’s College of London,

where at the beginning of 1980, under the direction of Professor Colin B. Reese, he developed

new synthetic organic methods for the obtainment of nucleic acids segments with a predetermined

sequence. Professor Sindona also taught organic chemistry at the new Faculty of Pharmacy of the

University Magna Graecia of Catanzaro, from 1990 to 1993.

From 1990 to 2019, Prof Sindona has organized and directed five NATO International Schools for

young researchers on the application of mass spectrometry to biomolecular chemistry, held in Italy

and abroad. In 2009, as a member of the programme The Science for Peace and Security, he organized

a NATO-ARW seminary in Calabria for experts coming from all over the world on the “Detection of

Biological Agents and Toxins for the Prevention of Bioterrorism in Homeland Security by Advanced

Mass Spectrometric Methods”. In April 2016, as local director he organized the NATO SPS ASI 984915

event in Calabria, titled “Molecular Technologies for Detection of Chemical and Biological Agents”,

for young PhD students working on environmental security problems.

Professor Sindona is a coauthor of nearly four-hundred scientific publications on international

papers in the English language (246) and ten book chapters edited by international societies on themes

related to his scientific applications (10). He has been an invited speaker at many national and

international meetings in the field of chemistry, author of national and international conferences (149)

and a teacher at doctorate schools at the American University of Vanderbilt (Nashville) and Purdue

(West-Lafayette) and at the Memorial University of St. John’s in Canada. He is interested in the topics

of food chemistry, mass spectrometry, and green synthesis and extraction methods.

In the field of green chemistry, he has obtained interesting results in the efficient and

stereoselective synthesis of trans-4,5-diaminocyclopent-2-enones from furfural using green solvents,

published in 2013 in ACS Sustainable Chemistry and in 2017 in Green Chemistry.

vii



Notably, interest has been raised in the use of homogeneous and heterogeneous catalysis

in eco-friendly synthesis, which led to the publication of numerous and interesting papers in

major international scientific journals in the field of green chemistry and the development of new

sustainable methods for the extraction of nutraceutical compounds from biomass.

Monica Nardi, Antonio Procopio, Maria Luisa Di Gioia

Editors

viii
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Abstract: New Candida antarctica lipase B derivatives with higher activity than the free enzyme
were obtained by occlusion in an organogel of an ionic liquid (ionogel) based on the ionic liquid
[Omim][PF6] and polyvinyl chloride. The inclusion of glutaraldehyde as a crosslinker improved the
properties of the ionogel, allowing the enzymatic derivative to reach 5-fold higher activity than the free
enzyme and also allowing it to be reused at 70 ◦C. The new methodology allows enzymatic derivatives
to be designed by changing the ionic liquid, thus providing a suitable microenvironment for the
enzyme. The ionic liquid may act on substrates to increase their local concentration, while reducing
water activity in the enzyme’s microenvironment. All this allows the activity and selectivity of the
enzyme to be improved and greener processes to be developed. The chemical composition and
morphology of the ionogel were also studied by scanning electron microscopy–energy dispersive
X-ray spectroscopy, finding that porosity, which was related with the chemical composition, was a
key factor for the enzyme activity.

Keywords: enzymatic immobilization; organogels; ionogels; ionic liquid; ester synthesis; enzyme;
green chemistry

1. Introduction

In recent decades, ionic liquids have demonstrated their potential for use as reaction and
separation media. For example, in separation applications, they have been used as liquid–liquid
biphasic systems [1,2] and as liquid phase in supported liquid membranes and polymer inclusion
membranes [3–5]. In the field of biocatalysis, ionic liquids have been used as free solvent [6–8],
adsorbed [9–12], covalently linked to particle enzymes [13–15], or as polymeric ionic liquids [16] in
enzyme particles, in all cases to create an adequate microenvironment for the enzyme or to improve
catalytic efficiency. The advantages of using ionic liquids instead of organic solvents as reaction
media for biocatalysis include their ability to enhance enzyme activity as well as their selectivity and
stability [6–9,13]. From an environmental point of view, the main advantage of ionic liquids is their
lack of vapor pressure, which prevents the emission of solvent vapor into the atmosphere.

For many industrial applications, enzymes must be immobilized in order to increase
their stability in operational conditions and allow their reuse. Among the different methods
that can be used to immobilize enzymes, encapsulation is of particular interest because of
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its simplicity. The encapsulation process is based on entrapping the enzyme in a polymer
matrix (gel), and there is no covalent association between the network and the enzyme [17].
Other advantages include the permeability of the matrices, which can be tuned to increase
the selectivity of the biocatalyst. Very recently, de los Rios´ group have developed a new
method for the enzymatic immobilization of laccase by entrapment in ionogel (a gel based on
ionic liquids). Initially, (1-octyl-3-metylimidazolium bis(trifluoromethylsulfonyl)imide, cholinium
bis(trifluoromethylsulfonyl)imide, cholinium dihydrogenphosphate, and hydroxyethylammonium
formate were studied as choices for the constituents of the active phase of the ionogel. Using the
new formulation, the enzyme’s activity and stability were dramatically improved, and when the new
enzymatic derivatives were applied in a batch reactor to decolor the anthraquinonic dye Remazol
Brilliant Blue R until 80% decoloration was obtained [18,19].

In this work, a new immobilization method was applied to Candida antarctica lipase B (CaLB)
to synthesize butyl butyrate as a model reaction for the synthesis of esters. For this purpose,
PVC (polyvinyl chloride) was used as polymer in which a suspension of the ionic liquids with the enzyme
was immobilized by entrapment. As ionic liquid, 1-octyl-3-metylimidazolium hexafluorophosphate
was used because it has been demonstrated to be a suitable reaction medium for the biocatalyst
CaLB [20]. The activity at different temperatures and operational stability at high temperature of this
new enzymatic ionogel were analyzed.

2. Materials and Methods

2.1. Enzyme and Chemicals

A commercial lipase (EC 3.1.1.3) preparation was used as catalyst: free CaLB aqueous solution
(lipozyme CaLB L), which was a gift from Novo España S.A. Polyvinyl chloride powder (PVC) was
purchased from Sigma-Aldrich. 1-Octyl-3-methylimidazolium hexafluorophosphate ([Omim][PF6])
was purchased from IOLITEC (purity > 99%).

2.2. Immobilization of Free CaLB in Gels Based on Ionic Liquids (Ionogel)

Free CaLB was entrapped by occlusion in an ionogel based on [Omim][PF6]. Derivatives of ionogel
enzymes were prepared using 50% PVC and 50% IL using the following general procedure: 1 mL of
THF was added to 200 µL of ionic liquid [Omim][PF6] and the mixture was stirred. Subsequently,
100 µL of a 14.2 mg/mL concentration CaLB solution or that four-fold diluted (3.55 mg/mL) in phosphate
buffer (20 mM, pH = 7) was added to the IL mixture dissolved in THF under shaking conditions.
Then, after adding 100, 20, or 0 µL of glutaraldehyde (25% water solution), 200 mg of PVC were added
very slowly and continuously shaken. One additional milliliter of THF was added to allow the PVC
solution. The process ended when the solution was seen to be homogeneous. The magnetic stirrer was
removed, and the previous solution was poured into the center of an O-ring which was placed on a
glass plate. The mixture was left to stand for 48 hours in a suction flow chamber to vaporize the THF
while the PVC occluded the ionic liquid and enzyme it contained. After drying, the mixture was seen
to solidify on the glass ring plate. The ring was then removed to release the circle of ionogel CaLB
derivative, which was crushed for use in the reactors (Figure 1). The different enzymatic derivatives
prepared are summarized in Table 1.

2



Molecules 2020, 25, 3233

Molecules 2020, 25, x FOR PEER REVIEW 3 of 15 

 
Figure 1. (A) Ionogel enzymatic derivative after casting, (B) Enzymatic derivative after crushing. 

Table 1. Chemical composition of the prepared ionogel enzymatic derivatives. The “ionogel” in the 
name of the immobilized enzyme stands for PVC + IL. 

 
Enzyme (µL) 

 

Ionic liquid 
[Omim][PF6] 

(mg) 

PVC 
(mg) 

Glutaraldehyde 
25% in water 

(µL) 

[Protein in the 
reactor], 80 mg of 
ionogel was used 

Enza 100 (14.2 mg 
prot/mL) 

0 0 0 1.420 

Enz-PVCb 100 (14.2 mg 
prot/mL) 

0 200 0 0.379 

Enz-PVC-Bc 100 (3.55 mg 
prot/mL) * 

0 200 0 0.095 

Enz-ionogeld 100 (14.2 mg 
prot/mL) 

200 200 0 0.227 

Enz-ionogel-Be 100 (3.55 mg 
prot/mL) * 

200 200 0 0.057 

Enz-ionogel-20Gf 100 (14.2 mg 
prot/mL) 

200 200 20 0.218 

Enz-ionogel-100Gg 100 (14.2 mg 
prot/mL) 

200 200 100 0.189 

Enz-ionogel-B-20Gh 100 (3.55 mg 
prot/mL) * 

200 200 20 0.055 

Enz-ionogel-B-100Gi 100 (3.55 mg 
prot/mL) * 

200 200 100 0.047 

*Initial enzyme concentration diluted four-fold with phosphate buffer.:a Free Enzyme.,b PVC 
enzymatic derivative without IL.,c PVC enzymatic derivative with buffer (B) and without IL.,d Ionogel 
enzymatic derivative without buffer e Free Enzyme.,e Ionogel enzymatic derivative and buffer.,f 

Ionogel enzymatic derivative and 20 µL glutaraldehyde and without buffer.,g Ionogel enzymatic 
derivative and 100 µL glutaraldehyde and without buffer.,h Ionogel enzymatic derivative and 20 µL 
glutaraldehyde and with buffer.,ij Ionogel enzymatic derivative and 100 µL glutaraldehyde and with 
buffer (B). 

2.3. Ionogel-Derived Enzymatic Activity, Conversion, and Stability 

Butyl butyrate synthesis from vinyl butyrate and butanol was used as reaction model (Figure 2) 
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butyrate in hexane and 0.5 mL (300 mmol) 1-butanol in hexane were added to 2 mL screw-capped 
vials. The reaction was started by adding 80 mg ionogel CaLB derivative or free enzyme (1.42 or 0.355 
mg protein) and allowed to run, whilst stirring, for 300 min at 30 °C. At different times, 30 µL aliquots 
were suspended in 920 µL hexane with 50 µL of valeric acid (100 mM, internal standard). The 
resulting solution (5 µL) was analyzed by GC. All experiments were carried out in duplicate, and the 
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Figure 1. (A) Ionogel enzymatic derivative after casting, (B) Enzymatic derivative after crushing.

Table 1. Chemical composition of the prepared ionogel enzymatic derivatives. The “ionogel” in the
name of the immobilized enzyme stands for PVC + IL.

Enzyme (µL)
Ionic Liquid
[Omim][PF6]

(mg)

PVC
(mg)

Glutaraldehyde
25% in Water

(µL)

[Protein in the
Reactor], 80 mg of
Ionogel Was Used

Enz a 100 (14.2 mg prot/mL) 0 0 0 1.420

Enz-PVC b 100 (14.2 mg prot/mL) 0 200 0 0.379

Enz-PVC-B c 100 (3.55 mg prot/mL) * 0 200 0 0.095

Enz-ionogel d 100 (14.2 mg prot/mL) 200 200 0 0.227

Enz-ionogel-B e 100 (3.55 mg prot/mL) * 200 200 0 0.057

Enz-ionogel-20G f 100 (14.2 mg prot/mL) 200 200 20 0.218

Enz-ionogel-100G g 100 (14.2 mg prot/mL) 200 200 100 0.189

Enz-ionogel-B-20G h 100 (3.55 mg prot/mL) * 200 200 20 0.055

Enz-ionogel-B-100G i 100 (3.55 mg prot/mL) * 200 200 100 0.047

* Initial enzyme concentration diluted four-fold with phosphate buffer., a Free Enzyme., b PVC enzymatic derivative
without IL., c PVC enzymatic derivative with buffer (B) and without IL., d Ionogel enzymatic derivative without
buffer e Free Enzyme., e Ionogel enzymatic derivative and buffer., f Ionogel enzymatic derivative and 20 µL
glutaraldehyde and without buffer., g Ionogel enzymatic derivative and 100 µL glutaraldehyde and without buffer.,
h Ionogel enzymatic derivative and 20 µL glutaraldehyde and with buffer., ij Ionogel enzymatic derivative and
100 µL glutaraldehyde and with buffer (B).

2.3. Ionogel-Derived Enzymatic Activity, Conversion, and Stability

Butyl butyrate synthesis from vinyl butyrate and butanol was used as reaction model (Figure 2)
for the determination of activity, stability, and final conversion. For this, 0.5 mL (300 mmol) vinyl
butyrate in hexane and 0.5 mL (300 mmol) 1-butanol in hexane were added to 2 mL screw-capped vials.
The reaction was started by adding 80 mg ionogel CaLB derivative or free enzyme (1.42 or 0.355 mg
protein) and allowed to run, whilst stirring, for 300 min at 30 ◦C. At different times, 30 µL aliquots
were suspended in 920 µL hexane with 50 µL of valeric acid (100 mM, internal standard). The resulting
solution (5 µL) was analyzed by GC. All experiments were carried out in duplicate, and the mean
values are reported. The standard deviation was calculated in all cases. The efficiency of the catalytic
action was measured based on two parameters: (i) the synthetic activity, defined as the amount of
mmol of butyl butyrate produced per mg of protein and per minute and (ii) the final vinyl butyrate
conversion at 300 min. One unit (U) produced 1 µmol of butyl butyrate per minute. Enzyme stability
was measured by reusing the ionogel in different cycles at 70 ◦C. In each cycle the enzyme derivative
was suspended in hexane for 24 h. For the stability assays the activity of CaLB was measured as
described above and residual activity was calculated. Free CaLB (100 µL solution; 14.2 mg/mL) was
also assayed in order to compare the efficiency of free enzyme with that of the immobilized enzymes.
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2.4. Gas Chromatographic Analysis

The sample analyses were performed in a gas chromatograph (model 450 GC from Bruker,
Germany) equipped with a flame ionization detector (FID), an autosampler injector, and a capillary
column from J & W Scientific, Agilent Technologies, model HP INNOWAX, 30 m in length, 0.25 mm
nominal diameter, and 0.25 micron film thickness. The injector temperature was 210 ◦C, working
with a constant flow of 1 mL/min at the head of the column and split ratio of 1:10. N2 was used
as carrier gas, while the temperature in the detector was 220 ◦C. The temperature program was
as follows: 40 ◦C for 1 min; increase at 15 ◦C min−1 for 1 min, increase at 35 ◦C min−1 for 3 min;
hold at 160 ◦C for 6 min. The retention times of the peaks were as follows: vinyl butyrate, 4.0 min;
1-butanol, 4.6 min; butyl butyrate, 5 min; butyric acid, 7.9 min; valeric acid (internal standard), 9.4 min.
Substrate and product concentrations were calculated from calibration curves using stock solutions of
pure compounds.

2.5. SEM–EDX Analysis

Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM–EDX) was applied
for microimaging of the ionogel. The SEM images were acquired using a HITACH S-3500N apparatus
following the protocol used by the SAIT platform (Scientific Instrumentation Service of the Technical
University of Cartagena, Spain). The same equipment was used to generate the EDX profiles.

3. Results

3.1. Activity and Conversion of Ionogel-Derivatives

Among the ionic liquids used for enzyme-catalyzed reactions, water-immiscible ionic liquids
were generally found to be suitable for biocatalytic reactions, while the water-miscible ionic liquids
assayed were considered worse than conventional media. In the case of most water-miscible ILs [20],
the negative effect observed on the lipase activity can be attributed to the direct interaction of the anion
with the enzyme molecules, which would lead to protein denaturation or stripping off the essential
water associated with the enzyme [21–23]. More specifically, van Rantwijk et al. [22] observed a strong
coordinating effect on the part of anions, which led to the deactivation of CaLB in [Bmim][NO3],
[Bmim][CH3CH2COO] and [bmim][dca], both of which are water-miscible ILs, and to which the
dissolution of CaLB in these ILs is attributed. However, interaction between ILs and enzymes
may sometimes improve enzyme behavior. The ionic liquid [Chol][H2PO4], which is water-soluble,
was seen to be very effective at enhancing and stabilizing laccase activity, which was attributed to the
modifications in the secondary structure of the enzymatic protein that it produced [24]. A modification
of the secondary structure was also observed in CaLB in water-immiscible ionic liquids, which resulted
in a more compact enzyme conformation that exhibited catalytic activity [25].

As mentioned above, the present work describes how CaLB was entrapped in a polymeric matrix
(PVC) with the ionic liquid 1-octyl-3-metylimidazolium hexafluorophosphate ([Omim][PF6]). The new
enzymatic derivatives obtained were named ionogels of CaLB. In our assay, the hydrophobic ionic liquid,
[Omim][PF6], was used because it creates a microenvironment that is suited to CaLB, thus increasing
the enzyme activity over levels that can be obtained with hexane (used here as reference organic solvent)
and other imidazolium-based ionic liquids with lower alkyl chain lengths that are commonly used as
reaction media in transesterification reactions [7,14,26–28]. The entrapment method involving ionic
liquids allows the enzyme to be immobilized by occluding CaLB within a suitable microenvironment
that allows the enzyme to be retained while allowing the substrates and products of the reaction to cross
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the ionic liquid layer around the enzyme. Even if the ionic liquid is a good solvent for the substrates
of the reaction, the microenvironment concentration of the substrates around the catalyst could be
increased, consequently increasing the kinetics of the process. All enzyme derivatives (see Table 1)
were tested as catalysts for the synthesis of the butyl butyrate from vinyl butyrate and 1-butanol. As a
kinetically controlled reaction catalyzed by a serine hydrolase enzyme (CaLB), the transformation of
vinyl butyrate is closely dependent on the nucleophile acceptors present in the reaction medium and
involves competitive distribution of the rapidly formed acyl–enzyme intermediate between water
(hydrolysis) or another nucleophile reagent, such as 1-butanol (transesterification). The latter synthetic
pathway can be enhanced by using activated acyl donors such as vinyl esters with very low water
content in the medium and high nucleophile (e.g., 1-butanol) concentration. The efficiency of the
catalytic action can be measured by two parameters, the synthetic rate and the amount of converted
vinyl butyrate measured at the end of the reaction (Figure 3). Free enzyme also was tested in order to
compare the results with immobilized enzyme.
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Figure 3. Time course of butyl butyrate synthesis from vinyl butyrate (150 mM) (not depicted) and
1-butanol (not depicted) (150 mM) at 30 ◦C. The synthesis activity was calculated from the initial slope
and the conversion % was calculated at the end of the reaction (300 min).

As can be seen from Figure 4, CaLB-ionogel containing [Omim][PF6] and 100 µL of glutaraldehyde
had the best activity values, which are much higher than those achieved with the free enzyme.
The second highest activity (half of the first one) was obtained when 20 µL glutaraldehyde was added.
In the latter case (Enz-ionogel-20G), 100% conversion was reached at 300 min. Slightly lower activity
(7.4 U/mg prot) was observed when neither glutaraldehyde nor buffer was added (Enz-ionogel).
The activity of the free enzyme was much lower than the activity measured for the other CaLB-ionogel
derivatives, except those produced with buffer and 20 µL of glutaraldehyde (Enz-ionogel-B-20G).
It should be recalled here that “ionogel” in the reference name of the immobilized enzyme form
stands for PVC+IL. The lowest activity value was that obtained when the diluted enzyme (with
buffer) was immobilized in PVC without ionic liquid. By comparing the different activity and
conversion values of the enzyme derivatives, it can be seen that the best activity and conversion values
were obtained for the CaLB-ionogel derivative when enzymes undiluted (i.e., without buffer) were
used: compare Enz-ionogel-B-100G vs. Enz-ionogel-100G, Enz-ionogel-B-20G vs. Enz-ionogel-20G,
Enz-PVC-B vs. Enz-PVC). Hence, the higher the enzyme concentration in the enzymatic derivative,
the higher the activity of the enzyme per mg of protein. Furthermore, increasing the amount of
glutaraldehyde results in increasing enzyme activity: compare Enz-ionogel-100G vs. Enz-ionogel-20G
and Enz-ionogel-B-100G vs. Enz-ionogel-B-20G, in which increasing the amount of glutaraldehyde used
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from 20 to 100 µL doubles the enzyme activity. This fact highlights the important role of glutaraldehyde
in the enzymatic derivative. Sheldon developed a new method for enzyme immobilization as
CLEA (crosslinked enzyme aggregates). The method involves the precipitation of the enzyme from
aqueous buffer followed by crosslinking with glutaraldehyde of the resulting physical aggregates of
enzyme molecules [29,30]. CLEAs are shown to be stable, recyclable catalysts exhibiting high catalyst
productivities. For instance, C. antarctica lipase B, adsorbed and crosslinked on a polypropylene
carrier, maintained its transesterification activity in the ionic liquids [BMIm][NO3] and [BMIm][dca],
which deactivate the free enzyme [6]. Perhaps the formation of enzyme aggregates in ionogel derivatives
by crosslinking with glutaraldehyde involves improvement of the enzymatic derivatives’ properties.
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Figure 4. Activity and conversion exhibited by CaLB for butyl butyrate synthesis for different
immobilized CaLB and free enzyme at 30 ◦C.

Note that the Enz-ionogel-100G reaches 5-fold higher activity than the free enzyme. It is also
important to point out that in the case of Enz-PVC derivative, the reaction nearly stops at 40% conversion.
It could be explained by possible PVC degradation at these conditions and, consequently, releasing
HCl into the medium. Very recently, lipase degradation of plasticized PVC has been studied [29,30].
It was reported that this degradation could yield HCl. All the enzymatic derivatives, except Enz-PVC,
are made of ionic liquids or contain buffer. The buffer could reduce the HCl concentration and the
ionic liquids could reduce the effective HCl concentration. Therefore, the HCl could affect the enzyme
activity only in the case of Enz-PVC. Furthermore, the ionogel could reduce PVC degradation.

In our previous work, laccase was immobilized in an ionogel based on 50% PVC and 50% the ionic
liquid 1-octyl, 3-methyl imidazolium bistrifluoromethyl sulfonyl imide [Omim][NTf2]. To increase the
activity and stability of the enzymatic derivative, glutaraldehyde was added at different concentrations
(between 0.25% and 1.5%). An increase in activity and stability was observed at all the assayed
concentrations, with the maximum being 0.5% glutaraldehyde [19]. In our experiments with CaLB,
an increase in activity was observed at all assayed glutaraldehyde concentrations (between 1% and 4%)
at 30 ◦C when the enzyme was used without dilution by buffer. The use of enzyme diluted with buffer
decreased the activity with respect to non-diluted medium, probably because the diluted enzyme
hindered crosslinking with glutaraldehyde. In the present work, the highest lipase activity was reached
at 4% glutaraldehyde concentration without enzyme dilution, as mentioned. The effect observed for
glutaraldehyde in both cases (laccase and lipase) shows the importance of the crosslinking to enhance
the activity of the immobilized derivative.

We can also observe that the immobilization of the enzyme on a PVC support without ionic liquid
provided the lowest activity values. Furthermore, the comparison of enzymatic derivatives with and
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without ionic liquids (i.e., Enz-PVC-B vs. Enz-ionogel-B and Enz-PVC vs. Enz-ionogel) demonstrates
the importance of using ionic liquid in the preparation of the immobilized derivatives. As mentioned
above, the increase in activity could be due to the suitable microenvironment created by the ionic liquid
around the enzyme and/or to increased substrate concentration in the ionic liquid microenvironment
around the enzyme. In this immobilization method, the enzyme is entrapped by the ionic liquid
and PVC, and the ionic liquid could absorb substrates, increasing the substrate concentration in the
microenvironment of the enzyme. In this respect, the distribution ratio of vinyl butyrate, butanol,
and butyl butyrate between ionic liquid and hexane was studied by Hernández-Fernández et al.
2010 [2]. The distribution ratio of vinyl butyrate, butanol, and butyl butyrate between [Omim][PF6] and
hexane was 0.68, 3.63, and 0.35, respectively. These distribution ratios could increase the concentration
of butanol in the microenvironment of the enzyme and remove the product butyl butyrate from this
microenvironment. All the above might improve the kinetics of the bioreaction. Moreover, it has been
demonstrated [12] that enzyme immobilization involves more stable enzymes in exchange of less
enzymatic activity. As mentioned above, the major advantage of this method is that it allows more
active derivatives to be created than in the case of free enzyme, as can be seen observed from Figure 4.

Regarding the selectivity of the reaction, the byproduct butyric acid was not observed in the
enzymatic derivatives obtained using ionic liquids. The synthetic pathway was enhanced by the use of
activated acyl donors (vinyl butyrate), a medium with a very low water content (hexane), and a strong
nucleophile (1-butanol). Furthermore, the ionic liquid has a specific ability to reduce water activity in
the enzyme microenvironment by capturing the free molecular water and, consequently, reducing the
hydrolysis reaction. The increased selectivity of transesterification reactions using ionic liquids has
been previously described [9,20].

As regards the greenness of the process, we should remember that the primary cause of the high
E factors (developed by Seldon and defined as the ratio mass waste/mass product) of most processes
in the pharmaceutical industry is the high molecular complexity of APIs (active pharmaceutical
ingredients), the large number of chemical steps needed to assemble the APIs from commercially
available starting materials, and the use of classical stoichiometric reagents instead of catalysts [29,31].
From an environmental point of view, the new method proposed in this paper involves the use
of immobilized biocatalysts with better properties, activity, and selectivity than the free enzyme,
which increases the productivity of the process [30,32]. Furthermore, the ionic liquid that traps the
enzyme not only improves the catalytic activity of the biocatalyst but also concentrates the substrate
around the catalyst, increasing the kinetics of the reaction. The ionic liquid around the catalyst was also
able to acts as a selective membrane between the medium and the biocatalyst, regulating the transport
of substrates towards the catalyst and, consequently, improving the overall selectivity of the process.
The consequence of all this is that number of the purification steps could be reduced, thereby making
the whole process greener.

3.2. Stability of Ionogel Enzymatic Derivatives

The stability of the new enzymatic derivatives was measured by reusing the catalyst in 5-day
cycles. Figure 5 shows the activity of the first cycle using the ionogel of CaLB and the free enzyme
at 70 ◦C. The relative activity between the different immobilized derivatives was similar at 30 ◦C,
which corroborates the results found for the new enzymatic derivatives. Furthermore, in all cases,
the activity increased two- to three-fold by increasing temperature because the kinetic constant increased
with temperature. However, the conversion was higher in some cases and lower in others—while
higher initial activity could lead to a higher final conversion %, a higher temperature might also
involve lower final conversion % due to deactivation of the enzyme. It is important to point out that in
nearly all cases, the activity of the undiluted immobilized enzyme was higher than that of the free
enzyme. Furthermore, at 70 ◦C, it was observed that using the concentrated enzyme in the immobilized
derivative led to better activity and final conversion values than when the enzyme diluted in phosphate
buffer was used. The same behavior was observed with increasing concentrations of glutaraldehyde,
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since activity was higher with 100 µL than with 20 µL of glutaraldehyde. As mentioned above,
the same effect of glutaraldehyde concentration on the stability of immobilized laccase was observed
in a previous work, when maximum stability was found at a 0.5% glutaraldehyde concentration [19].Molecules 2020, 25, x FOR PEER REVIEW 9 of 15 
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ionogel enzymatic derivative after 1 and 5 reaction cycles (Figure 7b,c, respectively). The irregularly 
distributed grains of Figure 7a change completely to show well-defined grains at the end of the first 
cycle (Figure 7b), a morphology that is maintained at the end of the 5 cycles (Figure 7c). This change 
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Figure 5. Activity and conversion exhibited by CaLB during butyl butyrate synthesis using different
immobilized CaLB (ionogel) and free enzyme at 70 ◦C.

To analyze the operational stability of the new enzyme derivatives at a high temperature (70 ◦C),
six cycles of 24 h each were carried out using the same enzyme. Only the ionogel composed of
concentrated enzyme (without buffer) and 100 or 20 µL of glutaraldehyde remained active after the
first cycle at 70 ◦C, while the rest of the enzyme derivatives were inactivated after the first assay.
Figure 6 depicts the stability of Enz-ionogel-20,100G vs. temperature, represented as a decay of the
initial activity. The half -life of the ionogel with 100 µL glutaraldehyde and with 20 µL glutaraldehyde
was similar for around 3 cycles, which means for 60–72 h. The half-life was calculated for these two
derivatives considering that each cycle lasted 24 h.
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As example, Jiang et al. (2009) immobilized Candida rugosa lipase on magnetic nanoparticles
supported ionic liquids with different cation chain lengths and anions, Cl−, BF4

−, and PF6
− [10].

8



Molecules 2020, 25, 3233

The activity of bound Candida rugosa lipase was higher (118.3%) than that of the native lipase.
The activity of Candida rugosa lipase immobilized on magnetic nanoparticle-supported ionic liquids
reached a maximum at 37 ◦C, after which it decreased, remaining at a constant 60% when the
temperature reached 80 ◦C. For ionogel-immobilized CaLB, as mentioned above, the activity at 70 ◦C
increased two- to three-fold over the activity observed at 30 ◦C, which was explained by the increasing
kinetic constant with temperature. Candida rugosa lipase retained 60% of its initial activity after eight
batch reactions. Considering that each cycle lasted 5 hours, the lipase retained 60% of its activity at
40 h. As mentioned above, similar results were obtained with some ionogel CaLB derivatives, with the
half-life of the ionogel with 100 and 20 µL glutaraldehyde being around 60–72 h. Another example
related to CaLB analyzed the enzyme immobilized by adsorption onto 12 different modified silica
supports with different alkyl chain lengths and functional groups. Immobilized enzyme particles
were coated with ionic liquids (butyltrimethylammonium bistriflimide or trioctylmethylammoniun
bistriflimide) by adsorption. The immobilized derivatives were assayed for the kinetic resolution of
rac-1-phenylethanol in both ionic liquid/hexane and ionic liquid/supercritical carbon dioxide biphasic
media. The best results were obtained for the supports modified with non-functionalized alkyl chains.
The activity of the immobilized enzyme particles coated with ionic liquids was lower in hexane than
when using the immobilized enzyme with no such coating, which was explained by the stronger mass
transfer limitation caused by the ionic liquids. However, half-life times were enhanced in hexane
media at 95 ◦C [31,33]. Porcine pancreatic lipase (PPL) was also immobilized using ionic liquids for
that magnetic chitosan nanocomposites modified with a functional imidazolium-based IL. The activity
of almost every PPL derivative was higher than that of the free enzyme when working above 50 ◦C.
The thermal stability of the PPL derivatives at 50 ◦C ranged from 45% to 80% at 6 h [14].

3.3. SEM–EDX Characterization of the Ionogel Enzymatic Derivative

The ionogel enzymatic derivatives, which are made of ionic liquid 1-octyl-3-methylimidazolium
hexafluorophosphate, PVC, and enzyme, were analyzed by SEM–EDX, after and before being crushed,
and after and before being used.

Figure 7 depicts SEM micrographs of samples with buffer-diluted enzyme (without crushing)
(Enz-ionogel-B), fresh and after 1 and 5 reaction cycles (24 h each) at 30 ◦C. Notable morphological
differences can be observed between the fresh ionogel enzymatic derivative (Figure 7) and the same
ionogel enzymatic derivative after 1 and 5 reaction cycles (Figure 7b,c, respectively). The irregularly
distributed grains of Figure 7a change completely to show well-defined grains at the end of the first
cycle (Figure 7b), a morphology that is maintained at the end of the 5 cycles (Figure 7c). This change
in morphology might be due to the interaction of the PVC in the ionogel with the hexane reaction
medium, giving rise to the “bubbles” that practically cover the surface of the ionogel as soon as it
is used.Molecules 2020, 25, x FOR PEER REVIEW 10 of 15 
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As regards the composition of the fresh ionogel enzymatic derivative (without crushing), the EDX
spectrum (Figure 8) shows that it has maintained its stability during all the operation cycles, as is
evident from the superimposed peaks of the representative elements (peak F represents [Omim][PF6]
and peak Cl represents PVC). It should be noted that the concentration of fluorine measured in the
selected samples increases with the number of reaction cycles, from 6.59% (fresh) to 7.94% (1 cycle) and,
finally, 11.51% (5 cycles). This increase suggests that the IL in the ionogel migrates outward from it
during the course of the reaction. It should be noted that EDX provides information on the composition
of elements at a sampling depth of 1–2 µm.
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Figure 8. EDX spectra of the ionogel enzymatic derivative (Enz-ionogel-B): fresh (blue line), after 1 cycle
(green line), and after 5 cycles (red line).

The SEM–EDX spectra of ionogel prepared with glutaraldehyde (Enz-ionogel-B-20,100G) were
also analyzed. The glutaraldehyde was added to the ionogel in order to achieve crosslinking of the
enzyme units by allowing the functional groups of the glutaraldehyde to react with the free amino
groups of the enzymes, thus forming Schiff bases. This crosslinking provides stability to the enzyme
derivative, as mentioned above.

Figure 9 shows the EDX spectra corresponding to fresh ionogel with diluted enzyme incorporating
glutaraldehyde in the form of a 25% aqueous solution (20 or 100 µL). It can be seen that the carbon
peak was significantly higher in the ionogel with 100 µL of glutaraldehyde than when 20 µL was
used. Comparing the SEM micrographs of both ionogel enzymatic derivatives (Figure 10a,b), it can
be seen than the ionogel enzymatic derivative made with 100 µL is slightly more porous than with
20 µL. This circumstance favors an increase in catalytic activity, due to the greater active contact surface
between the enzyme and substrates. Thus, the higher the concentration of glutaraldehyde, the greater
the crosslinking and porosity and, consequently, the greater the specific activity and conversion
achieved. This is corroborated by comparing the activities of the respective ionogels. In the first
case, the specific activity reached was 3.5, and in the second, 1.5, with respective conversions of 45%
and 26%. In a previous work with laccase, the group led by de los Rios proposed that the activity
and stability of the enzyme are related to the carrier’s porosity and the hydrophobicity of the ionic
liquids [8]. Also, a very recent work demonstrates that the addition of glutaraldehyde to the mixture
of laccase–PVC–ionic liquid could contribute not only to the crosslinking of the enzyme but also to
modification of the macrostructure of the membrane surfaces [19].

However, when ionogel with buffer and without glutaraldehyde was used, the activity was higher
than in the case of ionogel with buffer and glutaraldehyde (20 or 100 µL). It can be hypothesized, in this
case, that the addition of glutaraldehyde in the presence of a buffer provides an “extra” degree of

10



Molecules 2020, 25, 3233

dilution to the enzyme, which would harm the enzymatic activity. It is important to point out that the
ionogel was crushed before use. When ionogels are crushed (Figure 10a,b) their appearance changes
(Figure 7a, without crushing). Before use, the ionogels were crushed with a grinder, which might cause
an increase in temperature and major surface restructuring due to this thermal stress.
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Samples prepared only with PVC and ionic liquid and without enzyme were analyzed both
fresh and after 5 cycles of operation. Figure 11 compares the EDX spectra of the whole and crushed
fresh samples. There is practically complete overlapping of peaks, except for chlorine, which is
more abundant in the whole sample, perhaps because of accumulation on some surfaces. The most
relevant aspect is the total homogeneity that can be observed in the SEM micrographs (Figure 11),
which do not show any relief in the intact (Figure 11 blue line) or crushed (Figure 11 green line) samples.
This completely smooth surface was only observed in the absence of enzyme, when its presence makes
the membrane appreciably more porous, as can be seen in Figure 7a. This may be due to water being
introduced with the enzyme solution.
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Figure 11. EDX spectra of the sample prepared with PVC and ionic liquids [Omim] [PF6] in the absence
of enzyme: whole fresh sample (red line), crushed fresh sample (green line), crushed sample after
1 cycle (blue line), and crushed sample after 5 cycles (purple line).

Figure 11; Figure 12 depict study the stability of the sample made of PVC and [Omim] [PF6] as
measured by SEM–EDX. Note that the proportion of ionic liquid (fluorine peak) decreases significantly
from the fresh sample (Figure 11, 25.41%) to the samples used for 1 cycle (Figure 11, 7.73%) and 5 cycles
(Figure 11, 9,16%). The loss of IL when enzyme is not used in the formulation clearly contrasts with the
increased peak observed for the ionogel with enzyme (Enz-ionogel-B, see Figure 8). The explanation
lies in the increase in hydrophilicity of the IL (which is normally hydrophobic) when the enzyme
derivative is incorporated dissolved in water, thus reducing the possibility of migration to the hexane
(hydrophobic) reaction medium. The corresponding SEM micrographs (Figure 12) show the superficial
change that takes place in the samples, such as the fresh sample (Figure 12a,b). As can been observed,
the smooth surface (Figure 12a,b) changes completely to show well-defined grains (Figure 12c,d).
A similar phenomenon occurred with the ionogel enzymatic derivatives (see Figure 7), which was due
to hexane causing the PVC to swell.
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4. Conclusions

A new method for immobilizing enzymes by entrapment in a gel based on an ionic liquid (ionogel)
is described for CaLB. The use of the CaLB-ionogel based on the ionic liquid [Omim] [PF6] and the
organic polymer PVC led to higher enzymatic activities than when free CaLB was used. The use of
glutaraldehyde as crosslinker agent improved the activity of the enzymatic derivative, with the highest
activity being reached with PVC, [Omim][PF6] ionic liquid, CaLB, and 100 µL of glutaraldehyde.
The operational stability of all the enzymatic derivatives (named CaLB-ionogel) was tested at high
temperatures (70 ◦C). Only the CaLB-ionogels prepared with glutaraldehyde were still active after
2 cycles (24 hour each cycle). The porosity of the catalyst was found to be a key factor for the activity of
the enzyme. Furthermore, the ionic liquid used could play a double role: on the one hand, creating a
suitable microenvironment for the enzyme, thereby increasing its activity and stability and, on the other
hand, increasing the substrate concentration in the enzyme microenvironment by concentrating in the
ionic liquids, thus avoiding limitations in mass transfer and increasing the kinetics of the reaction. If the
ionic liquids are correctly chosen, the ionic liquids could also act as a selective liquid membrane around
the biocatalyst for different substrates, improving the overall selectivity of the process. All mentioned
properties demonstrate that the new biocatalyst makes processes greener. The results of this study are
quite encouraging and suggest a new way to easily design a biocatalyst. By changing the ionic liquid
that was used, the activity, and even the selectivity of the catalyst could be modified. For instance,
to increase the activity and selectivity of a given biocatalyst for a specific substrate, it is simply a
matter of choosing an ionic liquid that makes a suitable microenvironment for the enzyme and, also,
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in which the specific substrate will be preferentially absorbed. The method increases the potential field
of application for existing biocatalysts.
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Abstract: In this study approaches for chemical conversions of the renewable compounds
1,2-propanediol (1,2-PD) and 2,3-butanediol (2,3-BD) that yield the corresponding cyclic ketals
and glycol ethers have been investigated experimentally. The characterization of the obtained
products as potential green solvents and gasoline components is discussed. Cyclic ketals have
been obtained by the direct reaction of the diols with lower aliphatic ketones (1,2-PD + acetone→
2,2,4-trimethyl-1,3-dioxolane (TMD) and 2,3-BD + butanone-2→ 2-ethyl-2,4,5-trimethyl-1,3-dioxolane
(ETMD)), for which the ∆H0

r, ∆S0
r and ∆G0

r values have been estimated experimentally.
The monoethers of diols could be obtained through either hydrogenolysis of the pure ketals or
from the ketone and the diol via reductive alkylation. In the both reactions, the cyclic ketals
(TMD and ETMD) have been hydrogenated in nearly quantitative yields to the corresponding
isopropoxypropanols (IPP) and 3-sec-butoxy-2-butanol (SBB) under mild conditions (T = 120–140 ◦C,
p(H2) = 40 bar) with high selectivity (>93%). Four products (TMD, ETMD, IPP and SBB) have
been characterized as far as their physical properties are concerned (density, melting/boiling points,
viscosity, calorific value, evaporation rate, Antoine equation coefficients), as well as their solvent ones
(Kamlet-Taft solvatochromic parameters, miscibility, and polymer solubilization). In the investigation
of gasoline blending properties, TMD, ETMD, IPP and SBB have shown remarkable antiknock
performance with blending antiknock indices of 95.2, 92.7, 99.2 and 99.7 points, respectively.

Keywords: renewable solvents; ketals; ethers; 2,3-butanediol; renewable fuel; propylene glycol;
Kamlet-Taft

1. Introduction

The use of fossil fuel feedstocks for the production of energy carriers and chemicals has been
developed a lot during the XXth century, and can now be considered as one of the main sources
of current ecological problems. Among the latter there are environmental pollution (particularly,
air, water and soil contamination) and climate change, which influence each other. One of the
possible solutions to the aforementioned problems could be the extensive development of the biomass
processing industry that provides the chance to replace fossil-based fuels and chemicals with bio-based
renewable analogues.

Renewable glycols such as 1,2-propanediol (1,2-PD) and 2,3-butanediol (2,3-BD) are of great interest
as potential starting materials for chemical conversions for several reasons. First, they can be readily
obtained from biomass sources by different methods: 1,2-PD can be obtained either by bioglycerol
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hydrogenolysis [1,2] or by microbial production starting from carbohydrates [3]. The process of
carbohydrate biomass fermentation, which yields 2,3-BD, is remarkable as it provides a relatively high
diol yield as well as overall productivity along with a quite low energy consumption. The low host
toxicity of 2,3-BD which is conducive to a higher possible product titer in the fermentation broths
should be also mentioned [4–7]. The direct microbial conversion route of CO2 into 2,3-BD is also worth
mentioning [8]. Hence, the noted compounds are of particular interest as renewable feedstocks for the
production of chemicals.

The majority of studies on 2,3-BD conversion are dedicated to its dehydrative conversion that yields
methyl ethyl ketone (MEK) and isobutyraldehyde [9–12], 3-butene-2-ol [10,13–15], butenes [16–18]
and 1,3-butadiene [19–21]. Some 2,3-BD derivatives have been previously considered as potential
motor fuel components and organic solvents. As far as this aspect is concerned, one should note the
recent work by Harvey [22], which has arisen interest to the one-step 2,3-BD dehydrative conversion
into a cyclic ketal by condensation with MEK generated in situ (Scheme 1), previously developed by
Neish et al. in 1945 [23].
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The main feature of the abovementioned approach to 2,3-BD conversion is the continuous stripping
of the reaction products (water and the cyclic ketal) out of the reaction mixtures, which may provide
favorable conditions for driving the reversible ketalization reaction to completion. The one-step
conversion might also be partially combined with the drying of 2,3-BD, since some water content in the
feed diol does not decrease the target product yield. Nearly quantitative yields of the ketal could be
obtained in this process by applying a proper combination of process conditions such as temperature,
pressure and acid catalyst concentration [23].

The cyclic ketal derived from 2,3-BD — 2-ethyl-2,4,5-trimethyl-1,3-dioxolane — has been
characterized as a gasoline component and an organic solvent by Harvey et al. [22]. As a gasoline
additive, the compound is significant for its good miscibility with fuel, high lipophilicity, and
acceptable boiling point (132–142 ◦C depending on the isomeric composition), relatively high antiknock
performance (RON/MON = 93.5/86.7) and calorific value (28.3 MJ L−1 versus 21.1 MJ L−1 for ethanol).
Although the use of ETMD as a renewable solvent has been proposed, the existing data is likely
insufficient for understanding its potential. In addition, in the aforementioned study by Harvey et al.,
some properties of the pure compound including the neat octane numbers were reported without the
blending octane numbers and without any detailed data on the base gasoline properties. Some data on
the diesel fuel blending properties of 2,3-BD acetals had also been reported earlier by Staples et al. [24].
Thus, a deeper investigation of both solvent and gasoline-blending properties of the 2,3-BD ketal
derivatives is reasonable for exploring its real application potential.

Renewable 1,2-PD could also be transformed into a cyclic ketal via traditional acid-catalyzed
ketalization with acetone [25]. It should also be noted that the formation of TMD in the vapor-phase
hydrogenolysis of solketal has been recently reported [26]. Some data on 1,2-PD cyclic ketals regarding
their diesel fuel blending and physical/solvent properties can be found in the literature [25,27], whereas
no data on the gasoline blending properties could be found by us.

The combination of the ketalization process with the non-destructive ketal hydrogenolysis reaction
that yields the corresponding ethers (Scheme 2) offers intriguing prospects.
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This reaction can be conducted with various reductive agents such as LiAlH4-AlCl3 [28–31],
LiAlH4-BF3 [32], NaBH4 [33,34], TMDS [35,36] and hydrogen [37–40]. In the latter case a bifunctional
catalyst system is required, consisting of either a heterogeneous Pd/C hydrogenation catalyst in
combination with a homogeneous acid (p-TSA or camphorsulfonic acid) or one based on palladium
supported on an acidic aluminosilicate or an acidic carbon [41,42]. When employing hydrogen as a
reducing agent (what can be considered the most feasible route) nearly quantitative ether yields could
be achieved. In this manner, the renewable diols could be converted into the corresponding cyclic
ketals and then they could be subjected to selective hydrogenolysis that yields renewable glycol ethers.
The compounds of the latter group are the well-known organic solvents and hydrotropes with multiple
applications [43,44]. A variation of the approach of interest is the direct reductive alkylation reaction
between a diol and a carbonyl compound. In this case, the synthesis of the glycol ether can be conducted
in a one-step process under mild conditions (e.g., under moderate hydrogen pressure of 1–4 MPa
and 100–140 ◦C) [38,40]. A number of recent papers were dedicated to the conversion of renewable
diols, namely, 1,2-propanediol and glycerol, into ethers and ketals, as well as to the characterization of
the mentioned derivatives as potential renewable fuel components [45] and solvents [27,43,46]. Thus,
the development of approaches for the synthesis of bio-based glycol ethers might be of interest for the
renewable petrochemical substituents production.

The purposes of the study reported herein are: (a) to investigate the regulations of the synthesis
of cyclic ketals from diols (1,2-PD and 2,3-BD) and ketones (acetone and MEK); (b) to describe and
to perform some experimental evaluations of approaches to glycol ethers synthesis either by cyclic
ketal hydrogenolysis or via reductive alkylation; (c) to characterize the cyclic ketal and glycol ether
derivatives regarding their potential applicability as organic solvents and gasoline components; and
(d) to perform a primary sustainability evaluation of the proposed routes towards bio-based solvents.

2. Results and Discussion

2.1. The Ketalization of 1,2-PD and 2,3-BD with Acetone and MEK

The ketalization between diols and acetone (or MEK) should comply with the general rules
known for the reactions of this type. As is known, the ketalization process is slightly exothermic and
results in a decrease in entropy [47]. Thus, to obtain the maximum ketal yields lower temperatures
are preferred. At the same time, the thermodynamic stability of the cyclic ketal products depends on
the molecular structure of the precursor diols and carbonyl compounds, what is supported by the
different equilibrium yields obtained either within the reactions of the diol with the different carbonyl
compounds [48–50] or in transacetalization (transketalization) reactions [51]. In order to determine
the thermodynamic equilibrium for the reactions of interest (yielding the corresponding cyclic acetals
from 1,2-PD and 2,3-BD) and to evaluate the relation between the reactants molecular structure and
the reaction thermodynamic, experimental measurements of the equilibrium constant temperature
dependence were conducted.

The determination of equilibrium compositions was carried out under the conditions employed
earlier for the ketalization between acetone and glycerol [52,53]. During the analysis of the reaction
mixtures, no byproducts were observed. The experimental results obtained (Table 1) show the
dependence between the equilibrium yield and the temperature typical for the homologous ketalization
reactions. The data was plotted in the Arrhenius coordinates (Figure 1) and fitted with a linear function
with good precision.
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Table 1. The equilibrium compositions of the reaction mixtures obtained by the ketalization of 1,2-PD
with acetone and 2,3-BD with MEK. The conditions: the ambient air pressure, keton:diol = 6:1 mol,
5 wt. % (to diol) of Amberlyst 36 dry as the catalyst.

T, K x0
ketone x0

diol x1
ketone x1

diol x1
ketal x1

W Kc Xeq

1,2-PD + acetone

298 0.770 0.115 0.687 0.012 0.093 0.093 1.058 0.897
303 0.770 0.115 0.681 0.015 0.095 0.095 0.902 0.874
313 0.770 0.115 0.697 0.015 0.087 0.087 0.705 0.867
323 0.770 0.115 0.689 0.019 0.089 0.089 0.593 0.833

2,3-BD + MEK

298 0.540 0.090 0.014 0.471 0.073 0.073 0.832 0.849
303 0.540 0.090 0.014 0.472 0.072 0.072 0.753 0.839
313 0.540 0.090 0.017 0.475 0.069 0.069 0.591 0.812
323 0.540 0.090 0.018 0.476 0.068 0.068 0.524 0.796
333 0.540 0.090 0.022 0.479 0.065 0.065 0.402 0.756

1 The Xeq data shown as the mean have been derived from the six samples ± SD (0.005 and 0.002 for 1,2-PD and
2,3-BD ketalization, respectively). x0

ketone, x0
diol are the initial molar fractions of the ketal and the diol, respectively;

x1
ketone, x1

diol, x0
ketal, x0

W are the final (at the equilibrium state) molar fractions of the ketone, the diol, the ketal and
water, respectively; Kc is the equilibrium constant; Xeq is the diol equilibrium conversion.
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Figure 1. The influence of the reaction temperature on the equilibrium constant in the reactions of
2,3-BD with MEK (�) and in the reactions of 1,2-PD with acetone (�).

Using the Van ’t Hoff equation in the form:

lnKc =
∆S0

R
− ∆H0

R
1
T

(1)

and the equation which expresses the relation between the changes Gibbs free energy, the enthalpy
and the entropy upon the reaction:

∆G0 = ∆H0 − T∆S0 (2)

the corresponding values of ∆G0, ∆H0 and ∆S0 for the reaction were calculated (Table 2).
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Table 2. The values of thermodynamic parameters for the diol ketalization reactions.

Reaction ∆H0
r,

kJ mol−1
∆S0

r,
J mol−1 K−1

∆G0
r,

kJ mol−1 Reference

2,3-BD + MEK −16.6 ± 1.0 −56.8 ± 3.3 0.30 ± 0.02 this study
2,3-BD + acetone 1 −16.7 −56.5 0.5 [47]
1,2-PD + acetone −15.1 ± 0.9 −51.1 ± 3.1 0.05 ± 0.02 this study

1,2-PD + acetone 1 −3.3 −17.6 1.7 [47]
glycerol + acetone −30.1 ± 1.6 −100.0 ± 10.0 −2.1 ± 0.1 [52]
glycerol + acetone −14.5 −49.9 0.4 [54]
glycerol + acetone −19.8 ± 1.6 −64.4 ± 5.2 −0.6 ± 0.05 [53]
glycerol + acetone 1 −15.5 −54.4 0.7 [47]
GMME 2 + acetone −15.8 ± 1.2 −51.5 ± 3.9 −0.4 ± 0.03 [53]

1 The values for T = 300 K, the correlation coefficient r = 0.975–0.998; 2 No uncertainty data has been reported;
3 GMME = glycerol 1-monomethyl ether. The data has been shown as the mean ± SD.

A comparison between the values obtained in this work with the previously reported ones
permits us to conclude that in the present case the differences in the molecular structure do not affect
the thermodynamic stability of the cyclic ketals formed. The only result which shows a significant
difference seems to be the result of Nanda et al. [52] for the reaction of glycerol with acetone, probably
due to the use of ethyl alcohol as solvent, while other results were obtained in solventless reactions.
The values of ∆H0

r and ∆S0
r obtained for the reaction between 1,2-PD and acetone by Anteunis and

Rommelaere are likely to be underestimated, what might be connected with the known precision
limits of the NMR measurements. At the same time, the data from the Table 2 proves the postulate
of Anteunis and Rommelaere about the isoequilibrium relationship for the homological reactions of
the cyclic ketal formation. For those typical values of ∆H0

r, ∆S0
r are about −17.2 ± 2.6 kJ mol−1 and

57.2 ± 7.3 J mol−1 K−1, respectively.
The equilibrium yield values for the reactions of 2,3-BD and 1,2-PD ketalization are close to the

values measured for glycerol ketalization under the similar conditions [52,53]. Pure TMD and ETMD
samples were obtained via the direct ketalization under the same ketone molar excess (6:1) conditions.
The isolated yields of TMD and ETMD (83.7 and 81.6%) turned out to be close to the equilibrium yields
determined by GC (89.7 and 84.9%), hence the isolated yields for TMD and ETMD amounted to 0.933
and 0.961 of the corresponding equilibrium yields. Thus, the direct synthesis approach offers excellent
yields along with a relatively simple set-up, and thus might be further potentially developed with
a view to an industrial process. The thermodynamic data obtained here could be of interest for the
necessary reaction engineering purposes.

2.2. The Glycol Ethers Synthesis Via the Hydrogenolysis of the Corresponding Cyclic Ketals

The properties of the catalysts used for 1,2-PD and 2,3-BD monoether synthesis are given in
Table 3. The performance of Pd/Al-HMS materials in the cyclic glycerol ketal hydrogenolysis reaction
and the characterization details have been previously reported [39], so in this paper only the brief
description is given. The values of the specific surface areas for the catalysts indicate well-developed
pore structures (between 680 m2 g−1 and 850 m2 g−1) and a narrow pore size distribution with mean
pore sizes of about 3–5 nm. The acidity of the mesoporous aluminosilicas demonstrates a non-linear
growth with the increase in the Al content. The acidity strength distribution pattern for Al-HMS
aluminosilicas determined previously has shown that strong acid sites are practically absent, what
might provide the high selectivity in the reaction of the cyclic ketals hydrogenolysis [39].

The palladium particles are well dispersed, with mean sizes between 3 nm and 5 nm, what allows
us to reach the conclusion that the metal particles size seems to be limited by the pore size and that
the metal particles are predominately located inside the pores of the Al-HMS. The metal particles
dispersion degrees in the catalysts with the supports of the different Si/Al ratio are practically identical.
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Table 3. The physicochemical properties of the Al-HMS-supported catalysts.

Support SiO2/Al2O3 SBET, m2 g−1 Vtotal, cm3 g−1 Total Concentration of
Acid Sites, mmol g−1

Pd Particles
Mean Size, nm 1

Al-HMS(10) 9.8 680 0.7 256 3.8
Al-HMS(15) 14.7 770 0.9 211 4.2
Al-HMS(20) 19.7 850 1.0 170 3.5
Al-HMS(30) 29.6 820 1.1 144 4.1
1 The values for 2 wt.% Pd/Al-HMS supported catalysts have been calculated according to the TEM results; SBET is
the BET specific surface area; Vtotal is the total pore volume.

The catalysts were tested in the cyclic ketal (both TMD and ETMD) hydrogenolysis reaction
yielding the corresponding glycol ethers (Scheme 3). The reaction is known for its high selectivity:
the yields are usually nearly quantitative for the reduction with hydrogen [38,41], LiAlH4 [55]
or 1,1,3,3-tetramethyldisiloxane [36]. The results of the catalytic tests (Table 4) demonstrate that
in the present case the selectivity values were also very high, normally reaching 97–98 mol %.
The corresponding glycol ether (IPP for TMD, SBB for ETMD) was actually the main and only reaction
product with the remaining 2–3% of selectivity accounted for by the hydrolysis products (the ketone
and the diol), originated from the trace water.
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The hydrogenolysis of the glycerol-acetone cyclic ketal (solketal) over these catalysts has been
studied earlier. It has been revealed by the authors that the Si/Al ratio of the support influences the
overall catalytic activity [39]. The observed differences were attributed to the different activity of the
supports in the acid-catalyzed reactions, e.g., ketalization, as more hydrophobic supports with greater
Si/Al ratio showed to be more active. The strong adsorption of polar species (for example, water, polar
organic compounds), which are typical for the relatively hydrophilic materials, might be the reason
for their limited catalytic activity [50,52]. Thus, in the case of solketal catalytic hydrogenolysis, more
hydrophilic material is likely to adsorb the primary hydrogenolysis product that is the diol.

In the present case, the authors have not observed any significant differences between the
palladium catalysts supported over the Al-HMS materials with the Si/Al ratios ranging from 10 to
30 (Table 4). The Al-HMS(10) catalyst was slightly less active at the lower temperature, while the
activities of all the catalysts under T = 160 ◦C were practically of the same value. This lets one suppose
that in the present case there is no significant correlation between the support hydrophobicity and the
catalytic activity, since the difference in the polarity of the reactant and the product (the ketal and the
corresponding ether) is likely to be relatively low. As shown below, the physical properties in the “diol
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ketal–glycol monoether” pairs (for example, the water miscibility, boiling points and vapor pressures)
are much closer compared to the “solketal–glycerol monoisopropyl ether” pair.

By conducting the reaction for more time, a nearly quantitative yield of the ether might be obtained.
Under the optimized conditions (Table 4, entry 5) both the TMD and ETMD were converted into the
corresponding ethers with yields over 90 mol % (91.4 and 92.1 mol %, respectively), thus indicating at
the feasibility of the approach for the catalytic synthesis of the renewable glycol ethers.

Table 4. The hydrogenolysis of TMD and ETMD over 2% wt. Pd/Al-HMS catalysts with the different
supports. The conditions are: p(H2) = 40 bar, 100 mg of the catalyst, 2.5 mL of the ketal, the reaction
time 5 h.

Entry No. Support T, ◦C YIPP, mol % 1 YSBB, mol % 1

1 Al-HMS(10) 140 29.8 11.0
2 160 40.5 30.6
3

Al-HMS(15)
140 32.7 31.7

4 160 44.2 51.1
5 2 160 91.4 92.1
6 Al-HMS(20) 140 38.6 33.3
7 160 53.2 35.6
8 Al-HMS(30) 140 19.9 31.3
9 160 13.9 25.3

1 Ketal to ether hydrogenolysis selectivity 97–98 mol % in all the cases; 2 reaction time, 24 h; YIPP, YSBB—the GC
yields of IPP and SBB, respectively.

For the synthesis of ethers via the catalytic hydrogenolysis of the corresponding acetals and
ketals high regioselectivity values are typical [39,40]. While the hydrogenolysis of ETMD yields
only one structural isomer, the hydrogenolysis of TMD could yield two isomeric 1,2-PD monoethers:
2-isopropoxy-1-propanol and 1-isopropoxy-2-propanol. According to our results, the regioselectivity
for 1-isopropoxy-2-propanol reached 87–91%. This value is lower than the previously observed
one in solketal hydrogenolysis and it is closer to the regioselectivity of the solketal O-isopropyl
ether reduction [39]. Close regioselectivity values have been also reported for the direct reductive
alkylation of glycerol with aliphatic aldehydes [41]. In the preparative syntheses carried out in
the given work upon the reduction of TMD in the LiAlH4-AlCl3 system the regioselectivity for the
1-isopropoxy-2-propanol was about 82%, being here typical for this approach [29].

Since ETMD might be obtained from 2,3-BD with the excellent yield in the one-step process,
this compound seems to be the more preferable one as the starting material for the synthesis of the
corresponding glycol ether by the pure ketal hydrogenolysis comparing with 2,3-BD. The renewable
1,2-PD may be obtained by the catalytic hydrogenolysis of bioglycerol. 1,2-PD cost is comparable to
the price of acetone, so the feasibility of the one-step conversion of 1,2-PD to TMD in the manner that
is similar to 2,3-BD conversion to ETMD seems to be controversial. Thus, the conversion of 1,2-PD
into the corresponding glycol ether by reductive alkylation with acetone (the latter can originate from
sugars by the ABE fermentation) seems to be of value (Scheme 4).
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The reductive alkylation reaction is generally believed to run through the formation of the
intermediate ketal followed by its catalytic hydrogenation [38]. Therefore, the influence of the reaction
temperature should be crucial: its increase enhances the hydrogenolysis rate, while decreasing the

23



Molecules 2020, 25, 1723

equilibrium concentration of the intermediate ketal described above in the ketalization thermodynamic
study. The experimental results (Table 5) have shown that there is a temperature optimum for the
reductive alkylation reaction. For example, upon the reductive alkylation of 1,2-PD with acetone under
T = 120, 140, 160 ◦C (Table 5, entries 7–9), the yields of IPP amounted to 15.2, 58.7 and 7.9%, respectively.
Hence, at the lower temperature the ether yield decreased along with the hydrogenation rate. At 160 ◦C
the obtained ether yield was connected with the unfavorable influence of the temperature on the
equilibrium between diol and the corresponding ketal, which is the reaction intermediate. The decrease
of the diol:ketone ratio from 40:1 to 20:1 (mol/mol) (Table 5, the entries 7 and 12) also led to an ether
yield decrease (from 15.2 to 6.8%), thus supporting the determinant influence of the ketal equilibrium
concentration on the target product yield. Regarding the reaction with the greater reaction time,
the glycol ether yields are likely to be as high as 92.6 and 93.3 mol % for IPP and SBB, respectively
(Table 5, entries 5 and 11). The regioselectivity between the IPP structure isomers was close to the
values obtained in the direct TMD hydrogenolysis (about 90–91% to 1-isopropoxy-2-propanol).

Table 5. The reductive alkylation of 1,2-PD and 2,3-BD with acetone and MEK with 2%Pd/Al-HMS(20)
bifunctional catalyst. p(H2) = 40 bar, 10 mg catalyst, 2.5 mL of a diol.

Entry No. Diol:Ketone Molar Ratio T, ◦C t, h Xketone, % Yketal, % Yether, % Yalcohol, %

MEK + 2,3-BD

1 40 120 5 73.7 56.1 16.9 0.7
2 40 140 5 97.1 34.4 62.2 0.6
3 40 160 5 62.2 51.6 9.6 1.0
4 40 140 10 98.3 17.7 79.9 0.7
5 40 140 20 98.8 5.3 92.6 0.9
6 20 120 5 55.1 47.9 6.2 1.0

Ac + 1,2-PD

7 40 120 5 86.0 70.2 15.2 0.5
8 40 140 5 96.3 36.5 58.7 1.1
9 40 160 5 82.4 71.1 7.9 3.4

10 40 140 10 97.8 15.4 81.3 1.1
11 40 140 20 98.0 3.6 93.3 1.1
12 20 120 5 85.0 77.2 6.8 1.0

Xketone—conversion of the ketone (MEK/acetone), Yketal, Yether, Yalcohol—the GC yields of the ketal (ETMD/TMD),
the ether (SBB/IPP) and the alcohol (2-butanol/isopropanol), respectively.

The reusability of the bifunctional catalyst was checked in both the pure ETMD hydrogenolysis
and 2,3-BD + MEK reductive alkylation reactions (Table 6). After the first ketal hydrogenolysis cycle a
slight increase in the catalyst activity was observed (the SBB yield increased from 35.6 to 36.9 mol %),
probably, due to the pre-reduction of the catalyst. For the subsequent cycles, a slight decrease in activity
was observed: in the fifth cycle, the target product yield amounted to 92.5% of the initial value. In
the case of the 2,3-BD reductive etherification with MEK, after the first cycle the target product yield
decreased sharply from 62.6 to 54.7 mol %. In the next cycles, the activity change was lower, despite
the fact that the SBB yield gradually decreased to 52.1 mol % (83.8% of the initial value). This pattern
of the activity change observed in the latter reaction might be attributed to the adsorption of water on
the catalyst active sites: the fresh catalyst sample showed the higher activity as it was dry, while the
spent catalyst contacted with the water that was released in the catalytic reaction. It should be taken
into the account that the presence of water might influence the reductive etherification by the affecting
on the ketalization equilibrium [39] or the palladium reduction process [42].
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Table 6. The synthesis of SBB over 2% wt. Pd/Al-HMS (15): the catalyst reusability test. The conditions
are: p(H2) = 40 bar, 100 mg of the catalyst, 2.5 mL of the ketal, the reaction time was 5 h.

Cycle No.
YSBB, mol %

ETMD Hydrogenolysis 1 2,3-BD Reductive Alkylation

1 35.6 62.2
2 36.9 54.7
3 35.3 53.3
4 35.1 53.1
5 32.5 52.1

1 Ketal to ether hydrogenolysis selectivity 97–98 mol % in all the cases; YIPP, YSBB—the GC yields of SBB.

Based on the results obtained, these approaches, namely the hydrogenolysis of the pure ketal
obtained in the separate synthesis from the diol and the ketone, and the one-step reductive ketalization
alkylation, both turned out to be feasible for the synthesis of the renewable glycol ethers. The use
of bifunctional Pd/Al-HMS catalysts permits the reactions to be carried out under relatively mild
conditions (T = 120–140 ◦C) with excellent selectivities (97–98 mol % and 94–95 mol % for the
ketal hydrogenolysis and the reductive ketalization alkylation) and in nearly quantitative yields.
The recovery of the target product from the reaction mixtures is likely to be easily conducted by
simple distillation.

2.3. The Characterization of the Products

The search of the new bio-based organic solvents for the substitution of the petrochemical-derived
ones is an important problem of sustainable chemistry. Investigations of solvent properties of
compounds derived from propylene glycol, glycerol, levoglucosane and isosorbide are to be mentioned
herein as the examples [27,43,44,46,56,57]. In the given study, the efforts have been taken to describe
the properties of the synthesized compounds, namely, of two cyclic ketals—TMD and ETMD and
of two corresponding glycol ethers—IPP and SBB. The estimate of the properties which might be
relevant for the organic solvents was performed with the respect to the criteria for the green solvents
recognizing reported earlier by Jessop [58].

All the compounds tested appear to be the low-viscosity liquids with low melting points (<−60 ◦C)
and the pleasant fruity smell. The value of the TMD viscosity is in good accordance with the data
reported earlier by Kapkowski et al. [25]; it might be compared to the kinematic viscosity of n-butyl
acetate (0.78 mm2 s−1), while the viscosity of ETMD is of the same order as that of diethyl ether
(0.31 mm2 s−1). The viscosities of IPP and SBB are close to the value of 2-butoxyethanol (3.64 mm2

s−1). The boiling points values (Table 7) being less than 250 ◦C under atmospheric pressure place these
compounds in the VOC group according to the EU classification.

Table 7. The main physicochemical properties of the ketals and the corresponding ethers.

Compound bp, ◦C mp, ◦C d20, kg cm−3 nD
20 ν20, mm2 s−1 η20, cP 1 NHOC,

kJ/kg
NHOC,

MJ/L

TMD 98–99 <−60 0.900 1.3940 0.75 0.68 28553 ± 43 25.70
ETMD 140–142 <−60 0.899 1.4110 0.23 0.20 31556 ± 12 28.37

IPP 144–145 <−60 0.883 1.4100 3.01 2.66 29839 ± 10 26.35
SBB 163–164 <−60 0.875 1.4175 3.89 3.40 32548 ± 5 28.48

1 The parameter was calculated from the experimentally measured density and the kinematic viscosity.

For volatile organic compounds not only the boiling points, but also the saturated vapor pressure
and the evaporation rate values are important. In the given study, the evaporation rates were estimated
according to the thermogravimetric method, whose applicability was demonstrated earlier by the
Aubry group [59]. The results (Figure 2, Table 8) demonstrate that TMD evaporates at the greater rate
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than the reference BuOAc (the evaporation rate is 1.30), while other compounds evaporate slightly
slower (ETMD – 0.91, IPP – 0.84 and SBB – 0.73). The evaporation rates of the ketals might be expected
to be higher than the values obtained for the corresponding ethers.

In order to characterize the volatility, the temperature dependences of saturated vapor pressure
have been determined experimentally (Table S1). The coefficients of the Antoine equation have been
calculated (Table 9) by means of the mathematical regression of the experimental results. It has been
reported for the case of glycol and glycerol monoalkyl ethers that the TGA-derived evaporation rates
correlate with the saturated vapor pressure values, but not with the boiling points [59]. In the given
study the linear correlations have been observed between both the boiling point–evaporation rate
(RSD = 0.984) and the saturated vapor pressure–evaporation rate (RSD = 0.977) (Figures S1 and S2).
One should note that the results of the TGA evaporation rate measurements should be employed only
for the primary qualitative estimate: for the isomer of IPP with the close boiling point (propylene
glycol n-propyl ether C3P1, bp = 149 ◦C), a RER of 0.56 was reported [59], which is about a third lower
than the value obtained by us. Moreover, the reported RER value for C3P1 showed to be about 23%
lower than the one obtained for SBB, which has the highest boiling point among the compounds tested.
At the same time, the experimental SVP values (at 50 ◦C) for IPP (1956 Pa) and its isomer, propylene
glycol n-propyl ether 1756 Pa) [59], are in the proper relation.
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Figure 2. The TGA evaporation curves for IPB and SBB. From left to the right: TMD, BuOAc, ETMD,
IPP, SBB.

Table 8. The evaporation rates for the renewable diols derivatives calculated from the TGA measurements.

Compound TMD ETMD IPP SBB

T10%, ◦C 85.8 114.4 122.3 138.0
Evaporation rate, rel. to BuOAc 1.30 0.91 0.84 0.73
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Table 9. The Antoine equation parameters for the 1,2-PD and 2,3-BD derived ketals and ethers.

Compound Temperatures Range, K A B C

TMD 298–334 3.9164 1280.14 −53.52
ETMD 318–372 4.1551 1618.36 −37.76

IPP 318–372 4.1812 1268.21 −108.16
SBB 324–386 5.2285 2039.98 −47.39

All the compounds tested appeared to be completely miscible with methanol, ethanol, isopropyl
alcohol, diethyl ether, toluene and dodecane. Except for IPP, the compounds were slightly miscible
with water (Table 10): the miscibility with water decreased with the increase in alkyl substituents
molecular weight.

Table 10. The data on the water solubility of the renewable diol derivatives.

Equilibrium Solubility, wt. % TMD ETMD IPP SBB

Water in compound 1.8 0.3 ∞ 0.6
Compound in water 3.3 0.9 ∞ 3.8

LogKOW 1.46 2.51 0.40 1.24

The miscibility with water measured for the ketals turned out to be in all the cases lower than that
one of the corresponding glycol ethers. IPP being miscible with water is likely to be considered as the
component of the low-melting water-based liquids, that is why for this compound the properties of
aqueous solutions have been estimated (Table 11).

Table 11. The IPP aqueous solutions densities and the melting points.

IPP Concentration, wt. % d20, g/cm3 mp, ºC

100 0.883 <−60
80 0.925 −31.2
60 0.947 −22.5
40 0.959 −20.9
20 0.970 −14.7

One should note that if a liquid with the freezing point of −15 ◦C is needed, the IPP-based aqueous
solution might contain less organic matter (22 vol. %) than in case of ethylene glycol and propylene
glycol (both 30 vol. % for −14 ◦C), glycerol and isopropanol (both 40 vol. % for −15 ◦C). At the same
time, if a lower freezing temperature is required, the only advantage of IPP over propylene glycol is a
lower solution viscosity; the lower flash point of IPP compared to 1,2-PD should be considered in this
case disadvantageous.

One of the major areas of organic solvents usage is the dissolution of polymers as the search for
the new greener solvents for the preparation of the polymer solutions, e.g., for dyes and coatings
applications is of great interest. The ketals, TMD and ETMD, turned out to be the excellent solvents
for PS and polybutadiene (Table 12): 300 mg of the polymer per 1 mL of the solvent were completely
dissolved to give a clear solution, and only the high viscosities of the solutions hindered a further
increase in the test polymer concentration. The same polymers appeared to be just slightly soluble in the
glycol ethers, which bear OH-groups in the molecular structure. The chlorinated poly(vinylchloride)
(CPVC) sample, which has the high solubility in dichloroethane, might dissolve in the ketals and the
glycol ethers in quite the low concentrations thus making our hopes that these compounds might
partially substitute chlorinated organic solvents for the dissolution of chlorinated polymers fade.

The solvatochromic parameters of the renewable diol derivatives are given in Table 13.
The positioning of the diol derivatives on the Kamlet-Taft β vs π* plots has been examined (Figure 3).
TMD and ETMD, as far as their polarity-basicity properties are concerned, are found to be close to
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such the aprotic solvents as diethyl ether, n-butyl acetate, eucalyptol and 1,1-diethoxymethane, and
thus might be related to the group of solvents with the moderate basicity and the moderate polarity
(Figure 3a). The higher boiling point and the lower volatility that may propose the lower evaporation
losses and the lower flammability hazards are of potential benefit over Et2O and DEM.

Table 12. The equilibrium solubilities of the organic polymers in the 1,2-PD and 2,3-BD derivatives.

Polymer Equilibrium Concentration (25 ◦C), g L−1

TMD ETMD IPP SBB
Polystyrene >300.0 >300.0 0.2 0.4

Polybutadiene >300.0 >300.0 1.8 1.2
CPVC 8.9 11.3 1.9 1.7

ETMD is totally comparable with BuOAc in terms of volatility; the remarkable difference between
these compounds is that the former (being the cyclic ketal) is stable in basic media, while the latter
undergoes rapid saponification. Thus, the ketal solvents may be employed in those cases, when an
organic solvent should be used in contact with the aqueous alkali solution. One should note that it was
impossible for us to measure the EN

T value for these compounds, since the Reichardt’s dye solutions
gave the inadequate wavenumbers, probably due to the presence of some minor impurities, which
were not obliged to detecting by neither NMR nor GC. The determination of this abnormal behavior is
of the further interest for the solvatochromic characterization of the cyclic ketals.

Table 13. The Kamlet-Taft solubility parameters for the renewable diol derivatives.

Solvent λmax, nm EN
T λmax, nm π* λmax, nm β λmax, nm α

IPP 572.2 0.595 304.8 0.56 367.6 0.77 572.2 0.81
SBB 626.2 0.462 303.3 0.49 364.9 0.77 626.2 0.58

TMD 1 - - 300.5 0.36 349.8 0.50 - -
ETMD 1 - - 300.2 0.35 350.2 0.52 - -
1 The data on α and EN

T is absent due to the abnormal behavior of the Reichardt’s dye in the ketal samples upon the
spectra acquisition.
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Figure 3. The positioning of the 1,2-PD and 2,3-BD derivatives on the β vs π* plots for aprotic (a) and
protic (b) organic green solvents. The solvatochromic parameters for the rest of the compounds have been
taken from the Ref. [60]. PEG—polyethylene glycol, GVL—γ-valerolactone, PPG—polypropylene glycol,
DMC—dimethyl carbonate, DEC—diethyl carbonate, DEM—diethoxymethane, DBM—dibutoxymethane,
1,3-PD—1,3-propanediol, 2-MeTHF—2-methyltetrahydrofuran, MeO2CEt—methyl propionate.

SBB and IPP on the Kamlet-Taft plot for the protic solvents have been found among the aliphatic
alcohols (Figure 3b). The boiling points of the glycol ethers are slightly lower than those of aliphatic
alcohols with the same carbon atom content: the boiling points for IPP and 1-hexanol are 144 and
157 ◦C; 163 and 195 ◦C for SBB and 1-octanol, respectively. Simultaneously, in the aforementioned pairs
the glycol ethers have higher miscibility with water, compared to the corresponding alcohols. While
combining these two facets one can conclude that the closest alcohol analogues of IPP and SBB are
1-pentanol (bp = 138 ◦C, solubility in water 22 g L−1) and 1-hexanol (bp = 157 ◦C, solubility in water
6 g L−1), respectively. The main difference in case of IPP and pentanol is that the former is miscible
with water in all the ratios. Hence, if the Ziegler process or the hydration of an oil-derived olefin is
considered as the main source of fatty alcohols, IPP and SBB glycol ethers possibly have an advantage,
since they are obtained from renewable resources, although 1-pentanol derived from levulinic acid
might be bio-based as well.

The synthesis trees for the compounds tested in the given study (Figure 4) were made up based on
the following assumptions: 2,3-butanediol is obtained by the microbial fermentation of carbohydrates
with the subsequent one-step conversion to ETMD, according to the protocol described by Neish [23]
and Harvey [22]; SBB is obtained by the one-step hydrogenolysis of ETMD. Thus, for these compounds
the number of synthetic steps is two and three, respectively (Figure 4a). The synthetic trees for 1,2-PD
derivatives have been made up starting from bioglycerol-derived propylene glycol.
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Figure 4. The synthesis trees for the renewable glycol derivatives: (a) ETMD and SBB, (b) IPP via the
1,2-PD ketalization and the TMD hydrogenolysis, (c) IPP via the reductive alkylation.

Although there are precedents for a one-step 1,2-PD synthesis by a retroaldol glucose
conversion [61,62], currently only the glycerol hydrogenolysis process is employed on an industrial
scale. Carbohydrate fermentation is supposed to be an appropriate source of the renewable acetone.
The synthesis of TMD is implemented via the direct ketalization of 1,2-PD with acetone, since the
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feasibility of the one-step 1,2-PD to TMD conversion seems to be rather arguable in essence, representing
here the dehydration of 1,2-PD to acetone. Thus, there are three synthetic steps in the TMD synthesis.
For IPP obtained by the TMD hydrogenolysis it amounts to four (Figure 4b), but if the reductive
alkylation route were chosen, IPP also would require only three steps to be recovered (Figure 4c).

In the final stage of our primary sustainability assessment for TMD, ETMD, IPP and SBB as
organic solvents, the questions about the synthetic process formulated by Jessop [58] have been here
addressed (Table 14). It is obvious that there are neither phosphorous- or nitrogen-containing wastes
nor volatile heteroatomic compounds of nitrogen, sulfur and halogens in the production processes.
The compounds under investigation might be considered to be fully (ETMD) or partially (TMD, IPP)
renewable ones. Though providing the excellent yields and selectivity in rather mild conditions,
the using of palladium catalysts for the cyclic ketal hydrogenolysis does not actually seem sustainable
enough, thus employing a non-noble metal catalyst (e.g., nickel-based) for this reaction is of interest.
Except the latter issue, the results of the primary sustainability estimate make it possible to suppose
that the compounds investigated, particularly 2,3-butanediol-based, might be tentatively considered as
potential green solvents.

Table 14. The considerations of the renewable diols derivatives production sustainability.

Parameter TMD ETMD IPP SBB

Number of synthetic steps 3 2 3 3
Phosphorous compounds in the synthesis tree none

Highly hazardous compounds none
Volatile compounds of N, S, Cl, Br, F none

Very hydrophobic compounds with logKow > 4.3 none
Compound toxicity no data
Halogenated VOCs none

Elements at the risk of depletion in the synthesis none yes, palladium
C2–C7 VOCs yes, TMD none yes, IPP none

Potentially renewable yes

As reported by Harvey et al., ETMD might have some potential as a gasoline component thanks
to its appropriate volatility, relatively high calorific value and antiknock performance [22]. At the same
time, there is no data on the influence of ETMD additives on the gasoline volatility properties and the
antiknock performance. One can suppose that the hydrogenolysis of the cyclic ketals such as TMD and
ETMD might give derivatives with increased antiknock performance, since the latter compounds bear
an alcohol moiety. Alcohols are likely to be mostly efficient octane boosters when they are added to
gasoline. Finally, the ketals possess relatively low stability in contact with acidic water [27,49], and
despite the fact there is no data on the possible degradation of ketal-containing gasoline blends, this issue
should not be disregarded. One should note here that the ethers which derive from ketal hydrogenolysis
might have far higher hydrolytic stability than their precursors. Therefore, for characterizing the
synthesized compounds in terms of the gasoline-blending properties the corresponding tests have
been performed (Table 15). The extra purpose here was to estimate the relationships between the
molecular structures of these oxygenates and their octane-enhancing efficiency.

As the tested oxygenates’ boiling points are inside the gasoline boiling range (35–193 ◦C),
their volatilities can be considered acceptable. The main concern here is that the “excessively
heavy” oxygenates can decrease the overall gasoline volatility, what could be particularly relevant
for high-boiling solketal [53], γ-valerolactone [63], methyl pentanoate and alkyl levulinates [64].
The results of the fractional composition, namely, the 5 and 10 vol. % recovery temperatures allow to
make the “indirect” assertion on the gasoline cold start properties. As the differences in the T5% and
T10% between the neat and additive-containing gasolines are within the method precision, one can
conclude that none of the compounds tested affect the gasoline volatility.
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Table 15. The gasoline blending properties of 1,2-PD and 2,3-BD ethers and ketals.

Property Neat Gasoline 10% TMD 10% ETMD 10% IPP 10% SBB

d20, kg L−1 0.731 0.748 0.748 0.747 0.746
NHOC, MJ L−1 32.31 31.64 31.91 31.714 31.92

RON 91.8 92.5 92.0 92.7 92.7
bRON - 98.8 93.8 100.8 100.8
MON 84.5 85.2 85.2 85.9 85.8

bMON - 91.5 91.5 97.5 98.5
blending AKI 1 95.2 92.7 99.2 99.7

fractional composition, vol.
%/◦C
ipb 35 36 40 36 35
5 45 49 50 46 44

10 52 57 57 53 50
20 61 68 73 68 63
30 72 80 86 80 80
40 85 91 103 94 94
50 104 107 121 114 114
60 124 120 135 127 135
70 142 136 146 139 149
80 160 157 160 150 161
90 186 192 187 175 182
fbp 193 194 190 190 189

1 The deriving made from the calculated bON values.

The blending octane numbers and the calculated AKI for ETMD (Table 15) appeared to be slightly
higher than the intrinsic ONs, reported previously by Harvey et al. [22]. Other tested oxygenates showed
excellent antiknock performance enhancing the knock resistance more efficiently than ETMD: the AKI
values for TMD, IPP and SBB amounted to 95.2, 99.2 and 99.7 points, respectively. The impacts on the
RON are not very high in comparison with, e.g., ethanol and MTBE (blending RONs about 110–120 and
115–120, respectively), whereas the calculated values of bMON are comparable. Oxygenates providing
a higher effect on MON are particularly preferable, when gasoline contains significant amounts of FCC
gasoline, which normally has a high octane sensitivity. As expected, TMD turned out to have a higher
octane number than ETMD: for the former, there is only one atom at the tertiary carbon per molecule,
while for the latter there are two, being less resistant to oxidation.

It is of big concern that the molecular structure of TMD resembles the solketal molecule but
without an OH-group. The methylation of the solketal OH-group was shown earlier to result in a
dramatic ON decrease [53], and it was the OH-group (not the 2,2-dimethyl-1,3-dioxolane moiety)
which was responsible for the good antiknock performance. In the present case, the octane rating of
the 2,2-dimethyl-1,3-dioxolane derivative is obviously quite high. The understanding of the data on
the solketal and its methylated derivative should be thus reconsidered: it seems that it is not only the
positive influence of the OH-group in the solketal molecule, but the methoxy substituent is sure to affect
the antiknock performance as well (Figure 5). An investigation on the relations between the molecular
structure and the antiknock performance of 1,3-dioxolane homologues might be of further interest.
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Figure 5. The molecular structure and the octane numbers of the 1,3-dioxolane derivatives. The octane
numbers of solketal and solketal methyl ether were taken from the ref. [53].

The mild hydrogenation of the cyclic ketals occurs with the release of the free alcohol group which
might be considered as a “bearer” of the antiknock properties, as has been reported earlier [53,65]. There
is little difference between the efficiency of the glycol ethers. SBB shows a slightly higher performance,
although the higher impact from IPP having fewer C-H bonds at tertiary carbon atoms might be expected.
However, “octane number–additive concentration” dependencies often demonstrate nonlinearity, that
is why IPP and SBB might be considered to demonstrate a similar antiknock performance with the
volume bMON/bRON about 101/98. The calculated molar bRON/bMON for the aforementioned glycol
ethers are 101/98 and 100/97, respectively.

One should note that the volumetric calorific value of the renewable diols derivatives is quite
high, compared to the alcohols with close antiknock performance. For example, 2-butanol with
RON/MON = 105/93 has a density (at 20 ◦C) of 0.808 kg L−1 and a volumetric NHOC of 26.7 MJ L−1.
The weight calorific value of SBB (32.5 MJ kg−1) might also be compared with that of 2-butanol and
2-methyl tetrahydrofuran (32.9 MJ kg−1). The SBB volumetric NHOC amounts to 28.48 MJ L−1 with an
antiknock performance similar to that of the aforementioned alcohol [64]. Upon adding 10 vol. % of
2-butanol and SBB, the volumetric NHOC values for the blends might amount to 26.70 and 28.48 MJ L−1

with AKI of the both blends of 89.2–89.3 points. Thus, the loss in the overall fuel volumetric calorific
value upon the adding of the octane booster is remarkably lower for SBB. What is interesting, is that
both the compounds could be obtained by bio-2,3-butanediol treatment involving the dehydration
with the subsequent hydrogenation. On the Van Krevelen diagram the coordinates ([O:C; H:C]) of
SBB and 2-BuOH are [2.25; 0.25] and [2.50; 0.25], respectively. Thus, although alcohol has a higher
hydrogen content, the efficiency of SBB as the gasoline component is higher, so one can make the
conclusion that the conversion of 2,3-BD to SBB represents a method to the renewable energy recovery
which might be potentially efficient and sustainable.

3. Materials and Methods

3.1. Reagents

Acetone, MEK (analytical grade, Komponent-Reaktiv, Moscow, Russia), 1,2-propanediol (>99%,
Carl Roth, Karlsruhe, Germany), racemic 2,3-butanediol (Alfa Aesar, Heysham, United Kingdom, 98%),
LAH (95%, Sigma-Aldrich, St. Louis, MO, USA), AlCl3 (Sigma-Aldrich, St. Louis, MO, USA, 99%),
NaOH (pure, Komponent-Reaktiv, Moscow, Russia) diethyl ether (99.8%, Sigma-Aldrich, St. Louis,
MO, USA) were used without the additional purification. The base gasoline without any oxygenates of
additives was received from a Russian refinery. The properties of the base gasoline are given in Table
S2 in the Supplementary Materials.
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3.2. Preparative Syntheses

3.2.1. Cyclic Ketal Syntheses

To prepare cyclic ketals (TMD and ETMD), the diol was mixed with the ketone, taken in a 6-fold
molar excess, in a round-bottom flask. A dash of p-toluenesulfonic acid (p-TSA) was introduced
into the flask. The mixture was stirred at room temperature for 12 h, after which the catalyst was
neutralized with an excess of sodium carbonate. The reaction mixture, which consisted of the unreacted
ketone and diol, water and the ketal, was subjected to rectification to obtain the pure ketal. The purity
and structure of the isolated ketal was checked by GC-FID (‘Kristalluks-4000M’ gas chromatograph,
Meta-Khrom, Yoshkar-Ola, Russia) equipped with a ‘Restek Rtx-Wax’ 60 m/0.53 mm/1.00 µm column,
Restek, Bellefonte, PA, USA, helium as the carrier gas, pure samples used as the internal standards for
the quantification, ‘Supelco SPB-1’ 30 m/0.32 mm/0.25 µm column, Supelco, Bellefonte, PA, USA, for
the RI determination), GC–MS (‘Thermo Focus DSQ II’, Thermo Fischer Scientific, Waltham, MA, USA,
‘Varian VF-5ms’ 30 m/0.25 mm/0.25 µm column, Varian Inc., Palo Alto, CA, USA, helium as the carrier
gas, the EI ionization), the chemical analysis (‘Thermo Flash 2000’, Thermo Fischer Scientific, Waltham,
MA, USA), and proton magnetic resonance (‘Avance 400’ Bruker, Billerica, MA, USA).

2,2,4-Trimethyl-1,3-dioxolane (TMD): bp 98–99 ◦C, yield 83.7 mol % (isolated, on a theoretical basis).
Found (%): C, 62.11; H, 10.48. Calculated for C6H12O2 (%): C, 62.04; H, 10.41. 1H–NMR (400 MHz,
CDCl3): δ 1.18 (d, JHH = 6.0 Hz, 3H), 1.35 (s, 3H), 1.44 (s, 3H), 3.34-3.38 (m, 1H), 3.95–3.99 (m, 1H),
4.12–4.19 (m, 1H). 13C–NMR (100 MHz, CDCl3): δ 18.4, 26.1, 26.4, 70.8, 72.1, 108.6. The mass spectrum,
m/z (Irel, %): 115 (47), 72 (23), 59 (18), 43 (100). GC: non-polar column, temperature ramp, Van
den Dool and Kratz RI = 721, (poly(dimethylsiloxane), 30 m/0.32 mm/0.25 µm, He, 45 to 365 ◦C,
25 ◦C/min). UV-Vis spectroscopy: no band with εmore than 100 has been found in the spectrum range
of 300–630 nm.

2-Ethyl-2,4,5-trimethyl-1,3-dioxolane (ETMD): bp 135–142 ◦C, yield 81.6 mol % (isolated, on a theoretical
basis). Found (%): C, 66.69; H, 11.08. Calculated for C8H16O2 (%): C, 66.63; H, 11.18. The spectral data
matched the literature data [66]. GC: non-polar column, the temperature ramp, Van den Dool and
Kratz RI = 893, (poly(dimethylsiloxane), 30 m/0.32 mm/0.25 µm, He, 45 to 365 ◦C, 25 ◦C/min). UV-Vis
spectroscopy: no band with εmore than 100 has been found in the spectrum range of 300–630 nm.

3.2.2. The Synthesis of Glycol Ethers by Cyclic Ketal Reduction

The reduction of cyclic ketals with LAH-AlCl3 in ether was performed according to the protocol
described by Legetter and Brown [29]. The products obtained after the ether distillation were double
distilled before performing purity analysis.

Isopropoxypropanols (IPP, a mixture of 2-isopropoxy-1-propanol and 1-isopropoxy-2-propanol): bp
137–144 ◦C, yield 89.7 mol % (isolated, on a theoretical basis). Found (%): C, 60.87; H, 11.88. It has
Calculated for C6H14O2 (%): C, 60.98; H, 11.94. 1H–NMR (400 MHz, CDCl3): δ 1.09–1.11 (m, 6H),
1.13–1.19 (m, 3H), 2.89–3.01 (m, 1H), 3.42–3.64 (m, 2H), 3.89–3.96 (m, 1H). 13C–NMR (100 MHz, CDCl3):
δ 19.0 (17.7), 21.7 (22.2), 66.5 (66.0), 71.4 (70.6), 73.7 (72.5). The MS data matched the NIST main
library spectra. GC: non-polar column, the temperature ramp, Van den Dool and Kratz RI = 800,
(poly(dimethylsiloxane), 30 m/0.32 mm/0.25 µm, He, 45 to 365 ◦C, 25 ◦C/min). UV-Vis spectroscopy:
no band with εmore than 100 has been found in the spectrum range of 300–630 nm.

3-(sec-Butoxy)butan-2-ol (SBB, a mixture of the diastereomers): bp 162–163 ◦C, yield 92.0 mol % (isolated,
on a theoretical basis). Found (%): C, 65.88; H, 12.38. Calculated for C8H18O2 (%): C, 65.71; H, 12.41.
1H–NMR (400 MHz, CDCl3): δ 0.91 (t, JHH = 7.4 Hz, 3H), 1.08–1.13 (m, 6H), 1.16 (d, JHH = 6.4 Hz, 3H),
1.37–1.43 (m, 1H), 1.57–1.63 (m, 1H), 3.45–3.51 (m, 1H), 3.54–3.58 (m, 1H), 3.72–3.77 (m, 1H). 13C–NMR
(100 MHz, CDCl3): δ 10.7, 16.5, 18.3, 19.4, 29.5, 70.2, 73.6, 76.6. Mass-spectrum, m/z (Irel, %): 101
(56), 73 (24), 57 (100), 55 (32), 45 (74). GC: non-polar column, temperature ramp, Van den Dool and
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Kratz RI = 984, (poly(dimethylsiloxane), 30 m/0.32 mm/0.25 µm, He, 45 to 365 ◦C, 25 ◦C/min). UV-Vis
spectroscopy: no band with εmore than 100 has been found in the range of 300–630 nm.

3.3. Catalytic Experiments

The experiments of ketalization of the diols (1,2-PD and 2,3-BD) with ketones (acetone and MEK)
under atmospheric pressure were carried out in a glass reactor (internal volume, 15 cm3) equipped with
a thermostating jacket and a reflux condenser. A magnetic stir bar and the previously prepared reactant
mixture (7 mL) were placed in the reactor and the thermostat was turned on. After reaching the set
temperature, a catalyst charge was introduced into the reactor. This moment was taken as the initial
reaction time. Stirring was periodically terminated to take aliquots of a 0.05–0.1 mL volume, which
were analyzed by GLC. The following sampling protocol was applied: for each reaction equilibrium
state 5–7 samples were taken; each sample was analyzed from 3 to 5 times to obtain the appropriate
standard deviation (it did not exceed 0.2% for the diol conversion values from 65 to 95%).

The experiments on the cyclic ketals hydrogenolysis and the reductive alkylation were carried out
in a stainless steel autoclave (internal volume of 50 mL, designed and manufactured by TIPS RAS,
Moscow, Russia), equipped with a manometer (for pressure control) and a thermocouple. The specified
amounts of the cyclic ketal (TMD or ETMD in the ketal hydrogenolysis) or the mixture of the diol
and the ketone (acetone+1,2-PD or MEK+2,3-BD in the reductive alkylation), the catalyst sample, and
a magnetic stir bar were placed in the autoclave. The aluminosilica-based Al-HMS catalysts were
used in the oxide form after the calcination. The closed autoclave was purged with argon, then filled
with hydrogen (to an initial pressure of 40 bar), and then placed in a furnace. The stirring was turned
on, and this point of the time was taken as the onset of the reaction. At the end of the experiment
time, the autoclave was cooled with the cold water, and the products of the catalysis were decanted,
centrifuged and subjected to analysing by GC-FID (the pure samples used as the internal standards for
quantification) and GC–MS. The catalyst was washed five times with acetone (the suspension was
centrifuged and acetone was decanted each time), and then dried in a flow of argon. The heterogeneous
catalyst, thus prepared, was used for the TEM study.

In the test of the catalyst reusability, after each cycle the catalyst was recovered in the same manner
as for the characterization. The equal feed-to-catalyst weight ratio was maintained throughout the tests.

3.4. Catalysts

The commercially available sulfonic ion-exchange resin Amberlyst 36 dry (a sample has been
kindly provided for testing by Dow Europe GmbH, Moscow, Russia) was used in the ketalization
experiments without any prior modification. The preparation method details and the properties of
Pd/Al-HMS catalyst have been reported elsewhere [39].

The textural characteristics of the synthesized aluminosilicates and the commercial supports were
determined on the ASAP 2020 instrument from the company Micromeritics (Norcross, GA, USA)
with the use of the low-temperature adsorption of nitrogen. The parameters were calculated by the
BET method using the instrument software. The structure and morphology of the supported catalyst
samples were studied by the high-resolution transmission electron microscopy (TEM) on a JEM 2100
electron microscope (from JEOL, Tokyo, Japan) at the accelerating voltage of 200 kV. The acid properties
of the supports were studied using the temperature-programmed desorption of ammonia (TPD of
NH3). The experiments were performed on an USGA-101 sorption analyzer from Unisit (Moscow,
Russia). Before the adsorption of ammonia, the samples were in situ calcined in the flow of the dry air
at 500 ◦C for 1 h and then cooled to 60 ◦C in the flow of nitrogen. The saturation was carried out in the
flow of ammonia diluted with helium (1:1) at 60 ◦C for 30 min. The physically adsorbed ammonia was
removed at 100 ◦C in the flow of helium for 1 h. The thermal desorption curves of ammonia were
obtained at the temperature range from 100 ◦C to 800 ◦C in the flow of helium at the heating rate
of 8 K/min.
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3.5. Methods for Estimating Gasoline and Solvent Properties

3.5.1. Physico-Chemical Properties

The main methods employed in the study on the solvent and gasoline blending properties have
been summarized in Table 16.

The gross calorific values of the compounds were measured using a C200 calorimeter (IKA,
Königswinter, Germany) according to the DIN 51900. The net calorific values were calculated regarding
the hydrogen weight contents determined by the CHNS analysis.

In the water solubility measurements, water aliquots (0.01 g each) were added to a 3 mL aliquot
of the organic compound with the periodical shaking until the phase separation had been visually
observed. The similar procedure was used to measure the solubility of the organic compounds in
water. To estimate polymer solubility, the specified polymer mass was brought in contact with the
solvent (2.0 mL) with stirring at the temperature of 50–60 ◦C for 8 h.

Table 16. The methods used for the diol derivatives characterization.

Property Method Instrument Method Precision

Density at 20 ◦C ASTM D4052 VIP-2MR vibration
densitometer ±0.0001 g/cm3

Dynamic viscosity at 20
◦C ASTM D445 VPZh-2 glass

viscosimeter ±0.0001 mm2*s−1

Refractive index at 20 ◦C
nD

20 - IRF-22 refractometer ±0.0001

Melting point DIN 51421 Kristall-20E ±1 ◦C
Saturated vapor pressure ASTM D6378 Reid bomb, thermostate ±1.2 kPa
Fractional composition ASTM D86 ARN-PKhP ±1 ◦C

RON/MON ASTM D2700/ASTM D
2699 UIT-85 ±0.1

An aliquot of the supernatant liquid was taken off and then evaporated in an argon flow
(T = 150 ◦C, for 4 h) to give the residual mass of the polymer dissolved. Polystyrene (“402”
trademark, Nizhnekamskneftekhim, Nizhnekamsk, Russia, Mw = 422280, Mn = 847060), polybutadiene
(“CKDL” trademark, Nizhnekamskneftekhim, Nizhnekamsk, Russia, Mw = 680870, Mn = 1470180) and
chlorinated poly(vinylchloride) (“PSH-LS” trademark chlorinated polyvinylchloride resin, Kaustik,
Sterlitamak, Russia) were used as the polymer samples. logKow had been estimated using the CLogP
group contribution method.

The saturated vapor pressure (SVP)—temperature dependences were obtained by the vacuum
rectification of the compounds under the different residual pressures using the laboratory rectification
column. The Antoine equation coefficients were calculated by means of the mathematical
regression analysis.

The TGA evaporation rate measurements have been conducted using TGA/DSC3+ (Mettler Toledo,
Columbus, OH, USA), with a TGA/HT DSC HSS2 detector. In a typical run the temperature was
risen from 25 ◦C to 500 ◦C (the temperature ramp, 5 ◦C/min) under ambient air conditions (the flow
of 20 mL min−1). The samples (20 µL volume) were put into the Pt crucibles (inner volume 70 µL)
before the measurement. From the TGA curves, the temperatures corresponding to the 90% weight
loss were determined. Butyl acetate (99.5%, Sigma Aldrich, St. Louis, MO, USA) was used as the
reference substance.

3.5.2. Solvatochromic Parameters Estimation

The parameter ET was determined using 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridino)-phenolate
(Reichardt betaine, 90%, Sigma-Aldrich, St. Louis, MO, USA) without the additional purification.
4-Nitroaniline (99%, Fluka, Buchs, Switzerland) and 4-nitroanisole (97%, Sigma Aldrich, St. Louis,
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MO, USA) were used to determine the parameters β and π*, respectively. All the ethers and ketals
samples were stored over the 4A molecular sieves prior to the spectra acquisition in order to remove
the trace water.

The concentration of the solvatochromic indicators was set at such the level that the absorption
maximum was within the range of 0.2–1.0 absorbance units. The absorption spectra were recorded
with the UV-3600 double-beam double-monochromator spectrophotometer (Shimadzu, Kyoto, Japan)
equipped with a TCC-240A Peltier cell temperature control system. The temperature was maintained
at a level of 25 ± 0.1 ◦C. The solutions were placed in quartz cells with optical path lengths of
10 or 1 mm (in the case of high background solvent absorption). The corresponding solvent without
a solvatochromic indicator was used as the reference solution. The spectra were recorded within
the range of 300–800 nm (depending on the indicator) at a spectral resolution of 1 nm. The distance
between points in the spectrum was 0.1 nm. The obtained spectra were subjected to the Savitzky-Golay
smoothening with the subsequent localization of the long-wave absorption band λmax (the precision
was not worse than 0.1 nm). The Dimroth-Reichardt energy (kcal/mol) was calculated using the
following equation [67]:

ET(30) = hcNAν̃maxB = 28590/λmaxB (3)

where h is the Planck constant, c is the speed of light, NA is the Avogadro number, νmaxB and λmaxB

are the wavenumber (m−1) and wavelength (nm) at the Reichardt betaine absorption maximum,
respectively. The normalized parameter ET (30) in the solvent S was calculated by comparing the
obtained value with the reference data for water and tetramethylsilane (TMS):

EN
T =

ET(30)S − ET(30)TMS

ET(30)H2O − ET(30)TMS
=

ET(30)S − 30.7
32.4

(4)

The Kamlet-Taft parametersπ* andβwere calculated using the literature data on the corresponding
coefficients (b, s) for the location of the absorption bands of the studied solvatochromic indicators
according to the equations [67]:

π∗ = 0.427(34.12− ν̃maxANS) (5)

β =
31.10− 3.14π∗ − ν̃maxANI

2.79
(6)

where νmax ANI and νmax ANS are the absorption maximum wavenumbers for 4-nitroaniline and
4-nitroanisole, respectively (in kK, 1 kK = 1000 cm−1). The parameter α was determined from the data
on π* and the following equation:

α = 0.186(10.91− ν̃maxB) − 0.72π∗ (7)

4. Conclusions

Synthetic strategies for the cyclic ketal and the glycol ether derivatives of the renewable diols
1,2-propylene glycol and 2,3-butane diol have been proposed. The ketalization reaction has been
subjected to a thermodynamic analysis. The homological reactions of the cyclic ketal formation from
the diol and the ketone has been shown to comply with the isoequilibrium relationship. The ∆H0

r/∆S0
r

(kJ mol−1; J mol−1 K−1) values for the reactions (1,2-propylene glycol + acetone→ 2,2,4-trimethyl-1,3-
dioxolane-+ water and 2,3-butanediol + 2-butanone→ 2-ethyl-2,4,5-trimethyl-1,3-dioxolane) have
been found to be −16.6±1.0/−56.8±3.3 and −15.1±0.9/−51.1±3.1, respectively.

The hydrogenolysis of the two cyclic ketals—TMD and ETMD—has been studied with the use of
heterogeneous bifunctional catalysts obtained by doping Al-HMS mesoporous aluminosilicas with
palladium metal. The catalysts have been successfully used for the synthesis of the glycol ethers via
two different routes (the cyclic ketal hydrogenolysis and the reductive alkylation of the diol with the
ketone): in both the cases the target products have been obtained with yields up to 91–93 mol %;
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the catalysts have been found to be reusable at least 5 times with a moderate decrease in activity (the
yield of the target product on the 5th cycle had been registered as 84% of the first cycle yield).

The renewable diol derivatives (the two ketals—TMD and ETMD—and the two corresponding
ethers—IPP and SBB) have been characterized by their solvent-relevant properties, including density,
viscosity, boiling points, melting points, refraction coefficient and heat of combustion. The volatility
properties have been investigated in order to obtain the relative evaporation rates (RER), as well as the
Antoine equation coefficients.

TMD shows the possibility to evaporate considerably faster (RER = 1.30) than BuOAc (the reference
substance), while ETMD, IPP and SBB may evaporate slightly slower (RERs 0.91, 0.84 and 0.73,
respectively).

A solvent properties study has been conducted for TMD, ETMD, IPP and SBB, including
their miscibility with organic solvents and water, their ability to dissolve polymers (polystyrene,
polybutadiene and CPVC) and Kamlet-Taft solvatochromic parameters determinations. In the polymer
dissolution tests, the cyclic ketals have been found to be remarkable solvents for polystyrene and
polybutadiene: more than 300 g of the polymer per liter of the solvent could be dissolved. After
positioning on β vs π* plots the conclusion has been made that the cyclic ketals (TMD and ETMD)
appear to have close solvent properties to BuOAc, diethyl ether, eucalyptol and 1,1-diethoxy methane.
The hydrolytic stability in the aqueous alkali media might be a possible advantage over BuOAc, while
in the comparison with diethyl ether the ketals demonstrate considerably lower flammability hazards
and potential evaporation losses for their lower volatility. Glycol ethers, IPP and SBB have similar
solvent properties as C5-C8 fatty alcohols, what permits the alcohols (produced from ethylene via the
Ziegler process) to be a potentially renewable alternative.

From the synthesis trees designed for the four compounds, the number of synthetic steps for
TMD, ETMD, IPP and SBB has been found to be three, two, three and three, respectively. The primary
sustainability estimate made for the synthetic protocols has shown positive results for most of the
criteria. The problem to be solved here is the necessity of using palladium (an element at risk of the
depletion) for the glycol ether synthesis by ketal hydrogenolysis.

We have also estimated the gasoline-blending properties of the renewable ketal glycol ethers.
The blending research/motor octane numbers for TMD, ETMD, IPP and SBB have been found equal to
98.8/91.5, 93.8/91.5, 100.1/97.5 and 100.8/98.5, respectively. Thus, after subjecting ETMD to a mild and
highly selective hydrogenolysis it has yielded an oxygenate with a substantially higher performance
both in terms of its antiknock properties and hydrolytic stability.

SBB, with the highest boiling point (163–164 ◦C) among the oxygenates tested has not been
found to affect gasoline volatility. The comparison between two derivatives of 2,3-BD (2-butanol and
SBB) has shown that although the antiknock properties of the two compounds appear to be totally
comparable, SBB has a particular advantage as far as the volumetric calorific value is concerned. After
adding 10 vol. % of 2-butanol and SBB, the fuel AKI has increased from 88.2 to 89.2–89.3 points,
while the NHOC for the blends have been 26.70 and 28.48 MJ·L−1 (6–7% more for the last mentioned
one), respectively.

From the results obtained in the given investigation, a number of prospective future research
directions may be outlined. The cyclic ketals and the corresponding glycol ethers (besides IPP
being essentially an industrially available product) are reasonably estimated to be good thinners
for dyes and the coating formulations. There is an example of the successful application of solketal
(2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane), a bio-based cyclic ketal being currently produced and
utilized on the industrial scale.

The lower polarity and hydrophobicity of the diol ketals compared to solketal may help some of
these compounds find applications in adjacent niches. For example, TMD and ETMD could be tested as
possible replacements for conventional solvents such as THF and xylenes. One should mention SBB as
the renewable isomer of petroleum-derived ethylene glycol monohexyl ether. Of course, the thorough
toxicity and the environmental impact estimate are of particular interest.
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Both the ketal hydrogenolysis and reductive alkylation approaches seem rather advantageous in
terms of reaction selectivity and atom efficiency, except for the need of using a Pd-containing catalyst.
It is thus of interest to substitute palladium with more sustainable alternatives, for example, nickel.
These catalysts may be useful for homologous reactions, e.g., the reductive alkylation of furfural with
lower alcohols.

Supplementary Materials: The following are available online, Figure S1: Evaporation rates vs saturated vapor
pressure (under 50 ◦C) plot, Figure S2: Evaporation rates vs boiling point plot; Table S1: Reduced pressure boiling
points for TMD, ETMD, IPP and SBB; Table S2: Main physico-chemical properties of the base gasoline.
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Abstract: Because of the appealing properties, ionic liquids (ILs) are believed to be promising
alternatives for the CO2 absorption in the flue gas. Several ILs, such as [NH2emim][BF4],
[C4mim][OAc], and [NH2emim[OAc], have been used to capture CO2 of the simulated flue gas
in this work. The structural changes of the ILs before and after absorption were also investigated
by quantum chemical methods, FTIR, and NMR technologies. However, the experimental results
and theoretical calculation showed that the flue gas component SO2 would significantly weaken
the CO2 absorption performance of the ILs. SO2 was more likely to react with the active sites of
the ILs than CO2. To improve the absorption capacity, the ionic liquid (IL) mixture [C4mim][OAc]/
[NH2emim][BF4] were employed for the CO2 absorption of the flue gas. It is found that the CO2

absorption capacity would be increased by about 25%, even in the presence of SO2. The calculation
results suggested that CO2 could not compete with SO2 for reacting with the IL during the absorption
process. Nevertheless, SO2 might be first captured by the [NH2emim][BF4] of the IL mixture, and
then the [C4mim][OAc] ionic liquid could absorb more CO2 without the interference of SO2.

Keywords: flue gas; carbon dioxide; absorption; ionic liquids

1. Introduction

The CO2 absorption of flue gas is an important process for reducing greenhouse gas [1]. To date,
most flue absorptions are performed by using amine solvents. However, conventional absorption
methods usually have some disadvantages: High equipment corrosion rate, high absorbent make-up
rate due to the amine degradation by SO2, NO2, and O2 in the flue gas, and high energy consumption
during the regeneration process [2]. In the last decades, ionic liquids (ILs) have been used in many
fields. Multifunctional ionic liquids are easily prepared, and the vapor pressure of ionic liquids
can be neglected [3]. The other attractive properties of ILs include: High thermal stability, large
electrochemical window, and high dissolve ability of compounds [4]. Blanchard et al. [5] have reported
that certain ILs can considerably dissolve CO2 gas. Since then, ILs for CO2 capture have attracted much
attention. For example, multi-N-containing ionic liquids can absorb much more SO2/CO2 in the flue gas
than that of the limestone solvent [6]. Shiflett et al. [7,8] have found that the imidazolium-based ionic
liquid [C4mim][OAc] can markedly reduce the energy losses of CO2 absorption comparing with those
of the commercial monoethanolamine solvent. Guanidinium salt ILs (e.g., [TMG][L]) and functional
ILs (e.g., [NH2p-bmim][BF4] and 2-(2-hydroxyethoxy) ammonium acetate) all show high efficiency for
CO2 and SO2 capture [9,10].

The typical flue gas from coal-burning usually contains about 15 vol% CO2, 10 vol% H2O, and
more than 2 vol% SO2 [11]. Apart from CO2, the effects of SO2 on the flue gas absorption should
be taken into account [12]. Most researchers consider that water has a little influence on the CO2

capture, but the effects of SO2 would not be neglected. For the impurities of the flue gas, it is found
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that the ILs are more likely to absorb SO2 than CO2. Specifically, the N element of the ionic liquid (IL)
prefers to capture the SO2 molecules, and then CO2 molecules are repelled by the captured SO2 [13].
Thus, the CO2 absorption capacity of ionic liquids would be rapidly decreased over several cycles.
Moreover, almost all of the ILs would exhibit much higher SO2 absorption capacity than CO2 due to
the higher solubility of SO2 in ILs. For instance, pure CO2 solubility in the guanidinium-based ILs
was only 0.4 mol/mol, while the SO2 solubility in these ILs was as high as 2.5 mol/mol under the same
conditions [10]. For an extreme case, the absorption capacities of pure SO2 and CO2 in the azole-based
ILs (e.g., [P66614][Im]) were 3.5 mol/mol and 0.1 mol/mol, respectively [14]. Although SO2 has stronger
interactions with ILs than CO2 does, the actual partial pressure of SO2 in the flue gas is very low [15].
It is well accepted that the partial pressure of SO2 is about two orders of magnitude lower than that of
CO2, and low SO2 partial pressure usually leads to low absorption capacity for SO2. That is, a lot of
energy will be consumed to remove SO2 and CO2 from the flue gas, if we used a two-step absorption
process (absorbing SO2 at first, and then CO2).

The effects of single IL on the CO2 capture have been widely discussed in recent years [2,7,16–19].
However, there are few reports on the IL mixtures for CO2 absorption, especially on the CO2 capture
from the flue gas. Therefore, if the IL mixture was employed, the CO2 absorption capacity of the mixed
ILs might be greater than that of the single ionic liquid. Specifically, if the SO2 of flue gas was absorbed
by one IL of the mixture, the negative influence of SO2 on the whole IL mixture might be significantly
decreased, and then more CO2 could be captured.

In this work, we want to use IL mixtures to remove CO2 and SO2 from the flue gas.
The amine-functional ionic liquid [NH2emim][BF4] and the imidazolium-based ionic liquid [C4mim][OAc]
were synthesized at first. Subsequently, the two ILs were mixed to investigate the CO2 and SO2

absorption. Here, [NH2emim][BF4] was mainly used to absorb SO2 in the flue gas, while the
[C4mim][OAc] ionic liquid was employed to capture CO2. In order to more clearly study the actual
flue gas, the CO2 absorption performance in the IL mixture was measured at the simulated flue gas
with 15 vol% CO2 and 2 vol% SO2. The effect of SO2 on the IL mixture and the interaction between
CO2 and SO2 in the IL absorption were also studied. Furthermore, the absorption mechanism at the
molecule level was investigated by the quantum chemical calculation and the instrumental analysis.

2. Results and Discussion

2.1. CO2 and SO2 Absorption Performance of the Single ILs

When the simulated flue gas (15% CO2/85% N2) only contains the CO2 impurity, one mole
[C4mim][OAc] could absorb 0.298 mol CO2 (Table 1). However, when SO2 was mixed in the simulated
flue gas (15% CO2/2% SO2/N2), the CO2 absorption capacity of [C4mim][OAc] was reduced to 0.204
CO2/mol IL. The result shows that SO2 has a negative effect on the IL absorbing CO2. The single IL
[NH2emim][OAc] and [NH2emim][BF4] were also used to capture the CO2 of flue gas. Without the
interference of SO2, the CO2 absorption capacities of [NH2emim][OAc] and [NH2emim][BF4] were
0.291 mol CO2/mol IL and 0.290 mol CO2/mol IL, respectively. However, like the [C4mim][OAc] ionic
liquid, the CO2 absorption capacities under exposure to 2% SO2 would be markedly decreased to
0.171 mol CO2/mol [NH2emim][OAc] and 0.180 mol CO2/mol [NH2emim][BF4], respectively. In short,
the single ionic liquids all exhibit the CO2 absorption capacities, but this capacity would be greatly
weakened by the interference of SO2.

44



Molecules 2020, 25, 1034

Table 1. Summary of CO2 absorption capacity by single ionic liquids.

Ionic Liquids T, K Gas Absorption Capacity,
mol CO2/mol IL

[C4mim][OAc] 293 15% CO2/85% N2 0.298
[C4mim][OAc] 293 15% CO2/2% SO2/83% N2 0.204

[NH2emim][BF4] 293 15% CO2/85% N2 0.290
[NH2emim][BF4] 293 15% CO2/2% SO2/83% N2 0.180
[NH2emim][OAc] 293 15% CO2/85% N2 0.291
[NH2emim][OAc] 293 15% CO2/2% SO2/83% N2 0.171

The researchers believed that CO2 and SO2 of the flue gas would be absorbed simultaneously [13,20].
The [C4mim][OAc] and [NH2emim][BF4] absorption results supported this conclusion. For example,
an experiment was carried out of outlet SO2 concentration vs. time to investigate the SO2 absorption
performance. In this study (Figure 1a), the simulated flue gas contained 15% CO2, 2% SO2, and 83% N2.
The concentrations of CO2 and SO2 of the outlet stream were simultaneously detected with time. It was
found that [C4mim][OAc] and [NH2emim][BF4] all can capture CO2, but the outlet SO2 concentration
was hardly detected before 40 min (Figure 1a). It indicates that SO2 could be completely absorbed by
[C4mim][OAc] and [NH2emim][BF4] during the absorption process. Additionally, an extreme case
was investigated in which the simulated flue gas contained 80% CO2, 2% SO2, and 18% N2. However,
SO2 was also not found at the gas stream of the outlet before 15 min. Compared with CO2, SO2 has
higher dipole moments and molecular polarity, which often results in the strong affinity of SO2 with
ionic liquids [21,22].
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concentration vs. time at the atmosphere of 15% CO2, 2% SO2, and 83% N2; (b) SO2 absorption capacity
at the atmosphere of 2% SO2/98% N2.

The presence of SO2 in flue gas usually leads to a competitive and negative influence on the
separation of CO2. Figure 2 shows the CO2 absorption performance of [C4mim][OAc] at the atmosphere
of 15% CO2/85% N2 and 15% CO2/2% SO2/83% N2, respectively. After 6 regeneration cycles, 1 mol
[C4mim][OAc] could absorb 0.255 mol CO2, although the IL absorption capacity slightly decreased.
In contrast, the absorption capacity of 1 mol [C4mim][OAc] was only 0.10 mol CO2 after the same
number of cycles. In addition, the net SO2 absorption experiment (2% SO2/98% N2) showed that
[NH2emim][BF4] has high SO2 absorption capacity (0.35 mol SO2/mol IL), while 1 mol [C4mim][OAc]
only absorbs 0.18 mol SO2 (Figure 1b). These results agreed well with previous studies [23–25].
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FT-IR can investigate the interaction between IL and CO2/SO2 [26]. The spectra of [C4mim][OAc]
showed the changes after 15% CO2 and 2% SO2 absorption, respectively (Figure 3a−c). However, the
[C4mim][OAc] spectrum had minimal changes when it was used to remove pure CO2. Although the
appearance of the carbonyl band at 1720 cm−1 shows that the acetate anion might be partly converted
into the acetate acid [27], Shiflett considered that the amount of such a chemical reaction was minor and
reversible [24]. Thus, the other reactions between CO2 and the cation species in this work might not be
detected within the wavenumber of 800−1600 cm−1, as Figure 3a,c shown. Similarly, the FT-IR spectra
of [NH2emim][BF4] almost have no change before and after CO2 absorption (Figure 3d,f), indicating
that the chemical reaction between the [NH2emim] cation and CO2 was not enough to be detected
by FT-IR.
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Figure 3. FT-IR spectra of ionic liquids (ILs): (a) Fresh [C4mim][OAc]; (b) [C4mim][OAc] after SO2

absorption (2% SO2/98% N2); (c) [C4mim][OAc] after CO2 absorption (15% CO2/85% N2); (d) Fresh
[NH2emim][BF4]; (e) [NH2emim][BF4] after SO2 absorption (2% SO2/98% N2); (f) [NH2emim][BF4]
after CO2 absorption (15% CO2/85% N2).

In contrast, the chemical reaction between SO2 and [C4mim][OAc] was much stronger than that
of [C4mim][OAc]−CO2. Even if there was only a small amount of SO2 (2%) in the flue gas, the FT-IR
spectrum still shows marked changes (Figure 3b). Compared with the spectrum of fresh [C4mim][OAc],
the peak intensity at 1580 and 1371 cm−1 decreased significantly as the [C4mim][OAc] absorbing
SO2. Meanwhile, the peaks at 1720, 1321, 1254, 1144, and 950 cm−1 newly appeared in the spectrum.
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The bands at 1321 and 1144 cm−1 can be attributed to the stretching of SO2 absorbed by the ionic
liquid [26]. After SO2 absorption, the new peak at 1720 cm−1 shows the formation of a carbonyl group,
which also indicates that most of the acetate ions were no longer associated with [C4mim] cations.
The intense band at 950 cm−1 should be assigned to the vibrational mode of SO3

2− or S2O5
2−. It

once again suggests that the interaction between the SO2 and [C4mim][OAc] ionic liquid was strong.
Similarly, the peak intensity at 885 and 1543 cm−1 changed markedly when the [NH2emim][BF4]
absorbed SO2. Particularly, two new peaks appeared at 968 and1367 cm−1, which can be attributed to
the interaction between the N elements of the IL and SO2 [6].

2.2. CO2/SO2 Absorption Properties in IL Mixtures

Due to the influence of SO2, the CO2 absorption capacity of single ionic liquids was greatly
decreased. If [NH2emim][BF4] and [C4mim][OAc] were simultaneously utilized, more CO2 (with SO2)
in the flue gas might be captured. The CO2 absorption capacities of IL mixtures at different mole
fractions of [C4mim][OAc] or [NH2emim][BF4] were displayed in Figure 4. Here, X is defined as the
molar ratio of [NH2emim][BF4] to the IL mixture ([C4mim][OAc]/[NH2emim][BF4]). Compared with the
CO2 absorption capacity of the single IL, the IL mixture could remove more CO2. This result may be due
to the presence of [NH2emim][BF4]. The small amount of SO2 might be absorbed by [NH2emim][BF4]
at first. Without the interference of SO2, the CO2 absorption capacity of the IL mixture was significantly
enhanced. It was also found that the absorption of CO2 did not increase significantly with the increase
of the X value. When X was 0.3, the CO2 absorption capacity of the [C4mim][OAc]/[NH2emim][BF4]
mixture reached up to the maximum. Similarly, when the IL mixture [C4mim][OAc]/[NH2emim][OAc]
was used to remove CO2/SO2 of the flue gas, the poison effect of SO2 on [C4mim][OAc] was also
greatly reduced. As Figure 4 shows, the CO2 absorption of [C4mim][OAc]/[NH2emim][OAc] was
about 0.4 mol CO2/mol IL. Compared to the single [C4mim][OAc], the absorption capacity of the IL
mixture was improved.
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The 1H NMR spectrum (Figure 5) shows that SO2 would interact with [NH2emim][BF4] and
[NH2emim][OAc]. The NMR data of fresh [NH2emim][BF4] and fresh [NH2emim][OAc] are listed
as follows:
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Figure 5. 1H NMR spectra of ILs: (a) [NH2emim][BF4]; (b) [NH2emim][OAc]. 
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Figure 6. CO2 absorption performance of fresh IL and after SO2 saturated IL: (a) [C4mim][OAc]; (b) 
[NH2emim][BF4]. 
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Fresh [NH2emim][BF4], δ = 7.721 (s, 1H, unsaturated C−H in the imidazole ring, with N connected
to the left and right), 7.641 (d, 1H, unsaturated C−H in the imidazole ring), 7.636 (d, 1H, unsaturated
C−H in the imidazole ring), 4.295 (s, 3H, H3C−N ring), 4.039 (t, 2H, H2C−N ring), 3.112 (m, 2H,
N−CH2−C−N ring), and 1.878 (t, 2H, NH2).

Fresh [NH2emim][OAc], δ = 12.751 (s, 1H, unsaturated C−H in the imidazole ring, with N
connected to the left and right), 7.865 (d, 1H, unsaturated C−H in the imidazole ring), 7.703 (d, 1H,
unsaturated C−H in the imidazole ring), 3.577 (s, 3H, H3C−N ring), 3.749 (t, 2H, H2C−N ring), 2.693
(m, 2H, N−CH2−C−N ring), 1.973 (t, 2H, NH2) and 1.651 (s, 3H, CH3 in OAc-).

In comparison to the 1H NMR spectrum of the fresh [NH2emim][BF4] (Figure 5a), new resonance
peaks at 8.10 ppm were found after SO2 absorption, which indicates the formation of S . . . N [28].
According to this result, it was considered that the interaction between SO2 and [NH2emim][BF4]
should mainly occur at the N element of the [NH2emim] cation. For the case of the [NH2emim][OAc]
(Figure 5b), a typical peak of −COOH in the 1H NMR spectrum moved from 12.75 to 11.83 ppm, and a
new resonance peak was observed at 7.52 ppm after SO2 absorption. These results suggest that the
interaction between [NH2emim][OAc] and SO2 had occurred [25]. That is, the interaction between
[OAc] and SO2 leads to the moving from 12.75 ppm to 11.83, while the reaction of [NH2emim] and SO2

makes the new peak 7.52 ppm appearance.
In order to further investigate the effects of SO2 on the CO2 absorption capacity of ionic liquids, the

CO2 absorption performance of fresh IL and after SO2-saturated IL are illustrated in Figure 6. Specifically,
fresh [C4mim][OAc] and fresh [NH2emim][BF4] ionic liquids were used to absorb SO2 at first. When
the IL was saturated by SO2, the CO2 absorption performance of the IL was investigated. It was found
that the SO2-saturated [C4mim][OAc] did not have the ability to absorb CO2. The concentration of
CO2 at the outlet was almost equal to that at the inlet. While fresh [C4mim][OAc] can absorb CO2 even
after 60 min. The similar results were also observed using fresh [C2mim][OAc] and SO2 saturated
[C2mim][OAc] to absorb CO2 [24]. Shiflet et al. considered that the interaction between the [OAc]
anion and CO2 plays an important role in the CO2 removal of [OAc]−based ionic liquids [8]. However,
the presence of SO2 makes a great impact on the CO2 absorption of [C4mim][OAc]. In contrast, when
[NH2emim][BF4] was saturated by SO2, the [NH2emim][BF4] still had the CO2 absorption capacity.
As Figure 6b shows, SO2-saturated [NH2emim][BF4] could capture about 2−7% CO2 during the
absorption process.
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[NH2emim][BF4].

2.3. Quantum Chemical Calculation on the Interaction of IL Mixture with CO2/SO2

The absorption capacity of CO2 in the IL mixtures was higher than that of the single ionic liquid.
This may be related to the interactions between ILs and CO2/SO2 molecules. Thus, the interaction
of the [C4mim][OAc] anion and [NH2emim][BF4] with CO2/SO2 was deeply investigated through
quantum chemical calculation, which might be helpful to understand well the roles of CO2 and
SO2 in the IL absorption. In this work, the structure of [NH2emim][BF4] and [C4mim][OAc] was
optimized on the basis of DFT-D3 calculation at first. The configuration of the IL with the lowest
energy was considered as the optimized structure. Additionally, the structures of [C4mim][OAc] and
[NH2emim][BF4] with CO2 and SO2 were also investigated (Figure 7). The structural parameters for
the IL−CO2/SO2 complexes are listed in Table 2.

Molecules 2020, 25, 1034 7 of 13 

 

[NH2emim][BF4] with CO2 and SO2 were also investigated (Figure 7). The structural parameters for 
the IL−CO2/SO2 complexes are listed in Table 2. 

  
(a) (b) 

  
(c) (d) 

Figure 7. Optimized structure of the complexes of IL with CO2/SO2: (a) [NH2emim][BF4]−SO2; (b) 
[NH2emim][BF4]−CO2; (c) [C4mim][OAc]−SO2; (d) [C4mim][OAc]−CO2. 

Table 2. Structural parameters for the complexes. 

Structural 
Parameters 

CO2−[NH2emim][BF4] SO2−[NH2emim][BF4] [C4mim][OAc]−CO2 [C4mim][OAc]−SO2 

C−O, Å 1.19  1.21  
∠O−C−O, ° 166  146  

S−O, Å  1.46  1.49 
∠O−S−O, °  113.5  112.6 

In general, the CO2/SO2 gas molecules around the anions and cations were related to the 
absorption reaction. As Figure 7a shows, there was a strong interaction between the N atom and the 
S atom of SO2. Due to the complexation of SO2…N, the average angle of SO2 was 116.0°. Compared to 
119.5° of the pure SO2 molecule, the bending degree of O=S=O was increased. Similarly, 
[NH2emim][BF4] also leads to an impact on the CO2 structure. The angle of CO2 was bent from 180° 
to 166°, and the bond length of C−O was extended from 1.16 Å to 1.19 Å. For the cases of 
[C4mim][OAc], the interaction between the O and the C atom of carbon dioxide was also strong due 
to the negatively charged oxygen (O atom) in the [OAc] anion. The curvature of CO2 could be 
increased by the interaction of the [OAc] anion. The average angle of CO2 was bent to 146°, and the 
bond length of C−O was elongated to 1.21 Å. The configurations in Figure 7 also suggest that 
[NH2emim] cation and [OAc] anion are the active sites for CO2/SO2 absorption. 

To some extent, the interaction energy and absorption enthalpy might reflect the absorption 
capacity of the ILs. It was found that the NH2emim] cation and [OAc] anion were the main active 
sites for the absorption of CO2 and SO2. In order to save the calculation cost and reduce the 
interference of other ions, herein, only the thermodynamic data of [OAc]−CO2, [OAc]−SO2, 
CO2−[NH2emim], and SO2−[NH2emim] complexes were compared (Table 3). It was found that the 
interaction energy and absorption enthalpy of [OAc]−CO2−SO2 complex were less than the sum of the 
energy and the enthalpy for [OAc]−CO2 and [OAc]−SO2, suggesting that CO2 and SO2 would 
competitively react with [OAc] anion. 

In contrast, the interaction energy and absorption enthalpy of [NH2emim]−CO2−SO2 complex 
were approximately equal to the sum of those for the [NH2emim]−CO2 and [NH2emim]−SO2 
complexes, indicating that the competitive reaction between [NH2emim]−CO2 and [NH2emim]−SO2 
was not obvious. The absorption reaction might also lead to a change in charge distribution. It was 

Figure 7. Optimized structure of the complexes of IL with CO2/SO2: (a) [NH2emim][BF4]−SO2; (b)
[NH2emim][BF4]−CO2; (c) [C4mim][OAc]−SO2; (d) [C4mim][OAc]−CO2.

49



Molecules 2020, 25, 1034

Table 2. Structural parameters for the complexes.

Structural
Parameters CO2−[NH2emim][BF4] SO2−[NH2emim][BF4] [C4mim][OAc]−CO2 [C4mim][OAc]−SO2

C−O, Å 1.19 1.21
∠O−C−O, ◦ 166 146

S−O, Å 1.46 1.49
∠O−S−O, ◦ 113.5 112.6

In general, the CO2/SO2 gas molecules around the anions and cations were related to the absorption
reaction. As Figure 7a shows, there was a strong interaction between the N atom and the S atom of
SO2. Due to the complexation of SO2

. . . N, the average angle of SO2 was 116.0◦. Compared to 119.5◦ of
the pure SO2 molecule, the bending degree of O=S=O was increased. Similarly, [NH2emim][BF4] also
leads to an impact on the CO2 structure. The angle of CO2 was bent from 180◦ to 166◦, and the bond
length of C−O was extended from 1.16 Å to 1.19 Å. For the cases of [C4mim][OAc], the interaction
between the O and the C atom of carbon dioxide was also strong due to the negatively charged oxygen
(O atom) in the [OAc] anion. The curvature of CO2 could be increased by the interaction of the [OAc]
anion. The average angle of CO2 was bent to 146◦, and the bond length of C−O was elongated to 1.21
Å. The configurations in Figure 7 also suggest that [NH2emim] cation and [OAc] anion are the active
sites for CO2/SO2 absorption.

To some extent, the interaction energy and absorption enthalpy might reflect the absorption
capacity of the ILs. It was found that the NH2emim] cation and [OAc] anion were the main active sites
for the absorption of CO2 and SO2. In order to save the calculation cost and reduce the interference
of other ions, herein, only the thermodynamic data of [OAc]−CO2, [OAc]−SO2, CO2−[NH2emim],
and SO2−[NH2emim] complexes were compared (Table 3). It was found that the interaction energy
and absorption enthalpy of [OAc]−CO2−SO2 complex were less than the sum of the energy and the
enthalpy for [OAc]−CO2 and [OAc]−SO2, suggesting that CO2 and SO2 would competitively react
with [OAc] anion.

Table 3. Thermochemical parameters and charge transfer of the ion−CO2/SO2 complexes.

OAc−CO2 OAc−SO2 OAc−CO2−SO2

∆E, kJ/mol −40.7 −113.4 −140.0
∆H, kJ/mol −46.5 −125.1 −151.4
∆G, kJ/mol −1.6 −70.8 −72.1

net charge transfer, e −0.510 −0.382 −0.035(CO2)/−0.316(SO2)

CO2−[NH2emim] SO2−[NH2emim] SO2−CO2−[NH2emim]

∆E, kJ/mol −33.8 −123.9 −156.8
∆H, kJ/mol −36.3 −126.7 −160.1
∆G, kJ/mol −7.2 −55.1 −61.9

net charge transfer, e −0.312 −0.399 −0.308(CO2)/−0.334(SO2)

In contrast, the interaction energy and absorption enthalpy of [NH2emim]−CO2−SO2 complex
were approximately equal to the sum of those for the [NH2emim]−CO2 and [NH2emim]−SO2 complexes,
indicating that the competitive reaction between [NH2emim]−CO2 and [NH2emim]−SO2 was not
obvious. The absorption reaction might also lead to a change in charge distribution. It was found that
the amount of net charge transfer from CO2 to [NH2emim] in [NH2emim]−CO2−SO2 complex was
almost equal to that of [NH2emim]−CO2, suggesting that [NH2emim] had strong interactions with
either SO2 or CO2. However, due to the impact of SO2, the net charge transfer from [OAc] to CO2 was
significantly reduced from −0.510 in the [OAc]−CO2 complex to −0.035 in [OAc]−CO2−SO2 complex,
respectively, which might account for the decrease of CO2 absorption capacity for [C4mim][OAc] in
Table 1.
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Table 4 collects the thermochemical data of [NH2emim][BF4]−CO2 and [NH2emim][BF4]−SO2

complexes. In order to consider the solvent effect of ionic liquids, the continuum universal solvation
model (SMD) was used in the calculation. Based on the SMD model, the interaction energies of
[NH2emim][BF4]−CO2 and [NH2emim][BF4]−SO2 system were −16.8 and −76.3 kJ/mol, respectively.
They were lower than those in the gas phase (−19.2 and −85.4 kJ/mol). Notably, the difference between
the interaction energy ([NH2emim][BF4]−CO2 and [NH2emim][BF4]−SO2) in the gas phase (59.5
kJ/mol) was very consistent with the energy difference (66.2 kJ/mol) using the SMD model. In the
liquid phase, the interaction energy between [NH2emim][BF4] and SO2 was slightly greater than
that of [NH2emim][BF4]−CO2, suggesting that [NH2emim][BF4] tends to react with SO2 rather than
with CO2 during the absorption process. Similarly, this phenomenon could also be observed in the
thermodynamic data of the [C4mim][OAc]−CO2 and [C4mim][OAc]−SO2 complexes. In short, SO2

was more active than CO2 in the reaction with ionic liquids, and the [NH2emim][BF4] may be more
likely to absorb SO2.

Table 4. Thermochemical parameters for the IL−CO2/SO2 complexes a.

[C4mim][OAc]−CO2 [C4mim][OAc]−SO2 CO2−[NH2emim][BF4] SO2−[NH2emim][BF4]

∆E, kJ/mol −26.4 (−21.9) −80.1 (−70.5) −19.2 (−16.8) −85.4 (−76.3)
∆H, kJ/mol −30.5 −93.2 −29.1 −91.5
∆G, kJ/mol −2.7 −40.6 8.1 −37.2

a Values of brackets were calculated by the continuum universal solvation model (SMD).

The interaction between IL mixture ([C4mim][OAc]/[NH2emim][BF4]) and CO2/SO2 has also been
investigated by the quantum chemistry calculation. The optimized structure is displayed in Figure 8.
In the mixed ionic liquids, it is found that SO2 was close to [NH2emim][BF4], while the CO2 molecule
was near the [C4mim][OAc] ionic liquid. Specifically, SO2 would have interacted with the N atom
on the [NH2emim] cation, and CO2 was more likely to react with the [OAc] anion. This result might
explain why the IL mixture can more effectively absorb the CO2 of flue gas. Because of the existence
of [NH2emim][BF4], SO2 may be first captured by [NH2emim]. Without the interference of SO2, the
[C4mim][OAc] ionic liquid then could absorb more CO2.
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3. Materials and Methods

3.1. Materials

The simulated flue gas was obtained by pure gas CO2, SO2, and N2 (purity of >99.99 wt%). They
were all purchased from Beifen (China) Gas Technology Company. 1-butyl-3-methylimidazolium
tetrafluoroborate ([C4mim][BF4], 99 wt%) was obtained from Sigma-Aldrich Chemical Co., but the ionic
liquid 1-butyl-3-methylimidazolium acetate ([C4mim][OAc], 99 wt%) were purchased from Lanzhou
Greenchem ILs, LICP, CAS, China. Additionally, [NH2emim][BF4] and [NH2emim][OAc] have been
synthesized by ourselves in this work. The used materials were as follows: 1-methylimidazole
(C4H6N2), 2-bromoethylamine hydrobromide (C2H7Br2N), sodium acetate anhydrous (CH3COONa),
1-methylimidazole (C4H6N2), acetic acid (CH3COOH), and sodium borate (NaBF4). They were all
provided by Sinopharm Chemical Reagent Co., Ltd., China, with purity over 98 wt%.

3.2. Ionic Liquid Preparation

In this work, the ionic liquids [NH2emim][BF4] and [NH2emim][OAc] were prepared by ourselves
according to the method used in the literature [17,18,29]. First, the [NH2emim] cation was prepared by
the reaction of 1-methylimidazole and 2-bromoethylamine hydrobromide under reflux for 12 h. Second,
the [NH2emim]-based IL was simply synthesized by ion exchange with NaBF4 or NaOAc/CH3COOH
in ethanol, and then the ethanol was removed in vacuum. The structures of the ILs were confirmed
by proton nuclear magnetic resonance (1H NMR, Bruker WB400 AMX spectrometer, Billerica, MA,
USA). Here, deuterated chloroform (CDCl3) was used as a solvent, and tetramethylsilane (TMS) was
employed as an internal standard for 1H NMR measurement.

3.3. CO2 and SO2 Absorption

As Figure 9 shows, CO2 and SO2 absorption experiments were performed in a 30 mL reactor
immersed with a water-bath temperature controller. The temperatures were controlled at 293 K for
absorption and 353 K for desorption, respectively. The simulated flue gas was a mixture of N2, CO2,
and SO2 in accordance with a certain proportion. As a typical absorption process, 10 mL IL or IL
mixtures were added to the reactor at first. Subsequently, 15 vol% CO2, 2 vol% SO2 and 83 vol%
N2 were mixed in storage. The intake speed of the mixed gas was controlled at 60 mL/min, and the
absorption pressure was controlled at 101.3 kPa. The concentrations of CO2 and SO2 were analyzed
by a gas analyzer (MRU NOVA2000) at the outlet. To investigate the IL regeneration, CO2 or SO2
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The amount of absorbed CO2 or SO2 was calculated by the following equation.

Agas =
MILρgasQ

∫ t2

t1
(C0 −Cgas(t))dt

mILMgas

where Agas is the molar amount of CO2 or SO2 in the ionic liquid; Q is the flow rate of the gas stream;
C0 and Cgas are the CO2 or SO2 concentrations at the inlet and the outlet streams, respectively; t1 refers
to the beginning time of the absorption process; when the CO2 and SO2 concentration at the outlet
stream returns to the initial concentration, the time is t2; MIL and Mgas are the molecular weight of IL
and CO2 (or SO2), respectively; mIL is the weight of the ILs, and ρgas is the density of CO2 or SO2.

After the IL was saturated by CO2 and SO2, the complex structure was investigated by the FTIR
and NMR technologies. The FTIR spectra of the samples were analyzed on an FTIR spectrometer
(PerkinElmer, Frontier 2500). In addition, the structure changes of the [NH2emim]-based IL after
absorption were also detected by the NMR spectrometer (Bruker WB400 AMX, 300 MHz) using
chloroform-d (CDCl3) as a solvent and tetramethylsilane (TMS) as an internal standard.

3.4. Theoretical Calculation

A quantum chemical calculation was used in this work to study the interaction between the
ionic liquid and CO2 with SO2. All calculations were carried out by the Gaussian 16 program [30].
For IL calculations, Li et al. [31] suggested that the density function of the Minnesota family [32] (e.g.,
M06-2X) with a diffusion function basis set (e.g., 6-311++G(d,p)) might give reasonable results. If
dispersion-corrected density functionals (e.g., gd3bj, DFT-D3) were used, more reliable results could
be obtained [33]. Therefore, the geometry optimization and frequency analysis of all ILs and IL
mixtures were performed at the M06-2X/6-311++G(d,p) level and correction with Grimme’s method.
In order to calculate the interaction energy of the IL complexes, the basis set superposition error (BSSE)
method was employed to correct the energy results [34]. The effect of the solvent should be taken into
consideration in the theoretical calculation of the ionic liquids. It was found that the SMD solvation
model proposed by Truhlar et al. can be used for the IL calculation very well [35,36]. Thus, the density
functional theory (M06-2X and dispersion-corrected method) with the SMD model was also used to
calculate the interaction energy of IL−CO2/SO2.

4. Conclusions

The CO2 and SO2 absorption of the flue gas in ionic liquids were investigated by the
experimental method and theoretical calculation. The single ionic liquids, such as [NH2emim][BF4]
and [C4mim][OAc], all showed good CO2 absorption performance for the simulated flue gas without
SO2 interference. However, SO2 was more likely to react with the active sites of the ILs. When SO2

was in the flue gas, the CO2 absorption capacity of the single ionic liquid would be significantly
inhibited. It was found that the interference of SO2 on the CO2 absorption performance might
be markedly reduced by using the ionic liquid mixtures. The CO2 absorption capacity of the IL
mixture [C4mim][OAc]/[NH2emim][BF4] was about 0.4 mol CO2/mol IL even at an atmosphere of
15% CO2/2%SO2/83% N2, which was greater than that of single [C4mim][OAc] (0.204 mol CO2/mol
IL). There was a competitive relationship between CO2 and SO2 during the absorption process.
The single ILs prefer to capture SO2 rather than remove CO2, due to the stronger interaction energy
of SO2 and the ILs. The experimental and calculated results suggested that the [OAc] anion and
[NH2emim] cation are the main active sites for CO2 and SO2 absorption. A lower absorption enthalpy
of the IL−SO2 or IL−CO2 system usually means low absorption capacity. Thus, for the IL mixture
[C4mim][OAc]/[NH2emim][BF4], the quantum calculation results indicated that [NH2emim][BF4]
might be more likely to absorb SO2 of the flue gas and CO2 was easily removed by the [C4mim][OAc].
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Abstract: Low solubility of terephthalic acid in common solvents makes its industrial production
very difficult and not environmentally benign. Ionic liquids are known for their extraordinary
solvent properties, with capability to dissolve a wide variety of materials, from common solvents to
cellulose, opening new possibilities to find more suitable solvents for terephthalic acid. This work
presents studies on the solubility of terephthalic acid in ionic liquids, and demonstrates that
terephthalic acid is soluble in ionic liquids, such as 1-ethyl-3-methylimidazolium diethylphosphate,
1-butyl-3-methylimidazolium acetate, and dialkylimidazolium chlorides up to four times higher than
in DMSO. Additionally, the temperature effect and correlation of ionic liquid structure with solubility
efficiency are discussed.

Keywords: terephthalic acid; ionic liquids; solubility

1. Introduction

Purified terephthalic acid (PTA) is a white, crystalline solid with negligible vapor pressure under
standard conditions [1]. Nearly all PTA is consumed in polyester production, including polyester fiber
and film, and polyethylene terephthalate (PET) resin. Nowadays, PTA is produced by the catalytic
liquid-phase oxidation of p-xylene in acetic acid, in the presence of air, using a manganese or cobalt
acetate catalyst. In 2011, global PTA capacity reached 28.8 million tons, with China being the main
world producer [2].

Terephthalic acid is poorly soluble in organic solvents (Table 1) [1,3]. Among all tested solvents
the best solubility of PTA was observed in DMSO (20 g of PTA per 100 g DMSO at 25 ◦C). PTA is also
soluble in N-methyl-2-pyrolidone and dimethylamine, but the solubility at 90 ◦C is two times lower
than in DMSO [3]. In general, the solubility of PTA in organic solvents is low and slowly increases
with increasing temperature.

Low solubility of PTA in conventional solvents creates problems in industry during the purification
and transformation of PTA into useful chemicals. The crude terephthalic acid (CTA) contains impurities
like p-toluic acid and 4-carboxybenzaldehyde (CBA). CTA is purified by crystallization from water,
dissolving CTA at 300 ◦C and elevated pressure; however, under these conditions the solubility is
only 40 mass%. As a result, this methodology is expensive and energy consuming. This problem also
arises in the other applications like chemical transformations, where low miscibility of PTA with other
reagents results in low product rate. One of the examples is the production of esters of terephthalic
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acid as alternative plasticizers. Poor solubility of PTA in alcohols forces the use of higher pressures
and temperatures in the esterification processes.

Table 1. Solubility of PTA (terephthalic acid) in organic solvents (gPTA/100 g solvent) [1].

Solvent
Temperature

25 ◦C 150 ◦C 200 ◦C
Water 0.0017 0.24 1.7

Methanol 0.1 3.1 lack of data
DMF 7.4 lack of data lack of data

DMSO 20.0 lack of data lack of data

DMF, dimethylformamide; DMSO, dimethyl sulfoxide.

Therefore, alternative solvents, which can overcome dissolution limitations, are of high importance
for the processing of PTA. Ionic liquids (ILs) with their unique properties can help to solve some of the
described problems above [4–8]. Ionic liquids make promising alternatives to conventional solvents,
and lead to a both greener and economically viable process. Ionic liquids as sustainable solvents
play an important role in pharmacological development [9,10] and in the chemical industry [11].
Various approaches of implementing ionic liquids in organic synthesis as solvents and catalysts were
also demonstrated [12,13].

Literature concerning solubilities of PTA in ionic liquids is scarce. However, several patents
concerning purification of the CTA from by-products using ionic liquids exists, and solubility data
are presented [14–16]. Among them is a patent concerning the purification of aryl carboxylic
acids published in 2010, which reports that the impure acid is dissolved or dispersed in an ionic
liquid, which is followed by the addition of a non-solvent to precipitate the acid while other
impurities remain dissolved. In this case, the term “non-solvent” defines a compound that is
highly soluble in ionic liquids with little or no solubility in aryl carboxylic acid [14]. A detailed
graph comparing the solubility of PTA in ionic liquids and conventional solvents was provided
(Figure 1) [5]. High solubility of PTA in several ionic liquids was shown in relatively low temperatures.
According to this data, PTA can be dissolved in ionic liquids to a greater extent than in solvents
such as DMSO, DMF, or water. Among all studied ionic liquids, the solubility of PTA was
shown in the following order: 1-ethyl-3-methylimidazolium diethylphosphate [C2mim][Et2PO4] >

1-butyl-3-methylimidazolium chloride [C4mim]Cl > 1-ethyl-3-methylimidazolium chloride [C2mim]Cl
> N-ethyl-2-methylpyridinium ethyl sulfate [C2mpy][EtSO4] > 1-ethyl-3-methylimidazolium ethyl
sulfate [C2mim][EtSO4]. For example, 37 mass% of PTA was dissolved in [C2mim][Et2PO4] at 100 ◦C,
while in DMSO only 15 mass% could be dissolved.

The next patent, published in 2013, describes purification of CTA containing CBA as impurity
with ionic liquids [1]. After 2 h, the mixture of CTA and an ionic liquid was cooled down to room
temperature and the solid (PTA) was filtered off. The best results were obtained with the application
of trihexyl(tetradecyl)phosphine bromide (Cyphos 102), trihexyl(tetradecyl)phosphine chloride
(Cyphos 101), 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([bmpyr][NTf2]) and
1-butyl-3-methylimidazolium acetate ([bmim][OAc]). Application of these ionic liquids led to the
removal of 99%, 97%, 93%, and 90% of CBA, respectively. Information about the exact amounts of PTA
dissolved in ionic liquids was not presented.
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Figure 1. Solubility of PTA in ionic liquids and conventional solvents; figure adapted from Rogers,
R. D et al. US 2010174111 A1, 20109 (�) [C2mim][Et2PO4], (∆) [C4mim]Cl, (�) [C2mim]Cl, (∇)
[C2mpy][EtSO4], (◦) [C2mim][EtSO4], (�) water, (K) acetic acid, (�) DMF, (L)N-Methyl-2-pyrrolidone,
(•) DMSO.

In 2015, a patent was issued that involved the separation of aryl carboxylic acids from a mixture
comprising at least two acids [16]. The separation process is based on heating the mixture of at least two
aryl carboxylic acids with an ionic liquid, and cooling down using fractional crystallization to precipitate
the desired acid. Information about solubility of PTA in ionic liquids can be found in several examples
in the patent: A total of 59.28 g of PTA/100 g of choline chloride at 224 ◦C, 47.56 g of PTA/100g of
1-butyl-3-methylimidazolium chloride at 160 ◦C, 6.25 g of PTA/100g of trihexyltetradecylphosphonium
bromide at 160 ◦C, 45.10 g of PTA/100 g of choline bromide at 220 ◦C, 37.89 g of PTA/100 g of
1-butyl-3-methylimidazolium bromide at 180 ◦C, 17.54 g of PTA/100 g of 1-butyl-3-methylimidazolium
methanesulfonate at 120 ◦C.

In summary, patents, which describe purification of CTA from typical impurities, such as CBA or
p-toluic acid, provide some data concerning the solubility of PTA in ionic liquids. This data shows that
the solubility of PTA in ionic liquids is higher than in conventional solvents; however, in many cases
there is a lack of detailed information concerning the amounts of PTA dissolved in ionic liquids at
a given temperature.

This work provides detailed research concerning the solubility of terephthalic acid in ionic liquids
as a function of temperature, and also discusses the influence of the cation and anion structure on the
solubility of PTA in various ionic liquids.

2. Results and Discussion

Ionic liquids used in this work were chosen based on the patent literature described above [9–11].
Solubility studies were conducted at temperatures between 25 and 100 ◦C and the obtained results are
summarized in Table 2 in order of decreasing solubility.
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Table 2. Solubility of PTA in ionic liquids.

No. Ionic Liquid PTA Solubility g/100 g IL (±0.5 g)

25 ◦C 40 ◦C 60 ◦C 80 ◦C 100 ◦C

1
1-ethyl-3-methylimidazolium

diethylphosphate
[C2mim][Et2PO4]

52.2 59.0 60.3 62.1 63.4

2 1-butyl-3-methylimidazolium
acetate [C4mim][OAc] 6.0 15.1 28.6 36.4 57.1

3 1-ethyl-3-methylimidazolium
chloride [C2mim]Cl solid solid solid 38.8 42.9

4 1-butyl-3-methylimidazolium
chloride [C4mim]Cl solid solid 27.2 32.1 34.0

5 1-hexyl-3-methylimidazolium
chloride [C6mim]Cl h.v. 13.3 27.9 32.4 34.2

6 1-octyl-3-methylimidazolium
chloride [C8mim]Cl h.v. h.v. 5.6 15.6 30.9

7 DMSO 20.5 23.5 25.6 27.9 29.4

8 1-butyl-3-methylimidazolium
dicyanamide [C4mim][N(CN)2] 0.8 1.6 2.3 2.9 21.8

9 1-butyl-1-methylpyridinum
chloride [bmpyr]Cl solid solid solid solid 25.9

10 1-methylimidazolium acetate
[Hmim][OAc] 0 3.0 6.8 10.7 24.7

11 1-butyl-1-methylpyrrolidinium
chloride [bmpyrr]Cl solid solid solid solid 17.4

12 Tetrabutylammonium
bromide[N4,4,4,4]Br solid solid solid solid 19.1

13 Tetradecyl(trihexyl)phosphonium
chloride [P14,6,6,6]Cl 0 4.4 6.3 7.9 13.2

14 Tetrabutylammonium chloride
[N4,4,4,4]Cl solid solid solid solid 6.7

15 1-methylimidazolium chloride
[Hmim]Cl solid solid 2.0 4.4 9.5

16 1-butyl-3-methylimidazolium
methylsulfate [C4mim][MeSO4] 0 2.3 4.0 5.2 7.6

17 1-ethyl-3-methylimidazolium
ethylsulfate [C2mim][EtSO4] 0 0 0 4.7 5.9

18 Tetradecyl(trihexyl)phosphonium
bromide [P14,6,6,6]Br 0 0 1.4 2.8 5.2

19 1-butyl-3-methylimidazolium
hydrogensulfate [C4mim][HSO4] h.v. 0 0 0 1.7

20
1-butyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide
[C4mim][NTf2]

0 0 0 0 0

21
1-butyl-3-methylimidazolium

trifluoromethanesulfonate
[C4mim][OTf]

0 0 0 0 0

22
1-butyl-3-methylimidazolium

hexafluorophosphate
[C4mim][PF6]

0 0 0 0 0

23 1-butyl-3-methylimidazolium
tetrafluoroborate [C4mim][BF4] 0 0 0 0 0

24 1-methylimidazolium hydrogen
sulfate [Hmim][HSO4] 0 0 0 0 0

h.v., high viscosity at a given temperature.

Among the studied ionic liquids, the best results were obtained for [C2mim][Et2PO4]. At room
temperature, 52.2 gPTA/100 gIL was dissolved, and 63.4 gPTA/100 gIL at 100 ◦C, which is two times greater
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than in DMSO (29.4 gPTA/100 gDMSO at 100 ◦C). High solubilities were also observed for [C4mim][OAc]
(57.1 gPTA/100 gIL, 100 ◦C) and the dialkylimidazolium chlorides [C2mim]Cl (42.9 gPTA/100 gIL, 100 ◦C),
[C4mim]Cl (34.0 gPTA/100 gIL, 100 ◦C) and [C6mim]Cl (34.2 gPTA/100 gIL, 100 ◦C). All other tested
ionic liquids exhibited lower solubility than DMSO. It can be concluded that the highest solubilities
of PTA were found in ionic liquids that were aprotic, contained Lewis base properties (similar to
DMSO [17]), and possessed chloride, acetate, or diethylphosphate anions. Protic ionic liquids with
Lewis base properties ([Hmim][OAc]) also show relatively high PTA solubility (24.7 gPTA/100 gIL,
100 ◦C); although, this is lower than its aprotic homologue ([C4mim][OAc]), most probably due to the
weak Brønsted acid properties of the free proton on the nitrogen atom in the [Hmim]+cation.

The solubility of terephthalic acid in ionic liquids slowly increases with temperature (52.2 gPTA/100
gIL at 25 ◦C, and 63.4 gPTA/100 gIL at 100 ◦C). This effect is much more pronounced in the case of
conventional solvents (0.1 gPTA/100 gMeOH at 25 ◦C, and 3.1 gPTA/100 gMeOH at 150 ◦C). This can be
explained by the solubility in conventional solvents at room temperature being relatively low, with only
the increase of the average kinetic energy, caused by increase of temperature, allowing the solvent
molecules to overcome intermolecular attraction and break apart the terephthalic acid molecules.
On the other hand, some ionic liquids can already overcome those attraction forces at room temperature
and; therefore, temperature only slightly increases the solubility.

2.1. The Influence of the Structure of Cation in Ionic Liquids

It was found that the structure of cation in the ionic liquid affects the PTA
solubility. Four ionic liquids with the same chloride anion and with different structures
of the cation were compared in Figure 2. Tested cations represent a variety of
structures, such as aromatic—1-butyl-4-methylpiridinium and 1-ethyl-3-methylimidazolium,
alicyclic—1-butyl-1-methylpyrrolidinium and aliphatic—tetrabutylammonium. Ionic liquids with
aliphatic substituents in the ammonium cation exhibit the lowest solubility of PTA, only 6.7 gPTA/100
gIL at 100 ◦C. The use of a cyclic, non-aromatic cation allows for slightly better results: 17.4 gPTA/100
gIL at 100 ◦C. Ionic liquids with aromatic cations turned out to be the most effective (42.9 gPTA/100 gIL).
Most likely, this is due to the effect of π–π interactions between aromatic rings located in both ionic
liquid cation and PTA [18].

Figure 2. The influence of the structure of cation in ionic liquids on the solubility of PTA at 100 ◦C.
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2.2. The Influence of the Alkyl Side Chain Length in the Cation

The dialkylimidazolium cation possesses two alkyl substituents in the structure, which influence
the physicochemical properties of ionic liquid (e.g., density, melting point, and viscosity). Ionic liquids
based on the 1-alkyl-3-methylimidazium cation with various side alkyl chain length—ethyl [C2mim]+,
butyl [C4mim]+, hexyl [C6mim]+, octyl [C8mim]+—and also an ionic liquid with a proton instead of
an alkyl chain [Hmim]+, were selected for these studies. Obtained results are presented in Figure 3.
The first three homologs are crystalline solids at room temperature. The elongation of the alkyl chain
to six carbons causes a symmetry disorder and, consequently, [C6mim]Cl and [C8mim]Cl are very
viscous liquids, with a viscosity of 715 and 337 cP at 25 ◦C, respectively. The PTA solubility decreases
as the length of the alkyl chain increases from ethyl to butyl or octyl. Similar observations were noted
for ILs and water [19]. Better solubility of PTA in the 1-ethyl-3-methylimidazolium chloride can be
attributed to the higher charge density and polarity, compared to the longer homologues.

Figure 3. The influence of the alkyl chain length in the 1-alkyl-3-methylimidazolium cation on the
solubility of PTA.

2.3. The Influence of the Structure of Anion in Ionic Liquids

To observe the influence of the anion on the solubility of PTA, a wide range of ionic liquids with
the same 1-methyl-3-butylimidazolium cation and different anions were studied. The anions showing
neutral (in the acid/base sense: [BF4]−, [PF6]−, [CH3SO3]−, [NTf2]−), acidic ([OTf]−, [OAc(HOAc)2]−,
[(HSO4)(H2SO4)2]−), amphoteric ([HSO4]−), as well as basic ([CH3COO]−, Cl−, [Et2PO4]−, [N(CN)2]−)
properties were selected [17]. The results of PTA solubility as a function of temperature are presented
in Figure 4.
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Figure 4. The influence of anion structure on the solubility of PTA.

According to the data presented in this and previous paragraphs, anion structure is crucial in
deciding the solubility of PTA. This can be expected, since the chemical properties of ionic liquids are
mainly determined by the structure of the anion [20]. The best results were achieved using ionic liquids
with diethylphosphate (V) and acetate anions, followed by chloride. Ionic liquids based on these
anions possess proton acceptor abilities, which might play a role in the interaction with carboxylic
groups from PTA; therefore, enhancing its solubility.

Ionic liquid with the [N(CN)2]− anion, which exhibit Lewis base properties, has a moderate ability
to dissolve PTA. Nevertheless, the solubility is still better than that for ionic liquids showing weak
acidic [EtSO3]− or amphoteric [HSO4]− properties.

Ionic liquids constructed with acid/base neutral anions—[BF4]−, [PF6]−, [CH3SO3]−, [NTf2]−—do
not dissolve PTA at all, irrespective of temperature.

2.4. The Solubility of Terephthalic Acid in Protic and Aprotic Ionic Liquids

Aprotic ionic liquids, based on acetate and chloride anions showing good PTA solubility,
encouraged us to test their protic analogues, which are cheaper and easier to manufacture.
These analogues are formed in a simple reaction between acid and base, for example, acetic acid and
1-methylimidazole. For this purpose, [Hmim][OAc] and [Hmim]Cl ionic liquids were synthesized.
Unfortunately, protic ionic liquids show a lower solubility of PTA than their aprotic analogues (Figure 5).
It is presumed to be caused by their higher Brønsted acidity, which arises from the presence of a labile
proton on the nitrogen atom in the cation.
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Figure 5. The comparison of the solubility of PTA in protic and aprotic ionic liquids.

3. Materials and Methods

Ionic liquids used in this study: 1-ethyl-3-methylimidazolium diethylphosphate
[C2mim][Et2PO4], 1-butyl-3-methylimidazolium acetate [C4mim][OAc], 1-ethyl-3-methylimidazolium
chloride [C2mim]Cl, 1-butyl-3-methylimidazolium dicyanamide [C4mim][N(CN)2],
1-butyl-1-methylpyrrolidinium chloride [bmpyr]Cl, tetrabutylammonium bromide [N4444]Br,
tetradecyl(trihexyl)phosphonium chloride [P14666]Cl, tetrabutylammonium chloride [N4444]Cl,
1-butyl-3-methylimidazolium methyl sulfate [C4mim][MeSO4], 1-ethyl-3-methylimidazolium
ethyl sulfate [C2mim][EtSO4], tetradecyl(trihexyl)phosphonium bromide [P14666]Br,
1-butyl-3-methylimidazolium hydrogen sulfate [C4mim][HSO4], 1-butyl-3-methylimidazolium
trifluoromethanesulfonate [C4mim][OTf], and 1-butyl-3-methylimidazolium hexafluorophosphate
[C4mim][PF6] were purchased from Sigma-Aldrich and dried before use on the Schlenk
line (40 ◦C, 0.5 mbar, 12 h). Other ionic liquids: 1-butyl-3-methylimidazolium chloride
[C4mim]Cl, 1-hexyl-3-methylimidazolium chloride [C6mim]Cl, 1-octyl-3-methylimidazolium
chloride [C8mim]Cl, 1-methylimidazolium acetate [Hmim][OAc], 1-methylimidazinium chloride
[Hmim]Cl, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [C4mim][NTf2],
1-butyl-3-methylimidazolium tetrafluoroborate [C4mim][BF4], and 1-methylimidazolium hydrogen
sulfate [Hmim][HSO4] were synthetized according to the known procedures [7]. PTA was purchased
from Sigma-Aldrich and used without further purification.

Solubility measurements: A total of 1 g of ionic liquid was placed in the round bottom flask and
then PTA was added in small portions (0.01 g). The mixture was closed under argon atmosphere and
stirred using a thermostatic magnetic stirrer for 1 h. When the mixture became homogeneous, the next
portion of PTA (0.01 g) was added; if not, the temperature was raised. Measurements were carried out
sequentially at 25, 40, 60, 80, and 100 ◦C.

4. Conclusions

This study systematically expands on the limited existing knowledge concerning the solubility
of PTA in ionic liquids. It was confirmed that ionic liquids exhibit a high capacity to dissolve
PTA, almost twice higher than the best conventional solvent—DMSO. Ionic liquids based on
diethylphosphate, acetate, and chloride anions with Lewis base properties were the most effective.
Solubility in ionic liquids decreases in the following order: [C2mim][Et2PO4] > [C4mim][OAc] >

[C2mim]Cl > [C4mim]Cl > [C6mim]Cl. Additionally, it was observed that ionic liquids containing
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an aromatic cation, preferably dialkylimidazolium, performed better than other studied cations.
The longer the alkyl substituent in the 1-alkyl-3-methylimidazolium cation, the lower the charge
density and polarity, which impedes the solubility of PTA. Additionally, solubility of PTA in ionic
liquids strongly depends on the anion structure; the most effective ones possessing an anion with Lewis
base properties. In summary, ionic liquids have a high potential to dissolve PTA and can; therefore, be
an effective alternative for conventional solvents.
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Abstract: The procedures for the extraction and separation of lipids and nutraceutics from microalgae
using classic solvents have been frequently used over the years. However, these production methods
usually require expensive and toxic solvents. Based on our studies involving the use of eco-sustainable
methodologies and alternative solvents, we selected ethanol (EtOH) and cyclopentyl methyl ether
(CPME) for extracting bio-oil and lipids from algae. Different percentages of EtOH in CPME favor
the production of an oil rich in saturated fatty acids (SFA), useful to biofuel production or rich in
bioactive compounds. The proposed method for obtaining an extract rich in saturated or unsaturated
fatty acids from dry algal biomass is disclosed as eco-friendly and allows a good extraction yield. The
method is compared both in extracted oil percentage yield and in extracted fatty acids selectivity to
extraction by supercritical carbon dioxide (SC-CO2).

Keywords: algal oil; green chemistry; green solvents; extraction; biofuel; bio compound

1. Introduction

In recent years, the production of algae culture and usage of algal biomass conversion products
have received much attention. Microalgae are a potential source of a wide range of high-value products
for different biotechnological uses [1]. In particular, algae have long been considered excellent feedstock
to produce oils. Algal oil, in fact, can be used in different sectors in addition to the production of
biofuels [2], for example in the nutraceutical sector as nutritional supplements and in cosmetics.

The considerable amounts of lipid content in microalgae allow the production of alternative
renewable cleaner fuels [3].

Biodiesel is a mixture of fatty acid alkyl esters usually obtained by transesterification (ester
exchange reaction) of vegetable oils or animal fats [4]. Many research reports and articles have
described different advantages of using microalgae for biodiesel production in comparison with other
available feedstocks [5–12]. The lipid and fatty acid substances of microalgae differ in accordance with
culture conditions. In fact, depending on the strain to which the algae belong, it can have between
20–80% of oil by weight of dry mass [13], and it also varies in the lipid composition [14].

From a practical point of view, microalgae are easy to cultivate, can grow with little or even no
attention, use water unsuitable for human consumption, and are easily inclined to provide nutrients.
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The extracts of microalgae show antimicrobial, antiviral, antibacterial, and antifungal properties
attributed to the presence of fatty acids [15] and are also used as ingredients in different skincare,
sun protection, and hair care formulations. Microalgae are considered, in fact, as the predominant
production sources for polyunsaturated fatty acids (PUFAs) that have to be supplied for the human
diet [16,17]. PUFAs have been used in the prevention/treatment of cardiovascular diseases [18–21] and
their derivatives, namely α-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosapentaenoic acid
(DPA), and docosahexaenoic acid (DHA), have also been reported for the treatment of type 2 diabetes,
inflammatory bowel disorders, skin disorders, and asthma [22–24].

PUFAs play a major role in the treatment of arthritis, obesity, Parkinson’s disease, and heart
disease [25]. EPA and DHA are the main derivatives of omega-3 fatty acids (PUFA n-3) and play
a role in lowering blood cholesterol and in fetal brain development, respectively [26]. Carotenoids
and pigments are the main constituents of microalgal-based food supplements, and they possess
antioxidant activities with neuroprotective action and protection against chronic diseases [27].

Various extraction methods have been reported in the literature for micro-algal lipids. Conventional
methods for extraction lipids include hexane extraction and vacuum distillation. The traditional
solvent extraction is the most used method thanks to the simplicity in operation and the possibility of
use in the industrial field [28]. Usually, solvents such as methanol and chloroform, and temperatures
between 150 ◦C and 250 ◦C, are used to obtain high extractive yields of microalgae oil [29,30]. The Bligh
and Dyer method is the one most used in the extraction and quantitation of lipids at the analytical
level [29]. The use of flammable or toxic solvents is considered a very important problem due to the
adverse health and environmental effects.

Over the years, several research groups have determined the profile of triglycerides in the oil
extracted from microalgae, which is relevant for the production of biofuels [9,30–33]. New algae oil
extraction techniques are being developed, such as enzyme-assisted extraction [34], microwave-assisted
extraction [35], ultrasound-assisted extraction [36], pressurized liquid extraction [37], and supercritical
fluid extraction [38,39]. Recent studies have shown that total lipids/bio-oil extraction from algae can
occur through using supercritical carbon dioxide (SC-CO2) assisted with azeotropic co-solvents such
as hexane and ethanol 1/1 at a reaction pressure of 340 bar, and a temperature of 80 ◦C in 60 min,
obtaining a total algal lipid yield of 31.37% based on dry basis and a percentage of eicosapentanoic acid
(EPA) in the range of 20% to 32% [40]. This procedure increased the total lipid yield and the selectivity,
but the usage of hexane as a solvent lead to numerous consequences such as air pollution and toxicity.

Our research group has done extensive work on the identification and molecular characterization
of food compounds [41–43]. We have developed environmentally friendly methods for the extraction
and further chemical manipulation of natural bioactive molecules [44–52], reducing or eliminating
the use and generation of harmful substances and solvents aiming to encourage green chemistry [53].
In this study, according to the previous studies based on the use of non-toxic solvents [54–64], we have
focused our attention on the development of selective extractive processes for PUFAs rather than for
saturated fatty acids and vice versa, using green solvents such as Cyclopentyl Methyl Ether (CPME)
and ethanol (EtOH).

CPME is an unconventional and an ethereal green solvent, which is very stable to peroxide
formation, with low volatility and low water solubility [65]. Thus, it has increased interest as an
industrial solvent [66]. It exerts no genotoxity or mutagenicity [66], and is produced by the addition of
methanol to cyclopentene, with a 100% atom economy for its synthesis. It has also been studied in many
important chemical processes including furfural synthesis [67] and extraction of natural products [68].
Previous works studied the liquid–liquid equilibria for ternary systems of water/CPME/alcohol
(methanol, ethanol, 1-propanol, or 2-propanol) to test greener solvent systems that substitute and
simulate the Bligh and Dyer method for oil extraction [69]. Recently, a comparative study of lipid
extraction from wet microalgae was performed using several methods such as the Soxhlet, Bligh and
Dyer, Folch, and Hara and Radin methods, with 2-methyltetrahydrofuran (2-MeTHF) and CPME as
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green solvents. The Bligh and Dyer methodology using the solvents 2-MeTHF/isoamyl alcohol (2:1 v/v)
and CPME/methanol (1:1.7 v/v) showed an oil extraction yield less than 10% [70].

Thus, the objective of this work was to evaluate the use of a green binary solvent system
CPME/EtOH for the selective extraction of lipids and bioactive compounds from microalgae dry.
The various lipid components within each fraction have been characterized and quantified using
GC-MS and LC-MS [71–73], following a standard procedure of transmethylation [74] available to our
goal. The information on complete lipid characterization of extracts is essential for the successful
selection of the extraction process that is useful for the production of biofuels or the development of
potential nutraceuticals.

2. Results and Discussion

The biodiesel or saturated fatty acids production process involves different steps, including lipid
extraction and purification of fatty acids. The classic extraction processes often involve the use of toxic
substances. Furthermore, the selective extraction processes that leads to obtaining oils rich in PUFAs
or saturated fatty acids, and the separation of individual fatty acids, are difficult for the production
of highly concentrated w-3 components. Docosahexaenoic acid (DHA, 22:6w3) is considered to be a
crucial nutrient for fetal and infant development [75,76], and only recently researchers have developed
the urea complexation to concentrate DHA from Crypthecodinium cohnii CCMP 316 biomass [77] and
the production of algal oil enriched in w-3-PUFA [78,79] that is useful for human health.

The use of SC-CO2 is an environmentally sustainable extraction method [39]. However, to
have a higher extraction yield, it is necessary to use co-solvents such as hexane [40], invalidating
the sustainability of the method itself. Moreover, this method is not always easily applicable at an
industrial level.

In the present work, according to the studies based on the use of non-toxic solvent [80,81], extracted
lipids rich in PUFAs or saturated fatty acids by dried microalgae were obtained using CPME and
ethanol as green solvents at different percentages. The optimization of the method was carried out
by comparing the oil extraction yield obtained using different percentages of ethanol in CPME with
the oil extraction yield obtained by SC-CO2 [38]. As can be shown in Figure 1, the extraction yield
increased considerably with the use of 80% of ethanol in CPME (39.4%).
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Figure 1. Oil extraction yields (g for 100 g of dry matter) using different volume percentages of ethanol
in cyclopentyl methyl ether (CPME), compared to the yield obtained by SC-CO2. p < 0.05.

The determination of fatty acid composition using GC-MS quantitative analysis in the
extracted samples (see supporting information) was performed. The GC-MS analysis of the methyl
transesterified [82] algal oil was extracted using SC-CO2 (see supporting information, S1), revealing
the presence of fourteen fatty acids (Table 1). At the time retention of 13.35 min, the peak of internal
standard (methyl tricosanoate, 23:0) was observed.
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Peak identification of the saturated fatty acids (SFA) and unsaturated fatty acids (PUFAs and
MUFA) in the analyzed microalgae oil samples were carried out by comparison with retention time
and mass spectra of known standards (Table 1). Samples were analyzed in triplicate.

Table 1. Fatty acids composition of algal oil by GC-MS analysis.

S/N RT (min) Name of Compound Mol. Formula Classification

1 1.5 Myristic acid (14:0) C14H28O2 SFA
2 1.7 Pentadecylic acid (15:0) C15H30O2 SFA
3 2.1 Palmitic acid (16:0) C16H32O2 SFA
4 2.7 Heptadecanoic acid (17:0) C17H34O2 SFA
5 3.1 Linoleic acid (18:2ω-6) C18H32O2 PUFA
6 3.2 γ-Linolenic acid (18:3ω-6) C18H30O2 PUFA
7 3.4 Oleic acid (18:1ω-9) C18H34O2 MUFA
8 3.5 Stearic acid (18:0) C18H36O2 SFA
9 5.4 Eicosapentaenoic acid, EPA (20:5ω-3) C20H30O2 PUFA

10 5.5 Eicosatrienoic acid (20:3ω-6) C20H34O2 PUFA
11 5.6 Eicosatetraenoic acid (20:4ω-6) C20H32O2 PUFA
12 6.2 Eicosanoic acid (20:0) C20H40O2 PSFA
13 9.1 Docosapentaenoic acid, DPA, (22:5ω-3) C22H34O2 PUFA
14 9.4 Docohexaenoic acid, DHA, (22:6ω-3). C22H32O2 PUFA

From the GC-MS analysis, it was found that the most abundant fatty acid methyl esters (FAMEs)
present in the various extracts were those of myristic and palmitic acid (two saturated fatty acids), and
EPA and DHA (twoω-3 polyunsaturated fatty acids) derivatives. These were considered to evaluate
the performance of the EtOH/CPME mixture compared to SC-CO2 in the extraction process (Figure 2).
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Figure 2. % of myristic acid, palmitic acid (saturated fatty acids, SFAs), eicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA) (polyunsaturated fatty acids, PUFAs) extracted with a mixture
ethanol (EtOH)/CPME and SC-CO2. p < 0.05.

It is evident that an oil richer in saturated fatty acids (Figure 2) has been obtained using a mixture
of EtOH/CPME 8/2, the same solution solvent useful for obtaining a higher extraction yield of algal oil.

On the contrary, an oil rich in EPA and DHA was obtained using a mixture of EtOH/CPME 6/4
(Figure 2), the same mixture of solvents, which showed a yield of the extracted oil equal to 32.8%
against 30.0% yield obtained with SC-CO2.
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From the results of the quantitative analysis of all fatty acid methyl esters (see Supplementary
Material, S2), the yield percentage of all saturated fatty acids and all unsaturated fatty acids
was calculated.

Table 2 illustrates how the percentage of total SFA and total UFA (polyunsaturated and
monounsaturated fatty acids) concentrations varied according to the percentage of EtOH in CPME
(Table 2, entries 1–7) and using SC-CO2 (Table 2, entry 8). The use of SC-CO2 favored the isolation of
UFA to SFA (66.93%). A comparable result was obtained using an EtOH/CPME 6/4 mixture (61.41%)
useful for obtaining a higher oil extraction yield.

Table 2. SFA (saturated fatty acids) and UFA (unsaturated fatty acids) percentage concentration
variation as a function of solvent/solvent mixture used.

Entry Extraction Method % SFA % UFA

1 0 * 78.25 ± 0.16 21.75± 0.16
2 20 * 73.34 ± 0.04 26.66± 0.06
3 40 * 65.34 ± 0.09 34.66± 0.07
4 50 * 69.80 ± 0.15 30.20± 0.10
5 60 * 38.59 ± 0.03 61.41± 0.05
6 80 * 82.83 ± 0.13 17.17± 0.09
7 100 * 71.46 ± 0.01 28.54± 0.07
8 SC-CO2 ** 33.06 ± 0.18 66.93± 0.09

* Percentage of EtOH in CPME. Solvent mixture used for Soxhlet system. ** Supercritical carbon-dioxide extraction
method. The values of percentages are in mean ± SD (n = 3).

Electron ionization (EI) MS coupled to Gas chromatography (GC) to analyze fatty acids [83] has
been usually applied but in addition to GC-MS, liquid chromatography (LC)-MS was also a useful
method for the accurate analysis of profiling of FFAs [84–86] and for qualitative determination of
nonvolatile compounds in food [87]. The use of electrospray ionization (ESI) MS, a soft ionization
technique, provided the information on molecular ions. Therefore, tandem MS (MS/MS) was applied
for the most sensitive and selective analysis of FFAs.

To provide the identification of components in the extracted samples, liquid-chromatography
mass spectrometry (LC-MS) was employed. ESI-MS/MS analysis was performed for all the ions present
in the full scan chromatogram for each algae extract.

The analytical technique thus confirmed in a more detailed way the presence of the previous
extracted and previously quantified fatty acids. The chromatogram was obtained scanning between 50
and 800 amu in negative ion mode (Figure 3).

From the information obtained in full scan mode, it was possible to have information about the
molecular weights of the fatty acids possibly present in the samples under investigation.

From the molecular ions registered, the algal oil extract was composed of lauric acid (molecular
ion at m/z 199.4); myristic acid (227.4); myristoleic acid (225.2); pentadecylic acid (241.4); palmitic acid
(255.5); γ-linolenic acid (277.4); oleic acid (281.6); stearic acid (283.5); eicosapentanoic acid (301.6);
docosaexaenoic acid (327.5); docosapentaenoic acid (329.7) and behenic acid (339.6). Successively,
to attribute the molecular structures on each single molecular ion previously recorded, experiments in
product ion scan (MS/MS) were performed.

Table 3 lists the deprotonated molecules identified in full scan MS spectra, the fragment ions, and
the precursor ions identified by MS/MS experiments.
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Table 3. List of the deprotonated molecules identified in the full scan MS spectra of algal oil sample,
fragment ions, and precursor ions identified in MS/MS spectra.

Analyte [M − H]− PIS PREC

Lauric acid 199.4 181.6; 155.0 399.7; 455.9
Myristic acid 227.4 209.5; 183.3 455.7; 483.8; 509.8

Myristoleic acid 225.2 207.2; 181.5 482
Pentadecylic acid 241.4 223.2; 197.2 483.8

Palmitic acid 255.5 237.6; 211.6 511.8; 537.9; 583.9
γ-linolenic acid 277.4 259.4; 233.4 555.8

Oleic acid 281.6 263.4; 237.4 509.8; 537.9; 563.8
Stearic acid 283.5 265.4; 239.2 540.5; 568

Eicosapentanoic acid, EPA 301.6 283.6; 257.6 602.2
Docosahexaenoic acid, DHA 327.5 283.6; 309.2; 229.6 583.9; 610.0; 656.0; 658.0
Docosapentaenoic acid, DPA 329.7 311.7; 285.6 658

Behenic acid 339.6 321.3; 294.9 596.5; 569.2

The initial complexity of the mass spectrum was, therefore, reduced when the product ion scan
and a precursor ion scan were performed. ESI-MS/MS analysis was carried out for all the ions present
in the full scan chromatogram for each algae extract. Ions included in the range of m/z 455–656 indicated
molecular adducts between two identical or different fatty acid compounds (see Supplementary
Material, Table S3).

Based on this result, it was possible to choose the type of solvent/solvent mixture to be used
depending on the type of extract to be obtained (richer than SFA or UFA). Both analytical techniques
were useful and necessary to determine the type of fatty acids present in the extracted samples. Thus, it
was possible to identify an environmentally sustainable extraction method for saturated or unsaturated
fatty acids with excellent extraction yield and significant selectivity.
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3. Materials and Methods

3.1. Chemicals

Solvents, reagents, and thimbles were purchased from Sigma–Aldrich (Sigma–Aldrich, St. Louis,
MO, USA). Dry algal biomass was provided by Aquafauna Biomarine inc. (P.O. Box 5, Hawthorne,
CA, USA).

3.2. Supercritical Fluid Extraction

Fractionation of algal oil from algal biomass was carried out in a continuous extraction process
supercritical fluid using an Applied Separations Speed SFE model 7070 apparatus (Applied Separations
Inc., Allentown, PA, USA). About 5 g of sample and glass beads (size about 3 mm) were weighed and
added to the vessel (1.27 cm i.d. × 25.4 cm long) and sealed with polypropylene wool at the top and
the bottom of the extraction vessel. The oven temperature used was 80 ◦C and the vessel at a pressure
of 35 MPa and room temperature of 25 ◦C. The extracted oils were collected within 10 mL vials. Each
extraction was replicated 3 times.

3.3. Soxhlet Extraction

Soxhlet Extraction was carried out using 100 mL of solvent on 5 g of dried algae sample by Soxhlet
apparatus. The extraction lasted for 1 h. The extract was filtered to remove possible solid particles.
Organic solutions were then concentrated by rotary evaporation, and the traces of solvent in residual
oil were removed by nitrogen flushing. The yield was calculated based on the weight of extracted oil
and the weight of the start sample. The same process was repeated with different solvent mixtures;
CPME 100%, CPME/EtOH (80:20, 60:40, 50:50, 40:60, 20:80) and EtOH 100%. Each extraction was
replicated 3 times.

3.4. Preparation of Methyl Esters of Constituent Fatty Acids

Fatty acids compositions were determined by their conversion to methyl esters. 15 mg of each
oil was added to the internal standard (250 ng/100 µL chloroform, methyl tricosanoate, 23:0). The oil
was subjected to transmethylation by treating 15 mg of each oil with 6 mL of 0.2 M sulfuric acid in
methanol following standard procedure and 15 mg of hydroquinone [64]. The mixture was incubated
for 12 h at 60 ◦C and subsequently cooled. 1 mL of distilled water was added to each vial and extracted
3 times with 1.5 mL of heptane. The organic phase containing the fatty acid methyl esters (FAMEs) was
separated and evaporated under a stream of nitrogen. The FAMEs obtained were dried over anhydrous
magnesium sulfate and kept for Gas Chromatography-Mass Spectrometry (GC-MS, Shimadzu, Kyoto,
Japan) analysis.

3.5. GC-MS Analysis

The FAMEs obtained from the different algal oils were analyzed on Shimadzu GC/MS-QP
2010 gas chromatography instrument with an autosampler AOC-20i (Shimadzu) equipped with a
30 m-QUADREX 007-5MS capillary column operating in the “split” mode, and 1 mL min-1 flow of He
as carrier gas. The injector was operated at 250 ◦C, while the detector was operated at 380 ◦C. The oven
temperature was programmed to rise from 70 to 135 ◦C at a heating rate of 2 ◦C/min, from 135 to
220 ◦C at a heating rate of 4 ◦C/min and from 220 to 270 ◦C at a heating rate of 3.5 ◦C/min. The mass
spectrometer (Shimadzu, Kyoto, Japan) was operated in the electron impact (EI) mode at 70 eV in
the scan range 50–500 m/z. The FAMEs were identified based on the authentic samples previously
injected in combination with the examination with individual molecular weight, mass spectra, and
comparison of fragmentation pattern in the mass spectrum with that of the National Institute of Science
and Technology, NIST library.
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3.6. Data Analysis

Results were analyzed by using a one-way ANOVA (GraphPad Software Inc., San Diego, CA,
USA), and data were presented as the mean± standard error of mean (SEM), except otherwise indicated.
All experiments were performed in triplicate. Values at p < 0.05 were taken as significant.

3.7. Flow Injection Analysis/Mass Spectrometry (FIA/MS)

The mass spectrometer system used for the qualitative analyses of the algal oil extracts was a
Q-Trap API 4000 (MSD Sciex Applied BiosystemFoster City, CA). The analyses were performed by
flow injection analyses (FIA) in both negative and positive ion modes under a flow rate of 10 µL/min.
In general, the intensity of ions observed as positive ions were lower than those observed as negative
ions. Therefore, the experiments were conducted using the negative mode. The most important point
of this experiment was to confirm that ions generated from the target compounds were observed,
rather than that merely any sort of ions were observed. Therefore, it was necessary to attribute
observed ions to specific compounds. Fundamentally, in the attribution process, assuming that
positive ions were protonated molecules [M + H]+ and negative ions were deprotonated molecules
[M − H]−, it was verified whether they were consistent with the molecular mass of target compounds.
The structural assignment was, therefore, based on the accurate mass of the pseudo-molecular ion
[M − H]−, present in the negative ESI-MS chromatogram, and on the corresponding fragment ions
detected by collision-induced dissociation (CID) under nitrogen (25% normalized collision energy) in
the ion trap. The instrument parameters were set as follows: Ion spray voltage (IS) −4600 V; curtain
gas 10 psi; ion source gas 12 psi; collision gas thickness medium; entrance potential 10 eV, declustering
potential 70 eV, collision energy (CE) between 15 and 30 eV and collision exit potential (CXP) between
5 and 9 eV.

4. Conclusions

In this work, a new eco-friendly and effective method for extracting total lipids/bio-oil from algae
was shown. The maximum total algal lipid yield (39.4% based on dry basis) was obtained using a
solution of EtOH/CPME (8:2) at a temperature of 80 ◦C and a reaction time of 60 min. This extraction
condition is advantageous to obtain an oil rich in SFA, useful to biofuel production. An oily extract
rich in bio-compounds that contribute to human well-being such as eicosapentaenoic acid, EPA (C20: 5,
ω-3) and docosahexaenoic acid, DHA (C22: 6,ω-3) was obtained using a EtOH/CPME, 6:4, at the same
temperature and reaction time. In these extraction conditions the oil extraction yield is equal to 32.8%
against 30.0% if SC-CO2 is used.

This method offers many advantages over conventional extraction technologies, such as increased
total lipid yield, increased selectivity, and preserved thermo-labile compounds. It is an alternative
method for sustainable production of algal biofuel and the development of high-value co-products.

Supplementary Materials: The following are available online, GC-MS and MS (EI) spectra of products, quantitative
analysis of all fatty acid methyl esters, negative ESI full scan mass spectrum of algal oil sample, negative ESI
full scan mass spectrum of standard solution of DHA, Stearic acid and butyric acid, negative ESI full scan mass
spectrum of standard solution of oleic alcohol and palmitic acid.
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Abstract: In this work, a two-phase system composed of hydrophobic ionic liquid (IL) and water
phases was introduced to prepare copper sulfide (CuS) nanoparticles. It was found that CuS
particles generated from the interfaces of carboxyl-functionalized IL and sodium sulfide (Na2S)
aqueous solution were prone to aggregate into nanoplates and those produced from the interfaces
of carboxyl-functionalized IL and thioacetamide (TAA) aqueous solution tended to aggregate into
nanospheres. Both the CuS nanoplates and nanospheres exhibited a good absorption ability for
ultraviolet and visible light. Furthermore, the CuS nanoplates and nanospheres showed highly
efficient photocatalytic activity in degrading rhodamine B (RhB). Compared with the reported CuS
nanostructures, the CuS nanoparticles prepared in this work could degrade RhB under natural
sunlight irradiation. Finally, the production of CuS from the interfaces of hydrophobic IL and water
phases had the advantages of mild reaction conditions and ease of operation.

Keywords: ionic liquids (ILs); copper sulfide (CuS); nanoparticles; photocatalytic activity

1. Introduction

Copper sulfide (CuS), a p-type semiconductor, has attracted tremendous interest due to its excellent
optical and electronic properties. The optical band gap energy of CuS depends on its crystalline phase
and is in the range of 1.48–2.89 eV, which matches the energy of ultraviolet and visible light (4.1–1.6 eV,
300–800 nm) [1,2], meaning that CuS has a strong absorption ability for ultraviolet and visible light and
can be widely used in many fields, such as for the photocatalytic degradation of organic pollutants,
solar cells, optical filters, and superconductors [3–5]. In the photocatalytic degradation of organic
pollutants, CuS is a Fenton-like catalyst, a type of catalyst that effectively decomposes a wide range of
organic pollutants in the presence of hydrogen peroxide (H2O2) with light [4,5]. Like other Fenton-like
catalysts, CuS catalyzes the decomposition of H2O2 to generate a large number of hydroxyl radicals
(•OH) and superoxide ions (•O2

−) under light irradiation. Subsequently, •OH and •O2
− degrade the

organic pollutants. The photocatalytic degradation of organic pollutants using CuS as a catalyst can be
described by the following equations [4–6]:

CuS + light irradiation→ h+ (CuS) + e− (CuS) (1)

h+ (CuS) + H2O2→ •OOH + H+ (2)

e− (CuS) + H2O2→ •OH + OH− (3)

•OOH→ •O2
− + H+ (4)

Organic pollutants + •OH + •O2
−→ degradation products (5)
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where e− (CuS) and h+ (CuS) are the electrons jumping from the valence band to the conduction band
of CuS and the positively charged holes in the valence band of CuS, respectively. The symbol •OOH
refers to the hydroperoxy radical.

A large amount of research has suggested that the size reduction of CuS into the nanoscale
dimension leads to significant changes in its physicochemical properties due to the quantum size
effect [7–9]. Therefore, in the last few years, various techniques, such as the hydrothermal method,
microwave irradiation, and electrodeposition have been developed to prepare different shapes
for these CuS nanoparticles like nanospheres, nanoplates, nanotubes, nanorods, and flower-like
structures [5,7–12]. Among these techniques, the hydrothermal method is the most commonly used
one in the synthesis of CuS nanoparticles. For example, Cheng et al. introduced a hydrothermal
method (reaction temperature, 120–180 ◦C; reaction time, 6–24 h) to synthesize ball-flower shaped CuS
nanoparticles by mixing the solutions of copper chloride and thiourea using poly(vinylpyrrolidone)
(PVP) as the surfactant. The morphologies of ball-flower shaped CuS are highly dependent on the
concentration ratios of copper chloride to thiourea, the reaction temperature, and reaction time. Finally,
this ball-flower shaped CuS shows high photocatalytic activity for the degradation of rhodamine B (RhB)
under exposure to ultraviolet light irradiation [9]. Mezgebe and coworkers suggested a hydrothermal
method to prepare nano-sized CuS by heating the solution containing Cu(NO3)2 and thiourea at 150 ◦C
for 6 h. The different morphological structures of CuS were prepared by changing its hydrothermal
solvents. The prepared nano-sized CuS showed high catalytic activity for the degradation of its model
pollutant, methylene blue [11]. Generally, hydrothermal solvents have a significant effect on the
morphology and activity of nano-sized CuS [5,11] and thus the development of versatile solvents is a
research hotspot. In this context, the use of new type of solvent, ionic liquids (ILs), to hydrothermally
produce nano-sized CuS has aroused great interest among researchers [13–16] because ILs have some
unique properties, such as high viscosity and good solubility for a wide range of inorganic and organic
compounds and their physicochemical properties can be easily adjusted by changing the chemical
structures of their anions and cations [17,18]. Yao et al. reported the solvothermal synthesis of CuS
nanowalls in the presence of a common IL, 1-dedyl-3-methylimidazolium bromide ([C10mim]Br)
(heating at 150 ◦C for 10 h). This IL may be involved in the formation of the thiourea-Cu(II) complex
via surface absorption or as one of elements in the complex, which can effectively modulate the
morphology of CuS. Furthermore, the chain length of the IL cation, the IL anion’s nature, and the IL
imidazolium ring also played an important role in delicately constructing the CuS nanowalls [13].

From the above discussion, there is no doubt that hydrothermal method with ILs as solvents is
an ideal technique for the preparation of nano-sized CuS. However, this method usually operates at
higher temperature, takes a longer time and does not maximize the effectiveness of ILs because the ILs
used in the reported work only act as additives, which cannot reflect the advantages of ILs (such as
their excellent solubility and higher viscosity). To make full use of the advantages of ILs, this work
suggests a biphasic system composed of a hydrophobic IL phase that contains copper ions and a water
phase that contains sulfide ions. The CuS nanoparticles would be generated in the interfaces between
the two phases. The solubility of copper ions in the IL phase suggests the slow release of copper ions
in the phase interfaces, and the high viscosity of the ILs suggests the slow diffusion of nanoparticles
in the IL phase, which may facilitate the orderly growth of nanoparticles. Based on this conception,
this work designed a biphasic system consisting of hydrophobic IL and water phases to produce CuS
nanoparticles and investigated their photocatalytic activities.

2. Results and Discussion

In this work, CuS nanoparticles were prepared using a simpler route which was
based on a two-phase system composed of hydrophobic ILs (1-octyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([C8mim]NTf2) and 1-butyl-3-carboxymethylimidazolium
bis(trifluoromethylsulfonyl)imide ([C4C2OOHim]NTf2)) and water with copper(II) acetate (Cu(Ac)2)
as a copper source and sodium sulfide (Na2S) and thioacetamide (TAA) as sulfur sources. Compared
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with the hydrothermal method (usually operating at 120–180 ◦C [9,11,13]), a traditional technique
to produce CuS nanoparticles, the developed hydrophobic IL/water systems were actuated at mild
conditions (the IL/Na2S systems were carried out at room temperature, and the IL/TAA systems
were conducted at 80 ◦C). The results discussed below indicate that the prepared CuS nanostructures
have a pronounced absorption ability for ultraviolet and visible light and exhibit good photocatalytic
efficiency toward the degradation of the virulent organic pollutant, RhB.

2.1. Morphology and Structural Characterization of CuS

The crystal structures and phase purity of the CuS prepared by different systems were investigated
by X-ray diffraction (XRD). The results are shown in Figures 1 and 2. As can be seen from the two
figures, for the CuS nanoparticles prepared from the interfaces of the [C8mim]NTf2/water systems and
the [C4C2OOHim]NTf2/TAA system (80 ◦C, 2 h), there are some impurity peaks in the XRD spectra,
which are the characteristic signals of CuSO4•5H2O. Meanwhile, a higher purity of CuS can be obtained
when the [C4C2OOHim]NTf2/Na2S system is used as the reaction medium, which may ascribed to
its acidic nature and strong complexation ability of the carboxyl group in the [C4C2OOHim]NTf2

with Cu2+
. As shown in Figure 2, for the [C4C2OOHim]NTf2/TAA system, the heating time is also

a key factor that affects the product’s purity. A shorter heating time (2 h) leads to small amounts of
impurities in the product, and there are no impurity peaks found in the XRD spectra when the heating
times were set at 4 h and 6 h.
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Figure 1. X-ray diffraction (XRD) patterns of the copper sulfide (CuS) prepared in the
[C8mim]NTf2/water systems.

Since the [C4C2OOHim]NTf2/Na2S system and the [C4C2OOHim]NTf2/TAA system (80 ◦C, 4 h or
6 h) can provide high purity products, they were selected for the following studies. The transmission
electron microscopic (TEM) and field-emission scanning electron microscopic (FE-SEM) images of
CuS obtained from the [C4C2OOHim]NTf2/Na2S and [C4C2OOHim]NTf2/TAA systems are shown in
Figures 3 and 4. As can be seen from Figure 3, the TEM images of the as-prepared CuS clearly show the
formation of plate-like nanostructures and the particles tend to agglomerate to some extent. The SEM
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images (Figure 4) of CuS indicate that the CuS nanoparticles obtained from the [C4C2OOHim]NTf2/Na2S
system self-assembled to form large plate structures and the CuS nanoparticles generated from
[C4C2OOHim]NTf2/TAA systems are prone to form rough and spheroidic structures.Molecules 2019, 24, x FOR PEER REVIEW 4 of 11 
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[C4C2OOHim]NTf2/TAA (80 ◦C, 6 h).
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Additionally, the specific surface areas of the as-prepared CuS nanoparticles were analyzed by the
Brunauer-Emmett-Teller (BET) method. It was found that the specific surface areas of the prepared CuS
nanoparticles are 45.4 m2 g−1 ([C4C2OOHim]NTf2/Na2S system), 28.7 m2 g−1 ([C4C2OOHim]NTf2/TAA
system, 80 ◦C, 4 h), and 18.3 m2 g−1 ([C4C2OOHim]NTf2/TAA system, 80 ◦C, 6 h), respectively, which
are larger than those of the hydrothermally prepared CuS nanoplates [11].

2.2. Ultraviolet–Visible (UV/Vis) Spectra of CuS

The UV/Vis absorption spectra of the resulting CuS products are shown in Figure 5. It is clear
that all the spectra show strong absorption feature in the UV/Vis region, which suggests the potential
application of CuS in the fields of solar cells and photocatalysts. Moreover, the absorption peak of
the CuS prepared from the [C4C2OOHim]NTf2/Na2S system (maximum absorption wavelength is
around 582 nm) show a blue shift compared with the absorption peaks of the CuS produced from the
[C4C2OOHim]NTf2/TAA system (maximum absorption wavelengths are about 679 nm), implying that
the CuS nanoplates synthesized from the [C4C2OOHim]NTf2/Na2S system are more uniform in size
and morphology (Figure 4) [19].
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2.3. Catalytic Activities

It has been reported that CuS nanoparticles are good photocatalysts for the degradation of organic
dyes, such as RhB [6,9,20–23]. Herein, the photocatalytic performance of the as-synthesized CuS
nanostructures for the degradation of RhB in the presence of H2O2 under natural light irradiation
at ambient temperature was investigated. The results shown in Figure 6 illustrate that all the
as-synthesized CuS nanoparticles exhibit high photocatalytic activity and over 90% of the RhB is
decomposed after 60 min. To further characterize the catalytic performance of the prepared CuS, the
relationship between ln (Co/C) and degradation time (min) was studied and the results shown in
Figure 7 suggest that the RhB degradation conforms to the first-order kinetic model, which is in good
agreement with the observations reported in the literature [6,21,24]. The RhB degradation kinetics can
be expressed by the following equation:

ln(Co/Ci) = kt (6)

where k refers to the reaction rate constant and C0 and Ci are the initial and instant RhB
concentrations, respectively.
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different systems. (a) [C4C2OOHim]NTf2/TAA (80 ◦C, 4 h), (b) [C4C2OOHim]NTf2/Na2S, and (c)
[C4C2OOHim]NTf2/TAA (80 ◦C, 6 h); 5 mg of CuS, 25 mL of RhB (10 mg L−1), and 1.0 mL of H2O2

(30 wt.%).
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[C4C2OOHim]NTf2/Na2S, (b) [C4C2OOHim]NTf2/TAA (80 ◦C, 4 h), and (c) [C4C2OOHim]NTf2/TAA
(80 ◦C, 6 h); 5 mg of CuS, 25 mL of RhB (10 mg L−1), and 1.0 mL of H2O2 (30 wt.%).

It was found that the reaction rate constants (k values) of the RhB degradation catalyzed by CuS
are 0.025 min−1 ([C4C2OOHim]NTf2/Na2S system), 0.209 min−1 ([C4C2OOHim]NTf2/TAA system,
80 ◦C, 4 h), and 0.167 min−1 ([C4C2OOHim]NTf2/TAA system, 80 ◦C, 6 h), respectively.

In addition, the dosage of H2O2 is one of key factors affecting the degradation efficiency of organic
dyes [6,23]. Therefore, the influence of H2O2 dosage on the degradation efficiency was investigated,
and the results shown in Figure 8A indicate that the degradation efficiency of the CuS nanoplates
obtained from the [C4C2OOHim]NTf2/Na2S system increases as the H2O2 dosage increases from 0.59%
(wt.%) to 1.7% and remains constant with an increasing H2O2 dosage up to 2.2%. That is to say, 1.7%
of H2O2 is a better choice for the degradation of RhB by CuS nanoplates. As illustrated in Figure 8B,
the degradation efficiency of the CuS nanospheres obtained from the [C4C2OOHim]NTf2/TAA system
(80 ◦C, 4 h) also increases by increasing the H2O2 dosage from 0.59% to 2.2% and when 2.2% of H2O2

is adopted, the degradation efficiency of RhB increases up to 92.4% after 40 min of reaction. Thus,
2.2% is regarded as the optimal H2O2 dosage for the CuS nanopheres ([C4C2OOHim]NTf2/TAA, 80 ◦C,
4 h). For the CuS nanospheres produced from the [C4C2OOHim]NTf2/TAA system (80 ◦C, 6 h), their
catalytic capacity also increases by increasing the H2O2 dosage from 0.59% to 2.2% (Figure 8C), and the
degradation efficiency goes above 90% when 1.7% of H2O2 is used after 30 min. Thus, 1.7% is regarded
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as the optimal H2O2 dosage for the CuS nanopheres obtained from the [C4C2OOHim]NTf2/TAA
system (80 ◦C, 6 h).
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prepared from different systems. (A) [C4C2OOHim]NTf2/Na2S system, (B) [C4C2OOHim]NTf2/TAA
system (80 ◦C, 4 h) and (C) [C4C2OOHim]NTf2/TAA system (80 ◦C, 6 h); 5 mg of CuS, 25 mL of RhB
(10 mg L−1); from I to IV, 0.59% of H2O2, 1.2% of H2O2, 1.7% of H2O2, and 2.2% of H2O2, respectively.

Recently, some excellent work has reported the use of CuS nanostructures with different
morphologies to decompose RhB [6,9,20,21,23]. Therefore, a comparison of the photocatalytic
performance between the CuS nanoparticles synthesized in the present work and those reported in the
literature was conducted, and the results are listed in Table 1. As can be seen, the degradation of RhB by
CuS hollow nanospheres [20], nanoneedles [21], nanospheres [23] and ball-flowers [9] was conducted
under an extra light source, such as Xe and mercury lamps. However, the RhB degradation reaction
catalyzed by the CuS synthesized in this work can be carried out under natural sunlight. This is an
advantage of the as-prepared CuS nanoparticles. Furthermore, more than 90% of RhB was degraded
after 30–40 min of reaction, suggesting that the as-prepared CuS has a stronger photocatalytic capacity.
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Table 1. Comparison of the photocatalytic performance of CuS nanoparticles prepared by this work
with reported CuS nanostructures.

Catalyst Mass Ratio of RhB to
Catalyst (mRhB/mCuS)

Degradation
Time (min) Irradiation Source Degradation Efficiency

(%, v/v) Reference

Flower-like CuS hollow
nanospheres 10−2 40 Xe lamp (150 W) >90% 20

CuS nanoneedles 1.25 × 10−2 105 Mercury lamp (500 W) 91% 21
CuS hierarchical microflowers 6.0 × 10−2 55 Natural light 95% 6

CuS nanospheres 2.0 × 10−2 20 Xe lamp (300 W) About 100% 23
CuS ball-flowers 4.8 × 10−2 60 Mercury lamp (300 W) About 100% 9
CuS nanoplates 5.0 × 10−2 40 Natural light 90.8% This work

CuS nanospheres 5.0 × 10−2 30 Natural light 90.2% This work

Finally, it should be noted that CuS nanoparticles have good biocompatibility [25,26] and the
ILs used in this work have very low volatility, whereby any air pollution caused by them can be
significantly reduced [27]. Furthermore, after reaction, the ILs can be recycled through washing with
HCl (0.2 mol L−1) and drying (60 ◦C for 4 h) processes. Therefore, the suggested IL/water systems are
environmentally friendly methods for the preparation of CuS nanoparticles.

3. Materials and Methods

3.1. Materials

Copper(II) acetate monohydrate (Cu(Ac)2·H2O, 99%), thioacetamide (TAA, ≥99%),
1-methylimidazole (MI, 99%), rhodamine B (RhB, 99%), and hydrogen peroxide solution (H2O2,
30 wt.% in water) were obtained from Aladdin Chemical Co., Ltd. (Shanghai, China).
The ILs, 1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C8mim]NTf2, 99%) and
1-butyl-3-carboxymethylimidazolium bis(trifluoromethylsulfonyl)imide ([C4C2OOHim]NTf2, 95%)
were purchased from Chengjie Chemical Co., Ltd. (Shanghai, China). Unless otherwise stated, all other
reagents used were of analytical grade. Ultrapure water produced by an Aquapro purification system
(18.2 MΩ cm, Aquapro International Co., Ltd., Dover, DE, USA) was used throughout the experiments.

3.2. Preparation of Nano CuS

The preparation of the nano CuS in the [C8mim]NTf2 + MI/water system was as follows: 11 mL of
[C8mim]NTf2 (containing 9.1% (volume percentage) of MI) and 20 mL of Cu(Ac)2 solution (0.1 mol L−1)
were mixed under stirring at room temperature for 30 min. Here, MI acted as a complexant, i.e., it could
form complexes with copper ions, resulting in the transfer of copper ions to the IL phase. The water
phase was discarded and the IL phase was washed with water to remove the undissolved Cu(Ac)2,
and then Na2S (22 mL, 0.1 mol L−1) was added dropwise to the IL phase under stirring for 15 min.
The color of the IL phase changed from blue to black, indicating the formation of CuS. The IL phase
was dissolved with ethanol to precipitate CuS. The products were washed several times with ethanol,
followed by washing with water and acetone, the resultant CuS was dried at 40 ◦C for 2 h.

When TAA was used as a sulfur source, the preparation of CuS followed a similar pattern, except
that TAA (0.1 mol L−1, prepared with 0.12 mol L−1 of HCl solution) was used instead of Na2S, and the
reaction was conducted at 80 ◦C [28].

Preparation of the nano CuS in [C4C2OOHim]NTf2 followed a similar procedure (as described
above), except [C4C2OOHim]NTf2 (without the addition of MA or HCl) was used instead of
[C8mim]NTf2.

All CuS samples were characterized by an X-ray diffractometer (XRD, model X’Pert PRO MPD,
PANalytical B.V., Almelo, Netherlands), a field-emission scanning electron microscope (FE-SEM,
Quanta 250 FEG, Thermo Fisher Scientific, Hillsboro, OR, USA), a transmission electron microscope
(TEM, model Tecnai G2 20, FEI, Hillsboro, OR, USA), a surface area and porosity analyzer (model ASAP
2460, Micromeritics Instrument Corp., Norcross, GA, USA) and an ultraviolet-visible/near infrared
spectrophotometer (Model UH4150, Hitachi High-Technologies Corp., Tokyo, Japan).
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3.3. Measurement of Photocatalytic Activity

The photocatalytic activity of the prepared CuS nanoparticles was evaluated by degrading the
model compound, RhB, in aqueous media under natural sunlight irradiation. The experiments were
conducted according to the procedures reported in the literature [6,9,20,21]. Typically, 5.0 mg of CuS
nanoparticles was added in the RhB solution (25 mL, 10 mg L−1) and the resultant reaction mixture was
magnetically stirred in the dark for 30 min to obtain adsorption–desorption equilibrium. After that,
a certain amount of H2O2 (30 wt.%) was added into the reaction mixture, and the photocatalytic
degradation of RhB was initiated by natural light irradiation. The RhB concentration in the reaction
mixture was measured by an ultraviolet-visible (UV/Vis) spectrophotometer (model TU-1810, Purkinje
General Instrument Co., Beijing, China) at 550 nm. The degradation efficiency was calculated by using
the following equation:

Degradation efficiency = (1 − Ci/Co) × 100% (7)

where Co and Ci are the initial and instant RhB concentrations, respectively.

4. Conclusions

The present work has suggested a facile method to prepare CuS nanoparticles from the interfaces
of hydrophobic IL and water phases. The morphologies of CuS could be selectively produced by
changing the types of their sulfur sources. The use of Na2S led to the production of CuS nanoplates
and CuS nanospheres could be obtained when TAA is used as a sulfur source. All the prepared CuS
nanostructures exhibited strong UV/Vis absorption and excellent photocatalytic activities toward the
degradation of RhB under exposure to natural sunlight irradiation. Compared with the reported
techniques, the suggested two-phase method exhibited some advantages for the preparation of CuS,
such as mild reaction conditions and simplified reaction procedures. This facile and eco-friendly strategy
is expected to produce other metal sulfide nano-structures with great promise for various applications.
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Abstract: Olive tree (Olea europaea L.) leaf, a waste by-product of the olive oil industry, is an
inexpensive and abundant source of biophenols of great interest for various industrial applications in
the food supplement, cosmetic, and pharmaceutical industries. In this work, the aqueous extraction
of high-added value compounds from olive leaves by using microfiltered (MF), ultrapure (U),
and osmosis-treated (O) water was investigated. The extraction of target compounds, including
oleuropein (Olp), hydroxytyrosol (HyTyr), tyrosol (Tyr), verbascoside (Ver), lutein (Lut), and rutin
(Rut), was significantly affected by the characteristics of the water used. Indeed, according to the
results of liquid chromatography tandem mass spectrometry, the extracting power of microfiltered
water towards rutin resulted very poor, while a moderate extraction was observed for oleuropein,
verbascoside, and lutein. On the other hand, high concentrations of hydroxytyrosol were detected
in the aqueous extracts produced with microfiltered water. The extraction power of ultrapure
and osmosis-treated water proved to be very similar for the bio-active compounds oleuropein,
verbascoside, lutein, and rutin. The results clearly provide evidence of the possibility of devising new
eco-friendly strategies based on the use of green solvents which can be applied to recover bioactive
compounds from olive leaves.

Keywords: green chemistry; olive leaves; natural products; tandem mass spectrometry

1. Introduction

In recent years, fundamental research has focused on using resources found in the environment
for the protection of people’s well-being [1]. Plant materials are widely used to maintain human
health. Traditional medications, food supplements, and functional foods typically contain antioxidant
compounds which may inhibit or decrease the rate of oxidation of other molecules by preventing
the initiation and/or propagation of the chain reaction of free radicals [2]. Considering that plant
materials are extremely complex matrices comprised of many components that can interfere with good
separation, classic extraction procedures often involve different steps and the use of unsustainable
solvents. Furthermore, the starting matrix from which these compounds are extracted is not always a
waste product in the biomass processing industry. The development of green and environmentally
friendly extraction methods of natural products is a hot research topic in the area of chemistry and
technology [3]. In several experimental studies, phenols have demonstrated a wide spectrum of
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pharmacological activities beyond their antioxidant properties [4–6]. A potential source of these
compounds is found in olive leaves: they are grouped with regard to major molecular characteristics
as simple phenols and acids, lignans, and flavonoids [7] including flavones (luteolin-7-glucoside,
apigenin-7-glucoside, diosmetin-7-glucoside, luteolin, and diosmetin), flavonols (rutin), flavan-3-ols
(catechin), substituted phenols (tyrosol, hydroxytyrosol, vanillin, vanillic acid, and caffeic acid) [8,9],
oleuropein, and other secoiridoids [10,11]. The latter are exclusive to the Oleaceae family. In fact,
secoiridoids and other derivatives are the principal compounds of olive leaves [12], among which
a major compound that is frequently reported is oleuropein. Flavonoids may occur in appreciable
amounts [13] while simple phenols and acids are present in lower amounts.

The recovery of bioactive molecules from plant extracts, in view of the accepted use of these natural
compounds as nutraceuticals [14–20], has gained a grown interest in the last decades. Nutraceuticals
are commercially available and in great demand [21,22] as they possess the special role of preventing
or even supporting medical therapies [23–25]. A very large number of studies describe the recovery of
phenols from plant tissues [9–11,26,27], but all known methods applied to the extraction of phenols from
leaves are based on the use of solvents, supercritical fluids, and classical analytical techniques using
maceration assisted by liquid solvents [28]. Other methods can reduce solvent consumption or can use
green solvents representing an environmental and economical alternative [15,19,29]. In recent years,
concerns about the environmental impact have emerged as an issue of priority in society. New aspects
related to the use of agro-industrial residues as by-products for further exploitation of high-value
products are increasingly gaining interest, and their recovery may be economically attractive. Advances
in biotechnology potentially offer opportunities for economic utilization of plant food residues such as
grape and olive pomace, leaves, barks, roots, etc. The idea of turning “waste to wealth” by means of
industrial food residues can considerably contribute to sustainable development. The by-products
of the olive oil industry are an extraordinary source of bioactive phenolic compounds [19]. In this
context, the concept of “Green Chemistry” has great importance in industrial processes to reduce or
eliminate the use and generation of hazardous substances and was developed in principle to guide the
chemists in their search towards greenness [30]. In the last decade, a new generation of green solvents
and green methodologies to be used both in synthetic transformations and in extraction processes has
been developed [31–33].

The use of water as solvent has attracted much interest in recent years [34,35]. Water features
many benefits: water itself is not expensive, it can potentially improve reactivity and selectivity and
enable the recycling of the catalyst [36–38], and it can allow mild reaction conditions in the use of
protecting groups [39,40] and in the synthesis of bio-active compounds [41,42]. The study chemistry
in water has also been an interesting way to gain insights into the biosynthesis and extraction of
natural products [14,43,44].

To the best of our knowledge, the water-based extraction of phenolic compounds from olive
leaves has been poorly investigated. Goldsmith et al. [45] used the response surface methodology
(RSM) approach in order to identify the best possible combination of temperature, extraction time,
and sample-to-solvent ratio for the aqueous extraction of phenolic compounds from olive leaves.
The optimal conditions were proposed to be at 90 ◦C for 70 min at a sample-to-solvent ratio of 1:60 g/mL.

Ansari et al. [46] developed a green and inexpensive water-based procedure to extract oleuropein
from olive leaf samples. The experimental results revealed that deionised water adjusted to pH 3 at
60 ◦C for 4 h had the highest extraction efficiency.

In this work we aimed to evaluate the aqueous extraction of bio-active compounds from whole and
chopped olive leaves, such as oleuropein (Olp), hydroxytyrosol (HyTyr), tyrosol (Tyr), verbascoside
(Ver), lutein (Lut), and rutin (Rut), by using ultrapure, microfiltered and osmosis-treated water. Tandem
mass spectrometry analyses, extensively used in the field of structure evaluation of natural products,
were performed to fully characterize the phenolic compounds of olive leaves.
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2. Results and Discussion

2.1. Concentration and Trend of Bio-Active Compounds in Aqueous Extracts of Chopped Olive Leaves

Experimental results obtained from the aqueous extraction of chopped olive leaves are graphically
summarized in Figure 1.

Water properties are very important for the extraction of Olp in chopped leaves: in particular,
ultrapure (U) water appears to stimulate the migration process of Olp from the leaves to the solution
more than micro-filtered (MF) and osmosis-treated (O) water. In fact, the extracting power of O and
MF water was three and five times less than the extracting power of U water, respectively. In addition,
for each type of water used for the extraction, the Olp concentration was affected by the time of
infusion of the leaves: it reached its maximum concentration in the first day of infusion (753, 268,
and 170 mg/kg in U, O, and MF water, respectively) and decreased up to reach a constant value after
six days of infusion. The recovery of Olp resulted much higher if compared with some data reported
in literature. Indeed, the use of water alone did not result in any detectable signal for Olp yield
quantification as reported by Cifà et al. [47] where different pH of the water, times, and temperatures
were tested. The authors, contrarily to us, finally established that water was not a good solvent to
extract Olp from olive leaves. The Olp concentration in MF, O, and U water resulted also much higher
than that reported by Ghomariet al. [48] when cold distilled water was used for the extraction (about
100 mg/kg). On the other hand, higher Olp concentrations were detected by using distilled water
at 60 ◦C (19.3 ± 0.99 mg/g) and distilled water at 60 ◦C and pH 3 (23.36 ± 0.91 mg/g) [48]. Similarly,
Ansari et al. [40] reported that distilled water at 60 ◦C and pH 3 for 4 h could allow the extraction of a
large amount of Olp. In addition, Malik and Bradford [49] reported that although extraction in 80%
methanol is the most effective method for olive leaf polyphenols, boiling of dried leaves was also a very
efficient method for extracting Olp and Ver that gave 96% and 94% recoveries of these compounds,
respectively, when compared with the methanol extract.

A prevalence of HyTyr in comparison with other bioactive compounds was detected in all aqueous
extracts. These results are consistent with those reported by Herrero et al. [44] who showed that HyTyr
was the main phenolic component on the water pressurized liquid extraction olive leaves extracts
when water is used as extracting agent. On the other hand, oleuropein was the main component in the
extracts obtained with ethanol. However, the extracting power of O and MF water resulted quite similar
and almost ten times greater than the extracting power of U water (768, 736 and 56 mg/kg, respectively
on the first day of infusion). HyTyr concentration slowly increased throughout the experimental
period to reach high values at the end of the process (1139, 1008, and 189 mg/kg in O, MF, and U water,
respectively). The recovery of HyTyr by using cold distilled water according to Ghomari et al. [48] was
200 mg/kg corresponding to our value at the end of the process with U water. The release of Tyr
was, instead, very poor during all the experimental period and none of the three waters produced a
significant difference (3.6, 2.2, and 1 mg/kg in MF, U, and O water, respectively, on the tenth day of
infusion). These results were in agreement with those reported in the literature [48].
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U and O water showed a similar extracting power towards Ver, almost twice when compared to
the extracting power of MF water (117 mg/kg in U and O water, 68 mg/kg in MF water, on the first
day of infusion). The concentration of Ver reached its highest value on the sixth day of infusion in U
water and on the third day of infusion in O water (133 and 134 mg/kg, respectively). Ver concentration
decreased over the time to almost half its value by the end of the process (77, 57, and 27 mg/kg in U, O,
and MF water, respectively). Ver resulted undetectable in the extraction by maceration in cold distilled
water, as reported by Ghomari et al. [48]. A similar behaviour was observed for Lut: the migration
process of this flavone from the leaves to the water was bland in MF water (15 and 18 mg/kg were
the value registered from the start to the end of the infusion process) and more vigorous in U and O
water (277and 178 mg/kg, respectively). The value of its concentration was higher on the sixth day
of infusion in U water and on the last day of infusion in O water (356 and 400 mg/kg, respectively).
The recovery of this flavone in olive leaves extracts obtained by maceration with distilled cold water
was ten times lower (about 30 mg/kg) [48].

The release of Rut resulted very low in MF water during all the experimental process (between 91
and 175 mg/kg). On the other hand, the extracting power of U and O water was very incisive from the
first day of infusion (1331 and 1244 mg/kg, respectively). Moreover, the concentration of Rut was not
affected by the infusion time. The amount of rutin extracted in this study was much higher than that
recorded by Ghomari et al. [48] who reported concentrations between 200 and 500 mg/kg.

The overall results indicated that with the exception of HyTyr and Tyr, the use of O and U water
produced higher extraction efficiency of bioactive compounds, probably due to the absence or reduction
of salt compounds which can affect the extraction process.

2.2. Concentration and Trend of Bio-Active Compounds in Aqueous Extracts of Whole Olive Leaves

As expected, the results obtained from the analysis of whole leaf infusions provided a concentration
of bio-active compounds much lower than in the infusions discussed above. Figure 2 shows the
trend of the concentrations of the bio-active compounds recorded in the whole olive leaves during the
extraction process.

The migration of some bio-active compounds from whole leaves to the solution was not affected
by the quality of the water. In particular, the extracting power of MF, U, and O water towards Olp was
similar both at the beginning (86 mg/kg for MF and O water, and 81 mg/kg for U water) and at the end
of the process (41 mg/kg for MF and O water, and 27 mg/kg for U water). Similarly, the extracting power
of selected waters towards HyTyr resulted to be very similar at the beginning of the process (441, 467,
and 512 mg/kg in MF, U, and O water, respectively, on the first day of infusion). HyTyr concentration
reached the highest value on the sixth day of infusion in MF water (1152 mg/kg), on the seventh day of
infusion in O water (1128 mg/kg), and on the eighth day of infusion in U water (1313 mg/kg).

As for chopped olive leaves, a prevalence of HyTyr in comparison with other bioactive compounds
was detected in all aqueous extracts. These results are in agreement with those reported by
Herrero et al. [50]. On the other hand, the release of Tyr was, again, very poor or null during
all the experimental period, regardless of the type of water employed for the maceration process (3.4,
0.1, and 0.2 mg/kg in MF, U, and O water, respectively, on the tenth day of infusion).
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The recovery of Ver, Lut, and Rut resulted to be influenced more greatly by the type of water.
The concentration of Ver reached its highest value on the first day of infusion in U water (21 mg/kg)
and on the sixth day of infusion in MF and O water (39 and 148 mg/kg, respectively). The migration
process of Lut from the leaves to the water resulted very bland in MF water (3 and 19 mg/kg were the
values registered from the start to the end of the infusion process) and gentle in U and O water (45 and
86 mg/kg, respectively). The concentration of the flavone constantly increased in U water, but decreased
in O water (127 and 41 mg/kg, respectively). Similarly, the release of Rut resulted very low in MF water
during the whole extraction process (between 34 and 112 mg/kg). The extracting power of U and O
water, in contrast, gave some results from the first day of infusion (453 and 203 mg/kg, respectively).
However, the concentration of the flavonol remained constant, or slightly increased, by the end of the
process (610 and 239 mg/kg in U and O water, respectively).

The experimental results clearly indicated that the infusions of chopped leaves were richer in
bio-active compounds in comparison to those of whole leaves. This could be explained by considering
that the integrity of cell membranes of whole leaves does not promote the release of these bio-active
compounds in water [51]. Furthermore, the glycosidic molecules such as Olp and Ver, even if extracted
in important concentrations from the first day of infusion, were less stable over time compared to the
other bio-active compounds analysed. This behaviour is probably due to the action of deglycosylation
enzymes belonging to the leaves and released during the maceration process [52]. On the other
hand, the migration process of HyTyr and Lut from the leaves to the solution has always shown to
be increasing over time, while the extraction of Rut took place immediately and remained constant
throughout the experimentation period.

The characteristics of the water used for the extraction processes were very important for the
success of the extraction itself. In fact, for the flavonol Rut the extraction power of the MF water was
very poor, while it was bland for Olp, Ver, and Lut. A completely different situation was found for
HyTyr which, in MF water, was recovered in high concentrations.

The extraction power of U and O water proved to be very similar for the bio-active compounds
Olp, Ver, Lut, and Rut. These waters have very similar chemical characteristics: U water contains
by definition only H2O, and H+ and OH− ions in equilibrium; osmosis-treated water is minimally
mineralized. MF, instead, purified of chlorine and derivatives, dust and rust, preserves the mineral
salts. These could in some way interfere with the process of migration of bio-active compounds (Rut),
disturbing their accumulation in solution (Olp, Ver, and Lut), or even encouraging it (HyTyr).

2.3. Method Validation

For the determination of the best instrumental conditions, standard solutions of the selected
bio-active compounds were introduced directly into the ion source of the mass spectrometer by direct
infusion (FIA) at a flow rate of 10 µL/min. The mass spectrum obtained for Olp, a glycosylated
secoiridoid, showed a pseudo molecular ion at m/z 539 and ionic fragments at m/z 307 and 275.
These two characteristic ionic fragments originate from the ion at m/z 377 (a molecule resulting from the
breakdown of the glycosidic bond of oleuropein which in ESI-MS experiments produces the ion at m/z
307 from the loss of a C4H6O fragment), and the ion at m/z 275 (derived from a rearrangement of other
fragments). The mass spectrum obtained for HyTyr showed the deprotonated molecule [M − H]− at
m/z 153 and the ionic fragment at m/z 123 due to the loss of a CH2OH molecule. The mass spectrum
obtained for Tyr did not produce any important fragments; therefore, the MRM measurements were
conducted by scanning in both quadrupoles the deprotonated molecule [M − H]− at m/z 137. The mass
spectrum obtained for Ver, a phenylpropanoid and an ester sugar of caffeic acid, showed an intense
peak corresponding to the deprotonated molecule [M − H]− at m/z 623 and two characteristic ionic
fragments at m/z 461 and 161. The loss of caffeic acid in fact produces an ion at m/z 461 and a neutral
fragment, while the peak at m/z 161 results from a proton transfer and from the production of an anionic
ketene. The mass spectrum obtained for Lut showed the deprotonated molecule [M − H]− at m/z 285
and fragments at m/z 133 and 151corresponding to retro Diels Alder fragmentation of flavone molecule.
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The mass spectrum obtained for the flavonol Rut showed the deprotonated molecular ion at m/z 609 and
a fragment at m/z 301 which is diagnostic of quercetin derivatives. The MRM transitions monitored for
the assay of the bio-active compounds under investigation were, therefore, as follows: 539→ 307 and
539→ 275 for Olp; 153→ 123 for HyTyr; 137→ 137 for Tyr; 623→ 161 and 623→ 461 for Ver; 285→ 133
for Lut; 609→ 301 for Rut (Figure S1 in Supporting Information). Calibration curves constructed using
a least-squares linear regression analysis were linear with correlation coefficients of 0.998 and 0.999
(Figure S2 in Supporting Information). Subsequently, to determine the best chromatographic conditions,
the same standard solutions were injected into the HPLC-MS system through the chromatographic
column (Figure 3). Spike solutions at 25 and 50 µg/mL gave good recoveries in a range between 87%
and 109%, and satisfactory precision with relative standard deviation (RDS) in a range between 0.038%
and 0.207% (Table 1). All data were obtained from three independent injections.

Table 1. Results from recovery tests of spike solutions at 25 and 50 µg/mL. Data are expressed as the
means ± relative standard deviation (RSD) of three independent observations. Olp: oleuropein; HyTyr:
hydroxytyrosol; Tyr: tyrosol; Ver: verbascoside; Lut: lutein; Rut: rutin.

Spiked Solution (25 µg/mL) Spiked Solution (50 µg/mL)

Found Recovery Found Recovery
Analyte mean ± RSD % mean ± RSD %

Olp 23.333 ± 0.108 93 50.667 ± 0.063 99
HyTyr 25.010 ± 0.080 100 52.333 ± 0.058 104

Tyr 24.333 ± 0.207 97 49.667 ± 0.081 99
Verb 24.667 ± 0.062 99 54.667 ± 0.038 109
Lut 21.667 ± 0.133 87 49.667 ± 0.111 99
Rut 22.512 ± 0.092 90 51.667 ± 0.095 103

3. Materials and Methods

3.1. Sample Collection and Preparation

Olive leaves from Coratina cultivar were collected from plants belonging to the olive grove of
CREA-Research Centre for Olive, Citrus and TreeFruit, located in Rende (CS) and placed at 204 meters
a.s.l. (39◦22′17.681′′N, 16◦13′58.342′′E).

Immediately after the harvest, plant tissues were processed for further experiments. Both whole
and leaves roughly chopped by hands were considered in order to evaluate the best conditions for the
extractions. In particular, 6 g of sample were placed in stoppered flasks containing 50 mL of water and
kept at room temperature. The maceration processes were monitored by collecting each day, for 10 days,
aliquots of the solutions and by performing high performance liquid chromatography tandem mass
spectrometric analyses (LC-MS/MS). The maceration process of olive leaves was carried out by applying
low-cost and eco-friendly methods where no solvents and supercritical fluids were used.

Three types of water were tested: ultrapure (U), microfiltered (MF), and osmosis-treated (O) water.
U water was produced through a Milli-Q plus water purification system (Millipore, Bedford, MA,
USA) which includes a four-cartridge purification pack (Qpak), using deionized water as feed water.
This module includes activated-carbon and ion-exchange resins housed within four polypropylene
cylinders. A final filter (pore size 0.22 µm), within polycarbonate housing, was part of the dispensing
point of this unit. The produced water was characterized by an electrical conductivity of 0.055 µS/cm.
MF and O water were obtained from tap water. MF was performed by using a bench laboratory plant
consisting of a stainless steel feed tank, a magnetic drive gear pump and a stainless-steel cell able to
accommodate a flat-sheet membrane with a surface area of 38.46 cm2. The cell was equipped with
a polyvinylidene fluoride membrane (MV020 T) with a nominal pore size of 0.2 µm, supplied by
Microdyn-Nadir GmbH (Wiesbaden, Germany). Transmembrane pressure (TMP) was measured by
two manometers allocated before and after the membrane cell and regulated by a pressure control valve
on the concentrate outlet. Crossflow velocity (CFV) was controlled by a digital flowmeter. Temperature
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was controlled by using a cooling system fed with tap water and monitored by a digital thermometer
inserted in the feed tank. Tap water was microfiltered at a TMP of 0.5 bar and an operating temperature
of 25 ± 2 ◦C, producing a permeate water stream with an electrical conductivity of about 810 µS/cm.
Reverse osmosis (RO) was performed by using a RO laboratory bench plant consisting of a control
panel, a cylindrical jacketed feed tank (with a capacity of 5 L) constructed from stainless steel (SS 316),
a feed plunger pump with belt drive (Cat Pumps, Milano, Italy, Model 3CP1221), two pressure gauges
(Wika Instrument, Lawrenceville, GA, USA) (max pressure 100 bar, absolute error 1 bar), a digital flow
meter (SM6000, ifm electronic gmbh, Essen, Germany), a thermometer placed inside the feed tank,
and a cylindrical housing able to accommodate a 11.74 × 1.75-inchspiral-wound membrane module.
The adjustment of operating pressure and feed flow rate was done by simultaneously pump rotation
control through a frequency inverter and a needle valve. The operating temperature was controlled by
circulating a coolant (cold water) through the tank jacket. The plant was equipped with a thin-film
polyamide membrane module (SC1812-34D), supplied by GE Water & Process Technologies (Hopkins,
MN, USA), having a NaCl rejection of 99.5% and a membrane surface area of 0.32 m2. The system was
operated at a TMP of 6 bar and an operating temperature of 25 ± 2 ◦C producing a permeate water
stream with an electrical conductivity of 42.7 µS/cm.

3.2. Quantitative Analysis

Standards of oleuropein (Olp), tyrosol (Tyr), and 3-hydroxytyrosol (HyTyr) were purchased from
Sigma–Aldrich (Sigma-Aldrich, St. Louis, MO, USA); verbascoside (Ver), lutein (Lut), and rutin (Rut)
were purchased from Extrasynthese (Genay, France). All solvents were of LC/MS grade and purchased
from VWR International. The assay of the bio-active analytes was achieved by external standard
calibration: standard stock solutions were prepared by dissolving reference compounds in ethanol.
Aliquots of these solutions were further diluted with water/0.1% formic acid to obtain calibration
standards at concentrations between 1 and 200 µg/mL for Olp and HyTyr, 1 and 100µg/mL for Tyr, Lut,
and Rut, and 1 and 150 µg/mL for Ver. The performance of the experiments was checked by recovery
tests of spike solutions (Table 1).

3.3. High-Performance Liquid Chromatography/Tandem Mass Spectrometry

HPLC analysis were performed using an Agilent Technologies 1200 series liquid
chromatography system equipped with G1379B degasser, G1312A pump, and G1329A autosampler.
The chromatographic separation was achieved by injecting 10 µL of ethanol extract in an Eclipse
XDB-C8-A column (5 µm particle size; 150 mm length; 4.6 mm internal diameter) (Agilent Technologies,
Santa Clara, CA, USA) and a mobile phase consisted of an aqueous formic acid (0.1%) solution (A)
and methanol (B). The separation of the analytes was achieved in 25 min at a flow rate of 350 µL/min.
In particular, the elution profile was as follows: 0–10 min, 10–100% B (v/v); 10–12 min, 100% B; 12–20 min,
100–10% B (v/v); and 20–25 min, 100–10% B (v/v). The time for the column to re-equilibrated was 5 min.
The mass spectrometer utilized for MS/MS analyses was an API 4000 Q-Trap (Applied Biosystem/MSD
Sciex, Foster City, CA, USA). Each compound was monitored in negative ion mode using multiple
reaction monitoring (MRM). The instrumental parameters, such as entrance potential (EP), declustering
potential (DP), collision energy (CE), and collision exit potential (CXP) were, therefore, optimized for
each transition monitored. Ionspray voltage (IS) was set at –4500 V; curtain gas at 20 psi; temperature
at 400 ◦C; ion source gas(1) at 35 psi; ion source gas(2) at 45 psi; and collision gas thickness (CAD)
medium. The HPLC-MS chromatograms of the bioactive compounds analysed in MRM mode are
shown in Figure 3. In particular, the chromatograms refer to the analysis of the analytes of interest
in the aqueous solutions of whole olive leaves after five days of maceration with: ultrapure water
(A), microfiltered water (B) and osmosis-treated water (C). The retention times, expressed in minutes
(min) are shown on the abscissas, whilst the intensity signals, expressed as counts per scan (cps),
on the ordinates.
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3.4. Statistical Analysis

The results are expressed by mean ± standard error of the mean (SEM) from at least three
independent experiments. For statistical comparisons, quantitative data were analysed by one-way
analysis of variance (ANOVA) followed by Tukey-test according to the statistical program SigmaStat1
(Jandel Scientific, Chicago, IL, USA). As the p-values were less than 0.001, there is a strong evidence
for significant differences between the aqueous extraction of bio-active compounds from whole
and chopped olive leaves by using ultrapure, microfiltered and osmosis-treated water (Table S1 in
Supporting Information).

4. Conclusions

The agro-food industries are focused on the use of bio-active compounds and nutraceuticals
obtained from industrial waste products. Even though conventional extraction still is the main approach
for obtaining bio-active compounds, this technology is not aligned with “green” and sustainable
production, as it is very often accompanied by high expenditure and disposal of energy and toxic
chemicals. The eco-friendly separation of bio-compounds from agro-industrial waste, supported
by the use of an eco-sustainable and low-cost solvent such as water, is obviously attractive from
both socio-environmental and economic points of view. Opening up new occasions for ecological
approaches designed for bio-economy and circular economy models, the future food manufacturing
can foresee better solutions for industrial production and applications. With the aim to increase
production and process efficiency, reducing solvent and energy consumption and decreasing food
waste by improving shelf life, may certainly have an important impact in changing industrial and
academic practices. The previously discussed results clearly provide evidence for the possibility of
devising new eco-friendly strategies that can be applied to recover important active compounds from
olive leaves. In fact, from the sole use of water it was possible to obtain extracts of molecules of great
health and pharmacological value by using a cheap and renewable source of natural product that is
also an agricultural and industrial waste. In the procedure described, the use of waste material and the
eco-sustainable and easily available solvents are proposed to contribute to sustainable development
(Figure 4). The results that have been achieved were the followings: the infusions of chopped leaves
were richer in bio-active compounds than infusions of whole leaves. This could be explained by
considering that the integrity of cell membranes of whole leaves does not promote the release of these
bio-active compounds in the water solutions. Furthermore, the glycosidic molecules such as Olp
and Ver, even if extracted in important concentrations from the first day of infusion, were less stable
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over time compared to the other bio-active compounds analysed. This behaviour is probably due to
the action of deglycosylation enzymes belonging to the leaves and released during the maceration
process. On the other hand, the migration process of HyTyr and Lut from the leaves to the solution
has always been shown to increase over time, while extraction of Rut took place immediately and
remained constant throughout the experimentation period. The characteristics of the water used for
the extraction processes were very important for the success of the extraction itself. In fact, for the
flavonol Rut the extraction power of the MF water was null, while it was bland for Olp, Ver, and Lut.
A completely different situation was found for HyTyr which, in MF water, was recovered in high
concentrations. The extraction power of U and O water proved to be very similar for the bio-active
compounds Olp, Ver, Lut, and Rut. These latter waters have very similar chemical characteristics:
ultrapure water contains by definition only H2O and H+ and OH- ions in equilibrium; osmosis-treated
water is minimally mineralized. The MF water, purified of chlorine and derivatives, dust, and rust,
preserves the mineral salts. These could in some way interfere with the process of migration of
bio-active compounds (Rut), disturbing their accumulation in solution (Olp, Ver, and Lut), or even
encouraging it (HyTyr).Molecules 2019, 24, x 12 of 15 
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Abstract: Rheum palmatum L. (R. palmatum L.) is a traditional Chinese herb and food, in which
rhein and emodin are the main bioactive components. The extraction of the two compounds from
R. palmatum L. is, thus, of great importance. In this work, protic ionic liquids (PILs) were applied in
the microwave-assisted extraction (MAE) of rhein and emodin from R. palmatum L., which avoids
the toxicity of organic solvents. The results of the present study indicate that PILs possessing higher
polarity exhibit higher extraction ability due to their stronger absorption ability for microwave
irradiation. Compared with conventional solvents, such as methanol, trichloromethane, and deep
eutectic solvents (DESs), the PIL, 1-butyl-3-himidazolium methanesulfonate ([BHim]MeSO3) reported
herein is more efficient. The selected extraction conditions of liquid–solid ratio, microwave irradiation
time, microwave irradiation power, and PIL concentration were 40 g·g−1, 50 s, 280 W, and 80%,
respectively. Under the selected conditions, the extraction yields of rhein and emodin were 7.8 and
4.0 mg·g−1, respectively. These results suggest that PILs are efficient extraction solvents for the
separation of active components from natural products.

Keywords: microwave-assisted extraction; protic ionic liquids (PILs); polarity; Rheum palmatum L.

1. Introduction

Rheum palmatum L., a well-known traditional Chinese herb and food, is used to treat various
diseases and adverse conditions, such as high fever, intense sweating, constipation, and abdominal
pain [1,2]. Rhein and emodin, as the major components of R. palmatum L., were investigated in depth and
are widely used in pharmaceuticals, functional foods, and natural yellow dyes because of their excellent
bioactivities [3,4]. Consequently, an efficient green extraction method should be developed to extract
rhein and emodin from R. palmatum L. The traditional extraction of rhein and emodin from R. palmatum
L. is usually carried out using many time-consuming and inefficient conventional extraction techniques,
such as marinated extraction (ME), heat reflux extraction (HRE), and Soxhlet extraction [5]. Modern
extraction techniques such as microwave-assisted extraction (MAE) provide an efficient alternative with
the advantages of higher extraction efficiency, faster extraction processes, lower solvent consumption
etc. [6]. However, the remarkable deficiency of MAE is that the abundant volatile organic solvents used
in the extraction process have detrimental effects on the environment and human health. Ionic liquids
(ILs), constituting organic cations and inorganic anions with unique properties, such as a low melting
temperature, high thermal stability, wide liquid phase range, and low vapor pressure, were used in
the extraction of natural products [7–9]; however, 1,3-dialkylimidazolium-based ILs used in previous
extraction processes entail a high cost [10–12]. Therefore, the use of green and economic solvents

107



Molecules 2019, 24, 2770

instead of hazardous solvents is one of the most important considerations during extraction [13,14].
In this context, Procopio and Nardi’s group used the MAE method with an eco-sustainable solvent,
water, as the extraction solvent to extract oleuropein from olive leaves [15,16]. Another interesting
work from the same research group also reported the extraction of demethyloleuropein from ripened
drupes of the Leccino cultivar using methanol maceration at room temperature [17].

Additionally, Wu et al. proposed an ultrasound-assisted extraction (UAE) method for the extraction
of total anthraquinones from R. palmatum L. using natural deep eutectic solvents (DESs) [18].
The reported DES, consisting of lactic acid, glucose, and water (LGH), was highly efficient in extracting
anthraquinones from R. palmatum L., and it possesses many noteworthy advantages, such as low cost,
easy preparation, biodegradability, pharmaceutically acceptable toxicity, and sustainability [19,20].
Inspired by their work, we tried to develop a fast, highly effective, environmentally benign, and low-cost
method for the extraction of R. palmatum L. through changing DESs into protic ionic liquids (PILs) and
using the MAE method instead of UAE. The MAE technique was adopted due to its unique properties,
such as high efficiency, simple operation, shorter extraction time, and low cost [21,22]. The PILs were
selected because of their advantageous property distinguishing them from other ILs. Firstly, the PILs
have a strong ability to absorb microwave irradiation due to their highly polar nature [23,24]. Secondly,
the synthesis of PILs is simple and easy, via equimolar mixing of acids and bases, possessing the
advantages of low cost and easy preparation.

The aim of this work was, thus, to develop a fast and effective PIL MAE method for the extraction
of rhein and emodin from R. palmatum L. As far as we know, PIL MAE methods used in the extraction of
target products from R. palmatum L. are seldom reported. The effects of different extraction parameters,
namely, the structure of the PILs, microwave irradiation power, PIL concentration, extraction time,
and liquid–solid ratio, on the extraction properties were studied. The investigated technique showed
the excellent extraction of rhein and emodin at a low cost.

2. Results and Discussion

2.1. The Choice of PIL

In this work, six PILs with different chemical structures were selected, and their extraction ability
for rhein and emodin was studied. The results shown in Figure 1 indicate that the PILs with salicylate
as the anion exhibited a lower extraction ability, e.g., E([BzHim]MeSO3) > E([BzHim]Sal). It is known
that ILs with a high polarity have a stronger microwave absorption ability [25,26], leading to a higher
extraction temperature and higher extraction efficiency. Therefore, the lower extraction ability of
salicylate-based PILs may be attributed to their lower polarity. As reported in the literature [27–29],
the 1H-NMR chemical shifts (δ) of the hydrogen atom in the 2-position (H2) of imidazolium are related
to the polarity of ILs, i.e., ILs with a stronger polarity have a higher chemical shift. As shown in
Section 3.2, the δ values of H2 of ILs with MeSO3

− and p-TS− (p-toluenesulfonate) as anions were
in the range of 9.136 to 9.296, and those of ILs with salicylate as the anion were within 8.541–8.629.
This suggests that salicylate-based ILs have a lower polarity and, thus, exhibit poor extraction ability,
which is in good agreement with the above observation (Figure 1). Furthermore, the extraction
ability of [BHim]MeSO3 was slightly higher than that of [BHim]p-TS, which may be ascribed to
the fact that [BHim]MeSO3 has a lower molecular weight and, thus, a higher molar concentration.
Thus, [BHim]MeSO3 was selected as the extraction solvent and used in the subsequent experiments.
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Figure 1. Extraction ability of different protic ionic liquids (PILs). Liquid–solid ratio, 20 g·g−1;
microwave irradiation power, 280 W; microwave irradiation time, 70 s; CIL = 80%.

2.2. Selection of Extraction Conditions

In this work, the influence of the extraction conditions, such as liquid–solid ratio, extraction
time, microwave irradiation power, and IL concentration on the extraction efficiency was studied
systematically, and the results are shown in Figures 2 and 3. As shown in Figure 2A, the extraction
efficiencies of rhein and emodin rose upon increasing the liquid–solid ratio from 10 to 40 g·g−1,
remained constant within 40–50 g·g−1, and slightly decreased at 60 g·g−1. Thus, a liquid–solid ratio of
40 g·g−1 was selected and used in the following studies.

The results shown in Figure 2B suggest that, within 30–50 s, a longer microwave irradiation time
resulted in a higher extraction efficiency, and the extraction efficiency remained constant within 50–70 s.
However, when the microwave irradiation time reached 80 s, the extraction efficiencies of rhein and
emodin were rather poor, which can be attributed to the following fact: a longer microwave irradiation
time (80 s) means that the target compounds must endure longer heating times, which may cause the
partial decomposition of rhein and emodin. To confirm this deduction, the recoveries of rhein and
emodin were determined (spiked level, 8.0 mg·g−1 for rhein and 4.0 mg·g−1 for emodin) under 80 s of
microwave irradiation time. The experimental results indicated that the spiked recoveries of rhein and
emodin were only 8.0% and 16.8%, respectively, which means that most of the two target compounds
were decomposed. Based on the above discussion, 50 s of microwave irradiation time was chosen for
the subsequent experiments.

The effect of microwave irradiation power on the extraction efficiency is illustrated in Figure 3A.
As can be seen, the extraction efficiencies of rhein and emodin increased upon increasing the microwave
irradiation power from 70 W to 280 W, which can be ascribed to the fact that high-power microwave
irradiation leads to a higher extraction temperature and, thus, a higher extraction efficiency. When 350 W
was adopted, the extraction efficiency decreased remarkably, which could also be attributed to the
partial decomposition of rhein and emodin due to excessive temperature. Based on these results, 280 W
was adopted as the microwave irradiation power for the following studies.

The experimental results illustrated in Figure 3B show that a higher IL concentration (60–85%)
led to a higher extraction efficiency, and 90% IL resulted in a significant decrease in the extraction
efficiency, which was ascribed to the excessive extraction temperature at 90% IL. In view of the fact
that 80% IL exhibited a higher extraction ability, it was, thus, selected for the subsequent experiments.
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2.3. Comparison with Reported Methods

Recently, various extraction methods, such as UAE/LGH (where LGH is a solution of lactic acid,
glucose, and water) [18], UAE/84% methanol [30] and HRE/methanol–trichloromethane [31] were
used to extract rhein and emodin. Therefore, comparative experiments were conducted to investigate
their ability for the extraction of rhein and emodin from the R. palmatum L. powder used in this
work. Furthermore, the contrasting experiment of MAE/LGH was also done in this work. The results
shown in Table 1 indicate that, compared with UAE and HRE, the MAE method is faster and more
effective. It is worth mentioning that, under the selected experimental conditions, the extraction
ability of MAE/[BHim]MeSO3 was the best in terms of the contents of rhein (7.8 mg·g−1) and emodin
(4.0 mg·g−1), better than the highest data obtained using HRE method (7.3 mg·g−1 and 3.5 mg·g−1,
respectively) [31]. Additionally, the product contents (rhein 2.2 mg·g−1 and emodin 0.87 mg·g−1)
of MAE/LGH were remarkably lower than those of MAE/[BHim]MeSO3, which can be ascribed to
the fact that [BHim]MeSO3 is composed of ions and is more polar than LGH. Thus, the extraction
temperature of MAE/[BHim]MeSO3 was higher than MAE/LGH, resulting in the higher extraction
ability of MAE/[BHim]MeSO3. Above all, the extraction ability of PIL/MAE proposed by this work
was faster and more effective than the previously reported extraction modes.
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Table 1. Comparison between microwave-assisted extraction (MAE) with [BHim]MeSO3 and other
extraction methods. UAE—ultrasound-assisted extraction.

Extraction Method Extraction Time
Content (mg·g−1)

Rhein Emodin

UAE/LGH a 1.5 h 1.6 1.4
UAE/84% methanol b 33 min 1.9 1.1

HRE/methanol–trichloromethane c 2 h 7.3 3.5
MAE/LGH d 50 s 2.2 0.87

MAE/80% [BHim]MeSO3
e 50 s 7.8 4.0

a LGH, lactic acid–glucose–water = 5:1:3. a,b,c Experiments were conducted under the conditions recommended by
References [15,27,28], respectively. d,e Experiments were carried out under the conditions discussed above.

2.4. Recyclability of [BHim]MeSO3 and the Purification of Rhein and Emodin

To reuse [BHim]MeSO3, ethyl acetate is used to extract rhein and emodin from the [BHim]MeSO3

solution after extraction. After filtration to remove R. palmatum L., the recovered [BHim]MeSO3 can be
used for the next extraction cycle without losing its extraction ability. Rhein and emodin in the ethyl
acetate phase were purified using column chromatography using silica gel as the stationary phase
and a mixture of ethyl acetate and petroleum ether as the eluent (30:70, v/v). The purity (determined
by the HPLC method as described in Section 3) of the resultant rhein and emodin was 92.5% and
93.2%, respectively.

3. Materials and Methods

3.1. Reagents

Emodin (90%), rhein (98%), salicylic acid (99.5%), methanesulfonic acid (99%), and l-lactic acid
(90%) were purchased from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). Furthermore,
p-toluenesulfonic acid monohydrate (p-TSA·H2O, 98%) was supplied by Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan), while 1-benzylimidazole (98%) and 1-butylimidazole (98%) were obtained from
Zhongkai Chem. Co., Ltd. (Changzhou, China). Ultrapure water (resistivity, 18.2 MΩ·cm) was used
in the experiments (Aquapro purification system, Aquapro International Co., Ltd., Dover, DE, USA).
All the other reagents used were of analytical grade unless stated otherwise. R. palmatum L. powder
(100 mesh) was obtained from Xuanqing Biotechnology Co., Ltd. (Kunming, China).

3.2. Synthesis of PILs

To prepare 1-benzyl-3H-imidazolium salicylate ([BzHim]Sal), 0.1 mol of 1-benzylimidazole, 0.1 mol of
salicylic acid, and 30 mL of methanol were mixed while stirring until a homogeneous solution
was formed. After removing the solvent under vacuum, a light-yellow liquid was obtained.
The PIL was identified by 1H-NMR (400 MHz, DMSO-d6 (hexadeuterodimethyl sulfoxide)) with
the following chemical shifts (δ): 5.328 (s, 2H), 6.790–6.851 (m, 2H), 7.320–7.401 (m, 7H), 7.484 (s, 1H),
7.790–7.813 (m, 1H), 8.541 (s, 1H), and 12.725 (s, 1H).

The preparation of 1-benzyl-3H-imidazolium methanesulfonate ([BzHim]MeSO3) followed the same
procedure as for [BzHim]Sal described above, except methanesulfinic acid was used instead of
salicylic acid. The product ([BzHim]MeSO3) was a white solid with a melting point of 36–38 ◦C.
The chemical shifts (δ) of 1H-NMR (400 MHz, DMSO-d6) were as follows: 2.349 (s, 3H), 5.451 (s, 2H),
7.380–7.430 (m, 5H), 7.707 (s, 1H), 7.806 (s, 1H), and 9.296 (s, 1H).

The preparation of 1-benzyl-3H-imidazolium p-toluenesulfonate ([BzHim]p-TS) followed the same
procedure as for [BzHim]Sal described above, except p-toluenesulfonic acid was used instead of salicylic
acid. The PIL, [BzHim]p-TS, was a white solid with a melting point of 106–108 ◦C. The chemical shifts
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(δ) of 1H-NMR (400 MHz, DMSO-d6) were as follows: 2.287 (s, 3H), 5.438 (s, 2H), 7.106–7.125 (d, 2H),
7.395–7.422 (m, 5H), 7.479–7.499 (d, 2H), 7.697–7.705 (t, 1H), 7.794–7.801 (t, 1H), and 9.273 (s, 1H).

The synthesis of 1-butyl-3H-imidazolium-based PILs ([BHim]-based PILs) was similar to that of
[BzHim]-based ones (equimolar mixing of 1-butylimidazole and a specific acid (p-toluenesulfonic acid,
methanesulfinic acid, and salicylic acid)).

The PIL, [BHim]Sal, was a colorless liquid. The chemical shifts (δ) of 1H-NMR (400 MHz, DMSO-d6)
were as follows: 0.852–0.888 (t, 3H), 1.171–1.245 (m, 2H), 1.692–1.765 (m, 2H), 4.082–4.118 (t, 3H),
6.756–6.815 (m, 2H), 7.299–7.342 (m, 1H), 7.420 (s, 1H), 7.553 (s, 1H), 7.787–7.810 (m, 1H), 8.629 (s, 1H),
and 13.190 (s, 1H).

The PIL, [BHim]p-TS, was a white solid with a melting point of 58–59 ◦C. The chemical shifts
(δ) of 1H-NMR (400 MHz, DMSO-d6) were as follows: 0.874–0.910 (t, 3H), 1.208–1.264 (m, 2H),
1.735–1.791 (m, 2H), 2.288 (s, 3H), 4.163–4.199 (t, 2H), 7.108–7.129 (d, 2H), 7.478–7.498 (d, 2H),
7.690 (s, 1H), 7.795 (s, 1H), and 9.136 (s, 1H).

The PIL, [BHim]MeSO3, was a white solid with a melting point of 68–70 ◦C. The chemical shifts
(δ) of 1H-NMR (400 MHz, DMSO-d6) were as follows: 0.880–0.916 (t, 3H), 1.218–1.274 (m, 2H),
1.746–1.802 (m, 2H), 2.339 (s, 3H), 4.175–4.212 (t, 2H), 7.698 (s, 1H), 7.804 (s, 1H), and 9.151 (s, 1H).

The chemical structures of the PILs, rhein, and emodin are shown in Figure 4.
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3.3. Microwave-Assisted Extraction (MAE)

Briefly, a mixture of 0.1 g of R. palmatum L. powder and 2.0 g of PIL (80%, wt.%) was heated in
a microwave oven (model G70F20CPIII-TK(W0), Guangdong Galanz Microwave Oven and Electrical
Appliances Manufacturing Co., Ltd., Foshan, China). The microwave irradiation power and time were
in the range of 70 W to 350 W and 30 s to 80 s, respectively. Extraction temperature (60 ◦C to 235 ◦C)
was measured by a non-contact infrared thermometer (model, UT300A, Uni-Trend technology Co.,
Ltd., Dongguan, China). After extraction, the resultant mixture was diluted to 10 mL with ethanol
and filtrated by a nylon membrane (pore size, 0.45 µm). The contents of emodin and rhein in ethanol
solution were analyzed by an Agilent 1200 high-performance liquid chromatograph (HPLC, Agilent
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Technologies, Santa Clara, CA, USA) equipped with a degasser, an autosampler, and a variable
wavelength detector. The HPLC conditions were as follows: column temperature, 30 ◦C; injection
volume, 5.0 µL; detection wavelength, 254 nm; separation column, ZORBAX Eclipse XDB-C18 column
(4.6 mm × 150 mm, 5 µm, Agilent Technologies, Santa Clara, USA); flow rate, 1.0 mL·min−1; mobile
phase, a mixture of acetonitrile and 0.1% (v/v) acetic acid aqueous solution (40% (v/v) acetonitrile);
run time, 15 min.

3.4. Heat Reflux Extraction (HRE)

This extraction procedure was conducted according to the standard method of the Chinese
Pharmacopoeia [31]. Typically, 0.15 g of R. palmatum L. powder was mixed with 25 mL of methanol,
and the resultant mixture was heated to reflux for 1.0 h. After cooling and filtration, 5.0 mL of the filtrate
was withdrawn and evaporated under vacuum to remove the solvent; then, 10 mL of 8% HCl solution
was added and subsequently sonicated for 2.0 min. After that, 10 mL of trichloromethane was added and
heated to reflux for 1.0 h. After cooling, the trichloromethane phase was withdrawn, and the aqueous
phase was washed three times, each time with 10 mL of trichloromethane. The trichloromethane
phase was combined and evaporated under vacuum to remove the solvent. The resultant residue was
dissolved with methanol and filtrated by a nylon membrane (pore size, 0.45 µm) before HPLC analysis.

3.5. Ultrasound-Assisted Extraction (UAE)

The UAE procedure was the same as that reported in the literature [30], with the following
parameters: extraction solvent, 84% (v/v) methanol aqueous solution; liquid–solid ratio, 15:1 (mL/g);
extraction time, 33 min; extraction temperature, 67 ◦C; extraction power, 250 W. After extraction,
the filtrate was collected, and the residue was extracted again (two times) with the same volume of
fresh solvent. The UAE method with LGH as the extraction solvent was conducted in a similar way
under the conditions recommended by the reported work [18]. The contents of rhein and emodin were
determined by the aforementioned HPLC method.

4. Conclusions

The present work developed a fast and effective MAE technique to extract rhein and emodin from
R. palmatum L. using PILs as extraction solvents. The key advantage of PILs is that they are easy to
prepare at low cost. Experimental results suggest that the PILs owning a higher polarity have a stronger
microwave absorption ability and, thus, exhibit a higher extraction ability. The extraction ability of the
PIL, [BHim]MeSO3, was higher than that of DES (LGH), and the extraction ability of the proposed
PIL-based MAE was superior to that of UAE and HRE. After extraction, the PIL, [BHim]MeSO3, could
be recycled via back extraction without losing its extraction ability. All the above results drive to the
conclusion that PIL-based MAE is an efficient, rapid, simple, and economic method to extract rhein
and emodin from R. palmatum L.
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Abstract: Microbial fuel cells offer a technology for simultaneous biomass degradation and biological
electricity generation. Microbial fuel cells have the ability to utilize a wide range of biomass including
carbohydrates, such as starch. Sago hampas is a starchy biomass that has 58% starch content. With this
significant amount of starch content in the sago hampas, it has a high potential to be utilized as a
carbon source for the bioelectricity generation using microbial fuel cells by Clostridium beijerinckii
SR1. The maximum power density obtained from 20 g/L of sago hampas was 73.8 mW/cm2 with
stable cell voltage output of 211.7 mV. The total substrate consumed was 95.1% with the respect
of 10.7% coulombic efficiency. The results obtained were almost comparable to the sago hampas
hydrolysate with the maximum power density 56.5 mW/cm2. These results demonstrate the feasibility
of solid biomass to be utilized for the power generation in fuel cells as well as high substrate
degradation efficiency. Thus, this approach provides a promising way to exploit sago hampas for
bioenergy generation.

Keywords: sago hampas; starch; bioelectricity generation; Clostridium beijerinckii; microbial fuel cell

1. Introduction

Bio-electrochemical systems (BESs) are providing the innovative technologies that utilize the
biological redox catalytic activity with the combination of abiotic electrochemical reactions [1,2],
which are normally classified based on their applications, such as the generation of energy [3],
chemicals and water treatment processes [4,5]. In fact, BESs used for energy generation are known as
bio-electrochemical fuel cells, which can be further divided into enzymatic fuel cells (EFCs) and microbial
fuel cells (MFCs). Microbial fuel cells (MFCs) represent a new platform of technology that converts the
chemical energy in biomass into bioelectricity through metabolic activity of electrochemically active
bacteria attached to the electrode [6]. Hence, the exploitation of bacteria as the electrocatalysts in MFCs
has given the capability to directly generate electricity from a various type of substrate, including
organic acids (acetate, butyrate, lactate), fermentable sugars (glucose, xylose) and carbohydrates
(sucrose, starch) [7].

In spite of that, there is still more improvement required for reactor configurations and electrolyte
design in MFCs, in order to enhance the effectiveness in terms of productivity as well as production
cost [1]. According to Liu et al. [8], the substrate is indeed one of the most important biological
factors affecting the overall performance of microbial fuel cells, including bioelectricity generation and

117



Molecules 2019, 24, 2397

operational cost. On the other hand, due to the versatility of fuel used in MFC, a novel approach has
been introduced for MFCs as bioenergy production and biomass degradation technologies.

The utilization of biomass for energy generation has drawn considerable attention due to their
abundance and ready availability [9]. In review, there are few sources of biomass that have been
studied for the generation of bioelectricity, including potato waste [10], rice straw [11], wheat straw [12],
and corn stover [13,14]. Du and Li [10] demonstrated bioelectricity generation in terms of current
density from a mixture of cooked and uncooked potato, of which the maximum current density
obtained was enhanced to 278 mA/m2/d (10 fold increment). Hassan et al. [11] reported that the power
density obtained from 1 g/L of initial rice straw concentration was 143 mW/m2 with the coulombic
efficiency (CE) in the range of 45.3–54.3%. In addition, a 123 mW/m2 of power density was obtained
by using a wheat straw hydrolysate, with the CE in the range of 15.5%–37.1% [12]. These findings
provide evidence of the promising platform that utilizes the readily available biomass for bioelectricity
generation. However, the use of other biomass should be investigated in order to provide a better
understanding of and optimizing the generation of bioelectricity in MFCs.

In Malaysia, Sarawak is known as one of the largest sago starch exporters in the world, accounting
for more than 25,000 mt/year of sago starch [15]. This figure is expected to increase by 15% to 20%
every year [16]. It should be noted that the increase in a number of products will significantly increase
the amount of waste produced from the sago processing mill, which subsequently is associated with
environmental pollution problems if it is poorly handled. Sago hampas is a starchy lignocellulosic
biomass produced during the extraction of sago starch which contains 58% starch, 23% cellulose, 9.2%
hemicellulose and 3.9% lignin [17–19]. This sago hampas has a great potential to be utilized as a
feedstock for bioenergy production. In MFCs, a starch component has been used for the generation
of bioelectricity. Niessen et al. [20] has demonstrated the exploitation of Clostridium beijerinckii and
Clostridium butyricum in bioelectricity generation using starch as an electron donor. The aforementioned
authors reported that the current density obtained from C. butyricum and C. beijerinckii was 1.3 mA and
0.8–1.0 mA, respectively. On the other hand, the starch-based wastewater has been utilized as a fuel in
MFCs, generating the highest voltage output of 281 with the power density of 139.8 mW/m2 [21].

Therefore, this paper has aimed to utilize sago hampas as a substrate in the direct generation of
bioelectricity by C. beijerinckii SR1 using a microbial fuel cell. Subsequently, the performance of sago
hampas will be compared to the hydrolyzed sago hampas.

2. Results and Discussion

2.1. Characterization of Sago Hampas

In MFCs, the substrate is the most important fermentation factors affecting the production cost
as well as bioelectricity generation [8]. Sago hampas is a great potential biomass produced after the
extraction of starch and contains a significant amount of starch materials and fiber [17]. Table 1 illustrates
the chemical composition of sago hampas used in this study for the generation of bioelectricity.

Table 1. Chemical composition of sago hampas.

Chemical Compositions (%) This Study Reference [17] Reference [18]

Starch 58 ± 0.02 30–45 49.5
Cellulose 21 n.d 26

Hemicellulose 13.4 n.d 14.5
Lignin 5.4 n.d 7.5

Moisture 4.7 ± 0.42 5–7 n.d
Ash 3.13 ± 0.13 3–4 n.d
pH 4.49 ± 0.1 4.6–4.7 n.d

%—percentage in dry basis, n.d—not determined.
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Sago hampas is a great potential biomass that consists both starch content as well as lignocellulosic
materials. All the values (Table 1) except starch are almost comparable to the previous reports [17,18].
It is found that the amount of starch used in this study (58% on a dry basis) is slightly higher as
compared to the previous study (30–50% on a dry basis). These differences in starch value are greatly
dependent on the extraction protocol applied in the mills. Awg-Adeni et al. [17] have explained
that higher amount of starch will be found in the sago hampas mainly due to the food grade starch
demand, thus the factory has reduced the recycling process in the extraction to ensure the starch
whiteness. It should be noted that this study was aimed to utilize the starch content in the biomass for
the generation of bioelectricity.

2.2. Preliminary Experiment: Bioelectricity Generation from Commercial Starch

In this study, Clostridium beijerinckii SR1 was employed as a biocatalyst due to its high productivity
and efficiency as a biocatalyst for hydrogen, which is the major electron donor in bioelectricity
generation [20]. On the other hand, this bacterial strain is able to digest vast types of substrate,
including low molecular compound like organic acids (acetate, butyrate), monosaccharides like
glucose, and even starch [20,22,23]. It is also reported that Clostridium sp. have the ability to express
α-amylase and glucoamylase, which are the important enzymes in degrading the starch. Figure 1
shows the growth profiling of Clostridium beijerinckii SR1.

Figure 1. Profiling of Clostridium beijerinckii SR1 in 10 g/L of commercial starch. (A) The cell density (#)
and commercial starch consumption (�) as a function of time. (B) pH changes.

Based on Figure 1, the highest cell density obtained was 0.93 ± 0.05 g/L at 30 h of fermentation.
The pH dropped below pH 5 after 30 h, indicated by the acid production of this strain in the acidogenesis
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process. This situation caused the suppression of this bacteria to further grow when the accumulation
of acids in the fermentation broth reached the threshold value just before the cells began to enter the
stationary phase [24].

A preliminary experiment was conducted using commercial starch as an electron donor to
demonstrate the capability of C. beijerinckii SR1 to generate the bioelectricity in MFCs system. Figure 2
illustrates the bioelectricity generation powered by the commercial starch as an electron donor by C.
beijerinckii SR1 as a biocatalyst. Initially, when starch was introduced into the system, the circuit voltage
(open circuit voltage (OVC)) of 26.4 ± 6.4 mV (0–6 h) was generated immediately and this might be
due to the difference between anodic and cathodic potential of the two electrodes. Min et al. [25]
explained that this situation might be due to the biological and chemical factors. Thereafter, the cell
voltage (OVC) was increased and stabilized to 214.2 ± 7.3 mV (7–96 h) due to the biological activity of
C. beijerinckii SR1. The voltage generation using two chambers of MFCs in the study was similar to the
data showed by Min et al. [25].

Figure 2. Bioelectricity generation from commercial starch by Clostridium beijerinckii SR1. (A) Voltage
generation from 10 g/L of starch by C. beijerinckii SR1 as a function of time. (B) Power density and cell
voltage generation as a function of current density.

The maximum power density obtained from the polarization curve (Figure 2B) was 78.92±7.48 mW/cm2

(at an applied current of 1.0 mA). The results showed that C. beijerinckii SR1 is a great potential biocatalyst
capable of generating bioelectricity powered by starch. This situation is explained by the catalytic
oxidation of hydrogen [20]. Clostridium sp. is a well-known biocatalyst that synthesizes biohydrogen
via a ferredoxin-linked pathway of the butyric acid fermentation, then produces two moles of hydrogen
per glucose unit in the fermentation of starch [26–28]. As explained by Niessen et al. [20], the main
criteria of the selection of biocatalyst in the fuel cell are based on the efficiency of hydrogen synthesis
as well as the ability to feed on the desired carbon source. In this study, we demonstrated the ability
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of C. beijerinckii SR1 in the generation of bioelectricity as well as the utilization of a macromolecular
natural substrate (starch) and further investigated with solid biomass, which is sago hampas.

2.3. Direct Bioelectricity Generation by Clostridium beijerinckii SR1 Using Sago Hampas

Figure 3 exemplifies the bioelectricity generation as a function of cell voltage and power density by
C. beijerinckii SR1 fueled by sago hampas. When the sago hampas was introduced, 33.8± 5.5 mV (0–11 h)
of voltage output was generated out of the gate. Subsequently, the cell voltage was increased and
stabilized at 211.7 ± 2.3 mV (12–96 h). The maximum power density recovered was 73.78 ± 2.6 mW/cm2,
at applied current 1.0 mA. The results obtained demonstrated that the performance of bioelectricity
generation from sago hampas was almost comparable to commercial starch. This situation explained
the potential of sago hampas as a replacement of commercial starch in bioelectricity generation using
MFCs. The cell voltage output obtained in this study was slightly lower as compared to study made
by Ahmed et al. [21]. The aforementioned authors used the starch-based wastewater as an electrolyte
in a single chamber MFC with the maximum power density of 139.8 mW/m2 and chemical oxygen
demand (COD) removal of 86.4%. On the other hand, Neissen et al. [20] obtained 1.86 mW/cm2 of
power density by C. butyricum from 10 g/L of starch.

Figure 3. Bioelectricity generation from sago hampas by Clostridium beijerinckii SR1. (A) Voltage
generation from 20 g/L of sago hampas by C. beijerinckii SR1 as a function of time. (B) Power density
and cell voltage generation as a function of current density.

On the other hand, the result obtained from sago hampas was compared with the bioelectricity
generation powered by hydrolyzed sago hampas, also known as sago hampas hydrolysate. Figure 4a
illustrates the bioelectricity generation in the freshly inoculated anaerobic culture of C. beijerinckii SR1
containing sago hampas hydrolysate as a substrate. The concentration of 10 g/L of glucose content
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in the sago hampas hydrolysate was subjected as an initial carbon source. The maximum power
density obtained from hydrolyzed sago hampas was 56.5 mW/cm2, which was slightly lower than
unhydrolyzed sago hampas. Based on the result obtained, it is suggested that there is no additional
step (hydrolysis process) required in order to utilize the sago hampas as a substrate for the generation
of bioelectricity.

Figure 4. Generation from sago hampas hydrolysate by Clostridium beijerinckii SR1. (A) Power density
and cell voltage generated from 10 g/L of glucose content in sago hampas hydrolysate as a function
of current density. (B) Cyclic voltammetry profile of Clostridium beijerinckii SR1 recorded at 96 h after
the start of anaerobic fermentation using unhydrolyzed and hydrolyzed sago hampas as substrate.
The scan rate was 10 mV/s.

Based on the result obtained, the current obtained was 2.4 mA. The electrochemical behavior of
MFC using sago hampas by C. beijerinckii SR1 was further evaluated using cyclic voltammetry (CV) that
measures the potential differences across the interface as well as the redox of the component involved
of the biochemical system. Figure 4b shows the redox potential signal obtained from hydrolyzed sago
hampas and unhydrolyzed sago hampas. Based on the data obtained, unhydrolyzed sago hampas
emitted a higher oxidation potential peak compared to hydrolyzed sago hampas, with the potential of
0.15 V and −0.02 V, respectively. The voltammogram shape obtained in this study was in agreement
with Finch et al. [29]. The results obtained suggested that the electrochemical activity of C. beijerinkcii
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SR1 might be due to the cell surface cytochrome(s) [29–31]. C. beijerinckii SR1 showed quasi-reversible
redox reaction in CV with a sharper reduction peak as compared to the oxidation peak. It also appears
that there was more efficient electron flow towards the bacteria cells.

Based on experimental results obtained, the performance of C. beijerinckii SR1 on the bioelectricity
generation from commercial starch and sago hampas was subjected to the assessment of coulombic
efficiency (CE). The CE was a function of either external circuit resistance or substrate concentration.
The total starch consumed from sago hampas was 95.1% corresponding to a CE of 10.7%. This indicates
that the major electron produced resulted from the degradation of starch and was not fully associated
with power generation, but instead correlated to biomass production as well as fermentation products.
Clostridium were known to be solvents (acetone–butanol–ethanol) and organic acids (acetic acid
and butyric acid) producers. In this study, it is determined that this particular strain produced
4.02 ± 0.52 g/L of total solvents and 6.71 ± 0.45 g/L of total organic acids. This situation was in
agreement with Lu et al. [32], which explained that the lower CE in bioelectricity generated by bacteria
could be caused from the correlation of electron acceptor diffusion as well as other processes, including
biomass production and fermentation. Logan et al. [33] have reported that the CE was diminished
by several factors, including the competitive processes for the production of by-products as well as
bacterial growth.

3. Materials and Methods

3.1. Substrate Collection and Preparation

The biomass used was sago hampas, which was collected from River Link Sago Resources
Sendirian Berhad Company (Sdn. Bhd.), Mukah, Sarawak, Malaysia. Sago hampas was dried by using
an oven dryer at 65 ◦C overnight. The dried sago hampas was then kept in the sealed plastic bags and
stored at room temperature for further use.

3.2. Hydrolysis of Sago Hampas

Sago hampas containing 58% starch (dry basis) was subjected to the hydrolysis process [17,18].
A suspension of 7% (w/v) of sago hampas was boiled in 0.1 M KH2PO4 buffer solution (pH 4) for
15 min and subsequently cooled down to 60 ◦C at room temperature. A 5.56 U/mL of dextrozyme
(Novozymes, Bagsværd, Denmark) with glucoamylase activity of 195.3 U/mL was added into the
suspension. The mixture was incubated at 60 ◦C for 60 min in a water bath for the hydrolysis
process. The mixture was continuously stirred to ensure the homogeneity of substrate end enzyme
throughout the process. Then, the suspension was submerged into an ice-water bath to prevent further
hydrolysis. The hydrolysate was then separated from the lignocellulosic fiber residual by using a
filtration (100 mesh) and centrifugation (12,000 rpm for 15 min) technique. The hydrolysate obtained,
referred as sago hampas hydrolysate was subjected to analytical procedures for its reducing sugars
and glucose content. The hydrolysis yield (%) was calculated as:

Glucose produced from sago hampas (g)/Dry sago hampas (g) × 100. (1)

3.3. Bacterial Strain and Medium

The single culture, Clostridium beijerinckii SR1 employed was obtained from Madihah’s laboratory
culture collection, Universiti Teknologi Malaysia [34]. Aliquots of 1 mL of the stock culture was
inoculated into 125 mL serum bottle, with 100 mL working volume of oxygen free and sterilized
growth medium, pH 5.5. The medium [20] contained 10 g substrate (sago hampas), 5 g yeast extract,
10 g peptone, 0.5 g l-cysteine-HCl, 0.4 g NaHCO3, 8 mg CaCl2, 8 mg MgSO4, 40 mg KHSO4, 80 mg
NaCl and 1 mg resazurin (per L). The pH was adjusted using 1.0 M of NaOH and HCl. The medium
was purged with nitrogen gas for 15 min, and autoclaved at 121 ◦C for 15 min. It was incubated at
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120 rpm and 37 ◦C for 24 h in a shaker incubator (Labwit, Victoria, Australia). The inoculum was
freshly prepared for every bioelectricity generation in microbial fuel cells (MFCs).

3.4. MFC Construction and Operation

The MFCs used was the H-type, which consisted of conjoint two chambers; anode and cathode.
An anaerobic chamber (anode) and aerobic chamber (cathode) were separated by the proton exchange
membrane (PEM) (Nafion N117, Fuel Cell Earth, Massachusetts, United State of America). The electrodes
(1.5 × 1.5 cm) used in the anode and cathode compartment were the carbon cloth (5% wetproofing) (Fuel
Cell Earth, Massachusetts, USA) and 20% platinum on Vulcan—carbon cloth (Fuel Cell Store, USA),
respectively. The pretreatment of electrodes and electrical connection were done based on that previously
described by Oh et al. [35].

The MFCs were operated at a fixed external circuit resistance (300 Ω). Both chambers were filled
with 200 mL working volume of fermentation medium. Sago hampas was added as an electron donor
(commercial starch is used as a control) and 10% (v/v) of C. beijerinckii SR1 was inoculated into the
anode compartment contained in the fermentation medium prior to the fermentation, simultaneously.
Then, the nitrogen gas was purged into the anode compartment for 15 min to prepare the anaerobic
condition. In the cathode compartment, 50 mM K3Fe(CN)6 was used as the terminal electron acceptor.

3.5. Calculation and Chemical Analysis

All the analysis samples were run for triplicates. Starch content was determined using the method
explained by Nakamura [36]. The glucose concentration was determined by using high performance
liquid chromatography (HPLC) (Jasco, Tokyo, Japan) equipped with Refractive Index (RI) detector
and Rezex RCM-Monosaccharide (Reliability-Centered Maintenance) column (Phenomenex, USA) at
80 ◦C with deionized water as a mobile phase at flow rate of 0.6 mL/min. The solvent produced was
analyzed using Gas chromatography (Shimazu, GC-17A, Kyoto, Japan) occupied with column BP-21
with helium as a carrier gas. Cell voltages (V) were measured across a fixed external circuit resistor
(300 Ω) using a data acquisition system (LabJack U12 Series, LabJack Corporation, US) that recorded
every 10 min. The polarization curve was determined by Autolab PGSTAT204 (Metrohm, Malaysia)
imposing varying current (0–1.5 mA). The electron discharge pattern was also evaluated using Autolab
PGSTAT204 (Metrohm, Malaysia) by studying the cyclic voltammetry (CV). CV was evaluated over a
voltage range of −0.8 mV to + 0.8 mV at the scan rate of 10 mV/s. An Ag/AgCl electrode was used as a
reference electrode, while an anode electrode and cathode electrode acted as a working and counter
electrode, respectively. Power (P) density was calculated as:

P = I × V (I = V/R) (2)

where, I (A) is the current, V (V) is the voltage and R (Ω) is the external resistance. The power was
normalized to the anode surface area [35,37]. The electrical charge (in coulombs) was calculated by
integrating the current over time and the amount of substrate removal during a MFC operation [25,35,38].
Starch content was measured using iodine starch colorimetric explained by Nakamura [36].

The coulombic efficiency (CE) was calculated based on the total coulombs calculated by integrating
the current over time (CP) and the theoretical amount of coulombs available from COD (CT) using
Equation (3) as [32]:

CE = CP/CT × 100%. (3)

The current over time (CP) is defined as CP =
∫

I dt, whereas the theoretical amount of coulombs
(CT) is defined as CT = FbV ∆COD/M, where F is the Faraday’s constant (96485 C/mol of electrons), b
is the number of moles of electrons produced per mol of substrates (b = 4), V (L) is the liquid volume,
∆COD (g/L) is the concentration difference, and M is the molecular weight of substrate (M = 23).
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4. Conclusions

This study evaluated the capability of the MFCs system in utilizing the solid biomass, sago hampas
for the generation of bioelectricity by single culture, Clostridium beijerinckii SR1 in order to be one-step
closer to better understanding of MFCs concept. In this study, three sources of substrate were tested,
including commercial starch, unhydrolyzed and hydrolyzed sago hampas. The maximum power
density generated by C. beijerinckii SR1 from unhydrolyzed sago hampas is 73.78 mW/cm2 which is
a comparable performance compared to commercial starch (78.92 mW/cm2), while hydrolyzed sago
hampas gave lower power density (56.5 mW/cm2). These results indicate the value of unhydrolyzed
sago hampas in being utilized directly as a carbon source without any further hydrolysis process for
the generation of bioelectricity. It can be concluded that sago hampas has shown a great potential
replacement for commercial starch in bioelectricity generation using MFCs. The improvement in terms
of reactor configuration as well as electrodes manipulation could further enhance the generation of
bioelectricity by using sago hampas as a feedstock in MFCs.
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Abstract: Carotenoids—natural fat-soluble pigments—have attracted considerable attention because
of their potential to prevent of various diseases, such as cancer and arteriosclerosis, and their
strong antioxidant capacity. They have many geometric isomers due to the presence of numerous
conjugated double bonds in the molecule. However, in plants, most carotenoids are present in the
all-E-configuration. (all-E)-Carotenoids are characterized by high crystallinity as well as low solubility
in safe and sustainable solvents, such as ethanol and supercritical CO2 (SC-CO2). Thus, these properties
result in the decreased efficiency of carotenoid processing, such as extraction and emulsification, using
such sustainable solvents. On the other hand, Z-isomerization of carotenoids induces alteration in
physicochemical properties, i.e., the solubility of carotenoids dramatically improves and they change
from a “crystalline state” to an “oily (amorphous) state”. For example, the solubility in ethanol of
lycopene Z-isomers is more than 4000 times higher than the all-E-isomer. Recently, improvement of
carotenoid processing efficiency utilizing these changes has attracted attention. Namely, it is possible
to markedly improve carotenoid processing using safe and sustainable solvents, which had previously
been difficult to put into practical use due to the low efficiency. The objective of this paper is to review
the effect of Z-isomerization on the physicochemical properties of carotenoids and its application
to carotenoid processing, such as extraction, micronization, and emulsification, using sustainable
solvents. Moreover, aspects of Z-isomerization methods for carotenoids and functional difference,
such as bioavailability and antioxidant capacity, between isomers are also included in this review.

Keywords: lycopene; β-carotene; astaxanthin; E/Z-isomerization; solubility; crystallinity; extraction;
emulsification; micronization; supercritical CO2
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1. Introduction

Carotenoids are a class of lipid-soluble pigments responsible for the colors of plants, animals,
and microorganisms [1–4]. Since the first structural elucidation of β-carotene by Kuhn and Karrer
in the 1930s, approximately 1100 natural carotenoids have been reported so far [5]. Carotenoids
can be classified into the following two groups based on their chemical composition: (1) carotenes,
nonoxygenated molecules such as lycopene and β-carotene and (2) xanthophylls, molecules containing
oxygen such as lutein and astaxanthin. (Figure 1) [4,6]. The daily consumption of carotenoid-rich
foods, such as fruits and vegetables, is considered to be beneficial for human health because of their
high antioxidant, anticancer, and antiatherosclerotic activities [7–9]. As carotenoids contain multiple
conjugated double bonds, numerous geometric isomers are theoretically possible. While carotenoids
in plants are accumulated predominantly as the all-E-configuration (Figure 1A–D), Z-isomers of
carotenoids (Figure 1E,F) exist in abundance in the human body and in processed foods. For example,
more than 50 and 30% of total lycopene are present as Z-isomers in human blood plasma and processed
tomato products such as tomato sauce and tomato soup, respectively [10–12].
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Commercially available carotenoids are obtained by chemical syntheses or extraction from plants,
photosynthetic bacteria, and microalgae. Generally, these carotenoids are in the all-E-configuration and
the isomers are characterized by high crystallinity and low solubility in solvents [13,14]. Most carotenoid
processing, such as extraction, micronization, and emulsification, employs a mediator—an organic
solvent—to increase the processing efficiency. However, because of the physicochemical properties of
(all-E)-carotenoids, processing efficiencies are low. Moreover, in recent years, there has been increased
demand for the use of safe and sustainable solvents such as ethanol and supercritical CO2 (SC-CO2) for
the processing of food components including carotenoids, i.e., environmentally benign processing using
sustainable solvents is a topic of growing interest in both the research community and the food industry
because of the growing awareness of the impact of solvents on energy usage, pollution, and their
contribution to climate change and air quality [15–17]. However, since (all-E)-carotenoids have very low
solubility in ethanol and SC-CO2 [18–21], toxic organic solvents are used in many cases. Very recently,
several studies demonstrated that Z-isomerization of carotenoids induces alteration in physicochemical
properties, such as crystallinity and solubility. Namely, solubility in solvents including SC-CO2 was
dramatically improved and crystallinity was reduced by Z-isomerization. In addition, application of
these alterations in carotenoid processing using the above safe and sustainable solvents has attracted
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attention. For example, Z-isomerization pretreatment significantly improved the extraction efficiency
of lycopene contained in tomatoes and gac (Momordica cochinchinensis Spreng.) aril using organic
solvents and SC-CO2 [18,19].

In this review, the effect of Z-isomerization on the physicochemical properties of carotenoids and
recent researches on carotenoid processing technology exploiting these characteristics are summarized
and discussed. In addition, we also outline the typical methods for Z-isomerization of carotenoids
and alterations in the bioavailability and functionality of carotenoids by Z-isomerization. Ample
studies have demonstrated that Z-isomerization of carotenoids results in changes to bioavailability and
antioxidant capacity, e.g., Z-isomers of lycopene and astaxanthin have greater bioavailability and show
a higher antioxidant capacity than the all-E-isomers [22–25]. Thus, it is important to have a thorough
understanding of the impact of E/Z-isomerization on functional changes of carotenoids.

2. Typical Methods for Z-Isomerization of Carotenoids

As the method for Z-isomerization of carotenoids, heat treatment, microwave treatment, light
irradiation, electrolysis treatment, and catalytic treatment have been well documented to date (Table 1).
(all-E)-Carotenoids, e.g., lycopene and astaxanthin, were efficiently isomerized to the Z-isomers
by heating in organic solvents, especially alkyl halides such as dichloromethane (CH2Cl2) and
dibromomethane (CH2Br2) [26–28]. The all-E-isomers were also thermally Z-isomerized in the presence
of vegetable oils, animal fats, and SC-CO2 [12,21]. These results indicate that for Z-isomerization of
(all-E)-carotenoids, it is important that the carotenoid is in a dissolved state. Microwave heating also
promoted Z-isomerization [29–32], and several studies indicated the increased efficiency compared to
conventional heating [29,30]. In the microwave treatment of (all-E)-lycopene-rich tomato oleoresin,
the total Z-isomer content reached 65.9 ± 2.7% with 4-min irradiation at 2450 MHz frequency and 500 W
power, and the temperature of the oleoresin reached 136.7 ± 6.6 ◦C at that time, while the total Z-isomer
content with conventional oil bath heating at 140 ◦C for 5 min was 50.8± 3.2% [29]. Light irradiation also
caused E/Z-isomerization of carotenoids. When carotenoids were directly exposed to light, Z-isomers
of carotenoids isomerized to the all-E-isomers [33,34]. On the other hand, when light irradiation
was carried out with photosensitizers, such as chlorophyll a and erythrosine, Z-isomerization of
(all-E)-carotenoids was promoted [35,36]. For example, when purified (all-E)-lycopene dissolved
in hexane in the presence of erythrosine was irradiated at 480–600 nm for 1 h, the proportion
of lycopene Z-isomers reached over 80% [36]. A few studies have demonstrated that electrolysis
treatment promoted Z-isomerization of (all-E)-carotenoids such asβ-carotene and canthaxanthin [37,38].
This electrochemical method shows very high efficiency and can prevent thermal degradation
of carotenoids, e.g., approximately 50% of (all-E)-canthaxanthin was converted to the Z-isomers
during 4–6 min of bulk electrolysis at 4 ◦C [37]. Catalytic Z-isomerization of (all-E)-carotenoids
have been traditionally conducted using iodine [39–41]. More recently, it was reported that
disulfide compounds [29,42,43], isothiocyanates, carbon disulfide [42], iron(III) chloride [44], titanium
tetrachloride [45], and iodine-doped titanium dioxide [46] induced Z-isomerization of carotenoids.
For example, when iron(III) chloride, which is usually used as a food additive for iron fortification,
was used, greater isomerization (79.9%) could be attained by a 3-h reaction at 60 ◦C, with almost no
degradation of lycopene [44]. Although catalyst utilization for carotenoid isomerization is a very
efficient method, most catalysts, such as iodine and heavy metals, exert a negative impact on the
human body and the environment. Hence, in industrial view, the discovery and use of low toxicity
and environmentally sustainable catalysts, e.g., plant-derived natural catalysts such as disulfide
compounds and isothiocyanates, will be of great importance [29,42,43,47–49]. As shown in Table 1,
each Z-isomerization method has several advantages and disadvantages; consequently, it is necessary
to select the appropriate Z-isomerization method according to the circumstances.
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Table 1. Summary of representative methods for Z-isomerization of carotenoids and their advantages
and disadvantages.

Method Reported Carotenoid Advantage Disadvantage Reference

Heat treatment Lycopene, β-carotene,
astaxanthin, lutein, etc.

• Simple and
conventional method
• Requires minimal
amount of additive

• Can cause thermal
degradation [12,21,26–28]

Microwave
treatment

Lycopene, β-carotene,
astaxanthin, lutein, etc.

• Simple and fast (few
minutes) method
• Requires minimal
amount of additive

• Can cause thermal
degradation
• Difficult to control final
product quality
• High cost of
instrumentation

[29–32]

Light irradiation Lycopene, β-carotene,
lutein, etc.

• Rapid method
• Non-thermal process
• Low energy usage

• Can cause light
degradation
• Need to add
photosensitizers
• Need to remove
photosensitizers if toxic
ones used
• High cost of some
photosensitizers

[26,33–36]

Electrolysis
treatment

β-Carotene,
8′-apo-β-caroten-8′-al,
canthaxanthin

• Simple and highly
efficient method
• Non-thermal process
• Can prevent
degradation during
processing

• High cost of
instrumentation
• Need to remove electrolyte
substances if toxic ones used

[37,38]

Catalytic treatment
Lycopene, β-carotene,
astaxanthin,
zeaxanthin, etc.

• Simple and highly
efficient method
• Can prevent
degradation during
the processing
• Low energy usage

• Need to remove catalysts if
toxic ones used
• Can promote degradation
in some catalysts
• High cost of some catalysts

[29,39–46]

3. Effect of Z-Isomerization on Bioavailability and Functionality of Carotenoids

Ample studies have addressed the alterations in bioavailability and functionality, such as
antioxidant, anticancer, and antiatherosclerotic activities, of carotenoids by Z-isomerization (Table 2).
Further, the alterations differed among carotenoids. Z-Isomers of lycopene and astaxanthin showed
greater bioavailability than the all-E-isomers [22,23,25,50–53]. For example, investigation of the effect
of red tomato juice (90% all-E-isomer lycopene) and tangerine tomato juice (94% Z-isomer lycopene)
ingestion on plasma lycopene concentrations revealed that lycopene from tangerine tomato juice showed
approximately 8.5-fold greater bioavailability than lycopene from red tomato juice [22]. On the other
hand, some carotenoid Z-isomers, such as β-carotene and lutein, may be less bioavailable than the
all-E-isomers [54–62]. In general, the bioavailability of carotenoids is very low because they are strongly
bound to the food matrix and because of their physicochemical characteristics, such as low solubility,
high crystallinity, and lipophilicity [4,13,14]. Thus, to improve the bioavailability of carotenoids
contained in fruits and vegetables, physical treatments, such as high-pressure homogenization and
ultrasound treatment, have been traditionally studied [63]. In some carotenoids, such as lycopene
and astaxanthin, by combining chemical approaches such as Z-isomerization treatment and the above
physical approaches, it may be possible to further improve the bioavailability.

Depending on the assay method, many studies have reported that Z-isomers of carotenoids have
equal or higher antioxidant capacity compared with the all-E-isomers [24,25,46,63–70]. Böhm et al.
(2002) [64] reported that Z-isomers of lycopene exhibited approximately 1.2 times higher antioxidant
capacities than the all-E-isomer in the Trolox equivalent antioxidant capacity (TEAC) assay.
In heme-induced peroxidation of linoleic acid in mildly acidic emulsions, which mimics postprandial
lipid oxidation in the gastric compartment (MbFeIII-LP) assay, (5Z)-lycopene showed approximately 3
times higher antioxidant capacity than the all-E-isomer [24]. In contrast, when antioxidant capacity
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was evaluated by the TEAC assay, (9Z)-zeaxanthin exhibited lower capacity than the all-E-isomer [64].
The degree of antioxidant capacity varied among Z-isomers, e.g., that of lutein isomers was higher
in the order of 13Z-isomer > 9Z-isomer > all-E-isomer with the ferric reducing antioxidant power
(FRAP) assay [62]. Carotenoid Z-isomers are likely to be superior to the all-E-isomers in preventative
effects on atherosclerosis, cancer, and inflammatory [71–76]. For example, (9Z)-β-carotene contained
in the microalgae Dunaliella sp. showed higher antiatherogenic [71] and antiatherosclerotic [72,73]
activities than the all-E-isomer in mouse experiments. (9Z)-Canthaxanthin isolated from Dietzia
sp. exhibited higher proapoptotic activity than the all-E-isomer in THP-1 macrophages [74].
Nakazawa et al. (2009) [75] reported that Z-isomers of fucoxanthin had greater anticancer activity
than the all-E-isomer in human promyelocytic leukemia (HL-60) and colon cancer (Caco-2) cells.
Very recently, Yang et al. (2019) [76] showed that Z-isomers of astaxanthin, especially the 9Z-isomer,
exhibited greater antiinflammatory effect than the all-E-isomer by downregulating proinflammatory
cytokines COX-2 and TNF-α gene expression, which was evaluated in a Caco-2 cell monolayer model.
As another notable functional change by carotenoid Z-isomerization, Z-isomers of β-carotene, which is
a very important retinol precursor with a high conversion rate, showed lower conversion efficiencies
to retinol than the all-E-isomer [77,78]. The antiaging activity would also differ among astaxanthin
isomers. Namely, the median lifespan of Caenorhabditis elegans fed with 9-Z-, 13-Z-, and all-E-isomers
was observed to increase by 59.39%, 24.99%, and 30.43%, respectively [79]. Moreover, Fenni et al.
(2019) [80] reported that lycopene isomers exert similar biological functions in adipocytes, linked
to their ability to transactivate PPARγ. Since Z-isomerization had “positive” or “negative” effects
on the bioavailability and functionality of carotenoids (Table 2), it is important to have a detailed
understanding of the impact of E/Z-isomerization on corresponding functional changes.
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4. Effect of Z-Isomerization on Physicochemical Properties of Carotenoids

The Z-isomerization of (all-E)-carotenoids induces change in physicochemical properties such
as color, solubility, crystallinity, melting point, and stability. Z-Isomerization of carotenoids resulted
in a shift in absorption to a shorter wavelength and a reduction in the molar extinction coefficient
and color value [27,46,82,83]. For example, Jing et al. (2012) [83] reported that maximum absorption
wavelengths of (all-E)-, (9Z)-, and (13Z)-β-carotene were 451.4, 446.4, and 439.1 nm, respectively.
The molar extinction coefficients of (all-E)-, (9Z)-, and (13Z)-lycopene at the maximum absorption
wavelengths were 182 × 103, 164 × 103, and 137 × 103 M−1 cm−1, respectively [27]. In fact, tomatoes
rich in (all-E)-lycopene show a red color, whereas tomatoes rich in the Z-isomers, known as tangerine
tomatoes, show an orange color [22].

Several studies reported that Z-isomers of carotenoids had much higher solubility than the
all-E-isomers in organic solvents, oils, and SC-CO2 [13,14,18–21,84,85]. Although the solubility of
(all-E)-lycopene in ethanol, acetone, ethyl acetate, and hexane was 0.6, 42.7, 145.3, and 25.6 mg/mL,
respectively, that of lycopene containing 75.6% Z-isomers was 2401.7, 3702.9, 3961.1, and 3765.2 mg/mL,
respectively [13]. Namely, in the case of ethanol, which is frequently used for food processing such as
extraction and purification, the solubility of lycopene Z-isomers was over 4000 times higher than that
of the all-E-isomer. Also, in SC-CO2, the solubility of (9Z)-β-carotene was nearly four times higher
than that of the all-E-isomer [84], and lycopene Z-isomers also showed higher solubility than the
all-E-isomer [19,21]. The increased solubility of carotenoids by Z-isomerization is likely to be associated
with changes in bioavailability. Generally, carotenoids are absorbed from the duodenum and prior
to the absorption they are incorporated into bile acid micelles [86]. Thus, since carotenoid Z-isomers
may have higher solubility in bile acid than all-E-isomers, they are preferentially incorporated into
enterocytes and show higher bioavailability [51,87]. On the other hand, Z-isomers of β-carotene
exhibit lower bioavailability in humans than the all-E-isomer [54–58]. Several proteins, which are
temporarily present at the apical membrane of the duodenum, mediate selective carotenoid uptake [86].
Therefore, β-carotene Z-isomers may be efficiently incorporated into bile acid micelles due to their high
solubility, but may have lower transport efficiency in the duodenum than the all-E-isomer. In vitro
experiments using Caco-2 cells strongly support the above hypothesis. Namely, Z-isomers of lycopene
and astaxanthin showed higher cellular uptake efficiency than the all-E-isomers [25,52], while the
opposite result was obtained for β-carotene [61]. Similarly, Yang et al. (2018) [62] reported that
in vitro experiments using a digestion model shown higher bioaccessibility of lutein Z-isomers than
the all-E-isomer, while a Caco-2 cell monolayer model revealed lower bioavailability.

Z-Isomerization of carotenoids affects the crystallinity. Murakami et al. (2017) [13] and
Honda et al. (2018) [14] experimentally revealed that increases in the Z-isomer content of lycopene,
β-carotene, and astaxanthin was related to a reduction in crystallinity, i.e., scanning electron microscopy
(SEM), differential scanning calorimetry (DSC), and powder X-ray diffraction (XRD) analyses clearly
demonstrated that (all-E)-carotenoids were present in a crystal state, while Z-isomers were present in
an amorphous state. Carotenoids have multiple conjugated double bonds in the molecule, resulting in
strong π–π stacking interactions between molecules. For this reason, carotenoids have high crystallinity.
However, the presence of Z-isomers is suggested to lead to enormous steric hindrance and decrease
the potential attractive π–π forces, thus affecting the crystallinity [13,88]. Generally, carotenoids in
fresh plants occur predominantly in the (all-E)-configuration, and (all-E)-carotenoids are present in
the crystal state. On the other hand, some plants, such as tangerine tomato and peach palm (Bactris
gasipaes Kunth), contain high amounts of carotenoid Z-isomers that are present in an oily aggregate
form [22,89]. Similarly, 9Z-isomer-rich β-carotene contained in Dunaliella was in the oily form [90].

The melting point of carotenoids was altered by Z-isomerization, i.e., increases in the Z-isomer
content were associated with a lower melting point [13,14,85,91]. For example, the melting point
of (all-E)-lycopene and lycopene containing 23.8, 46.9, and 75.6% Z-isomers was 174.4, 173.7, 170.0,
and 162.3 ◦C, respectively, as measured by DSC [13].
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The stability of carotenoids varies among isomers, i.e., (all-E)-carotenoids had higher stability
than the Z-isomers. Several studies investigated the stability of carotenoid isomers using a Gaussian
program and revealed that Gibbs free energy differed among the isomers [82,92–94]. For example,
Takehara et al. (2015) [93] reported that the relative stability of lycopene isomers was in the following
order; all-E-isomer ≈ 5Z-isomer > 9Z-isomer > 13Z-isomer > 15Z-isomer, and Guo et al. (2008) [94]
reported that the relative stability of β-carotene isomers was in the following order; all-E-isomer
> 9Z-isomer > 13Z-isomer > 15Z-isomer > 7Z-isomer ≈ 11Z-isomer. Murakami et al. (2018) [33]
experimentally confirmed the above for lycopene. Furthermore, they investigated the stability of
lycopene isomers against light irradiation, and the stability was in the following order; all-E-isomer ≈
5Z-isomer > 9Z-isomer > 13Z-isomer > multi-Z-isomers. As for lycopene Z-isomers, the 5Z-isomer
showed the highest stability against heat and light. In addition, (5Z)-lycopene would have higher
antioxidant capacity [24] and bioavailability [95] compared with the all-E-isomer and possibly the 9Z-
and 13Z-isomers. Therefore, it is important to develop a facile procedure for lycopene isomerization
from the all-E-isomer to the 5Z-isomer.

The differences in physicochemical properties between (all-E)-carotenoids and Z-isomers are
summarized in Table 3. A systematic understanding of these carotenoid properties is likely to be
important in the analysis, processing, and so on.

Table 3. Differences in physicochemical properties between (all-E)-carotenoids and Z-isomers.

Color Value Solubility Crystallinity Melting Point Stability

E a > Z b E < Z E > Z E > Z E > Z
a all-E-isomer of carotenoid. b Z-isomer of carotenoid.

5. Improvement of Carotenoid Processing Efficiency by Z-Isomerization

In recent years, due to the discovery of altered physicochemical properties of carotenoids
by Z-isomerization, efforts to improve the efficiency of carotenoid processing by exploiting these
alterations has attracted attention. In particular, carotenoid processing using a safe and sustainable
solvent—SC-SO2—as a mediator is being actively studied. Since natural carotenoids, the all-E-isomer,
exhibit very low solubility in SC-SO2, there is a high hurdle for its industrial use in carotenoid
processing. However, utilizing alterations in the physical properties by Z-isomerization represents
a breakthrough. In this section, we introduce recent studies of carotenoid processing (extraction,
micronization, and emulsification) utilizing alterations in solubility and crystallinity of carotenoids by
Z-isomerization.

5.1. Improvement of Carotenoid Extraction

Generally, commercially available natural carotenoids, which are obtained from plants and
microorganisms by solvent extraction and utilized for supplements, food colorants, and cosmetics,
are very expensive [96–99]. This is because carotenoids in plants and microorganisms accumulate
predominantly in the all-E-configuration, whose isomers have low solubility in solvents, resulting in
very low extraction efficiencies. For example, extraction of lycopene from tomato pulp with ethanol
and SC-CO2 showed a recovery of only 6.3 and 6.5%, respectively [19]. However, when the extractions
were conducted after Z-isomerization treatment, the recovery was notably improved to 75.9 and 27.6%,
respectively [19]. More specifically, the total Z-isomer content of lycopene in tomato pulp was 8.8%,
whereas it increased to 75.7% by heating at 150 ◦C for 1 h with a small amount (1 wt%) of olive
oil. After ethanol extraction of lycopene from the Z-isomer-rich tomato pulp, the obtained extract
had a very high Z-isomer content (93.5%), while almost all lycopene in the extraction residue was
the all-E-isomer. These results strongly indicated that lycopene Z-isomers have higher solubility in
solvents than the all-E-isomer; thus, the extraction efficiency was improved. In addition, since the
Z-isomer content of carotenoids in the obtained extract was improved by Z-isomerization pretreatment,
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the treatment is effective not only for the production of carotenoid concentrates but also for increasing
the bioavailability and functionality of carotenoids (Figure 2). The improved extraction efficiency was
also confirmed in gac (M. cochinchinensis Spreng.) aril [18]. Gac is a tropical vine originating from
South and South-East Asia and belongs to the Cucurbitaceae family, and the aril (seed membrane)
contains a very high amount of lycopene [100,101]. Since gac aril contains a large amount of oil (18–34%
of dry weight) rich in lycopene, lycopene is often obtained by press extraction with the oil [102].
Although more than 90% of lycopene exists as the all-E-isomer in gac aril, the total Z-isomer content
increased by 58.5% with microwave irradiation at 1050 W for 60 s. When lycopene was obtained by
press extraction with gac oil from non-microwave pretreated and treated gac aril, lycopene contents in
the obtained oils were 160.6 and 1365.9 mg/100 g, respectively. Thus, Z-isomers of carotenoids show
higher solubility in oils than the all-E-isomer. Moreover, Z-isomerization pretreatment of gac aril was
also effective for lycopene extraction using ethanol and SC-CO2. For example, when lycopene was
extracted using SC-CO2 from the non-treated gac aril, the lycopene content in the extract was only
76.6 mg/100 g, whereas Z-isomerization pretreatment by microwave irradiation resulted in a lycopene
content of 342.0 mg/100 g. As the extraction efficiency of carotenoids is improved by Z-isomerization
pretreatment, the development of efficient Z-isomerization methods for carotenoids in plants is very
important in the future. On the other hand, several plants and microalgae such as tangerine tomato
and Dunaliella contain a high amount of carotenoid Z-isomers [22,71,72]. Thus, carotenoids should be
efficiently extracted using these raw materials. In fact, Gamlieli-Bonshtein et al. (2002) [84] reported
that (9Z)-β-carotene in Dunaliella exhibited nearly 4 times higher extraction efficiency by SC-CO2 than
the all-E-isomer. Pretreatments of samples by physical and chemical approaches such as grinding,
osmotic shock, bead-beating, high-pressure homogenization, and enzymatic treatment are effective
in releasing carotenoids from complex matrices, and have been performed in basic and applied
studies [103,104]. On the other hand, Z-isomerization pretreatment is a new technology reported
very recently. By combing traditional physical and chemical pretreatments and Z-isomerization
pretreatment, further improvement of carotenoid extraction can be expected. In addition, when the
Z-isomerization pretreatment is used in combination with several extraction technique, such as pulsed
electric field-assisted extraction, microwave-assisted extraction, and ultrasonic-assisted extraction,
synergistic effects are expected [105–109].
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5.2. Improvement of Carotenoid Micronization

Ample studies have reported that micronization of carotenoids results in their increased
bioavailability [110,111]. Generally, carotenoid micronization is conducted by milling, grinding,
and chemical precipitation [112–114]. However, there are some concerns regarding the above
conventional methods, as carotenoids are easily decomposed by friction heat and oxygen contact.
In addition, when using chemical processes, toxic organic solvents may remain. Thus, in recent
years, micronization of carotenoids using SC-CO2 has attracted increasing attention. Since CO2 is
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nontoxic and has a low critical temperature (Tc = 31.1 ◦C), it is suitable for heat-sensitive materials
such as carotenoids, and SC-CO2 is easily separated from the products along with the toxic organic
solvent [115,116]. To the best of our knowledge, improved micronization efficiency of carotenoids
utilizing alterations in the physicochemical properties by Z-isomerization has been reported only
for the method using SC-CO2 [117]. Particle micronization techniques using SC-CO2, supercritical
antisolvent (SAS), solution-enhanced dispersion by supercritical fluids (SEDS), rapid expansion of
supercritical solutions (RESS), gas antisolvent (GAS), supercritical fluid extraction of emulsions (SFEE),
and particles from gas saturated solutions (PGSS) have been well-documented [118–122]. Several
studies have examined the micronization of carotenoids using the above techniques; however, there
was difficulty in obtaining nano-sized carotenoid particles [123–125]. For example, Tavares-Cardoso
et al. (2009) [125] conducted micronization of (all-E)-β-carotene using a SAS process under various
conditions; however, nano-sized β-carotene particles could not be obtained. This is likely because
of the high crystallinity of carotenoids. On the other hand, Kodama et al. (2018) [117] successfully
prepared nano-sized lycopene by SEDS precipitation using lycopene Z-isomers as the raw material.
Namely, when using (all-E)-lycopene as the raw material, particles having an average size of 3.6 µm
were obtained, whereas when using lycopene containing 97.8% Z-isomers, uniformly sized particles of
an average size of 75 nm were obtained (Figure 3). The reason why nanoparticles were successfully
formed from Z-isomers is due to the low crystallinity compared with the all-E-isomer. In addition, little
has been reported on carotenoid micronization using RESS precipitation: the substance, which must be
reduced in size, is dissolved in pure SC-CO2 and then the solution is suddenly depressurized through
a nozzle and expands inside a chamber under lower pressure. This would be because carotenoids
have extremely low solubility in pure SC-CO2. However, as Z-isomers of carotenoids have relatively
high solubility in SC-CO2 [18,19,21,84], the Z-isomers would successfully form nano-sized particles by
RESS precipitation, representing a micronization method without the use of organic solvents.
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5.3. Improvement of Carotenoid Emulsification

In recent years, as carotenoids are safe natural pigments that have health enhancing effects, their
demand by the food industry is continuously increasing [126,127]. However, the low water solubility
of carotenoids has made their use problematic for food formulations, limiting the favorable effects of
carotenoids. Furthermore, the low water solubility of carotenoids reduces their bioavailability [128,129].
Therefore, improved dispersibility in water by emulsification is very important for the food industry
and acts to increase their bioavailability. It is preferred that the suspended preparation contains
nano-sized particles for higher dispersibility and bioavailability [111,130]. To obtain nanosuspensions
of carotenoids, the following emulsification–evaporation technique is frequently used [131–133]:
(1) Dissolution of carotenoids in an organic phase; (2) Distribution processing of the solution with
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water containing an emulsifier; (3) Solvent evaporation under reduced pressure. In this technique,
it is important to select an appropriate distribution processing method, e.g., ultrasound treatment,
high-speed homogenization, high-pressure homogenization, and microfluidizer treatment [131–136].
In addition, the selection of a solvent that can dissolve the target carotenoid is also a very important
factor to efficiently produce carotenoid emulsions. However, since the degree of carotenoid solubility
in safe and sustainable solvents, such as ethanol and supercritical SC-CO2, is very low [14,18,19,21,84],
toxic solvents are used in many cases. To improve the emulsification efficiency of carotenoids using the
sustainable solvent SC-CO2, Ono et al. (2018) [20] focused on increased carotenoid solubility in solvents
by Z-isomerization. Namely, they investigated the impact of Z-isomer content on the production of
β-carotene suspensions by the emulsification–evaporation technique. As the organic phase, they used
SC-CO2 (Figure 4). When β-carotene rich in Z-isomers (79.1% of total β-carotene) was used as the raw
material, the encapsulated β-carotene content was notably increased compared with the all-E-isomer.
For example, the encapsulated β-carotene content was 21.2 times higher after emulsification treatment
by ultrasound at 45 kHz for 60 min. In addition, when (all-E)-β-carotene was used as the raw material,
the mean particle size of the obtained suspension was approximately 700 nm, whereas that ofβ-carotene
rich in Z-isomers was approximately 100 nm. Thus, Z-isomerization treatment before distributed
processing is effective for the preparation of carotenoid suspensions by the emulsification–evaporation
technique. However, the storage stability of a Z-isomer-rich β-carotene suspension was lower than
that of all-E-isomer-rich one, possibly due to increases in the contact area with oxygen as the particle
size decreased [20]. For practical application of this suspension preparation technique, establishment
of a method to increase the storage stability of carotenoid Z-isomers is essential.
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6. Conclusions and Future Perspectives

This review summarizes alterations in the physicochemical properties (color value, solubility,
crystallinity, melting point, and stability) of carotenoids by Z-isomerization and their application
for carotenoid processing (extraction, micronization, and emulsification), specifically using a green
and sustainable solvent—SC-CO2—and presents typical Z-isomerization methods and the effect
of Z-isomerization on the bioavailability and functionality of carotenoids. As the method for
Z-isomerization of carotenoids, heat treatment, microwave treatment, light irradiation, electrolysis
treatment, and catalytic treatment have been well reported. Since these Z-isomerization methods have
several advantages and disadvantages, it is necessary to select the appropriate Z-isomerization method
according to the circumstances. Ample studies have demonstrated that Z-isomerization of carotenoid
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affected the bioavailability, antioxidant capacity, and functionalities such as anticancer activity and
antiinflammatory activity and often offered positive impacts on human. The Z-isomerization also
induces changes in the physicochemical properties of carotenoids, such as solubility and crystallinity.
Namely, the solubility in organic solvents, SC-CO2, and oils dramatically is enhanced and crystallinity
is reduced by Z-isomerization. Since the (all-E)-carotenoid, which is a predominant isomer in plants
and synthetic ingredients, has very low solubility in SC-CO2, its industrial use in carotenoid processing
faces a very high hurdle. However, it is highly expected that this impediment could be improved by
utilizing the alterations in physicochemical properties of carotenoids by Z-isomerization. Carotenoid
processing utilizing Z-isomerization and the expected application of Z-isomer-rich carotenoid materials
are summarized in Figure 5. Plants and microalgae rich in carotenoid Z-isomers would be applicable as
raw materials for the efficient extraction of carotenoids using solvents such as SC-CO2, for use in health
foods, food colorants, and animal feed. The obtained extract rich in carotenoid Z-isomers is expected
to be applied to the production of supplements and food colorants with high carotenoid bioavailability
and functionality. When safe and sustainable extraction solvents, such as ethanol and supercritical
CO2, are employed, the value of the extract is anticipated to increase. Furthermore, utilization of
carotenoid Z-isomer-rich extracts as the raw material is expected to increase the production and
quality of nano-sized carotenoids and carotenoid emulsions. The obtained nano-sized carotenoids and
carotenoid emulsions rich in Z-isomers are expected to be utilized as supplements, food colorants, and
cosmetics. In addition, alterations in the physicochemical properties of carotenoids by Z-isomerization
may be beneficial for the production of microcapsules prepared using carotenoid-containing liposomes.
The studies on increasing efficiency of carotenoid processing by Z-isomerization pretreatment has
just started in recent years. Thus, there is still considerable room for the development of this research
field. Fundamental study of this technology will be actively conducted in the future and practical
applications are expected.
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