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Abstract: Esterification of levulinic acid with ethanol was investigated using deep eutectic systems
based on choline chloride and oxalic or p-toluenesulfonic acid as catalysts under conventional heating
and alternative energy inputs, namely microwave, ultrasound, and mechanochemical treatment. The
experiments were performed under varying operating conditions such as catalyst type and loading,
alcohol to carboxylic acid molar ratio, temperature, or time. The obtained results demonstrate the
overall better catalytic performance of the p-toluenesulfonic acid-based deep eutectic mixture in
comparison with the oxalic acid-based analogue. The best results: levulinic acid conversion of 76%
and 58%, for p-toluenesulfonic and oxalic acid containing deep eutectic systems, respectively, with
100% selectivity for both cases, were achieved for microwave-assisted synthesis with 5 wt.% of
catalyst and excess alcohol to acid (molar ratio 5), at 413.15 K and for 10 min. The main advantage of
all of the alternative activation methods studied (microwaves, ultrasounds, and ball mill processing)
was the significant reduction in the reaction time.

Keywords: esterification; levulinic acid; deep eutectic system; microwaves; ultrasounds; mechanochemistry

1. Introduction

Esters are one of the most fundamental compounds in organic chemistry that find
applications in a number of products of industrial interest [1,2]. They are omnipresent
in cosmetics, food products, pharmaceuticals, paints and coatings, or as various solvents
and intermediates in polymer production. Low-molecular esters derived from short-chain
acids are oftentimes recognised for their fruity aroma, thus are useful as flavouring agents
or fragrances. On the other hand, the boost in global production of biodiesel has driven
the growth in the long-chain esters market. Biofuels continue to be essential to meet fast-
growing demand for transportation and alleviate the negative impact of vehicle emissions.
Esters of levulinic acid, the top platform molecule obtained from biomass [3], have been
recently proposed as both gasoline and diesel additives capable of enhancing fuel quality,
such as reduction in toxicity and sulphur content, improvement in lubricity, stability in
flash point, and viscosity [4,5]. Potentially produced from bioethanol, ethyl levulinate
constitutes a particularly attractive alternative to petroleum-derived fuels [6,7].

Commercially, esters are produced mainly through two paths: the direct esterification
of carboxylic acid with alcohol (Fischer transformation) and, to a lesser extent, transesteri-
fication of ester with alcohol [1,2] (Figure 1). The Fischer process is a classical reversible
reaction where one of the products (typically water) needs to be continuously removed from
the reaction mixture, or a significant excess of one of the substrates (usually alcohol) needs
to be used in order to displace the equilibrium and enhance the acid conversion. Addition-
ally, the slow rate of reaction calls for activation either by a catalyst or high temperature.
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removed from the reaction mixture, or a significant excess of one of the substrates (usually 
alcohol) needs to be used in order to displace the equilibrium and enhance the acid con-
version. Additionally, the slow rate of reaction calls for activation either by a catalyst or 
high temperature. 

 
Figure 1. The main routes of ester synthesis. 

In a conventional process at industrial scale, the most frequently used catalysts are 
simple mineral acids, i.e., sulphuric acid. Despite good activity, these homogeneous cata-
lysts are hazardous and corrosive in nature and cause problems with side reactions and 
product separation, not to mention difficulties in their recycling [7]. New, more environ-
mentally acceptable options are desired, and deep eutectic systems (DES) have recently 
gained increasing attention in the role of a catalytic medium [8–11]. 

DES are mixtures of two or more compounds (hydrogen bond acceptors—HBA and 
hydrogen bond donors—HBD) that result in a significantly lower melting point of the 
blend compared to its individual components. Owing to the simple and straightforward 
preparation at low cost, many DES find applications in various sectors as, in general, bio-
compatible and biodegradable, non-toxic and non-volatile alternatives to conventional or-
ganic solvents or even ionic liquids [12,13]. Until now, several DES have been examined 
for the preparation of long-chain esters [14–20], and only limited studies have been de-
voted to the esterification of short-chain acids [21–23]. Due to a polarity difference be-
tween the ester and the DES, it has been shown that upon esterification reaction, a spon-
taneous separation of a liquid phase may occur [24–26]. The phenomenon will be more 
pronounced for long wax esters rather than small esters, particularly if additional func-
tional groups are present in the structure influencing the solubility patterns. The process 
parameters as well as the ratio between particular components of the reactional mixture 
will also affect the separation. Cao et al. [21] explored the esterification of acetic acid (in 
excess) with butanol using DES composed of choline chloride and chromium(III) chloride 
hexahydrate (ChCl:2CrCl3·6H2O), at room temperature and for 24 h. The occurrence of the 
phase split led to high yields (93%) and good selectivity of organic ester. Taysun et al. [22] 
investigated the same reaction, but with stoichiometric amounts of substrates, employing 
eutectic systems containing benzyl tri-methyl ammonium chloride as HBA and p-tol-
uenesulfonic, oxalic, or citric acids as HBD, at temperatures between 353 and 363 K for 
180 min. The authors did not mention any phase separation, and only moderate (65%) 
conversion of acetic acid was reported at these particular conditions. There exists only one 
report addressing the esterification of levulinic acid with ethanol in the presence of DES 
[23]. M. Sert screened six potential DES composed of choline chloride as HBA and p-tol-
uenesulfonic, acetic, malonic, oxalic, citric, and formic acids as HBD. It has been shown 
that p-toluenesulfonic-based DES gave the best results, followed by the DES containing 

Figure 1. The main routes of ester synthesis.

In a conventional process at industrial scale, the most frequently used catalysts are
simple mineral acids, i.e., sulphuric acid. Despite good activity, these homogeneous
catalysts are hazardous and corrosive in nature and cause problems with side reactions
and product separation, not to mention difficulties in their recycling [7]. New, more
environmentally acceptable options are desired, and deep eutectic systems (DES) have
recently gained increasing attention in the role of a catalytic medium [8–11].

DES are mixtures of two or more compounds (hydrogen bond acceptors—HBA and
hydrogen bond donors—HBD) that result in a significantly lower melting point of the
blend compared to its individual components. Owing to the simple and straightforward
preparation at low cost, many DES find applications in various sectors as, in general,
biocompatible and biodegradable, non-toxic and non-volatile alternatives to conventional
organic solvents or even ionic liquids [12,13]. Until now, several DES have been examined
for the preparation of long-chain esters [14–20], and only limited studies have been devoted
to the esterification of short-chain acids [21–23]. Due to a polarity difference between
the ester and the DES, it has been shown that upon esterification reaction, a spontaneous
separation of a liquid phase may occur [24–26]. The phenomenon will be more pronounced
for long wax esters rather than small esters, particularly if additional functional groups
are present in the structure influencing the solubility patterns. The process parameters as
well as the ratio between particular components of the reactional mixture will also affect
the separation. Cao et al. [21] explored the esterification of acetic acid (in excess) with
butanol using DES composed of choline chloride and chromium(III) chloride hexahydrate
(ChCl:2CrCl3·6H2O), at room temperature and for 24 h. The occurrence of the phase split led
to high yields (93%) and good selectivity of organic ester. Taysun et al. [22] investigated the
same reaction, but with stoichiometric amounts of substrates, employing eutectic systems
containing benzyl tri-methyl ammonium chloride as HBA and p-toluenesulfonic, oxalic,
or citric acids as HBD, at temperatures between 353 and 363 K for 180 min. The authors
did not mention any phase separation, and only moderate (65%) conversion of acetic acid
was reported at these particular conditions. There exists only one report addressing the
esterification of levulinic acid with ethanol in the presence of DES [23]. M. Sert screened
six potential DES composed of choline chloride as HBA and p-toluenesulfonic, acetic,
malonic, oxalic, citric, and formic acids as HBD. It has been shown that p-toluenesulfonic-
based DES gave the best results, followed by the DES containing oxalic acid, similarly as in
the work of Taysun et al. [22], but no information was given on any phase separation. The
overall acidity of the DES catalyst follows the order of the pKa values for the HBD used:
p-toluenesulfonic acid: pKa = 1.99; oxalic acid: pKa1 = 1.23 and pKa2 = 4.19; malonic acid:
pKa1 = 2.83 and pKa2 = 5.69; citric acid: pKa1 = 3.09, pKa2 = 4.75, and pKa3 = 5.41; formic
acid: pKa = 3.77; and acetic acid: pKa = 4.76, adjusted for a particular HBA:HBD molar
ratio used [27].
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In this work, we compare conventional with alternative synthetic methods (microwave-,
ultrasound-, and mechanochemistry-assisted protocols) of ethyl levulinate (EL) produc-
tion from levulinic acid (LA) and ethanol, using DES composed of choline chloride and
oxalic or p-toluenesulfonic acids. The influence of various operational parameters, i.e.,
temperature, time, alcohol-to-acid ratio, and catalyst loading, on the reaction outcome is
studied. Accompanying phase behaviour studies of pseudo-ternary systems serve to assess
the extraction effect of DES in the esterification process. The main objective of this study is
to access the feasibility of particular DES to induce phase spit in the esterification reaction
and how particular variables can influence the process.

2. Results and Discussion
2.1. Phase Behaviour Studies

In order to evaluate the extracting potential of choline chloride-based DES in the ester-
ification reaction, the immiscibility region was examined for the simplified, pseudo-ternary
systems containing DES, the main product, ethyl levulinate, and one of the substrates,
levulinic acid or ethanol. The phase behaviour data were collected at two temperatures,
313.15 and 333.15 K, selected as a compromise. On one side, it was important to keep the
temperature as high as possible to enhance the potential reaction kinetics, but on the other,
lowering the temperature is crucial to avoid excessive evaporation of an alcohol (the boiling
point of ethanol is 351.5 K whereas that of levulinic acid is 518.7 K [28]) and to reduce the
energy consumption for synthesis and separation. Figure 2 depicts the binodal curves for
four pseudo-ternary mixtures: (a) (ChCh:pTSA+EL+LA) and (ChCh:OxAc+EL+LA), and
(b) (ChCh:pTSA+EL+EtOH) and (ChCh:OxAc+EL+EtOH), at both temperatures, and the
detailed data can be found in the Supplementary File, in Table S1.
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ChCl:OxAc, or diamonds, ChCl:pTSA), at 313.15 K (filled symbols) and 333.15 K (empty symbols). 

As can be seen from Figure 2, the pTSA-based DES shows partial solubility in ethyl 
levulinate and only a minor two-phase region, whereas DES containing oxalic acid seems 
almost completely immiscible with the studied ester. The systems with ChCl:OxAc are 
characterised by a considerable biphasic region regardless of the type of substrate added, 
indicating their aptness to serve as an extractant for on-line removal of ester from the re-
action mixture via phase splitting. 

An ideal bifunctional solvent should not only possess strong acidity to catalyse the 
esterification but also the appropriate polarity and good hydrogen bonding ability to dis-
solve unconverted reactants and co-produced water, facilitating phase separation [24]. 
The oxalic acid is the simplest dibasic acid capable of creating strong hydrogen bonds, 
making it a suitable option for intensifying the synthesis of esters. The studied change in 
the temperature had little effect on the mutual solubility of the components of the systems. 

2.2. Conventional Esterification of Levulinic Acid with Ethanol 
M. Sert reported on the esterification of levulinic acid with ethanol using pTSA-based 

DES catalytic medium under conventional heating [23]. The optimised reaction conditions 
included 5 wt.% of DES with respect to levulinic acid, ethyl alcohol in excess (5 times), 
353.15 K, and 3 h. Here, given the promising results of phase behaviour studies, the syn-
thesis of ethyl levulinate using OxAc-based DES was investigated, and the list of all the 
reactions performed, with detailed numerical information, can be found in the Supple-
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2.2.1. Effect of the Catalyst Loading 
The amount of DES used affects both the extracting capability as well as the catalytic 

performance of the system. The synthesis of ethyl levulinate using OxAc-based DES was 
explored for catalyst loading varying from 5 to 185 wt.% (with respect to levulinic acid), 
and the results are presented in Figure 3 and Table S2 (entries 4–10). 

Figure 2. Mass-based liquid–liquid phase diagrams for pseudo-ternary systems composed of (a) LA,
EL, and DES (circles, ChCl:OxAc, or triangles, ChCl:pTSA), or (b) EtOH, EL, and DES (squares,
ChCl:OxAc, or diamonds, ChCl:pTSA), at 313.15 K (filled symbols) and 333.15 K (empty symbols).

As can be seen from Figure 2, the pTSA-based DES shows partial solubility in ethyl
levulinate and only a minor two-phase region, whereas DES containing oxalic acid seems
almost completely immiscible with the studied ester. The systems with ChCl:OxAc are
characterised by a considerable biphasic region regardless of the type of substrate added,
indicating their aptness to serve as an extractant for on-line removal of ester from the
reaction mixture via phase splitting.

An ideal bifunctional solvent should not only possess strong acidity to catalyse the
esterification but also the appropriate polarity and good hydrogen bonding ability to
dissolve unconverted reactants and co-produced water, facilitating phase separation [24].
The oxalic acid is the simplest dibasic acid capable of creating strong hydrogen bonds,
making it a suitable option for intensifying the synthesis of esters. The studied change in
the temperature had little effect on the mutual solubility of the components of the systems.

2.2. Conventional Esterification of Levulinic Acid with Ethanol

M. Sert reported on the esterification of levulinic acid with ethanol using pTSA-
based DES catalytic medium under conventional heating [23]. The optimised reaction
conditions included 5 wt.% of DES with respect to levulinic acid, ethyl alcohol in excess
(5 times), 353.15 K, and 3 h. Here, given the promising results of phase behaviour studies,
the synthesis of ethyl levulinate using OxAc-based DES was investigated, and the list
of all the reactions performed, with detailed numerical information, can be found in the
Supplementary File, in Table S2.
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2.2.1. Effect of the Catalyst Loading

The amount of DES used affects both the extracting capability as well as the catalytic
performance of the system. The synthesis of ethyl levulinate using OxAc-based DES was
explored for catalyst loading varying from 5 to 185 wt.% (with respect to levulinic acid),
and the results are presented in Figure 3 and Table S2 (entries 4–10).
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Figure 3. Effect of the ChCl:OxAc loading on the esterification of LA to EL (circles with continuous line,
LA conversion; triangles with dotted line, EL yield; and diamonds with dashed line, EL selectivity),
at 343.15 K, 3 h, and alcohol:acid alcohol:acid molar ratio of 5.

As expected, increasing the amount of catalyst dosage enhances the acid conversion.
Auto-catalysed esterification exhibits low reaction rates; only 10% of LA was converted
with 4% of ethyl levulinate formed at 343.15 K and 3 h (Table S2, entry 1), which is in accor-
dance with the literature value of 8% [23]. Blank experiments with bulk catalysts, choline
chloride, and oxalic acid provided similar conversions, 9 and 13% (Table S2, entries 2 and 3),
respectively, showing a lack of improvement. The addition of ChCl:OxAc eutectic mixture
leads to a pronounced increase in LA conversion along with EL yield, reaching values
of 70 and nearly 100%, respectively. Yet, at quantities of DES equal to or higher than
20 wt.%, undesirable catalyst consumption was observed (confirmed by GC-FID analysis
with diethyl oxalate as a reference). It was previously discussed in the literature that DES
composed of choline chloride and carboxylic acids may suffer from internal esterification
between the -COOH group of the acid and the -OH moiety of ChCl [29,30]. Rodriguez et al.
investigated the thermal and long-term stability of this family of DES and concluded that
elevated temperature accelerates the process [29]. Marrucho and co-workers suggested
that the grinding method of DES preparation seems more adequate since it does not favour
ester formation [30]. In the current study, at 343.15 K, no products of DES degradation were
detected for catalyst loadings of 5 or 10 wt.%, thus indicating that only catalytic amounts of
DES should be used for further studies.

2.2.2. Effect of the Temperature

As mentioned before, the temperature of the process has a significant impact on its
outcomes. The elevated temperature may considerably improve the reaction rate and
levulinic acid conversion, particularly if it leads to continuous removal of one of the
products, shifting the reaction equilibrium towards ester formation. However, when it is
too high, contamination with side- and/or degradation-products (i.e., from DES) might
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occur. Lowering the temperature of the process minimises energy consumption, may limit
contamination, and facilitates separation through a potential phase split upon the course of
the reaction.

The temperature effect on the esterification of levulinic acid with ethanol was investi-
gated for 5 wt.% of ChCl:OxAc as catalyst, a molar ratio of ethanol to acid of 5:1, and during
3 h. The experimental results are demonstrated in Figure 4 and Table S2 (entries 4, 11–15).
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Figure 4. Influence of process temperature on the esterification of LA to (circles with continuous line,
LA conversion; triangles with dotted line, EL yield; and diamonds with dashed lines EL selectivity)
at 343.15 K, 3 h, and for 5 wt.% of ChCl:OxAc catalyst and alcohol:acid molar ratio of 5.

For the chosen catalyst type and reaction conditions, the increase in the temperature,
from 313.15 to 363.15 K, had only little effect on the overall acid conversion. Yet, it had
a significant influence on selectivity towards the desired ester, reaching almost 90% at
363.15 K. Since there was no considerable change in ester selectivity beyond 343.15 K and
thinking of potential separation as well as restraining the DES internal esterification, the
mild reaction temperature of 343.15 K was selected for further studies. This temperature
is noticeably distinct from the decomposition temperature determined previously for
the choline chloride/oxalic acid DES. On the basis of the dynamic thermogravimetric
analysis (TGA) results, the ChCl:OxAc was generally referred to as thermally stable with
a broad operational window. The freezing point of this deep eutectic mixture (with freezing
point depression equalled to 212 K) was determined at 34 ◦C (307.15 K) [31], whereas the
decomposition temperature was at 162 ◦C (435.15 K) [29,30,32].

In previous works on the esterification of different carboxylic acids with DES as
catalytic medium, the optimum temperature varied from 343.15 to 363.15 K [14–20], which
is consistent with the choice made in this study.

2.2.3. Effect of the Reaction Time

The previous experiments in this work, on the influence of the catalyst dosage and
temperature, were performed for 3 h, as indicated in the literature [23]. In order to con-
firm this selection, the kinetics of levulinic acid esterification were studied up to 5 h at
343.15 K with 5 wt.% of ChCl:OxAc catalyst and an alcohol:acid molar ratio of 5 (Figure 5
and Table S2 (entries 4, 16–19)).
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Figure 5. Kinetic data for the esterification of LA to EL (circles with continuous line, LA conversion;
triangles with dotted line, EL yield; and diamonds with dashed line, EL selectivity), at 343.15 K, and
for 5 wt.% of ChCl:OxAc catalyst and alcohol:acid molar ratio of 5.

As can be seen from Figure 5, the transformation of levulinic acid to ethyl levulinate
seems to reach equilibrium already after 2 h. However, similarly as in the case of the
temperature influence, in order to assure its completion and to improve ester selectivity,
3 h were chosen as optimum.

2.2.4. Effect of Substrates Ratio

The Fischer esterification is a process with high atom economy unless a great excess
of one of the reactants is used, and this is a common practice on a commercial scale in
order to displace the reaction equilibrium towards product formation. The ideal ratio of
substrates depends on the mutual solubilities of the reactional mixture components as well
as operational conditions. Cao et al. found that for the esterification of acetic acid with
n-butanol with ChCl:2CrCl3·6H2O, the excess of carboxylic acid was more advantageous.
However, in the majority of cases, the high excess of alcohol is applied to force a one-way
reaction, reaching values of up to 10 for the alcohol:acid molar ratio in the case of some free
fatty acid esterification with pTSA-based DES [17,18].

In this work, the range of ethanol:levulinic acid molar ratio studied was from stoi-
chiometric amounts up to 6, with other parameters being fixed at 5 wt.% of ChCl:OxAc
catalyst, 3 h and at 343.15 K. The obtained results are presented in Figure 6 and Table S2
(entries 20–24).

As can be noticed from Figure 6, upon an increase in the amount of alcohol with
respect to acid, the conversion of levulinic acid remained relatively constant, whereas the
selectivity towards ester dropped from 95 to 74%. These results are consistent with the
outcomes obtained by M. Sert [23]. The author noticed slight increases in the conversion of
LA using 5 wt.% of ChCl:pTSA catalyst, with an EtOH:LA molar ratio of 5, at 353.15K and
for 3 h, and a similar decrease in the selectivity from 100 to 87%.

Even though the stochiometric ratio of substrates showed the best performance, the
consumption of catalyst was detected by the GC-FID analysis in such a reactional mixture.
It is important to increase the amount of alcohol not only to push the reaction equilibrium
of this reversible transformation but also to suppress the esterification of DES components.
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Additionally, from the point of view of a potential phase split, the higher amounts of
alcohol may help to extract unconverted acid and water from the ester phase, leading to
higher purity of the desired product. However, too much excess is unfavourable for the
chemical reaction (excessive dissolution of the reactional mixture and drop in conversion)
and for maintaining the heterogeneity of the system to ease the separation.

2.2.5. Potential Mechanism

In Scheme 1, the tentative mechanism of levulinic acid esterification with ethanol, using
ChCl:OxAc as catalyst, is proposed. In the presence of the DES, protonation of carbonyl
oxygen occurs, thus enhancing the electrophilic character of carbonyl carbon, which is as
such susceptible to nucleophilic attack by alcohol. Elimination of water molecules and
subsequent deprotonation yield the desired product.
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2.3. Esterification Reaction with Alternative Energy Inputs

In order to accelerate the reaction rate and enhance the product yield, alternative
options of providing energy for the synthesis of esters were investigated, namely ultra-
sound, mechanochemical, and microwave treatments. The experiments were performed
for ChCl:OxAc and ChCl:pTSA eutectic mixtures, a 5:1 molar ratio of ethanol to levulinic
acid, and at varying conditions of time and/or temperature. The details can be found in
the Supplementary File, in Table S3.

2.3.1. Ultrasound-Assisted Esterification

The esterification reactions under sonification were conducted at 343.15 K and dur-
ing 10 min, 1 or 3 h (numerical data provided in the Supplementary File, in Table S3,
entries 6–11). Figure 7 clearly demonstrates the superior catalytic performance of pTSA-
based DES to OxAc-based analogue. After 3 h, both the conversion and yield reached almost
100% (Table S3, entry 11), which is comparable to LA esterification using the traditional
heating and stirring method, where 100% conversion and 98% yield were achieved under
the same operational conditions (Table S3, entry 5; results omitted in Figure 7 for clarity).
M. Sert reported nearly 100% conversion of levulinic acid already after 1 h, but the author
used more than twice the molar ratio of p-toluenesulfonic acid (the main acidic component
of the catalyst) to choline chloride in the eutectic mixture applied in the reaction [23].
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Figure 7. Ultrasound-mediated esterification of LA to EL with an alcohol:acid molar ratio of 5 at
343.15 K and 5 wt.% of (a) ChCl:OxAc (empty symbols) or (b) ChCl:pTSA (filled symbols); (circles
with continuous lines, LA conversion; triangles with dotted lines, and EL yield; diamonds with
dashed lines, EL selectivity).

Similar conclusions can be drawn for the system containing ChCl:OxAc as catalyst; all
of the parameters, conversion, yield, and selectivity, reached comparable values, regardless
of the heating method applied, after 1 or 3 h (Table S3, entries 2,4 vs. 7,8). Here, the
only difference lies in the outcomes of the shortest experiment. The ultrasound-assisted
synthesis showed its superiority to the conventional process (Table S3, entry 1), as it seems
to have reached the equilibrium LA conversion already after 10 min (Table S3, entry 6).

There exist numerous reports in the literature on the application of ultrasound-induced
esterification (or transesterification) for the production of biodiesel [33,34]. This activation
method effectively promotes the miscibility of the reactants due to the cavitation effect.
Since triglycerides and alcohols are not readily miscible, the ultrasound irradiation is
a particularly attractive source of energy as it improves mixing between the two phases,
leading to better results. In the current approach of using DES as dual-function media,
homogenising of the reactional mixture is actually undesirable, thus does not lead to
significant improvements in the catalytic performance.
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2.3.2. Mechanosynthesis of Ethyl Levulinate

Mechanochemistry transfers mechanical energy onto chemical systems by forces such
as compression, shear, or friction. This technology has been mainly used as a biomass
pretreatment step, aiming at breaking the linkages between its components and facilitating
further chemical or biochemical processing [35,36]. Yet, mechanochemical activation also
generates high-energy micro-environments that can influence the course of a chemical
reaction. In this study, the initial temperature for the esterification was set at room tempera-
ture. Unfortunately, due to the equipment limitations, it was impossible to measure the
final temperature to which the reactional mixture was raised with localised pressure and
frictional heat provided by kinetic energy.

It is interesting to observe from Figure 8 that already after 2 min of the esterification
reaction in the ball mill, the acid conversion reached considerable values, both for pTSA-
and OxAc-based eutectic systems. Again, the fast procedure is the main advantage of
the mechanochemical treatment. After 10 min of ball milling, the LA conversion using
ChCl:OxAc as catalyst reached 18% with much improved selectivity of 50% (Table S3,
entry 14), in comparison to 8 and 2%, respectively, for the conventional process (Table S3,
entry 1; results omitted in Figure 8 for clarity).
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2.3.3. Microwave-Induced Esterification of Levulinic Acid

Microwave irradiation receives increasing attention in organic synthesis as a very
efficient manner of producing internal heating by direct coupling of microwave energy
with molecules present in the reactional mixture (solvent, reagents, catalysts), as opposed
to classical thermal heating where the heat needs to be transferred via conduction and
convection. The absorption of microwaves is mainly related to electromagnetic interactions,
which are specific to polar molecules (dipoles). In the esterification reaction, ethanol
molecules (present in excess) align with the changes in magnetic field produced upon
microwave irradiation, causing molecules to rotate rapidly and producing heat due to
molecular friction. As a result, the energy is transferred to other components of the reaction
mixture uniformly and fast throughout the sample, leading to improvements in process
outcomes. It can also be observed in this study that samples subjected to microwaves
exhibited immediately high LA conversion for both types of DES investigated (Figure 9,
detailed data in Table S3, entries 18–27). There existed an initial drop in the LA conversion
during the first minutes of the reaction, followed by a smooth increase until conversion
reached values of approximately 20% for the ChCl:OxAc-based system and 74% for the
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pTSA-based mixture. During these early minutes, the formation of ethyl levulinate was
intensified, leading to selectivity exceeding 60 and 90%, depending on the system involved.
As in the cases of ultrasound- and ball mill-assisted protocols, the microwave irradiation
allowed to reach the best results in shorter time than for conventionally heated systems.
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Figure 10 presents the influence of the temperature on the microwave-mediated con-
version of levulinic acid to the corresponding ethyl ester. As expected, the temperature 
has proven to possess a positive effect on the reaction rate. At 413.15 K and within only 10 
min, the selectivity towards ethyl levulinate achieved 100%, with the conversion reaching 
values of nearly 60 and 80% for oxalic and p-toluenesulfonic acid containing DES, respec-
tively (Table S3, entries 22 and 27). Further increase in temperature is undesirable since it 
may lead to degradation of the eutectic mixture and/or internal esterification between DES 
components. Yet, it is important to note that at 393.15 K, no diethyl oxalate was detected 
for the system with oxalic acid-based DES, suggesting that the microwave treatment may 
suppress the unwanted secondary reaction. 

Figure 9. Microwave-mediated esterification of EL from LA and EtOH with an alcohol:acid molar
ratio of 5 at 343.15 K and 5 wt.% of (a) ChCl:OxAc (empty symbols) or (b) ChCl:pTSA (filled symbols);
(circles with continuous lines, LA conversion; triangles with dotted lines, EL yield; and diamonds
with dashed lines, EL selectivity).

Figure 10 presents the influence of the temperature on the microwave-mediated
conversion of levulinic acid to the corresponding ethyl ester. As expected, the temperature
has proven to possess a positive effect on the reaction rate. At 413.15 K and within
only 10 min, the selectivity towards ethyl levulinate achieved 100%, with the conversion
reaching values of nearly 60 and 80% for oxalic and p-toluenesulfonic acid containing DES,
respectively (Table S3, entries 22 and 27). Further increase in temperature is undesirable
since it may lead to degradation of the eutectic mixture and/or internal esterification
between DES components. Yet, it is important to note that at 393.15 K, no diethyl oxalate
was detected for the system with oxalic acid-based DES, suggesting that the microwave
treatment may suppress the unwanted secondary reaction.
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systems (Table 1). The most commonly studied catalysts are derivatives of sulfonic acid, 
p-toluenesulfonic acid functionalised materials in particular. It has been reported that 
pTSA on its own exhibits similar activity to sulphuric mineral acid (H2SO4), both reaching 
100% LA conversion when a big excess (10 times) of ethanol with respect to the acid is 
used under 5 min of microwave irradiation [37,38]. With the reduced excess of alcohol (5 
times, the same as in this study), the acid conversion reaches 72% at 343.15 K for H2SO4, 
when the reaction runs for 3 h under conventional heating. At the same operational con-
ditions (thermal heating in an oil bath, 5:1 ethanol/levulinic acid molar ratio, 343.15 K, 3 
h), the ChCl:pTSA eutectic mixture could promote the LA conversion nearly 100%, as ver-
ified in this study and the previous report [23]. In microwave-assisted esterification, rising 
temperature to 393.15 K and maintaining the 5:1 molar ratio of alcohol to acid resulted in 
comparable results for homogeneous pTSA (80% LA conversion after 5 min) [38] and the 
ChCl:pTSA eutectic mixture studied in this work (74% after 10 min). When microwave 
irradiation was applied, the maximum value of LA conversion, for both pTSA- and OxAc-

Figure 10. Influence of the temperature on the microwave-assisted esterification of LA to EL with
an alcohol:acid molar ratio of 5 during 10 min and 5 wt.% of (a) ChCl:OxAc (empty symbols) or
(b) ChCl:pTSA (filled symbols); (circles with continuous lines, LA conversion; triangles with dotted
lines, EL yield; and diamonds with dashed lines, EL selectivity).
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2.4. Comparison with the Literature Data

The results obtained in the current study are in accordance with the observations
made by other authors studying levulinic acid alcoholysis with homogeneous catalytic
systems (Table 1). The most commonly studied catalysts are derivatives of sulfonic acid,
p-toluenesulfonic acid functionalised materials in particular. It has been reported that pTSA
on its own exhibits similar activity to sulphuric mineral acid (H2SO4), both reaching 100%
LA conversion when a big excess (10 times) of ethanol with respect to the acid is used under
5 min of microwave irradiation [37,38]. With the reduced excess of alcohol (5 times, the same
as in this study), the acid conversion reaches 72% at 343.15 K for H2SO4, when the reaction
runs for 3 h under conventional heating. At the same operational conditions (thermal
heating in an oil bath, 5:1 ethanol/levulinic acid molar ratio, 343.15 K, 3 h), the ChCl:pTSA
eutectic mixture could promote the LA conversion nearly 100%, as verified in this study
and the previous report [23]. In microwave-assisted esterification, rising temperature to
393.15 K and maintaining the 5:1 molar ratio of alcohol to acid resulted in comparable
results for homogeneous pTSA (80% LA conversion after 5 min) [38] and the ChCl:pTSA
eutectic mixture studied in this work (74% after 10 min). When microwave irradiation was
applied, the maximum value of LA conversion, for both pTSA- and OxAc-based eutectic
systems, did not differ much from the results obtained with the classical thermal heating
method, with the only difference being the time needed to reach that particular value.
Likewise, Haider and co-workers concluded that only minor differences in LA conversion
under the microwave irradiation (97% at 383 K in 90 min) and the non-microwave instant
heating reactor (90% at 383 K in 90 min) were measured when investigating the esterification
of levulinic acid with ethanol using a silicotungstic acid catalyst [39].

Table 1. The literature data on homogeneous esterification of carboxylic acids at conditions similar to
those examined in this work.

Phase Acid Alcohol Catalyst Alcohol:acid
Molar Ratio T [K] t [min] Energy

Input 1
Acid

Conversion [%] Ref.

H
om

og
en

eo
us

levulinic ethanol

H2SO4
5:1 343.15 ~180 conv. ~72 [37]

10:1 393.15 5 MW 100

[38]
pTSA

10:1 393.15 5 MW 100

5:1 393.15 5 MW 80
5:1 393.15 30 MW 80

silicotungstic
acid

42:1 353.15 5 conv. 5

[39]
42:1 353.15 90 conv. ~82
42:1 353.15 5 MW ~8
42:1 353.15 90 MW ~84

Fe2(SO4)3 3:1 333.15 ~180 conv. ~88 [40]

Al2(SO4)3 240:1 383.15 150 MW ~95 [41]

p-sulfonic acid
calix[4]arene

1:1 353.15 2.5 conv. 49 2
[42]

1:1 353.15 2.5 conv. 99 2

ChCl:p-TSA
(3:7) 5:1 343.15 180 conv. ~90 [23]

ChCl:p-TSA
(1:1)

5:1 343.15 180 conv. 100

[this
work]

5:1 343.15 60 MW 73

5:1 393.15 10 MW 74

5:1 343.15 10 MW 62
5:1 301.15 10 MECH 70
5:1 343.15 10 US 68
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Table 1. Cont.

Phase Acid Alcohol Catalyst Alcohol:acid
Molar Ratio T [K] t [min] Energy

Input 1

Acid
Conversion

[%]
Ref.

ChCl:OxAc
(1:1)

5:1 343.15 180 conv. 17
5:1 343.15 10 conv. 8
5:1 343.15 10 MW 15
5:1 301.15 10 MECH 70
5:1 343.15 10 US 18

H
om

og
en

eo
us

w
it

h
in

si
tu

ph
as

e levulinic butanol

LiCl·3H2O,
AlCl3

2:1 373.15 150 conv. ~80
[43]2:1 373.15 150 MW ~95

[mim][HSO4] 1.5:1 343.15 180 conv. ~65 [44]

haxanoic butanol [bmim][HSO4] 1.75:1 343.15 180 conv. ~95 [45]

isobutyric isobutanol [bmim][HSO4] 1:2 353.15 180 conv. ~90 [46]

acetic butanol ChCl:2Cr3·6H2O
(1:2) 1:5 298.15 1440 conv. 93 [21]

isobutyric isobutanol imidazole:pTSA 5:1 353.15 180 conv. 93 [19]

palmitic cetyl ChCl:2ZnCl2
(1:2) 1:1 383.15 720 conv. 90 [15]

oleic cetyl ChCl:pTSA
(1:4) 1:1.5 343.15 180 conv. 99 [16]

1 conv., conventional heating; MW, microwave activation; MECH, mechanochemical activation; US, ultrasound
activation; 2 yield.

The reduction in reaction time was pointed out as the main advantage also for the
other two alternative energy inputs discussed in this work. However, ultrasound and
mechanochemical treatments till now were rather used as activation techniques in a biomass
pretreatment step or in the synthesis of catalysts for further transformation of levulinic
acid [47–49]. For example, Liu et al. investigated microwave-induced conversion of carbo-
hydrates present in a ball-milled corn stover in ethanol medium and over the combined
SO3H-IL and Al2(SO4)3 catalyst at 443.15 K [47]. The authors found that the distribu-
tion of products was highly sensitive to the molar ratio of components of the catalytic
system. Among detected chemicals, the authors listed ethyl levulinate but also, i.e., ethyl-D-
glycopyranoside, levoglucosenone, or furfural. Fuchineco et al. [48] and Lanaya et al. [49]
used ultrasounds and microwaves to prepare heterogenous catalysts, UiO-66-NH2 MOF
(Metal–Organic Framework), and sulphated nanostructured zirconia oxides, respectively, to
subsequently perform esterification of levulinic acid under conventional thermal heating.

Regarding the application of DES for esterification of levulinic acid with ethanol, there
is only one report that has already been discussed in this work, and that does not mention
the desired phase split. Yet, there exist more publications examining the bifunctional
activity of DES, or even ionic liquids (ILs), for different reactional systems, and they are
listed in the “homogeneous with in situ phase split” section of Table 1. It is important to
highlight that in almost all these cases, better performances of DES (LA conversion equal
to or higher than 90%) were recorded once spontaneous separation took place.

2.5. Benefits and Limitations

The proposed process employs low-cost and easy-to-prepare deep eutectic systems
that have surged as one of the most promising alternativities to the use of toxic, conven-
tional compounds; here, as an option for hazardous and very corrosive mineral acids, i.e.,
sulphuric acid, or metal-based complexes. Choline chloride is a biocompatible and easily
available quaternary ammonium salt. Combined with an acidic component, it creates
a catalyst that can be successfully used in the esterification reaction, leading to a reduction
in adverse impacts on human health and the environment. By choosing the appropriate
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process conditions, it seems possible to restrain the potential degradation of oxalic acid-
based DES. Yet, the stability aspect needs to always be taken into consideration, and the
pTSA-based eutectic mixture shows its superiority over DES with carboxylic acid.

The current study offers comparatively high conversions, but with a significantly lower
reactant ratio and at a reduced temperature and time of the process, particularly in the case
of alternative energy input methods. Of course, the scale-up potential of such methods
would still need to be assessed. Microwave technology entails high investment costs,
and scaling up may be restricted due to, i.e., insufficient penetration depth of irradiation
into the reaction mixture, heat loss, additional reflection of microwaves, and changes in
absorption [2]. Sonification requires a high input of energy for its operation, raising the
overall cost of production, not to mention the requirement for custom-made equipment
for specific applications. Scale-up of mechanochemical processes depends heavily on
scalability of particular mechanochemical devices, and heat generation upon milling may
cause some issues with energy efficiency if additional cooling systems are required [35].

3. Materials and Methods
3.1. Materials

The components of DES were supplied by ACROS Organics (now Thermo Scientific
Chemicals, Haverhill, MA, USA), choline chloride (99%) and oxalic acid (anhydrous, 98%),
and Merck KgaA (Darmstadt, Germany), p-toluenesulfonic acid monohydrate (>99%). The
substrates, levulinic acid (98%) and ethanol (absolute, min. 99.98%), were purchased from
Sigma Aldrich (St. Louis, MI, USA) and GramMol (North Salt Lake, UT, USA), respectively.
The ethyl levulinate (99%) from Sigma Aldrich and diethyl oxalate (>98%) from Tokyo
Chemical Industry, Tokyo, Japan, TCl (Hong Kong, China), served as references in gas
chromatography analysis, with tetradecane (>99%), Sigma-Aldrich, used as an internal
standard. All chemicals were used as provided by the suppliers.

3.2. Apparatus and Experimental Procedure
3.2.1. Preparation of DES

The appropriate amounts of choline chloride, ChCl, (HBA) and p-toluenesulfonic
acid, pTSA, or oxalic acid, OxAc, (HBDs) were weighted (KERN ABT 220-50NM analytical
balance with stated accuracy of ±3 × 10–2 mg) and heated together, under stirring, in
a controlled thermostatic bath at 363.1 K (LLG Labware uniSTIRRER 7, accuracy of 0.1 K)
until a clear, homogeneous liquid was formed. Prepared eutectic mixtures, both ChCl:pTSA
and ChCl:OxAc in a 1:1 molar ratio, were cooled to room temperature, properly sealed
with the parafilm, and used in reactions without further purification.

3.2.2. Determination of Binodal Curves

Binodal curves for the pseudo-ternary systems (DES + ethyl levulinate + levulinic acid
or ethanol) were determined using the turbidometric titration method [50] at two constant
temperatures of 313.15 and 333.15 K and atmospheric pressure. The Pyrex-glass equilib-
rium cell (of approximately 5 mL), which use was already described in detail elsewhere
[51,52], was filled with a pseudo-ternary mixture of a known overall composition within
the two-phase region (KERN ABT 220-50NM analytical balance with stated accuracy of
±3 × 10–2 mg) and placed in the isothermal bath (Heidolph MR 3001 heating and stirring
plate combined with the Pt100 thermocouple, DOSTAMAN electronics P 650, accuracy
of ±0.03 K). After stirring for 30 min, levulinic acid or ethanol was added very slowly in
a dropwise manner, under continuous agitation, until a homogeneous phase was obtained
(monophasic region). The amount of the acid or alcohol added was recorded, and the
mixture composition at the binodal curve point was calculated. All the experiments were
performed at least twice.

The validity of the experimental method was confirmed by carrying out replicas of the
assays at random conditions. The estimated uncertainty of the composition of the binodal
curve point (cloud point) was ±0.004 (in mass fraction).
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3.2.3. Esterification Reaction

The conventional esterification of levulinic acid with ethanol was carried out in
a 100 mL round-bottom flask equipped with a condenser in a controlled-temperature
oil bath with a magnetic stirrer (LLG Labware uniSTIRRER 7, accuracy of 0.1 K). In a typical
run, known amounts of DES, levulinic acid, and ethanol were introduced to the flask and
quickly heated up to a desired temperature. The reaction mixture was stirred at 400 rpm
for an appropriate time, after which the reaction mixture was cooled down rapidly to avoid
further reaction and analysed.

The microwave-assisted synthesis was performed in the Milestone flexiWAVE reactor,
equipped with a rotating carousel with 15 positions for PTFE high-pressure vessels and
direct control of the process and temperature (Milestone Srl, Milan, Italy).

The ultrasound-induced esterification was performed in the Bandelin ultrasonic bath
DT 510 H (BANDELIN Electronic GmbH & Co. KG, Berlin, Germany).

The mechanosynthesis was performed in the Omni Bead Ruptor 12 Homogenizer
(OMNI International, Kennesaw, GA, USA), using glass beads, at ambient temperature
(initial temperature value) for the required time.

Some of the esterification experiments were carried out in duplicate, and the average
values with an error of 2% were reported.

3.2.4. Analysis

The reaction products were analysed in a gas chromatographer (6890 from Agilent
Technologies with autosampler HT3100A from HTA) equipped with a flame ionisation
detector (GC-FID) and the HP-5MS column (Agilent J&W GC Columns; 30 m, 0.25 ID,
0.25 µM film). Helium gas (Alphagaz 99.999%) served as the carrier gas with flow set at
1.0 mL/min. A sample of 1 µL was injected at 250 ◦C (split ratio 1:30) with the detector
operating at the same temperature. The column oven temperature was initially set at 70 ◦C
and then increased to 120 ◦C at a rate of 10 ◦C min−1. After keeping the column temperature
at 120 ◦C for 5 min, it was ramped to 200 ◦C at a rate of 30 ◦C min−1 and maintained at
the final temperature for 2.33 min. The chromatographic working conditions allowed for
the complete separation of the target compounds, and the products were quantified by an
internal standard method using tetradecane.

4. Conclusions

In conclusion, deep eutectic systems constitute a promising catalytic medium for
the esterification of carboxylic acids, particularly when they are capable of provoking in
situ phase separation. That was not the case for DES studied in this work, either due
to unfavourable miscibility patterns as indicated by the liquid–liquid phase behaviour
studies for p-toluenesulfonic acid-based DES or owing to limitations related to DES stability
(eutectic mixtures containing oxalic acid). Nevertheless, it was still possible to employ
the investigated eutectic mixtures as successful catalysts (in catalytic amounts) for the
esterification of levulinic acid with ethanol, especially when the experiments were coupled
with alternatives to conventional heating methods. The overall better catalytic performance
of the p-toluenesulfonic acid-based deep eutectic mixture in comparison with the oxalic
acid-based analogue was observed. After only 10 min and under microwave irradiation at
343.15 K, levulinic acid conversion was 62% and 15%, respectively, for p-toluenesulfonic and
oxalic acid-containing deep eutectic systems. For comparison, sonification of the reactional
mixture at the same conditions yielded 68% and 18% of ethyl levulinate, while 10 min
of ball mill treatment, at 301.15 K, gave rise to 70% and 18% of the desired product for
p-toluenesulfonic acid- and oxalic acid-based DES, respectively. Therefore, good catalytic
performance under reduced reaction time proves the potential of these media for ester
synthesis when coupled with alternative energy inputs.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14120842/s1, Table S1: Binodal points data for the pseudo-
ternary mixtures containing DES (either ChCl:OxAc or ChCl:pTSA), EL, and LA or EtOH, at 313.15 or
333.15 K, in mass fraction; Table S2: Optimisation of the operational conditions for the esterification
of LA to EL under conventional heating and stirring method; Table S3: The esterification of LA to EL
using alternative energy sources and 5 wt.% of either ChCl:OxAc or ChCl:pTSA, with EtOH to LA
molar ratio of 5.
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