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Preface

In previous decades, industries have mostly developed at the cost of environmental neglect,

resulting in numerous environmental issues and, ultimately, a distressing global crisis. Therefore,

in the 21st century, governments and world organizations are attempting to legislate sustainable

development laws for industrial advances. “Green chemistry”, as a rather novel field of chemistry

and chemical engineering, is one of the key routes to assist researchers in sustainable development.

Among the most valuable assets of green chemistry, “green solvents” are the primary candidates

to replace the industry workhorses, i.e., conventional harmful solvents. In recent decades, green

solvents have been studied intensively by scientists and researchers, and the number of published

articles has been increasing exponentially. The most important green solvents, such as supercritical

fluids, ionic liquids, and deep eutectic solvents, have been investigated in various fields and

for numerous applications; yet, much remains unknown, and there is great room for further

investigations into this class of solvents. This Special Issue aims to cover the most recent advances in

the interdisciplinary area of green solvents.

Reza Haghbakhsh, Sona Raeissi, and Rita Craveiro

Editors
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1. Introduction

Today, environmental conservation is one of the most urgent targets. Fortunately,
this goal is taken into consideration in the general policies of most countries. Accordingly,
worldwide development needs to be aligned with environmental considerations [1]. In all
countries, the industrial sector inevitably has the most impact on sustainable development.
Green chemistry, by considering environmental issues affecting the planet and its living
creatures, provides useful guidelines for any kind of sustainable development, especially
in the industries. This can be achieved by screening and recommending novel ideas,
methods, processes, etc. In this way, green chemistry can be considered as a general
scientific field, with 12 principles. The fifth principle of green chemistry is “Safer Solvents
and Auxiliaries”, which directly emphasizes the importance of green and environmentally
friendly solvents [2]. Following this principle, in the past few decades, the general idea
of replacing conventional hazardous and harmful solvents with green solvents has been
highlighted in scientific communities and research centers in industries. Various types
of green solvents, such as supercritical fluids, ionic liquids (ILs), deep eutectic solvents
(DESs), etc., have shown high levels of potential in many applications. The number of
published studies on the topic of green solvents has significantly increased year on year [3].
Therefore, “green solvents” can be considered a hot topic of green chemistry, deserving
more specific investigations in scientific publications. Because of this, Molecules has devoted
a Special Issue to recent advancements in the interdisciplinary area of green solvents. In this
Special Issue, fundamental as well as application-based studies and innovative techniques
regarding green solvents were covered. We were delighted to welcome interesting, high-
quality, and valuable studies in this field.

2. Contributions

This Special Issue includes eleven original research articles covering various aspects
of green solvents, including fundamental knowledge and applications.

Huang et al. [4] studied the performance of ionic liquids for the extraction of heavy
metals. They experimentally investigated the efficiency of 1-butyl-3-methylimidazolium
chloride in extracting Cr(VI) from a Cr-contaminated simulated sorbent in soil remediation.

Kostenko and Parenago [5] considered the application of supercritical CO2 for impreg-
nation in place of organic solvents, in order to prepare sorbents based on hyper crosslinked
polystyrene and the chelating agent N,N,N′,N′-tetraoctyl diglycolamide. They proposed
an environmentally friendly and green solvent for this process.

Nowosielski et al. [6] carried out fundamental research by investigating important
physical properties (density, speed of sound, refractive index, and viscosity) of both pure
and aqueous solutions of a number of deep eutectic solvents. They studied DESs made of
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tetrabutylammonium chloride + 3-amino-1-propanol and tetrabutylammonium bromide +
3-amino-1-propanol or 2-(methylamino)ethanol or 2-(butylamino)ethanol.

As a comprehensive study, Zailani et al. [7] reported the results of their research
on the synthesis of a series of ammonium cations coupled with carboxylate anions pro-
ducing ammonium-based protic ionic liquids, and their densities, viscosities, refractive
indices, thermal decomposition temperatures, glass temperatures, and CO2 absorption was
also reported.

In an application-based study, da Silva et al. [8] proposed the use of supercritical
CO2 to extract non-volatile compounds from A. mearnsii flowers. They concluded that the
extracted essence showed antimicrobial activity. They also showed the presence of p-anisic
acid, a substance with industrial and pharmaceutical applications.

Also, in the field of energy, Peyrovedin et al. [9] showed that green solvents can be
useful in solar energy plants, and in addition to showing how they make the process
eco-friendly, they also elaborated on its good performance. They studied the feasibility of
using a number of deep eutectic solvents as phase change material (PCM) for solar thermal
power plants with organic Rankine cycles.

In another article, Chinchilla et al. [10] presented applications of green solvents in the
field of catalysts. They proposed high-temperature water reactions to reduce CO2 by using
an organic reductant and a series of metals and metal oxides as catalysts.

Ghigo et al. [11] studied deep-eutectic-solvent-like mixtures, based on glycerol and dif-
ferent halide organic and inorganic salts, as new high-potential media in the copper-free
halodediazoniation of arenediazonium salts. They reported the experimental results of the reac-
tion and also presented a computational investigation to understand the reaction mechanism.

Lee et al. [12] investigated the applications of deep eutectic solvents in extractions
from natural leaves. They compared the efficiencies of various ratios of choline chloride
and dicarboxylic acids for the extraction of flavonoid components from Pyrus ussuriensis
leaves with respect to conventional solvents.

In a fundamental research article, Ma et al. [13] studied the atomic structure of cellulose
that was dissolved in alkali/urea aqueous solutions. They used trehalose as the model
molecule with total scattering as the main tool to study three kinds of alkali solution,
consisting of LiOH, NaOH, and KOH. They reported interesting findings on the most
probable all-atom structures of the solution, the hydration shell of trehalose, the penetration
of ions into glucose rings, and the molecule interactions of urea with hydroxide groups.

Panić et al. [14], by proposing a new modeling strategy, presented their experimental
and modeling investigations into the development of a simple and straightforward model
to estimate the pH values of deep eutectic solvents over a wide range of values. They
developed the model according to a large number of deep eutectic solvents, using artificial
intelligence techniques for modeling.

In the last article in this Special Issue, Osman et al. [15] studied the application of a new
green solvent for biodiesel purification via Solvent-Aided Crystallization (SAC). Biodiesel
purification is an important experimental step in biodiesel synthesis, and it would be more
beneficial to consider green solvents for this task. In their work, they also investigated
the technological improvements in the purification of biodiesel via SAC and compared
the performance of a new green solvent with conventional solvents in the production of
high-purity biodiesel.

3. Conclusions

The concept of green solvents is not new, and supercritical fluids and ionic liquids
have led the way in this field. Green solvents are dynamic and continuously thriving,
with new solvents and new categories of solvents being added over time. Deep eutectic
solvents, as a recently introduced category of green solvents, are highly significant and may
encompass huge numbers of members. Currently, new ILs and DESs are being introducing
to the scientific community at a rapid pace. Consequently, wide ranges of investigations,
from fundamental research for new members to application-based research for well-known
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members, are all vital and important from their own perspectives. One of the aims of
this Special Issue was to highlight the wide scope of research being carried out on green
solvents and to involve a variety of researcher and reader orientations. We have included a
range of studies, from fundamental research on physical properties and reaction kinetics to
application-based studies such as essence extraction, impregnation via supercritical fluids,
and biodiesel purification. We have also covered the even more specific field of energy for
solar power plants using green solvents.
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Biodiesel Purification by Solvent-Aided Crystallization
Using 2-Methyltetrahydrofuran
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Abstract: The previous biodiesel purification by Solvent-Aided Crystallization (SAC) using 1-butanol
as assisting agent and parameters for SAC were optimized such as coolant temperature, cooling time
and stirring speed. Meanwhile, 2-Methyltetrahydrofuran (2-MeTHF) was selected as an alternative
to previous organic solvents for this study. In this context, it is used to replace solvent 1-butanol
from a conducted previous study. This study also focuses on the technological improvements
in the purification of biodiesel via SAC as well as to produce an even higher purity of biodiesel.
Experimental works on the transesterification process to produce crude biodiesel were performed
and SAC was carried out to purify the crude biodiesel. The crude biodiesel content was analyzed
by using Gas Chromatography–Mass Spectrometry (GC-MS) and Differential Scanning Calorimetry
(DSC) to measure the composition of Fatty Acid Methyl Esters (FAME) present. The optimum value
to yield the highest purity of FAME for parameters coolant temperature, cooling time, and stirring
speed is −4 ◦C, 10 min and 210 rpm, respectively. It can be concluded that the assisting solvent
2-MeTHF has a significant effect on the process parameters to produce purified biodiesel according
to the standard requirement.

Keywords: 1-butanol; 2-methyltetrahydrofuran; biodiesel; coolant temperature; cooling time; green
solvent; stirring speed; solvent-aided crystallization

1. Introduction

Nowadays, the depletion of fossil resources is not something new as the global popu-
lation keeps on rising. This has led to the discovery of renewable fuels, such as biodiesel.
Biodiesel has attracted a lot of interest as a future fuel because of its copious resources
and environmental considerations [1]. The bio-based fuel business has seen an accelerated
surge in sales and has become a driving force to create novel green technologies. These
were influenced by government laws and concerns about ecological sustainability and the
depletion of natural raw materials. Biodiesel’s initial design was careful and methodical,
emphasizing the industry in terms of long-term viability. Nowadays, this biofuel is easy to
integrate into existing facilities and cars, and the industry sector has devoted a lot of effort
to researching and promoting the fuel’s capabilities.

In Malaysia, fossil fuels accounted for 95% of the overall primary energy output
in the year 2006 [2]. This includes natural gas, petroleum, coal, peat renewables, and
hydroelectricity. Primary energy is generally raw energy that has not been engineered or
converted in any way. Malaysia is presently a fast-expanding country; thus, this prevalent
tendency is likely to continue speculating for the next 20 years. On top of that, the study
also claimed that Malaysia is presently the world’s largest exporter of palm oil, despite
being the oil’s second-biggest producer after Indonesia [2]. On that account, Malaysia
endeavoured to gain leverage in the expanding biofuel sector by encouraging palm oil-
based biodiesel development upon recognizing its profitability. Due to this, Malaysia has
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been recognized as one of the countries that proactively encourages commercial operations
for the use of biodiesel as a fossil fuel substitute [2].

The authors also stated that the biodiesel sector in Malaysia shows no activity until
the Eighth Malaysia Plan, in the year 2001, established the Fifth Fuel Policy [2]. Renewable
energy has been designated as the fifth source of electricity generation in Malaysia under
the proposed legislation. The Malaysian biodiesel sector is also largely supported by
the National Biofuel Policy. The legislation concentrates on biodiesel commercialization,
utilization, study, development, and exportation, yet it excludes upstream parts of the
industry growth. Biodiesel production and deployment are expected to keep on increasing,
particularly in rapidly developing countries where economic development is accelerating.
Malaysia expects to supply one million tonnes of biodiesel by the end of 2020, increasing
80% production compared to the previous year (2019) [1].

The process of separating contaminants from biodiesel is crucial to ensure that the
developed fuel fulfils all required standards, delivering improved performance as well as
preserving the engine from degradation [3]. Glycerol, soap, water, a catalyst used, and
triglycerides are mostly residues that must be separated from crude biodiesel obtained.
Purification is known to be one of the most essential stages in biodiesel production. Water
washing, ion exchange adsorbents, and membrane-based adsorbents are the foremost
often utilized technologies for the purification of biodiesel [4]. This purification method is
critical in maintaining efficacy in engine performance. According to Arenas et al. [4], free
fatty acids at high concentrations can develop deposit accounts in storage tanks and even
injectors, hence reducing the lifespan of engines. In addition, the high water content can
corrode the engine of automobiles. Therefore, the purification of crude biodiesel can be
challenging as it contributes to the rise in biodiesel operating expenses. This opens up a
discussion on the possible alternatives to the conventional method of biodiesel purification.

Purification of biodiesel is undoubtedly one of the important steps in biodiesel produc-
tion. The main goal of the production process is to achieve high-quality fuel with hardly
any contaminants that could sabotage its excellence. The impurities that could be present
in biodiesel are glycerol, alcohol (namely, methanol), soap, free fatty acids, residual salts,
metals, and production catalysts [5]. It is clear that the densities of biodiesel and glycerol
are disparate enough to have them separated by gravitational settling and centrifugation [6].
Having different polarities is another determinant on the account that the separation be-
tween the ester and glycerol is rapid. Glycerol must be purified as it contains a large part of
biodiesel impurities, and it would deposit at the bottom of the fuel tank causing the fouling
of the injector [7]. The complete elimination of glycerol represents the exceptional quality
of biodiesel. Another polar substance, methanol, is necessary to be removed as it has a
low flash point which can be an inconvenience in terms of transportation, storage, and
utilization [7]. In addition, they also mentioned that methanol is also a result of corrosion
to pieces of aluminium and zinc [7].

Various techniques have been applied for the application of biodiesel purification
in order to overcome the limitation of high water usage on the earlier method explained.
Recently, a new method had been introduced known as SAC. This method is carried out
under low temperatures compared to other biodiesel purification techniques. Hence, it
could prevent the biodiesel from becoming volatile during or after the purification process.
This is supported by studies mentioning that the biodiesel would be volatile at higher
temperatures, in the range of 340–375 ◦C, which were obtained from thermal analyses of
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) [8,9].

The basic principle of SAC is to selectively reduce the viscosity of melts to alter the
crystallization kinetics by the insertion of assisting agent with adequate quantities into
the solvents [10]. Once the assistant solvents are injected, rapid crystallization occurs in a
low-viscosity sample solution. This method is able to overcome the biggest difficulty in
separating biodiesel–glycerol, where both are hard to separate [11]. This is due to these
solvents creating high-viscosity crude melts that are difficult to distinguish by conventional
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methods, which had appealed to a notion that permits layer crystallization to extract
these compounds.

Samsuri et al. [12] concluded that SAC could effectively remove undesired glycerol,
methanol, and soap components, leaving a sample obtained known as purified biodiesel.
Thus, it is an operative practice for a waterless approach to refine biodiesel in a more
ecologically friendly way than other common purifying procedures, while being able to
reduce the cost required for wastewater treatment afterwards. As a result, it is indeed
critical to evaluate whether it is feasible for a certain solvent to be appropriate for each
system besides not knowing the effects of crystallization during operation. Recent findings
showed that SAC is highly influenced by the following parameters: concentration of
solvent, cooling temperature and time, and stirring rate [12]. The optimum parameter is
obtained by using the analysis technique of response surface plot analysis. Surface plots
can be used to evaluate targeted response values and the connection of the operational
parameters. It is found that biodiesel with a purity of 99.375% is obtained as the optimum
condition by using the following parameters: concentration of solvent of 1.5 wt%, cooling
temperature of 12.7 ◦C, cooling time of 35 min and stirring rate of 175 rpm. However, this
study used 1-butanol as the assisting solvent.

1-butanol has a poor separation performance as an assisting solvent for SAC. This
statement had been proven by Ahmad and Samsuri [11]. They analyzed the effect of dif-
ferent concentrations of 1-butanol in order to evaluate the optimum quantity of 1-butanol
required for the biodiesel purification process via SAC. They used ultrasonic irradiation
to aid this process and findings showed that the purity of biodiesel reduced as the con-
centration of 1-butanol increased. Conversely, inadequate 1-butanol could cause impure
crystals forming resulting in nucleation, where the crystals might form alongside the whole
chemical freezes. Therefore, they claimed that high-purity biodiesel may be achieved at
lower cooling temperatures and intermediary 1-butanol concentrations, or with a longer
response time if excess 1-butanol is employed.

Therefore, sustainable solution by using green alternatives in the purification process
has been studied and researched to gain biodiesel satisfactory with its standard to lessen
the ecological implications of using solvents in chemical processing. The use of environ-
mentally sustainable solvents or green alternatives to traditional goods has recently gained
a lot of interest, citing environmental advantages and worker safety as reasons. Green
chemistry had been introduced as a way in managing effluent produced from chemical
processes, specifically from the processing industry [13]. The sole purpose is to focus
on the environmental effect of chemistry and eradicate environmental pollution through
concerted, long-term preventative efforts. This concept led to the proposal of a low-toxicity
alternative solvent with broad synthetic applications for the processing sector.

In this experiment, solvent 1-butanol is substituted with 2-Methyltetrahydrofuran
(2-MeTHF) as an alternative assisting agent for crystallization and a better replacement in
terms of environmental aspects for the said organic solvent. 2-MeTHF is derived from corn
cobs and oat hulls [14]. According to Choi et al. [15], the global production of corn-grain
has increased by 40% over the past decade and reached over 1 billion tons of production
recently. This would enhance the production of corn residue which is stated about 47 to 50%
of their residues are wasted [15]. On the other hand, it was reported that about 23 million
tons of oat was globally produced in 2018 with oat hull waste representing 25 to 35% of
the entire production [16]. Both of the residues need to be treated; hence, both of them
have been recognized as safe and environmentally friendly solvents since they can be
obtained from biomass feedstocks to which an exposure limit on humans up to 6.2 mg/day
is permitted [17].

6



Molecules 2023, 28, 1512

2. Results

2.1. Characterization of Crude Biodiesel
2.1.1. Differential Scanning Calorimetry

The DSC curve as in Figure 1 represents the temperature relationship on the heat
flow as the outcome of calorimetric measurements for the biodiesel sample. The DSC
graph demonstrated one exothermic peak, indicating the crystallization peak. The onset
temperature is the temperature at which crystallization begins, the peak temperature
indicates the temperature at which the maximum reaction rate occurs, and the end set
temperature represents the temperature at which the process ends [12].

Figure 1. Graph of temperature vs. heat flow for biodiesel sample.

2.1.2. Gas Chromatography–Mass Spectroscopy

The crude biodiesel obtained after 24 h of gravity settling is analyzed using GCMS
analysis to examine its quality in terms of FAME purity and the properties of biodiesel.
Besides the sample of crude biodiesel, 16 biodiesel samples based on the different parame-
ters for SAC had also been studied for GCMS characterization. The properties that can be
obtained from the results are systematic name, retention time, correction area of individual
components and the sum of the correction area. Figure 2 shows the abundance versus
retention time graph for the chromatogram of GC-MS analysis for the crude biodiesel.

Figure 2. GC-MS chromatograph of biodiesel.

2.2. Effect of Coolant Temperature in SAC

The cooling time and stirring rate were kept constant at 15 min and 140 rpm, respec-
tively. The temperature of the coolant in the chiller is adjusted within the parameter range
of the experiment. The parameter range for coolant temperature is −4 ◦C, −6 ◦C, −8 ◦C,
−10 ◦C and −12 ◦C. The coolant used is a 50% (v/v) ethylene glycol solution with water [12].
Figure 3 shows the plotted graph using GC-MS data for FAME purity against coolant tem-
perature while Table 1 showed the observation of the effect of coolant temperature in SAC.
For the coolant temperature parameter, at a constant 140 rpm and cooling time of 15 min, a
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coolant temperature of −4 ◦C indicates the optimum value to yield the highest purity of
FAME content which is 100% purity.

Figure 3. FAME purity against coolant temperature.

Table 1. Observation for the effect of coolant temperature in SAC.

Parameter
Diagram Observation

Temperature (◦C) Stirring Speed (rpm) Cooling Time (min)

−4

140 15

The glycerol layer is not
completely crystallized.

−6 The colour of the biodiesel layer
appears to be cloudy.

−8

−10 The biodiesel layer appears to be
viscous. Only a little biodiesel is

obtained. The glycerol layer
appears to be thick.

−12

2.3. Effect of Cooling Time in SAC

For this part of the experiment, the coolant temperature and stirring rate were kept
constant, at −8 ◦C and 140 rpm, respectively. The parameter range for cooling time is 5 min,
10 min, 15 min, 20 min, and 25 min. Figure 4 shows the plotted graph using GC-MS data
for FAME purity against cooling time, while Table 2 showed the observation of the effect
of cooling time in SAC. For the cooling time parameter, at constant −8 ◦C and 140 rpm, a
cooling time of 10 min indicates the optimum value to yield the highest purity of FAME
content, which is 99.993% purity.

8
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Figure 4. FAME purity against cooling times.

Table 2. Observation for the effect of cooling times in SAC.

Parameter
Diagram Observation

Cooling Time (min) Stirring Speed (rpm) Temperature (◦C)

5

140 −8

Glycerol is crystallized. A
thin white layer of glycerol

is formed.

10
Glycerol is crystallized. A

white layer of glycerol
is formed.

15 The colour of the biodiesel
layer appears to be cloudy.

20 The colour of the biodiesel
layer appears to be cloudy.
The glycerol layer appears

to be very thick.

25

2.4. Effect of Stirring Speed in SAC

For this part of the experiment, the coolant temperature and cooling time were kept
constant, at −8 ◦C and 15 min, respectively. The parameter range for stirring speed is
120 rpm, 130 rpm, 140 rpm, 175 rpm and 210 rpm. Figure 5 shows the plotted graph using
GC-MS data for FAME purity against stirring speed while Table 3 showed the observation
of the effect of stirring speed in SAC. For the stirring speed parameter, at a constant −8 °C
and cooling time of 15 min, a stirring speed of 210 rpm indicates the optimum value to
yield the highest purity of FAME content, which is 99.606% purity.
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Figure 5. FAME purity against stirring speed.

Table 3. Observation for the effect of stirring speed in SAC.

Parameter
Diagram Observation

Stirring Speed (rpm) Cooling Time (min) Temperature (◦C)

120

15 −8

The colour of the biodiesel layer
appears to be cloudy. The

glycerol layer appears to be
very thick.

130
The pale colour of the biodiesel

layer is formed. A thin white
layer of glycerol is formed.

140 The colour of the biodiesel layer
appears to be cloudy.

170

The biodiesel layer appears to be
viscous. The glycerol layer

appears to be thick. The colour
of the biodiesel layer appears to

be cloudy.

210

The biodiesel layer appears to be
very viscous. Only a little
biodiesel is obtained. The

glycerol layer appears to be
thick. The colour of the biodiesel

layer appears to be cloudy

3. Discussion

3.1. Characterization of Crude Biodiesel
3.1.1. Differential Scanning Calorimetry

From Figure 1, the value obtained from the graph for onset temperature is 9.6 ◦C, the
peak temperature is 8.1 ◦C and the end set temperature of biodiesel obtained is −7.42 ◦C.
The temperature range for the following section of the experiment was determined using
the SAC approach employing the crystallization point of biodiesel from the analysis. It is
in line with the finding from a previous study conducted by Samsuri et al. [12], where the
starting point of crude biodiesel crystallization was 9.45 ◦C, which was maximal at 8.4 ◦C,
thus showing the highest rate of reaction. Towards the end, the temperature dropped to
−5.18 ◦C, indicating the end of the experiment.

10
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3.1.2. Gas Chromatography–Mass Spectroscopy

According to Figure 2, the total composition of FAME percentage obtained from the
crude biodiesel is 99.12% with the total amount of unsaturated fatty acid and saturated
fatty acid form at 58.54% and 40.76%, respectively. The fatty acid available in the crude
biodiesel is Dodecanoic acid, Methyl tetradecanoate, 9-Hexadecanoic acid, Hexadecanoic
acid, 9-Octadecenoic acid, Methyl strearate and Eicosanoic acid. The highest correction area
obtained from an individual component is from 9-Octadecenoic acid. Table 4 shows the
tabulated results for the systematic name (Library/ID), trivial name, types of fatty acids,
retention time and the percentage of FAME composition for the crude biodiesel.

Table 4. Data of GC-MS results for crude biodiesel.

Systematic Name Trivial Name
Types of Fatty

Acid
Retention Time

(min)
Composition
of FAME (%)

Dodecanoic acid Lauric Saturated 2.143 0.41
Methyl tetradecanoate Myristic Saturated 2.959 1.6
9-Hexadecanoic acid Palmitoleic Unsaturated 4.473 0.14
Hexadecanoic acid Palmitic Saturated 4.828 18.31
Hexadecanoic acid Palmitic Saturated 4.977 12.19
Hexadecanoic acid Palmitic Saturated 6.053 0.27

9-Octadecenoic acid Oleic Unsaturated 8.321 48.64
9-Octadecenoic acid Oleic Unsaturated 8.376 3.19
9-Octadecenoic acid Oleic Unsaturated 8.456 6.48

Methyl strearate Stearic Saturated 8.692 6.86
Eicosanoic acid Arachidic Saturated 14.641 0.61

Hexadecanoic acid Palmitic Saturated 20.358 0.42

Total Unsaturated Fatty Acid 58.45
Total Saturated Fatty Acid 40.67

Total Fatty Acid 99.12

3.2. Effect of Coolant Temperature in SAC

The trend line in Figure 3 shows a slight decrease in trend, from −4 ◦C to −8 ◦C, until
it drops downs steeply, at −10 ◦C, until −12 ◦C. The highest percentage of 100% purity
is at the highest temperature, which is at −4 ◦C; meanwhile, at −10 ◦C, the FAME yield
purity obtained is the lowest, which is at 60.68%. The crystallization temperature indicated
by the onset temperature of this experiment is found to be at 9.6 ◦C and expected to end
(as estimated) by the end set temperature of −7.42 ◦C. Hence, biodiesel is predicted to
crystallize during conducting this experiment as all the parameters are lower than the
crystallization temperature. As the coolant temperatures of −10 ◦C and −12 ◦C are much
lower than the end set temperature, it is expected that this operating condition would yield
a low purity of FAME. In comparison to biodiesel produced from solvent 1-butanol, the
study mentioned that the highest biodiesel purity was achieved, 99.375%, when the coolant
temperature was set at 12.7 ◦C [12]. This is because their onset and endset temperatures
obtained from their DSC analysis were 9.45 ◦C and −5.18 ◦C, respectively, with a peak
temperature of 8.4 ◦C. Nevertheless, this study was able to achieve even higher biodiesel
purity which is 100% at a coolant temperature of −4 ◦C [12]. Hence, it is concluded that
the use of 2-MeTHF as a solvent for SAC is able to produce higher biodiesel purity than
1-butanol despite the coolant temperature used.

In reference to the FAME purity versus coolant temperature graph, a higher yield is ob-
tained at a temperature farther than the end set temperature and closer to the crystallization
temperature. This can be explained by Ahmad et al. [18], who explained that FAME is more
likely to be trapped within the solid layer developed by glycerol and other contaminants
when the such temperature is approaching the crystallization point. When the heat transfer
rate is slower at higher coolant temperatures, the solid can form in a more orderly pattern,
leaving the pure methyl ester to concentrate in the solution [19]. The solid development
rate is larger at lower temperatures of coolant, resulting in more methyl ester retention into
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contaminating solids. This can be further proven by research from Yahya et al. [20], who
stated that the rate of ice crystals or solid development is governed by the temperature of
the coolant.

3.3. Effect of Cooling Time in SAC

The trend line from Figure 4 shows the FAME yield to be increasing from 5 min to
10 min, which is from 86.72% to 99.99% purity. From 10 min until 20 min, the FAME
yield is found to decrease slightly before it increases at 25 min with the FAME yield of
99.17%. The highest purity obtained is at 10 min with 99.99% of FAME purity which
can be considered to be pure biodiesel. Considering the result obtained from DSC, the
crystallization temperature obtained is at 9.6 ◦C, and the end set temperature is at −7.42 ◦C.
The experiment is carried out at a temperature close to the end set temperature, which is
−8 °C. As the experiment is conducted at a temperature much lower than the crystallization
temperature, the solid layer from the contaminants is expected to be formed in the inner
vessel. In comparison to biodiesel produced from solvent 1-butanol, the study mentioned
that the highest biodiesel purity was achieved, 99.375%, when the cooling time was set
to 35 min [12], which was longer than the optimum cooling time found in this study. The
highest biodiesel purity found in this study is 99.99%, at a cooling time of 10 min, with
which even higher biodiesel purity was obtained at a shorter cooling time compared to the
study with 1-butanol. Hence, it is concluded that the use of 2-MeTHF as a solvent for SAC
is able to produce higher biodiesel purity than 1-butanol despite the cooling time used.

In addition, it can be examined from Table 2 that during 5 and 10 min of cooling
time, a white layer of glycerol is formed. Clear yellowish liquid biodiesel can also be seen
formed in the vessel. Subsequently, during 15, 20 and 25 min of crystallization time, the
liquid layer of biodiesel appears to be cloudy. The glycerol layer also appears to be thick
over time. During 25 min of crystallization time, the layer of glycerol can be observed to
be the thickest, resulting in a small volume of biodiesel formed. A larger yield of pure
methyl ester was attained by using a prolonged cooling period [19]. In addition, as stated
by Ahmad and Samsuri [11], for crystallization to occur, a longer crystallization time is
preferable. However, as the FAME purity drops after an increasing amount of time, it can
also be deduced that an increase in cooling time would also cause the growth of solid from
the methyl ester to be reduced. The authors also stated that this may have been caused
due to the saturation of the solute in the liquid phase inducing contamination of the solid.
Consequently, the best range for cooling time is from 10 to 15 min, as proven by the purity
of FAME at a constant temperature of −8 ◦C. Thus, this cooling time is not too prolonged
for the separating process to take place.

3.4. Effect of Stirring Speed in SAC

Figure 5 shows an increase in the trend line from 120 rpm to 140 rpm from a value
of 44.61% to 99.27%. At 175 rpm, the value of FAME purity decreases to 71.25%, and it
increases to its highest purity at 210 rpm at 99.61%. In order to improve the formation of a
solid, an aid for the solution movement is essential [18]. The parameter of this experiment
is affected by the rate of stirring speed that is set by the laboratory mixer. As stated by
Mohammed and Bandari [21], in maintaining a continuous temperature distribution and
system flow, a gradual motion is essential. Therefore, a steady increase in stirring speed is
chosen (120 rpm, 130 rpm and 140 rpm). After that, there is a disparity in stirring speed as
the increment between the value is high (140 rpm, 175 rpm and 210 rpm). Consequently,
this describes the irregularity of the trend line after 140 rpm. In comparison to biodiesel
produced from solvent 1-butanol, the study mentioned that the highest biodiesel purity was
achieved, 99.375%, when the stirring speed was set at 175 rpm [12]. Under similar stirring
speeds, it is found that this study produced lower biodiesel purity (71.25%) compared to
the one with 1-butanol. The highest biodiesel purity found in this study is 99.61% at a
stirring speed of 210 rpm, which was a higher stirring speed used compared to the study
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with 1-butanol. Nevertheless, it is concluded that the use of 2-MeTHF as a solvent for SAC
is able to produce higher biodiesel purity than 1-butanol despite the stirring speed used.

Furthermore, the efficiency of the purification can be observed from the graph by
the purity of FAME. The highest value FAME yield can be seen at the highest stirring
speed, which is 210 rpm. The contaminant in the biodiesel is circulated at a high flowrate,
causing high separation between the solute and the solution. As Jusoh et al. [22] showed
in their research, the formation of a high shear force, which could separate the solute
from the solution, is imposed by a high circulation flowrate. Low separation is produced
at a low stirring rate resulting in low purity of FAME because the solution moves more
slowly. For the stirring rate of 175 rpm, there is a sudden drop in FAME purity. Although
high stirring can yield good separation of contaminants, the moderate flow would also be
prone to scrape away the solid developed on the vessel wall. This causes the impurities
to mix with the liquefied biodiesel, resulting in low purity of FAME. This is researched
by Mohammed and Bandari [21], who stated that stirring vigorously could prolong the
solidification process and lower the liquid phase’s final concentration.

4. Materials and Methods

4.1. Materials Used

For this experiment, palm oil was purchased from a nearby supermarket. Meanwhile,
methanol and KOH were obtained from the UTP laboratory. About 1000 mL of oil with
12.75 g of KOH as catalyst and 225 mL of methanol as solvent was used in the transesterifi-
cation process. Meanwhile, for the SAC process, ethylene glycol and water were used as
a coolant in the chiller. Crude biodiesel from the transesterification method that already
completed the gravity settling process was used as feed for the SAC process. Assisting
solvent, 2-MeTHF was added to the crude biodiesel for the purification process.

4.2. Transesterification Process

The experimental setup for the transesterification process is referred to the study
conducted by Ahmad and Samsuri [11] as shown in Figure 6. To begin with, 1000 mL of
palm oil was poured into a round-bottom flask. Next, the flask was heated at a reaction
temperature of 60 ◦C, which is controlled by the heating mantle. At the same time, 12.75 g
KOH was dissolved in 225 mL of methanol. After that, the solution of methanol and KOH
was poured into the heated oil in the flask and stirred for 10 min. The product obtained
from this transesterification process is known as crude biodiesel. Later, 1 mL of the product
was extracted into a glass vial for DSC and GCMS analysis.

Figure 6. Transesterification method setup.
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4.3. Solvent-Aided Crystallization

The experimental setup for the SAC process is referred to the study conducted by
Ahmad and Samsuri [11] as shown in Figure 7. Firstly, the chiller was turned on to cool
down the coolant temperature. The desired temperature was set before conducting the
experiment. The range temperature for the whole experiment is between −4 ◦C and
−12 ◦C. After that, about 500 mL of crude biodiesel with 1 wt.% of 2-MeTHF were fed
into a cylindrical vessel (11 cm × 24 cm). The vessel was placed inside the chiller which
was filled with coolant once the desired temperature was reached. Next, the stirrer was
switched on and left until the expected cooling time.

Figure 7. Solvent-aided crystallization method setup.

Solid contaminants are formed on the inner surface of a vessel, leaving pure biodiesel
in liquid form. Subsequently, pure biodiesel was poured from the vessel to drain it out and
detach the solid contaminants from the surface of the vessel. The solid contaminant was
left to melt completely at room temperature. Thereupon, a sample of purified biodiesel was
taken for GCMS analysis. The entire procedure was repeated under different operating
conditions which are the temperature of the coolant, cooling time and stirring speed. The
parameter range for coolant temperature is −4 ◦C, −6 ◦C, −8 ◦C, −10 ◦C and −12 ◦C,
while cooling times are 5, 10, 15, 20 and 25 min, and stirring speeds are 123 rpm, 134 rpm,
140 rpm, 175 rpm and 210 rpm. All of the experiments were repeated twice, and average
results were calculated for better data collection.

4.4. Characterization of Biodiesel
4.4.1. Differential Scanning Calorimetry

DSC is a device used to determine the amount of energy required to achieve a zero-
temperature differential between a component and an inert reference substance by sub-
jecting the two specimens to comparable temperature regimes in a contained manner [23].
The heat capacity or enthalpy of a sample of known mass is measured as changes in heat
transfer. This analysis is suitable for glycerol and biodiesel, which are highly viscous
melts [11].

Calibration of trials is used to record the temperature change and correlate it to the
enthalpy change in the sample. The crude biodiesel sample is brought into equilibrium
between −15 ◦C and 30 ◦C, at the rate of 5 ◦C min−1 for DSC measurement. In this research,
it is vital to determine the crystallization point of the biodiesel sample to determine the
lowest point of cooling temperature for the SAC process [11]. The crystallinity of materials
is linked to the change in enthalpy by the energy required from the melting transition to
proceed [23].

In this study, in DSC analysis, the sample was equilibrated, at 30 ◦C, and cooled
immediately, at −15 ◦C, at a rate of 5 ◦C min−1. Afterwards, the sample was maintained
for 1 min and heated to 30 ◦C at a rate of 5 ◦C min−1. Therefore, the procedure for
transesterification was now complete. The remaining crude biodiesel was further used for
gravity settling for 24 h before proceeding with the DSC analysis.
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4.4.2. Gas Chromatography–Mass Spectroscopy

GC-MS is an analytic technology which combined gas–liquid chromatography separa-
tion features with mass spectrometry detection techniques to identify distinct compounds
inside a test sample [24]. The mass of the analyte fragments is being used to identify these
compounds. In academic research, this device facilitates the characterization and detection
of newly synthesized or derivatized compounds by studying the new components [24].
Retention time (RT) is the time required for the compound to pass through the injection
port to reach the detector [25].

In this study, the GC-MS device used in this experiment is PerkinElmer Clarus 600 Gas
Chromatograph (GC). A flame ionization detector (FID) and an Elite 5-MS column with a
dimension of 30 m × 250 μm × 0.25 μm of film thickness were installed in the GC. This
device is used twice in this experiment, once after the reaction of transesterification (initial
content of biodiesel) and lastly after conducting SAC (final content of biodiesel). During
GCMS analysis, the oven temperature was set at 150 ◦C and held for 1 min. Afterwards,
the temperature was raised to 240 ◦C, at 5 ◦C min–1 ramping speed, and was maintained
for 5 min.

To determine the biodiesel purity, the percentage composition of individual FAME
was computed using the following Equation (1). The biodiesel purity computation was
then performed for all prominent peaks. For each SAC trial run as well, GC-MS would
be used to determine the yield of FAME over all purified biodiesel samples. The purified
biodiesel was left to melt after being treated to SAC and was collected for GC-MS analysis
to determine the percentage of FAME composition to define its purity using the same
mentioned formula.

Percentage composition of FAME (%) =
Peak area of individual component

Summation of correction area
(1)

5. Conclusions

Biodiesel is a non-toxic and biodegradable diesel alternative that is synthesized by the
process of transesterification. 2-Methyltetrahydrofuran (2-MeTHF) can be used in chemical
synthesis as an alternative to organic solvents for this project. In this context, it is used
to replace solvent 1-butanol from a conducted previous study. The process parameters
for SAC, which are different coolant temperatures, cooling time and stirring speed, are
studied and analyzed for optimization. The chemical composition of biodiesel was taken
into account when purified by the SAC process. The optimization process is considered
successful once the optimum parameter value produces the highest purity of biodiesel, thus
indicating that the biodiesel is free of contaminants. The optimum value to yield the highest
purity of FAME for parameters coolant temperature, cooling time and stirring speed is
−4 ◦C, 10 min and 210 rpm, respectively. Hence, by the proposed optimize parameter, it
can be taken into account that SAC is effective in the purification of biodiesel. In conclusion,
experimental research on the SAC method can assist in improving biodiesel purification.

For future study, a techno-economic feasibility study (TEFS) and cost benefit analysis
will be carried out in order to estimate the cost as well as energy for this SAC system
for implementation in industrial applications. The energy cost of the process can vary
depending on factors such as the source of the feedstock, the type of equipment used
(refrigerated, stirrer), and the efficiency of the process. Additionally, the benefits of the
biodiesel purification strategy, such as reducing greenhouse gas emissions and decreasing
dependence on fossil fuels, may outweigh the energy costs. The analysis would be needed
to determine whether the biodiesel purification strategy is a worthwhile endeavor. In addi-
tion, process simulation software will be used for the determination of the scale-up process,
including the equipment’s size, design, operation, and process parameters optimization.
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Manuela Panić 1, Mia Radović 1, Marina Cvjetko Bubalo 1 , Kristina Radošević 1 , Marko Rogošić 2 ,
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Abstract: The aim of this work was to develop a simple and easy-to-apply model to predict the pH
values of deep eutectic solvents (DESs) over a wide range of pH values that can be used in daily
work. For this purpose, the pH values of 38 different DESs were measured (ranging from 0.36 to
9.31) and mathematically interpreted. To develop mathematical models, DESs were first numerically
described using σ profiles generated with the COSMOtherm software. After the DESs’ description,
the following models were used: (i) multiple linear regression (MLR), (ii) piecewise linear regression
(PLR), and (iii) artificial neural networks (ANNs) to link the experimental values with the descriptors.
Both PLR and ANN were found to be applicable to predict the pH values of DESs with a very high
goodness of fit (R2

independent validation > 0.8600). Due to the good mathematical correlation of the
experimental and predicted values, the σ profile generated with COSMOtherm could be used as a
DES molecular descriptor for the prediction of their pH values.

Keywords: artificial neural networks; COSMO-RS; deep eutectic solvents; multiple linear regression;
piecewise linear regression

1. Introduction

Green chemistry presents a way of creating and applying chemical products and
processes that reduce or eliminate the use or production of substances that are hazardous
to human health and the environment [1]. A growing area of research in green technology
development is devoted to the design of new, more environmentally friendly solvents
whose use would meet technological and economic requirements. Requirements for alter-
native solvents include a reasonable price, non-toxicity to humans and the environment,
non-flammability, biodegradability, and possibility of regeneration or recovery [2,3]. Cur-
rently, known green solvents are water, carbon dioxide, bio-solvents, ionic liquids, and
deep eutectic solvents. In the last decade, deep eutectic solvents (DESs) have received
enormous attention in the academic community and the number of articles published has
increased exponentially.

DESs were first described by Abbott et al. in 2003 as a mixture of a hydrogen bond
donor (HBD) with a hydrogen bond acceptor (HBA), which exhibited much lower melt-
ing points than the pure compounds due to the formation of hydrogen bonds between
constituent compounds [4–6]. Lately, DESs have shown great potential for industrial appli-
cation thanks to their acceptable costs, the versatility of their physicochemical properties,
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and simple preparation. They also often present low cytotoxicity and good biodegrad-
ability. The properties that have gained them the environmentally friendly label are low
volatility (reduced air pollution), nonflammability (process safety), and stability (potential
for recycling and reuse). The number of structural combinations encompassed by DESs is
tremendous; thus, it is possible to design DESs with unique physicochemical properties
for a particular purpose. The physicochemical properties, such as the viscosity, density,
and pH value, of DESs are crucial for industrial application of these solvents in terms of
equipment materials, mass transfer, filtration, or pumping [7].

The pH values of aqueous solutions affect the enzyme activity, extraction efficiency,
and stability of biologically active molecules. As such, the pH value is an important prop-
erty of a solvent and, especially for DES design, one of the critical parameters. Though
several papers have analyzed the pH behavior of DESs, there are still gaps in the under-
standing of how DES-forming compounds influence its pH value [8,9]. Despite this, some
general conclusions can be outlined. For example, DESs containing organic acids (i.e., malic
acid or oxalic acid) are, as expected, more acidic than those containing polyalcohols or
sugars. The role of the water content in DESs regarding the pH behavior is still not entirely
clear; however, it was observed that an increase in pH values with an increasing water
content was reported for DESs with extremely low pH values while the pH values of DESs
with pH in the higher range of values (lower acidity region) decreased with an increasing
water content [7].

So far, the search for an ideal DES for a particular system has been guided by an
empirical trial-and-error approach, with no systematic research into the structure–activity
of DESs. Therefore, the rational design of these solvents for specific purposes is still in
its infancy. Data collection on the application properties of DESs and the development
of mathematical methods as a tool for the design of novel solvents are imperative for the
industrial application of these solvents. The Conductor-like Screening Model for Real
Solvents (COSMO-RS) is an ab initio computational method that may be used for the
generation of the σ profile of a molecule. The σ profile shows the probability of finding
surface segments with σ polarity on the surface of the molecule and contains the most
relevant chemical information needed to predict the compound’s electrostatic, hydrogen
bonding, and dispersion interactions [10]. The distribution of the charge, the width, and
the height of the peaks in the σ profile vary with the nature of the molecules. Therefore,
any change in the molecular structure can be quantified. By coupling the σ profile of
DES-forming compounds with experimental data using model-generating methods such
as multiple linear regression (MLR), piecewise linear regression (PLR), or artificial neural
networks (ANNs), models for the description of DESs’ physicochemical properties can be
developed [11–14]. In most studies, good model fitting of the literature viscosity, density,
and pH values of the DESs was obtained [12,13]. The results showed that simple linear
models such as MLR and more complex ones such as ANN could be used efficiently to
predict the physical properties of specific DES groups (e.g., amine or sugar-based DESs),
whereas it was difficult to create a single model covering the whole range of possible DES
systems [11]. Commonly, simple mathematical models such as MLR were good enough
for viscosity and density prediction while in the case of the pH value, more complex ANN
models had to be used [11,13,15].

In this work, we report a model for the prediction of the pH values of acidic and basic
DESs. For this purpose, the experimental pH values of 38 different DESs were evaluated,
described, and mathematically interpreted. For the development of mathematical models,
DESs were firstly numerically described using σ profiles estimated by the COSMOtherm
software. After the description of DESs, the following models were used: (i) MLR, (ii) PLR,
and (iii) ANN to link the experimental values with the descriptors. In the end, the prepared
models were statistically verified.
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2. Results and Discussion

2.1. DES Characteristics: Experimental pH Values and σ Profiles

This work aimed to develop a simple and robust mathematical model for predicting
the pH values of DESs based on Si

mix descriptors. To develop a user-friendly model to
predict pH values in the wide range, we selected both acidic and basic DESs from our
database. We chose 38 DESs by carefully selecting and varying different HBA, HBD, and
water shares (Table 1). Selected HBAs and HBDs can be roughly classified as quaternary
ammonium salts (choline chloride, betaine), amino acids (proline), organic acids (citric and
malic acid), and sugars (fructose, glucose, sucrose, xylose). In comparison to HBA, there
are more HBD candidates from previously mentioned classes and it has been shown that
they have an immediate effect on pH values (Table 1). Overall, all synthesized DESs cover
a wide range of pH values from 0.36 for Ch:CA containing 30% water (w/w) to 9.31 for
Ch:U containing 10% water (w/w). Monitoring the pH values of the same HBA/HBD pair
while varying the DES water content shows that water influences the measured pH value.
However, this influence is a distinctive characteristic of an individual DES and cannot be
extended to all DESs studied in this work.

Table 1. Experimentally measured pH values.

DES Abbreviation Molar Ratio wH2O [%] pH (20 ◦C) ± st.dev.

Betaine:citric acid B:CA 1:1
30 2.46 ± 0.04

50 2.46 ± 0.02

Betaine:ethylene glycol B:EG 1:2 30 6.86 ± 0.00

Betaine:glucose B:Glc 1:1 10 6.64 ± 0.35

Betaine:glycerol B:Gly 1:2
30 6.77 ± 0.04

50 6.38 ± 0.07

Betaine:oxalic acid:glycerol B:OxA:Gly 1:2:1 30 2.91 ± 0.05

Betaine:malic acid B:Ma 1:1
30 2.98 ± 0.01

50 2.92 ± 0.01

Betaine:sucrose B:Suc 4:1 30 7.85 ± 0.11

Choline chloride:citric acid Ch:CA 2:1
30 0.34 ± 0.04

50 0.71 ± 0.00

Choline chloride:ethylene glycol ChCl:EG 1:2

10 6.19 ± 0.01

30 6.60 ± 0.57

50 4.58 ± 0.14

80 4.41 ± 0.00

Choline chloride:fructose ChCl:Fru 1:1
30 3.51 ± 0.05

50 3.35 ± 0.03

Choline chloride:glucose ChCl:Glc 1:1
30 4.83 ± 0.06

50 3.56 ± 0.01

Choline chloride:glycerol ChCl:Gly 1:2

30 3.71 ± 0.06

50 2.67 ± 0.11

80 3.06 ± 0.01

Choline chloride:malic acid ChCl:MA 1:1
30 0.63 ± 0.01

50 1.03 ± 0.00
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Table 1. Cont.

DES Abbreviation Molar Ratio wH2O [%] pH (20 ◦C) ± st.dev.

Choline chloride:proline:malic acid ChCl:Pro:MA 1:1:1

10 3.23 ± 0.00

30 2.82 ± 0.01

50 2.63 ± 0.03

Choline chloride:sorbitol ChCl:Sol 1:1
50 4.92 ± 0.04

80 3.80 ± 0.08

Choline chloride:urea ChCl:U 1:2

10 9.26 ± 0.08

30 8.85 ± 0.06

50 8.23 ± 0.04

Choline chloride:urea:ethylene glycol ChCl:U:EG 1:2:2 10 8.29 ± 0.07

Choline chloride:urea:glycerol ChCl:U:Gly 1:2:2 10 8.72 ± 0.05

Choline chloride:xylose ChCl:Xyl 2:1

30 2.86 ± 0.04

50 3.32 ± 0.03

80 3.93 ± 0.01

Choline chloride:xylitol ChCl:Xyol 5:2

30 6.90 ± 0.06

50 6.50 ± 0.01

80 6.03 ± 0.06

Choline chloride:fructose ChCl:Fru 1:1
30 3.51 ± 0.05

50 3.35 ± 0.03

Citric acid:glucose CA:Glc 1:1 30 0.53 ± 0.04

Citric acid:sucrose CA:Suc 1:1 30 0.83 ± 0.00

Fructose:ethylene glycol Fru:EG 1:2 30 5.31 ± 0.09

Fructose:glucose:ethylene glycol Fru:Glc:EG 1:1:2 50 3.67 ± 0.06

Fructose:glucose:sucrose Fru:Glc:Suc 1:1:1
50 2.63 ± 0.03

80 2.99 ± 0.01

Fructose:glucose:urea Fru:Glc:U 1:1 30 8.22 ± 0.06

Glucose:ethylene glycol Glc:EG 1:2 50 4.03 ± 0.02

Glucose:glycerol Glc:Gly 1:2 50 4.33 ± 0.04

Malic acid:fructose MA:Fru 1:1 30 0.77 ± 0.01

Malic acid:fructose:glycerol MA:Fru:Gly 1:1 30 2.77 ± 0.01

Malic acid:glucose MA:Glc 1:1 30 0.83 ± 0.01

Malic acid:glucose:glycerol MA:Glc:Gly 1:1:1 10 0.92 ± 0.00

Malic acid:sucrose MA:Suc 2:1 30 0.66 ± 0.01

Proline:malic acid Pro:MA 1:1

10 2.63 ± 0.01

30 2.78 ± 0.02

50 2.73 ± 0.03

Sucrose:ethylene glycol Suc:EG 1:2 30 6.05 ± 0.06

Sucrose:glucose:urea Suc:Glc:U 1:1 30 8.14 ± 0.25

Xylose:ethylene glycol Xyl:EG 1:2 30 4.57 ± 0.06

Furthermore, DESs were mathematically described using the σ profile defined with
the COSMOtherm software. The HBA and HBD molecules were optimized in TmoleX,
both from an energy and geometry point of view. The generated COSMO files contain

21



Molecules 2022, 27, 4489

all information necessary for the calculation of the σ profile function and thus for the
calculation of the σ profile descriptors. For the preparation of the descriptor set, the DESs
were modeled as a molar mixture of HBA and HBD according to Table 1. The σ profile
curves for each HBA and HBD were divided into 10 regions, the area under each region was
calculated, and their numerical values were correlated with the experimental pH values
using mathematical models.

2.2. Multiple Linear Regression and Piecewise Linear Regression

The assessment of the MLR and PLR model applicability to predict the pH values of
DESs was based on the correlation coefficient values, R2, R2

adj, and RMSE. The obtained
model coefficient values and the basic statistical analysis are presented in Table 2 while a
comparison between the experimental and model-estimated pH values is given in Figure 1.

Table 2. MLR and PLR regression coefficients. Statistically significant coefficients are marked in bold.

MLR PLR

Regression Coeff. ± st. Error p-Value Regression Coeff. ± st. Error p-Value

Break point 4.1246 ± 0.3292 0.0021

b0 −13.4623 ± 4.9782 0.0078 −1.9449 ± 0.1556 −80.4560 ± 10.6436 0.0001

b1 (S1
mix) 16.4623 ± 5.1388 0.0022 14.8847 ± 2.1908 −23.1982 ± 1.8558 0.0001

b2 (S2
mix) 9.1349 ± 2.4418 0.0003 10.2415 ± 2.3918

27.8095 ± 2.2247
0.0001

b3 (S3
mix) 9.7560 ± 2.5748 0.0002 9.1933 ± 1.7354

35.1992 ± 2.8159
<0.0001

b4 (S4
mix) 4.2440 ± 1.1602 0.0004 4.8581 ± 1.1221

11.2879 ± 1.1902
<0.0001

b5 (S5
mix) 2.2980 ± 0.6482 0.0006 2.5621 ± 0.1188

10.1747 ± 1.3976
<0.0001

b6 (S6
mix) −0.9176 ± 1.0696 0.3927 −2.4281 ± 0.8779 −14.7126 ± 1.1770 0.2666

b7 (S7
mix) −4.5381 ± 1.1435 0.0020 −4.1497 ± 0.6632

−9.6777 ± 0.7742
<0.0001

b8 (S8
mix) −8.9573 ± 1.9634 <0.0001 −9.2237 ± 1.6373 −25.6581 ± 2.0526 <0.0001

b9 (S9
mix) −10.0312 ± 2.8589 0.0006 −11.4736 ± 3.6473 −32.0013 ± 2.5601 0.0001

b10 (S10
mix) −12.9604 ± 3.6943 0.0006 −13.9250 ± 4.4560 −42.7492 ± 3.4199 0.0001

R2 0.7758 0.9654

R2
adj 0.7564 0.9624

RMSE 1.1865 0.6558

F value 39.8120 39.8120

p-value <0.0001 <0.0001
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Figure 1. Comparison between experimental data and (a) MLR model, (b) PLR model, and (c) ANN
model. (�) data set for model development, ( )) data set for model validation.
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As described in the literature, linear regression calculates an equation that minimizes
the distance between the fitted line and all data points. In general, a model fits the data
well if the discrepancies between the observed and predicted value are minimal and
unbiased. According to Cheng et al. (2014) [16], the coefficient of determination and
adjusted coefficient of determination can be considered as summary measures for the
goodness of fit of any linear regression model. Moreover, Le Mann et al. (2010) stated
that the model can be regarded as appropriate if the coefficient of determination is above
0.75 [17]. Based on this, it can be concluded that both the MLR (R2 = 0.7758) and PLR
(R2 = 0.9654) models developed in this work are applicable for the description of DESs’
pH values based on Si

mix descriptors but not with the same accuracy. When analyzing
RMSE errors, it is evident that the PLR model (Figure 1b) ensures significantly smaller data
dispersion (RMSE = 0.6558) in comparison to the MLR model (RMSE = 1.1865) (Figure 1a).
As previously described, a high-accuracy model is strongly desired. However, the increase
in the accuracy is usually accomplished by the increase in the complexity of the models by
increasing the number of model parameters. For practical application, a model with fewer
parameters is easier to interpret and, therefore, more suitable for the application.

A high R2 value alone does not guarantee that the model fits the data well, so the
model’s goodness of fit was further confirmed by residual analysis. The residuals from a
fitted model are the differences between the responses observed and the corresponding
prediction of the response computed using the regression function. If the model’s fit
to the data was correct, the residuals would approximate the random errors that make
the relationship between the explanatory variables and the response variable a statistical
relationship. Therefore, if the residuals appear to behave randomly, it would suggest
that the model fits the data well [18]. Analyzing the results presented in Figure 2, the
residuals for the MPLR and PLR models were found to be normally distributed (Figure 2a,b).
Furthermore, because the residual plots were gathered roughly along a straight line, the
normality condition was met. The bell-shaped histograms that display the measurement
distribution also verified the normal distribution of the residuals (Figure 2a,b). The residual
vs. predicted value plots (Figure 2a,b) reveal that the residuals have no pattern, implying
that the models match the experimental data well. Additionally, the residuals were found
to range around the central value (Figure 2a,b) without obvious outliers, which means that
the level of randomization was appropriate and that the sequence of testing had no effect
on the findings [19].

Analysis of the MLR and PLR model coefficients showed that all coefficients, except b6
(coefficient multiplying S6

mix), were statistically significant. It can also be noticed that for
both models, the coefficients from b1 to b5 have a positive influence on the output variable
while the coefficients from b6 to b10 have a negative influence on the analyzed model output.
The results are easily interpreted in terms of b1 to b5, which are associated with the negative
potential region and thus with hydrogen bond accepting and basicity properties on the
one hand, and b7 to b10, which are associated with the positive potential region and thus
with hydrogen bond donating and acidity properties on the other hand. b6 turns out to be
related to the neutral potential region insignificantly contributing to the pH value. As for
the other b coefficient values, the more distant the potential region is from the zero (neutral
value), the stronger its influence (whether positive or negative) on the pH value. Thus, the
model seems to have a clear and rather simple physical significance. Although statistical
analysis showed that the coefficient b6 was not significant, the variable S6 was not excluded
from the modeling. This result indicates that there is no correlation with the dependent
variable at the population level, but this could be changed if a different data set was used.
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The ANOVA revealed that the created MLR and PLR models were statistically sig-
nificant, with p values < 0.001. Moreover, higher F-test results (F value = 39.8120) and
lower p values, according to Greenland et al. (2016) [20], show the relative relevance of
the created models. Based on the presented results it can be concluded that the collected
findings demonstrate the dependability of the created models throughout the spectrum of
variables evaluated.

2.3. Artificial Neural Network Modelling

The applicability of the artificial neural network models for predicting the DES pH
values based on the σ profiles was also studied. The best neural network was chosen based
on the following criteria: R2 and RMSE for training, test, and validation sets taking into
account the number of neurons in the hidden layer. The properties of the created networks
that were chosen are shown in Table 3. Based on the goodness of fit and validation error
and considering the number of neurons in the hidden layer, the MLP model 10-5-1 was
selected as optimal. Fewer neurons in the hidden layer make the ANN architecture simpler.
The selected ANN was characterized by 10 neurons in the input layer, 5 neurons in the
hidden layer, and 1 neuron in the output layer. The hidden activation function for the
selected ANN was Tanh while the output activation function was Logistic. The described
ANN provides a good agreement between the experimental data and the data predicted by
the model (R2

validation = 0.9797, RMSEvalidation = 0.0012). As presented in Figure 1c, it can
be observed that the data are distributed around the fitted function and that there are no
evident outliers. As for the MLP and PLR models, the residual analysis was also performed
for the ANN model (Figure 2c) and confirmed the ANN model’s goodness of fit through a
normal probability plot of the residuals (Figure 2c), residuals versus the predicted values
plot (Figure 2c), histogram of the residuals (Figure 2c), and residuals versus the order of
the data plot (Figure 2c).

Table 3. Architecture of the developed ANN (selected network is marked in bold). The numbers in
the network name denote the number of neurons in the input, hidden, and output layers, respectively.

Network Name
Training Perf./
Training Error

Test Perf./
Test Error

Validation Perf./
Validation Error

Hidden
Activation

Output Activation

MLP 10-13-1 0.9734, 0.0021 0.9751, 0.0031 0.9578, 0.0042 Logistic Logistic
MLP 10-11-1 0.9812, 0.0013 0.9802, 0.0018 0.9794, 0.0018 Tanh Exponential
MLP 10-10-1 0.9803, 0.0013 0.9827, 0.0016 0.9788, 0.0019 Tanh Tanh
MLP 10-10-1 0.9808, 0.0017 0.9806, 0.0021 0.9716, 0.0019 Tanh Logistic
MLP 10-5-1 0.9868, 0.0011 0.9799, 0.0012 0.9797, 0.0012 Tanh Logistic

Based on the presented results, it can be concluded that the σ profiles are good
molecular descriptors of DESs since the mathematical correlation of the experimental and
predicted values is high. Moreover, based on the obtained R2 values and the residual
analysis, it can be concluded that both the PLR and ANN model can be efficiently applied
for the prediction of the DES pH values based on the σ profiles. Due to the simplicity of the
PLR model, this model is proposed for the prediction of physicochemical properties.

2.4. MLR, PLR, and ANN Models’ Independent Validation

Validation of the MLR, PLR, and ANN models developed for the prediction of the
DES pH values based on the σ profiles was performed on the independent set of data. The
validation set included the σ profiles of 16 DESs. Comparisons between the experimental
data and model-predicted data are shown in Figure 2. The validation performance of the
developed models was estimated based on R2 and RMSE and the obtained values were as
follows: (i) for MLR R2 = 0.7097, RMSE = 1.1140; (ii) for PLR R2 = 0.8605, RMSE = 0.7652;
and (iii) for ANN R2 = 0.8885, RMSE = 0.82926.

It can be noticed that all three proposed models predict the pH value with high
accuracy. As expected, the highest R2 between the experiment and model-predicted data
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was obtained for ANN prediction of the analyzed DES pH values while the lowest R2

between the experiment and model-predicted data was obtained for the MLR model. These
findings demonstrate that σ profile ANN modeling is a useful and reliable method for
predicting DES pH values based on the σ profiles. Nevertheless, considering RMSE, it can
be noticed that the PLR model can efficiently be used for the prediction of pH values based
on the σ profiles. As described, the R2 values are scaled between 0 and 1, whereas the
RMSE is not scaled to a specific value and, therefore, provides explicit information about
how much the prediction deviates.

As stated before, it was relatively easy to link the parameters of the MLR and PLR
models to their physical significance. On the other hand, ANNs, by definition, belong to a
class of agnostic models and, thus, it is difficult, if not impossible, to reveal their physical
meaning. At the same time, this is the reason why they behave much better in interpolation
than in extrapolation. The independent validation presented here may be considered as
interpolation since the DES members of the independent validation dataset belong to the
same DES classes as those used for constructing the model. However, given the rather
simple and rather clear relation between the σ profile and pH as revealed by MLR, there
is no true reason to believe that the models would behave poorly in extrapolation, even
for ANN, i.e., for DES classes not involved in the development of the models. However,
this is yet to be checked, e.g., for DESs based on metal chlorides or DESs containing ionic
liquids, etc.

The current literature data refer to the prediction of other physicochemical properties
(such as viscosity and density) and only a narrow range of values characteristic for limited
groups of structurally related DESs [11–14]. Based on our current knowledge, only one
study has investigated the development of a mathematical model for DES pH value predic-
tion [13]. In that study, the pH literature data of 41 DESs were processed in a similar way
using the COSMO-RS and mathematical models, MLR and ANN, also covering a variety
of cations, anions, and functional groups. The literature study [12] used literature data
and included different temperatures (with temperature as an input parameter) while our
study used our data obtained at a single temperature. The literature study also showed
the potential of MLR and ANN modeling for the prediction of the pH value, however,
with more complex models (models with more coefficients) than those developed in this
work. Taking into consideration the specific future application of the developed models, it
is recommended that they are as simple as possible and as robust as possible. Summing up
the presented results, it can be concluded that the PLR model developed in this research
can efficiently be used for the prediction of a wide range of DES pH values based on the
σ profiles.

3. Materials and Methods

3.1. Materials

Betaine, choline chloride, glucose, L-(−)-proline, oxalic acid, sucrose, sorbitol, and
xylitol were all purchased from Acros Organics, USA. Citric acid, D-fructose, D-(+)-xylose,
D,L-malic acid, ethylene glycol, glycerol, and urea were all purchased from Sigma-Aldrich,
USA. BIOVIA TmoleX19 version 2021 software (Dassault Systèmes, Vélizy-Villacoublay,
France) was used for geometry and energy optimization of the HBAs and HBDs used in
this study. BIOVIA COSMOtherm 2020 version 20.0.0. software (Dassault Systèmes) was
used for the σ profile calculations of the defined DESs.

3.2. Methods
3.2.1. DES Preparation

DESs were prepared by mixing defined molar ratios of HBA to HBD. The two or
more components were weighed in a specific ratio in a round-bottomed glass flask, adding
10–50% (w/w) of water. Then, the flasks were sealed, and the mixtures stirred and heated
to 50 ◦C for 2 h until homogeneous transparent colorless liquids formed. The DES abbrevi-
ations and corresponding molar ratios are given in Table 1.
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3.2.2. pH Value Measurement

The pH values for each DES were determined with a pH/ion meter S220 using an
InLab Viscous Pro-ISM pH-electrode (Mettler Toledo, Greifensee, Switzerland), all within
the pH measuring range 0.36–9.31 at room temperature. The instrument was calibrated
using standard pH buffer solutions. Additionally, the pH values were checked with litmus
paper (range 1–14). All measurements were carried out in duplicates and the results were
expressed as an average value ± standard deviation.

3.2.3. Calculation of DES Constituents’ σ Profiles and Descriptors

All molecules used for DES preparation: HBA, HBD, and water, were geometrically
and energetically optimized in the BIOVIA TmoleX19 version 2021 (Dassault Systèmes)
software. Quantum chemical calculations were performed by adopting DFT (density
functional theory) with the BP86 functional level of theory and def-TZVP basis set [10]. To
create a simplified and user-friendly database, for each molecule, the single most abundant
non-ionized conformer with the lowest energy was chosen and used for further calculations.
Molecules consisting of two or more ions (e.g., choline chloride) were treated as ion pairs
and their structures were optimized according to Abranches et al. (2019) [21]. Finally, the
software-generated COSMO file for each optimized molecule contained its σ profile curve
that provided a quantitative representation of the molecules’ polar surface screen charge
on the polarity scale. HBAs are characterized by peaks in the negative potential region,
HBDs by peaks in the positive potential region, and nonpolar molecules by peaks in the
potential region around zero.

To define the molecular descriptors for all DES constituents, the σ profile curve for
each HBA, HBD, and water was divided into 10 regions. The width of each region was
0.005 e/Å2, covering the range from −0.025 to +0.025 e/Å2. The areas under the curve were
integrated separately for each defined region. This was achieved by simple summation of
the tabulated σ profile data point ordinate values as presented by the BIOVIA COSMOtherm
2020 software. The ordinate values lying on the boundaries of the regions were split into
halves and each half was attributed to one of the neighboring regions. Thus, 10 S descriptors
(S1–S10) of the σ profiles were calculated exactly as the numerical values of these 10 areas
(Table A1).

3.2.4. Calculation of DES Descriptors

Any change in the DES composition can be described by a change in its σ profile
and the associated numerical value of its descriptors. To obtain a unique descriptor set
for each particular DES, the σ profiles of its constituents were processed in the following
manner. The descriptors of the studied DESs (Si

mix) were calculated from the HBA and
HBD component (and in some cases water) descriptors according to Equation (1) proposed
by Benguerba et al. (2019) [11]:

Si
mix =

NC

∑
j=1

XjSi
σ−profile,j (1)

where i denotes the descriptor number (1–10), j stands for the DES constituent number, Xj
is the molar fraction of HBA or HBD or some other constituent such as water if present in
the mixture, Si

σ-profile,j is the j-th constituent i-th descriptor, and NC is the total number of
constituents from which DES is prepared. All the experiments were performed at 20 ◦C.

3.2.5. Modeling of Correlation between pH and Descriptors

In further calculations, it was assumed that the measured DES pH value can be
described as a function of the σ profile of the mixture, expressed by a set of Simix descriptors
in Equation (2):

pH = f
(

S1
mix, S2

mix, S3
mix, S4

mix, S5
mix, S6

mix, S7
mix, S8

mix, S9
mix, S10

mix

)
(2)
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Multiple linear regression (MLR) with Equation (3), piecewise linear regression (PLR)
with Equation (4), and artificial neural network (ANN) models were attempted to describe
the relationship between the input and output variables. The dataset included 142 data
points (that included replicates), of which 126 were used for model development and 16
(randomly selected) for independent model validation:

pH = b0 + b1·S1
mix + b2·S2

mix + b3·S3
mix + b4·S4

mix + b5·S5
mix + b6·S6

mix + b7·S7
mix + b8·S8

mix + b9·S9
mix + b10·S10

mix (3)

pH =

⎛⎜⎜⎝
⎧⎪⎪⎨⎪⎪⎩

b01 +
10
∑

i=1
bi1·Si

mix ∀(pH ≤ bn)

b02 +
10
∑

i=1
bi2·Si

mix ∀(pH > bn)

⎫⎪⎪⎬⎪⎪⎭
⎞⎟⎟⎠ (4)

The PLR technique is based on estimating the parameters of two linear regression
equations: one for dependent variable values (y) less than or equal to the breakpoint (bn)
and the other for dependent variable values (y) higher than the breakpoint.

The MLR parameters in Equation (3) were estimated using least square regression
while the PLR parameters in Equation (4) were estimated using the Levenberg–Marquardt
algorithm implemented in the software Statistica 13.0 (Tibco Software Inc, Palo Alto, Santa
Clara, CA, USA). The algorithm searches for optimal solutions in the function parameter
space using the least squares method. The calculations were performed in 50 repetitions
with a convergence parameter of 10–6 and a confidence interval of 95% [22].

In addition, multilayer perceptron (MLP) ANNs were used for the prediction of DES
pH values based on the Simix descriptors. The ANN models included an input layer,
hidden layer, and output layer. The input layer included 10 neurons representing the
Simix descriptors, the output layer had only one neuron, and the number of neurons in the
hidden layer varied between 4 and 13 and was randomly selected by the algorithm. The
hidden activation function and output activation function were selected randomly from
the following set: Identity, Logistic, Hyperbolic tangent, and Exponential. The dimension
of the data set for ANN modeling was 126 × 11 and was randomly divided into 70% for
network training, 15% for network testing, and 15% for model validation. Model training
was carried out using a back error propagation algorithm and the error function was a sum
of squares implemented in Statistica v.13.0 Automated Neural Networks. The developed
model’s performance was estimated by calculating the R2 and root mean squared error
(RMSE) values for the training, test, and validation sets.

Validation of the developed MLR, PLR, and ANN models was performed on an
independent data set, including the Simix descriptors for 16 randomly selected DESs. The
validation performance of the developed models was estimated based on the R2 and root
mean squared error (RMSE).

4. Conclusions

The applicability of MLR, PLR, and ANN to predict the pH values of DESs was
evaluated. The results indicate that although simple linear regression can be used for the
description and prediction, its effectiveness and applicability are limited. On the other
hand, PLR and ANN are applicable to predict the pH values of DESs with a very high
goodness of fit (R2 > 0.8600). The contribution of this work lies in the development of a
user-friendly model to predict pH values in a wide range (from 0.525 to 9.25), indicating
that the developed models are good for the prediction of the pH value of newly synthesized
DESs. However, due to the simplicity of the developed PLR model, it could be suggested
as a model of choice for use in daily work and screening purposes.

Nevertheless, this approach can also be extended to other physicochemical properties
since this study confirmed previous findings that showed how the σ profile generated in
COSMOtherm is a valuable DES molecular descriptor. It could be a good basis for the
evaluation of various mathematical models to develop a simple and applicable prediction
model for everyday laboratory or industrial applications.
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It is interesting to comment on the influence of the addition of water to a DES. In our
previous article [7], based on a limited set of data, it was noticed that the addition of water
to extremely acidic DESs increases their pH values, and the addition of water to highly
basic DESs decreases their pH values. Thus, it seemed that the addition of water somehow
mellowed the pH environments. On the other hand, on a larger set of data, as presented
here, this conclusion does not hold any more: there are difficult-to-predict exemptions to
the rule. On the other hand, the COSMO-RS calculation results in combination with the
non-presumptive numerical models, such as MLR, PLR, and ANN, are perfectly suitable to
tackle those difficult-to-predict systems.
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A.J.T. and J.A.P.C.; visualization, M.P., M.R. (Marko Rogošić), and A.J.T.; supervision, I.R.R.; project
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Appendix A

Table A1. S descriptors (S1–S10) of the σ profiles from compounds from which DESs were prepared.

Intervals B Betaine
ChCl

Choline
Chloride

Pro LD-
proline

CA
Citric Acid

MA
Malic Acid

OxA
Oxalic Acid

U Urea H2O

σ
-p

ro
fi

le

[−0.025; −0.02] 1 0 0 0.506 4.861 3.5955 0 0 0
[−0.02; −0.015] 2 0 0 5.186 14.9695 10.5215 7.5105 6.35 6.35
[−0.015; −0.01] 3 11.869 16.1615 6.9485 13.5665 9.368 20.482 10.027 10.027
[−0.01; −0.005] 4 59.1185 66.196 17.199 29.212 28.535 9.0145 3.5195 3.5195

[−0.005; 0.0] 5 36.625 34.4875 60.605 29.3465 23.3925 7.9265 2.1635 2.1635
[0.0; 0.005] 6 4.5285 5.6435 21.7815 23.467 18.1455 13.051 2.8725 2.8725

[0.005; 0.01] 7 3.2405 6.6525 10.6 37.877 25.726 7.606 4.055 4.055
[0.01; 0.015] 8 7.719 18.3 17.614 38.933 30.6435 11.679 5.2285 5.2285
[0.015; 0.02] 9 22.3525 30.0465 5.2065 1.0135 2.3845 13.8265 8.2765 8.2765
[0.02; 0.025] 10 8.202 0.0525 1.3475 0 0 0 0.172 0.5775

Intervals
EG

ethylene
glycol

Sol
sorbitol

Gly
glycerol

Xyol
xylitol

Fru
Dfructose

Glc
Dglucose

Suc
sucrose

Xyl
Dxylose

σ
-p

ro
fi

le

[−0.025; −0.02] 1 0 0.1725 0.013 0.037 0.1655 0.213 0.108 0.037
[−0.02; −0.015] 2 3.8055 15.884 7.828 9.216 11.8325 23.022 11.1905 8.7015
[−0.015; −0.01] 3 7.638 20.8955 11.4065 15.941 16.9895 28.444 14.5935 12.9035
[−0.01; −0.005] 4 20.2675 41.5705 19.6085 43.0415 36.2095 61.232 35.406 34.6755

[−0.005; 0.0] 5 28.038 30.5525 34.6465 35.965 39.319 54.567 28.5165 45.0735
[0.0; 0.005] 6 9.973 18.7645 15.0725 19.083 19.565 29.1605 15.066 17.7475

[0.005; 0.01] 7 7.9725 21.5775 10.103 20.848 19.4555 26.6145 20.4555 17.2715
[0.01; 0.015] 8 10.5605 28.283 17.194 28.977 30.9465 47.3685 29.0795 23.517
[0.015; 0.02] 9 9.6155 20.752 10.7865 10.9745 11.901 26.0425 8.4485 12.688
[0.02; 0.025] 10 0.0035 0.15 0.0115 0 0 1.082 0 0.005
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Abstract: The atomic picture of cellulose dissolution in alkali/urea aqueous solution is still not clear.
To reveal it, we use trehalose as the model molecule and total scattering as the main tool. Three kinds
of alkali solution, i.e., LiOH, NaOH and KOH are compared. The most probable all-atom structures
of the solution are thus obtained. The hydration shell of trehalose has a layered structure. The smaller
alkali ions can penetrate into the glucose rings around oxygen atoms to form the first hydration
layer. The larger urea molecules interact with hydroxide groups to form complexations. Then, the
electronegative complexation can form the second hydration layer around alkali ions via electrostatic
interaction. Therefore, the solubility of alkali aqueous solution for cellulose decreases with the alkali
cation radius, i.e., LiOH > NaOH > KOH. Our findings are helpful for designing better green solvents
for cellulose.

Keywords: neutron total scattering; cellulose; dissolution mechanism; layered structure; complexation

1. Introduction

Cellulose is the world’s most produced natural polymer, and it is a potential candidate
to replace petroleum-based materials. To achieve high performance, cellulose has to be
dissolved first [1].

Cellulose is difficult to dissolve. Strong inter- and intra-chain interactions prevent its
structure from being deconstructed. In industry, the widely used viscose method produces
a large amount of alkaline and acidic waste, carbon disulfide and hydrogen sulfide gases.
It pollutes the environment. N-methylmorpholine noxide (NMMO) and ionic liquids (ILS)
are environment friendly, but they have high costs [1].

Around 2000, Prof. Zhang proposed the use of precooled NaOH/LiOH urea aqueous
solution to dissolve cellulose [1,2]. This solvent has the advantages of fast dissolution,
low cost and low pollution and, thus, has good application prospects. Unfortunately,
the solubility of cellulose in green solvent is still too low to reach the requirements of
industrial production. We need to know the dissolution mechanism first to increase its
solubility. Lots of methods, such as NMR, FTIR, DSC, TEM, et al., have been used. These
studies qualitatively showed that cationic hydrates are more easily adsorbed around
cellulose molecules to form a new, stable hydrogen bond network at low temperatures,
and hydrates of urea molecules form a sheath-like inclusion complex (IC) around their
periphery [3–5]. Bjorn et al. summarized the dissolution mechanism of cellulose and
proposed that cellulose is amphiphilic and that hydrophobic interactions are important
for its solubility [6–9]. Wolfgang et al. agreed that hydrophobic interactions are the
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driving forces in an amorphous system, but all types of cellulose are highly crystalline so
hydrogen bonds must be broken before hydrophobic interactions can be effective, and this
requires a strong alkaline medium [10]. To reveal the dissolution mechanism of cellulose in
alkaline/urea aqueous solution, a detailed atomic picture needs to be presented.

The combination of neutron total scattering and empirical potential structure refine-
ment (EPSR) can observe in situ the most probable all-atom structure of the liquids [11,12].
In a previous study, we used the combined methods to study the atomic structure of tre-
halose in NaOH/urea aqueous solution [13]. We used trehalose as the model molecule for
cellulose, because it has similar glucose rings and is one of the disaccharide molecules that
has no reducibility (other binary sugars, such as cellobiose, glucose, maltose and lactose,
are oxidized in the alkaline solution during neutron total scattering experiments). We found
that NaOH, urea and water work cooperatively to dissolve trehalose. Na+ accumulates
around electronegative oxygen atoms in the hydration shell, while urea molecules only
participate in the dissolution process via Na+ bridging. Additionally, we predicted that
alkali with smaller ions, such as LiOH, have better solubility for cellulose.

To prove this, we further observed the microscopic dissolution pictures in two different
alkali/urea aqueous solutions, i.e., LiOH and KOH. Then, we compared them with previous
results in NaOH/urea aqueous solution. The hydration shell of trehalose has a layered
structure; cations directly interact with the glucose rings to form the first hydration layer. It
destroys their intra- and intermolecular hydrogen bonds. Thus, the smaller the radius of
the cation, the easier it approaches the inside of the glucose ring. From K+ to Na+ to Li+, its
ability to dissolve cellulose gradually increases. Urea does not directly interact with glucose
rings, and it forms strong complexations with hydroxide groups. The urea hydration
complexation forms the second hydration layer via electric interaction. It prevents it from
re-aggregating. Temperature effect was also investigated. The atomic structure of the
solution did not change when it was cooled down to −10 ◦C (or −5 ◦C). Taking into
account the fact that cellulose only dissolves in green solvent at lower temperatures, the
dissolution had to be a dynamic process.

2. Theory and Methods

2.1. Neutron Scattering Method and SANDALS

The total neutron scattering experiment is an important method for the study of the
atomic structure of liquids. In neutron scattering, the observed neutron structure factor
(F(Q)) and the atomic structure of the sample have the relationship:

F(Q) =
N

∑
α=1

cαb2
α + ∑

α=1,β≥α

(
2 − δαβ

)
cαcβbαbβ{4πρ

∫ ∞

0
r2(gαβ(r)− 1

) sin(Qr)
Qr

dr} (1)

where Q and r are the momentum transfer and the distance between the two atoms in the
sample; ci and bi (i = α, β) are the quantity ratio and neutron scattering length of i species;
δαβ is the Kronecker δ function; ρ is the atomic number density of the sample; and gαβ (r) is
the radial distribution function (hereinafter referred to RDF), which reflects the microscopic
atomic structure of amorphous matter.

gαβ(r) =
nαβ

4πr2 drρβ
(2)

where nαβ is an average number of β atoms around an α atom contained in a spherical
shell with r radius and dr thickness; ρβ is the average number density of β atoms in the
sample; and gαβ(r) describes the number density change of the β atom as the function of the
distance from the α atom, which reflects the interaction between atoms α and β. We used
g(1)αβ(r) to mark the first peak of gαβ(r). It represents the closest, most probable distance
between atoms β and α. The peak height indicates the ratio of the atomic number density
of atom β to its average value at this position.
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The neutron total scattering experiments were performed at SANDALS in ISIS (Didcot,
UK) and Multi-Physics Instrument (MPI) in CSNS (Dongguan, China). The scattering
vector (Q) range was from 0.1 Å−1 to 50 Å−1. This means that the instrument could only
measure the micro-structure of samples from ~0.1 Å to ~30 Å. Therefore, we chose trehalose
as the model molecule for cellulose. The size of trehalose is ~11.6 Å; we could, thus,
use a neutron total scattering instrument to observe its microscopic atomic structure in
alkali/urea aqueous solution.

2.2. EPSR Simulations

The empirical potential structure refinement (EPSR) is a program developed by Prof.
Soper to explore the most probable, all-atom structure of an experimental sample based on
neutron scattering [11]. EPSR is essentially a Monte Carlo simulation program. In EPSR,
there are two kinds of potential energy: reference potential and experimental potential. The
reference potential is taken from the molecular dynamics simulation force field, which is
used to realize the basic structural constraints of the simulation system, such as molecular
structure, the minimum distance between atoms, etc.; the experimental potential is the
structural data observed in the neutron scattering experiment [11,12]. After the experiment,
we used EPSR simulation to reconstruct the atomic structure of the experimental sample.

2.3. Experiment Samples

The trehalose, LiOH, KOH and urea used in the experiment were purchased from
Shanghai Aladdin Reagent Company. The purity of trehalose was over 99%, and the purity
of alkali and urea was over 99.9% for both. Both deuterated urea and heavy water were
purchased from Sigma-Aldrich China. The deuteration rate of heavy water was over 99.9%,
and the deuteration rate of urea was over 98%.

In this study, we used SANDALS and MPI to observe 4 kinds of experimental sample
with different chemical components. They were aqueous solutions of trehalose/LiOH/urea,
trehalose/KOH/urea, trehalose/LiOH and trehalose/KOH. The molar ratio of each com-
ponent in the sample was consistent with that in Prof. Zhang’s experiment [2]. Each kind
of solution included three different deuterated ratio test samples, i.e., full hydrogen, full
deuterium and half deuterium. All samples were measured at room temperature (25 ◦C)
and −10 ◦C. However, the trehalose LiOH/urea aqueous solution froze at −10 ◦C in the
neutron scattering experiment, so we raised the temperature of this sample to −5 ◦C. Each
sample was measured in a flat sample cell of titanium–zirconium alloy with a capacity of
1.3 mL for approximately 6 h. Empty sample cells were measured for approximately 4 h for
background subtraction. The sample composition and symbols are shown in Table 1.

Table 1. Sample labels, chemical components, deuterium ratios and molar ratios of the samples.

Sample Labels Li(K)TrH2O/HDO/D2O Li(K)TrUrH2O/HDO/D2O

Chemical Component Li(K)OH Trehalose Water Li(K)OH Urea Trehalose Water
Deuterium Ratio 0.0/0.5/1.0 0.0/0.5/1.0

Molar Ratio Li(K)OH:Urea:Trehalose:Water = 222:254:64:5716

For the EPSR simulation and the following discussion of the results, the symbols of
the atoms in trehalose were as shown in Figure 1. Oxygen and hydrogen atoms of H2O
were labeled as OW and HW, respectively; alkali cations were labeled as Li, Na and K,
respectively; the oxygen and hydrogen atom of hydroxide anion were labeled as OOH
and HOH, respectively; and the carbon, oxygen, nitrogen and hydrogen atoms in the urea
molecule were labeled as CU, OU, NU and HU, respectively. The label of each atom and the
parameters of reference potential used in EPSR simulation are listed in Table 2(1,2). Among
them, epsilon and sigma are the parameters of the Lennard-Jones reference potential (L-J),
and q is the charge of the atoms [13–17]. The information for the EPSR simulation box is
shown in Table 3. The data about NaOH aqueous solutions can be found in our previous
study [13].
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Figure 1. Structure of a trehalose molecule and its atomic labels used in EPSR simulation. All carbon
atoms are labeled as C; all hydrogen atoms connected to the oxygen atom are labeled as H; the
remaining hydrogen atoms connected to the carbon atom are labeled as M; the oxygen atom linking
the two glucose rings is labeled as O1; the oxygen atoms on the glucose ring is labeled as O2; the
oxygen atoms on the hydroxyl group connected to the glucose ring are labeled as O3; and the oxygen
atom on the methyl group is labeled as O4. In order to describe the distribution of atoms around
trehalose with spatial angles, we set up a coordinate system with O1 as the coordinate origin. The
blue arrow connecting two C atoms at the glucose rings represents the direction of the X-axis; the red
arrow pointing vertically to the blue arrow from O1 is the direction of the Y-axis; the Z-axis is the
cross product of the X-axis and the Y-axis, which is approximately perpendicular to the paper.

Table 2. Lennard-Jones (L-J) reference potential parameters and charge (q) of atoms used in EPSR.

(1)

Atom Label OW HW Li Na K OOH HOH CU OU

e [KJ/mole] 0.650 0.000 0.690 0.125 0.500 0.251 0.184 0.439 0.878
σ [Å] 3.166 0.000 1.510 2.500 3.000 2.750 1.443 0.375 2.960
q [e] −0.848 0.424 0.679 0.679 0.679 −1.103 0.424 0.142 −0.390

(2)

Atom Label NU HU C O1 O2 O3 O4 H M

e [KJ/mole] 0.711 0.000 0.276 0.586 0.586 0.711 0.711 0.050 0.121
σ [Å] 3.250 0.000 3.500 3.100 2.900 3.100 3.100 1.700 1.700
q [e] −0.542 0.333 0.258 −0.500 −0.500 −0.500 −0.500 0.301 0.000

Table 3. Cubic simulation box atomic number density and number of molecules used in EPSR.

Sample Labels Li(K)OH Urea Trehalose Water Density (Atoms/Å3)

Li(K)TrH2O 222 0 64 5716 0.106531 (Li)
0.103323 (K)

Li(K)TrUrH2O 222 254 64 5716 0.106405 (Li)
0.103437 (K)

3. Results

The neutron scattering structure factor and EPSR simulation results of different sam-
ples are shown in Figure 2. As shown in the figure, the EPSR simulation results and the
neutron scattering profiles were in good agreement. Therefore, the structure reconstructed
by EPSR represented the most probable atomic structure of the solutions.
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Figure 2. Experimental neutron total scattering profiles (dashed black lines), the EPSR fitted neutron
structure factors (red lines) and their differences (blue dots). (a) Trehalose in LiOH/urea aqueous
solution, (b) trehalose in LiOH aqueous solution, (c) trehalose in KOH/urea aqueous solution,
(d) trehalose in KOH aqueous solution. Data have been offset for clarity.

EPSR gave us the most probable, all-atom structures in trehalose alkali/urea aqueous
solution. The simulation, as shown in Figure 3, qualitatively showed the distribution
diagram of Li+, Na+, K+ ions and urea molecules around trehalose. In order to improve
the statistics, the ions and atoms in the figure were the number of atoms gathered in the
100-frame EPSR simulation conformation. Three things could be seen directly. The first
thing was that those ions and urea molecules were anisotropically distributed around
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trehalose because of steric repulsion, so we built a coordinate system around its O1 atom
(Figure 1). Thus, RDF could be calculated at different space angles. The second thing was
that ions concentrated around the hydrophilic oxygen atoms of trehalose, and smaller ions
were much more easily penetrated into the glucose ring, from K+ to Na+ to Li+ (Figure 3a).
The third thing was that larger urea molecules could not directly interact with trehalose,
and they were further away from trehalose than the ions (Figure 3b).

 

Figure 3. The schematic diagram of the accumulation of alkali metal ions and urea molecules
around trehalose. (a) Li+ (blue dots), Na+ (dark blue dots), K+ (red dots) ions are distributed around
a trehalose molecule. (b) Distribution of Li+ and the oxygen atoms of urea (red dots) around a
trehalose molecule.

Then, we quantitatively analyzed the distribution of alkali, urea and water, as shown
in Figure 3. We paid specific attention to the hydration shell around the oxygen atoms (we
call them Os hereafter) of the glucose rings. They included all of the hydrophilic atoms on
the glucose rings.

Because Os are electronegative, the first hydration shell had to be electropositive.
There are three kinds of electropositive atom in an alkaline system, i.e., hydrogen atoms
of urea and water and cations of alkali. Thus, there were 3 × 4 = 12 kinds of g(r) between
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them and the Os. There was only one g(1)(r) larger than 1, i.e., it was between cation
and the Os. From the previous study, we knew that cations play a role in breaking the
intra- and inter-molecular hydrogen bonds of cellulose. So, we first examined the RDF
distribution between the cations and oxygen atoms of trehalose. Figure 4 compares the
RDFs of Li+/Na+/K+ ions and O1~O4. Here, we separated Os into two groups. O1 and
O2 were in one group, while O3 and O4 were in the other group. We discussed their
RDFs with cations, respectively. In group one, both O1 and O2 were inside the glucose
rings. g(1)O1-K(r)~5, centered at r1~2.6 Å. This means that the first K+ shell around O1 was
centered about 2.6 Å, where the K+ concentration was five times larger than the average K+

concentration in the solution. g(1)O1-Na(r)~10, located at r1~2.4 Å, and g(1)O1-Li(r)~20 was at
r1~2.0 Å. Thus, smaller cations were more close to O1, and their concentrations were 10 and
20 times their averaged concentration in solution. Similar things happened around O2. In
group two, both O3 and O4 were in the periphery of the glucose rings. The spaces around
them were, thereby, relatively open. g(1)O-K(r)~1.8, centered at r1~2.8 Å; g(1)O-Na(r)~1.9,
centered at r1~2.45 Å; and g(1)O3-Li(r)~1.4, centered at r1~2.1 Å. Larger ions more easily
concentrated around them.

Figure 4. RDF distributions between the alkali metal ions and the solute oxygen atoms. g(r)s between
Li+, Na+, K+ and O1 (a), O2 (b), O3 (c), O4 (d) of trehalose.

From these comparisons, it was found that the Li+ ions were closest to the two oxygen
atoms inside the glucose ring, i.e., O1 and O2, while larger ions, such as Na+ and K+,
were more likely to be enriched near O4. Because the LiOH urea aqueous solution had
the most powerful solubility, these comparisons confirmed that the cations in the alkaline
solution directly interact with the glucose ring. An interesting result was that K+ ions with
a relatively larger ionic radius were more concentrated around oxygen atoms away from
the center of the glucose ring. This may explain why the KOH/urea aqueous solution
had a better dissolving effect on chitin [18]. We suppose that, in the dissolution process
of chitin, breaking the association between the side groups may be crucial, while, in the
dissolution process of cellulose, breaking the interaction between the glucose backbones is
a prerequisite.

Then, we looked for the components in the second layer of the hydration shell. The
first hydration shell was electropositive, so the second shell had to be electronegative.
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There were four electronegative solvent atoms in the system, i.e., OW, NU, OU and OOH.
They themselves or their complexations composed the second hydration layer. We listed
all of their g(r) with the Os and compared their structures with gO1-Li(r) in LiOH/urea
aqueous solution. Figure 5 assumes that they were isotropically distributed. We added
two dash lines to indicate their possible boundary. It is easy to see that all of those g(r),
except g(1)OW-O3 /O4(r), were smaller than 1. Therefore, three conclusions can be made, i.e.,
the second hydration layer almost did not exist; it was anisotropically distributed, or it
only existed around O3 and O4 on the periphery of the glucose ring. We checked them one
by one.

Figure 5. RDF distributions of some solvent atoms, i.e., Li, OW, OU, NU and OOH, around Os atoms
in trehalose LiOH urea aqueous solution. (a–d) is the RDF distribution around O1 to O4, respectively.
The dashed lines are used to indicate the boundary of the second hydration shells.

As shown in Figure 3, the distributions of cations and urea around O1 and O2 were
very asymmetric. To quantitatively study the asymmetry of cationic and electronegative
atoms around O1, we calculated their g(r) as a function of spatial angle. In the calculation,
the setting of the coordinate axis was as shown in Figure 1. We first set a cone with an apex
angle of 60◦ and the Y coordinate axis as the axis of symmetry. Then, we placed the apex
of this cone at O1. Finally, we let the cone take O1 as the center of rotation and rotated it
around the X-axis and calculated the g(r) changes with the rotation angle. The calculation
results showed that g(1)O1-Li(r) reached its maximum value between 90◦ and 180◦, which
coincided with the Z-axis. Figure 6 shows gO1-Li(r), gO1-OW(r), gO1-OU(r), gO1-NU(r) and
gO1-OOH(r) along the Z-axis. g(1)O1-OW(r), g(1)O1-OOH(r) and g(1)O1-NU(r) were larger than
1.0. Therefore, electronegative OW, OOH, NU or their complexation composed the second
hydration layer.
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Figure 6. RDF distributions of Li, OW, OU, NU and OOH around O1 atom along Z-axis. The dashed
lines are used to indicate the boundary of the second hydration layer.

The existence of urea is crucial for dissolving cellulose in green solvent. Previous NMR
observations claimed that the amino group of urea forms an electronegative complexation
with OH− through hydrogen bonding. Such complexations wrap around cations and
eventually form cellulose–NaOH–urea–H2O inclusion complexes (ICs) [5,19]. To clarify
this, we listed all of the possible complexations between OH− and urea (Figure 7a). There
were four possibilities, i.e., HU as the proton donor to form a hydrogen bond with OW
(HB1) and OOH (HB2), NU as the proton acceptor (HB3) and OU as the proton acceptor
(HB4). Figure 7b gives the RDFs between OW and NU, OW and HU and HW and NU.
We used 2.9 ± 0.3Å as the donor–acceptor distance constraint and linear bond (±20◦) as
the angle constraint to define the hydrogen bond. The possibility of forming a hydrogen
bond for HB1 and HB3 was 78.5% and 10.9%, respectively. Thus, HU prefers forming a
hydrogen bond with OW. Figure 7c shows the RDFs between OOH and NU, OOH and
HU and HOH and NU. If we used 2.5 ± 0.4 Å as the donor–acceptor distance constraint
and (±20◦) as the angle constrain to define the hydrogen bond, the possibility of forming a
hydrogen bond for HB2 was 51.9%. Thus, HU can also form a hydrogen bond with OOH.
Finally, Figure 7d is the RDF between OW and OU and HW and OU. They could form a
hydrogen bond (HB4), but they were away from the second hydration layer, as shown in
Figure 6. Therefore, as a proton donor, the amino group of urea can hydrogen bond with
hydroxy group to form complexations. The electronegative complexation forms the second
hydration layer.

Temperature effect on dissolution was also investigated. Figure 8 shows the neutron
scattering profiles of trehalose in LiOH urea aqueous solutions at 25 ◦C and −5 ◦C and their
differences. It can be seen that there was no obvious difference between the two different
temperatures. Therefore, low temperature does not change the atomic structure of the
solutions. It only increases the stability of the solution, making it difficult for the dissolved
cellulose to re-aggregate.
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Figure 7. Schematic representation of the four important hydrogen bonds that urea forms with
water and OH− (a). The colors of the four atoms C, H, O and N are cyan, white, red and blue,
respectively. RDF distributions between the atoms of urea and H2O/OH− in trehalose LiOH urea
aqueous solution (b–d).

Figure 8. Neutron total scattering profiles of trehalose in LiOH/urea aqueous solution at 25 ◦C and
−5 ◦C and the difference between them (green lines).
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4. Conclusions

In this research work, we used trehalose as a model molecule and neutron scattering
and EPSR simulation as the main tools to study the rapid dissolution mechanism of
cellulose in alkali/urea aqueous solution. The three-dimensional atomic structures of
trehalose in three different alkali/urea aqueous solutions were thus compared. Alkali, urea
and water work cooperatively to dissolve trehalose. A layered hydration shell is crucial.
Cations directly interact with the Os of the glucose rings. They first break the inter- and
intra-hydrogen bonding. The smaller the ions, the more easily they penetrate into the
glucose rings. Urea molecules are too large to approach the glucose ring. As proton donor,
their amino group can form a hydrogen bond with the hydroxyl group. The resultant
electronegative complexation constitutes the second hydration layer via bridging force.
They further stabilize trehalose and prevent it from re-aggregating.

We also found an interesting phenomenon, that is, Li+ ions are more concentrated
around O1 and O2, while K+ ions are more concentrated in the vicinity of O3 and O4,
especially near O4. Although the low-temperature aqueous solution of KOH urea could not
dissolve cellulose, it could dissolve chitin; at the same time, the low-temperature aqueous
solution of LiOH/NaOH urea could dissolve cellulose, but could not dissolve chitin [18].
Based on this experimental evidence, we speculate: in the dissolution of cellulose, breaking
the hydrogen bond formed by O1 and O2 is the key factor, while, in the dissolution of
chitin, breaking the hydrogen bonds formed by its hydroxyl and amide groups is crucial.
These findings are expected to be verified in future experiments.
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Abstract: In this study, deep eutectic solvents (DESs) were synthesized using different ratios of choline
chloride (CC) and dicarboxylic acids, and their eutectic temperatures were determined. The DES
synthesized using CC and glutaric acid (GA), which showed a higher extraction efficiency than con-
ventional solvents, was used for the extraction of flavonoid components from Pyrus ussuriensis leaves
(PUL), and the extraction efficiency was evaluated using the response surface methodology. The
flavonoid components rutin, hyperoside, and isoquercitrin were identified through high-performance
liquid chromatography (HPLC), equipped with a Waters 2996 PDA detector, and HPLC mass spec-
trometry (LC-MS/MS) analyses. The optimum extraction was achieved at a temperature of 30 ◦C
using DES in a concentration of 30.85 wt.% at a stirring speed of 1113 rpm and an extraction time of
1 h. The corresponding flavonoid content was 217.56 μg/mL. The results were verified by performing
three reproducibility experiments, and a high significance, with a confidence range of 95%, was
achieved. In addition, the PUL extracts exhibited appreciable antioxidant activity. The results showed
that the extraction process using the DES based on CC and GA in a 1:1 molar ratio could effectively
improve the yield of flavonoids from PUL.

Keywords: Pyrus ussuriensis leaves; flavonoids; deep eutectic solvent; response surface methodology;
green extraction

1. Introduction

Eco-friendly chemistry has recently attracted considerable attention, and “green sol-
vents” based on natural substances are being proposed as useful alternatives to conven-
tional organic solvents [1]. Among them, deep eutectic solvents (DESs) are highly suitable
for the extraction of a wide range of natural compounds [2]. Natural DESs (NADESs) occur
in a variety of living cells and play an important role as an alternative medium for the
biosynthesis, transport, and storage of natural products [3]. DESs are typically composed
of nontoxic substances occurring naturally in some plants. These solvents can be used to
extract naturally occurring compounds that can be incorporated directly into food formu-
lations without performing additional separation steps. Therefore, DESs have significant
advantages over conventional solvents. In addition, several DESs have been found to
increase the stability of natural compounds during extraction and storage [4]. Therefore,
studies have been performed to determine the potential utility of DESs as extraction media
for sparingly soluble bioactive compounds that are not amenable to aqueous extraction [5,6].
DESs consist of mixtures of a wide range of hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA) species. Typical HBAs are nontoxic quaternary ammonium salts or
amino acids, such as alanine, proline, and glycine, and HBDs are primarily organic acids,
such as oxalic, lactic, and malic acids, or carbohydrate-based substances, such as glucose,
fructose, and maltose. Alcohol, amine, aldehyde, ketone, and carboxylate functionalities
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are highly versatile and can be used to prepare custom solvents of virtually unlimited
combinations, as they are capable of both HBA and HBD functions. The nature of the
interaction that occurs depends on the type of solid material that forms the liquid [7–9]. The
temperature, viscosity, stability, and solvent melting properties are related to the strength
of the hydrogen bonds [10].

DESs are typically used to extract hydrophobic components that cannot be efficiently
extracted with water, as well as to extract hydrophilic components [11,12]. Flavonoids
are important active compounds that exist in more than 5000 natural states, and are
known to have excellent antioxidant properties because they effectively eliminate active
oxygen species [13–15]. Recently, as the role of active oxygen species in the progression of
degenerative diseases has been gradually recognized, research has been underway on the
development of antioxidants that can arrest and eliminate active oxygen species [16–18].

Pyrus bretschneideri (genus: Pyrus, family: Rosaceae), the third most important tem-
perate climate fruit species after grapes and apples, has been cultivated in more than
50 countries since it was first cultivated in China 2000 years ago [19,20]. The genus Pyrus
contains twenty-two widely recognized primary species, including at least six wild species
and three interspecific hybrids [21]. Pear trees are a deciduous tree plant species belonging
to the genus Pyrus, and are one of the representative cultivated varieties that have been
introduced and grown nationwide in Korea [22]. Pyrus ussuriensis is a deciduous tree
belonging to the family Rosaceae. Parts of this tree have been used in the private sector as
medicinal products to treat vomiting, diarrhea, and fever. The fruits have been historically
enjoyed by our ancestors [23]. PUL are used as a traditional herbal medicine for treating
asthma, coughs, and fever, and although they are effective in treating atopic dermatitis,
reports on the efficacy of certain components are insufficient [24]. The separation of iso-
prenoid alcohols and polyphenols from the leaves of Pyrus ussuriensis has been reported,
along with the separation of flavonoids from the stems. However, more studies have been
focused on the well-known Korean tree Pyrifolia Nakai [25,26].

The main purpose of this study is to synthesize DESs using choline chloride (CC) and
dicarboxylic acids, and apply them to extracting flavonoids from PUL. In the process of
extracting flavonoid components from PUL, the conditions that can maximize the extraction
efficiency have been determined using the response surface methodology (RSM).

2. Results and Discussion

2.1. Chemical Profiling of PUL Extracts

A total of 30.02 g of dried PUL was extracted to obtain 4.24 g of freeze-dried extract
powder (yield: 14.12%). To analyze the active compounds present in the PUL, the extract
was subjected to liquid chromatography–tandem mass spectrometry (LC-MS/MS) anal-
ysis. On performing LC-MS/MS analysis, valid peaks corresponding to the flavonoid
components were detected in the range of 35–37 min at a wavelength of 270 nm. As can be
observed in Figure S1A, the m/z value of [M-H]- was 609.15 at 35.0 min. The m/z value
of [M-H]− was 463.09 at 35.2 min and 35.6 min (Figure S1B,C). From the results of the
MS analysis, rutin, hyperoside, and isoquercitrin were determined to be the flavonoid
components of PUL. In this study, the HPLC-MS/MS results show that rutin, hyperoside,
and isoquercitrin are the active flavonoid components present in the PUL extracts. To
confirm the presence of the flavonoids in the PUL extracts, standard samples of rutin,
hyperoside, and isoquercitrin were subjected to HPLC analysis equipped with a Waters
2996 PDA detector, and the resulting chromatograms were compared with that obtained
for the PUL extract (Figure 1). The retention times of the standard rutin, hyperoside, and
isoquercitrin samples are consistent with those of the peaks 1, 2, and 3 of the PUL extract.
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Figure 1. HPLC chromatograms of PUL extract and standard samples. Detection interval of
(A) extract, (B) rutin, (C) hyperoside, and (D) isoquercitrin.

2.2. Preparation of DES and Selection of DES by Extraction Efficiency

Five types of DESs were synthesized, using CC as the HBA. Different dicarboxylic
acids were employed as the HBDs. All the HBDs contain two carboxyl groups, but differ
in the total number of carbon atoms. The efficiencies of the solvent extractions of the
flavonoids from PUL, using the various DESs, are listed in Table 1. The extraction efficiency
of the flavonoids is expressed as the sum of the extraction contents of three components:
rutin, hyperoside, and isoquercitrin. Three standard samples of each extract were evaluated
using HPLC with a correlation coefficient of 0.99. The contents of the flavonoids in the
extract were determined using this standard curve. All the extraction efficiencies with
the DESs were higher than those obtained with water (used for comparison), except for
that pertaining to the DES synthesized using adipic acid. The extraction efficiencies of
PUL with the malonic- and glutaric acid (GA)-based DESs were significantly higher than
those with the other DESs. Therefore, the DES prepared using GA and CC was selected
for the extraction of PUL prior to the optimization of the extraction condition. The HBDs
and HBAs in the DES can interact with the cellulose and lignin in the plant cell walls to
promote loosening of the cell wall structure and enable easy extraction of the intracellular
components. A higher maximum extraction efficiency was achieved with the DES than
without it, which was consistent with previous reports [27]. In addition, the current results
show that when CC is used as the HBA, the extraction efficiency varies with the types of
HBD used. Higher extraction efficiencies were achieved using DESs based on structurally
similar dicarboxylic acids with odd numbers of carbon atoms. It has been confirmed that
the structures of the HBDs affect the extraction efficiency, and it can be observed in Table 1
that the molar ratios vary depending on the structures. The current results also indicate
that the eutectic temperature is determined by the structure of the HBD. Field emission
scanning electron microscopy (FE-SEM) studies indicated the penetration of trace amounts
of the solvents on the PUL surface during the extraction process. The FE-SEM images of
the pre- and post-extraction PUL samples are shown in Figure 2. As can be observed in
Figure 2A, there was no solvent penetration on the surface of the pre-extraction PUL, while
traces of solvent penetration were observed when the extraction was performed with water
(Figure 2B). The FE-SEM images of the PUL surfaces after DES extraction (Figure 2C,D)
indicate the occurrence of sufficient solvent penetration. The high solubility of the plant
cell wall components, such as lignin, cellulose, and flavonoids, in the DES facilitated the
penetration of the solvent, which led to structural changes in the overall leaf surface. The
efficient penetration of plant tissues by the DES prepared using GA and CC proves that it
can serve as an environmentally friendly solvent for isolating natural active components.
Based on the penetration, it can be concluded that the synthesized covalent solvent is
sufficiently functional.
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Table 1. Extraction efficiency of flavonoids from PUL.

HBD, Carbon
Number

Choline Chloride/HBD
(Molar Ratio)

Melting Point
(◦C)

Flavonoid Contents *
(μg/mL)

Control (H2O) Control - 105.926 ± 1.652
Oxalic acid (C2) 2: 1 75 150.586 ± 3.072

Malonic acid (C3) 1: 1 69 162.169 ± 3.016
Succinic acid (C4) 2: 1 80 155.945 ± 2.070
Glutaric acid (C5) 1: 1 60 171.326 ± 3.615
Adipic acid (C6) 2: 1 84 32.113 ± 0.353

* Flavonoid contents are the sum of contents of the three components (rutin, hyperoside, and isoquercitrin).

Figure 2. Configuration of PUL surface after extraction using different solvents. (A) PUL surface
before extraction; (B) PUL surface after extraction with water; (C) PUL surface after extraction with
DES synthesized using CC and malonic acid; (D) PUL surface after extraction with DES synthesized
using CC and GA.

2.3. Optimization of Extraction Conditions for Flavonoids by RSM

Four factors were considered for optimizing the extraction conditions of the DES
prepared using GA and CC: temperature, extraction time, DES content, and stirring speed.
According to the results of the single-factor experiment (Figure S2), the four factors were
subjected to the Box–Behnken design (BBD) analysis. The three levels of extraction tem-
perature were 30, 60, and 90 ◦C, while those of the extraction time were 1, 24.5, and 48 h.
The three levels of DES content were 10, 50, and 90%, and those of the stirring speed were
450, 850, and 1250 rpm. The design parameters were determined using the Design-Expert
software and the results are listed in Table 2. The Design-Expert software was used to
simulate the results of the BBD analysis. The obtained quadratic polynomial regression
equation for the extraction efficiency Y, as the sum of the contents of rutin, hyperoside, and
isoquercitrin, versus the temperature (A), extraction time (B), DES content (C), and stirring
speed (D) was as follows:

Y (content of flavonoids) = 147.43 − 16.44A − 10.20B − 28.63C + 25.72D − 32.66AB +
1.18AC − 15.59AD + 10.62BC − 0.6583BD − 9.24CD + 20.68A2 + 10.77B2 − 48.72C2 + 13.77D2
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Table 2. Design and experimental response values based on BBD analysis.

Run

Factor
Flavonoid

Content (μg/mL)Temperature
(A, ◦C)

Extraction Time
(B, h)

DES Content
(C, %)

Stirring Speed
(D, rpm)

1 30 24.5 50 450 126.1
2 30 24.5 10 850 118.6
3 60 1 90 850 79.0
4 60 24.5 90 450 93.4
5 90 24.5 50 1250 223.0
6 90 24.5 10 850 95.8
7 60 24.5 50 850 149.6
8 60 48 50 450 147.2
9 60 24.5 90 1250 83.9

10 60 24.5 50 850 139.9
11 60 24.5 50 850 147.4
12 90 24.5 90 850 76.4
13 90 48 50 850 114.8
14 30 24.5 90 850 94.5
15 60 48 50 1250 157.3
16 30 48 50 850 221.3
17 30 24.5 50 1250 291.1
18 60 1 10 850 173.1
19 60 1 50 1250 151.9
20 60 48 10 850 135.2
21 60 24.5 50 850 147.6
22 60 24.5 50 850 152.6
23 60 48 90 850 83.6
24 90 1 50 850 231.3
25 30 1 50 850 207.2
26 90 24.5 50 450 120.3
27 60 1 50 450 139.2
28 60 24.5 10 450 152.1
29 60 24.5 10 1250 179.7

The results of the variance analysis of the above equation are listed in Table 3. Ac-
cording to the analysis of variance (ANOVA), the p-value (0.0441) of the four-factor global
model was significant. The model F-value of 2.57 implied that the model was significant.
The quadratic coefficients (A2, B2, C2, and D2) also had a significant effect, while the
linear coefficients (A, B, C, and D) and terms representing the interaction between two
factors had a negligible effect. Therefore, the above model can be employed to predict the
extraction efficiency of the DES toward PUL. In the DES extraction, the content of DES
was found to be the variable with the highest influence on the content of flavonoids. It
also affected the order of the stirring speed, extraction temperature, and extraction time.
The results confirmed that all the interactions, except that between the extraction temper-
ature and extraction time, were insignificant. Figure 3 depicts a three-dimensional (3D)
response surface curve based on the regression polynomial. It represents the range of three
independent variables, while the fourth variable is held at level 0. As can be observed
in Figure 3A, the extraction efficiency increased as the extraction temperature and time
increased. On the other hand, it tended to increase initially and then decrease, depending
on the DES content. The maximum extraction efficiency was achieved at a DES content
of 30.85%. At low stirring speeds, the extraction efficiency was found to increase with
temperature. However, when the stirring speed is fast, the extraction efficiency decreases
as the temperature increases, and then increases again when the temperature reaches 60 ◦C.
The optimal extraction conditions predicted from the three-dimensional response surface
curves were as follows: extraction temperature: 30◦C, extraction time: 1 h, DES content:
30.85%, and stirring speed: 1113.1 rpm. The optimized conditions corresponded to a pre-
dicted flavonoid content of 217.515 μg/mL. Three confirmatory tests, performed under the
predicted conditions, showed high significance, with error rates within 5%, and flavonoid
yields of 223.37, 219.10, and 227.11 μg/mL.
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Table 3. ANOVA statistical results.

Source Sum of
Squares

Degree of
Freedom

Mean of
Square

F-Value p-Value

model 53,142.77 14 3795.912143 2.57 0.0441
A-A 3241.96 1 3241.96 2.2 0.1606
B-B 1248.81 1 1248.81 0.8457 0.3733
C-C 9834.27 1 9834.27 6.66 0.0218
D-D 7936.66 1 7936.66 5.38 0.0361
AB 4266.84 1 4266.84 2.89 0.1112
AC 5.53 1 5.53 0.0037 0.9521
AD 972.46 1 972.46 0.6586 0.4306
BC 451.55 1 451.55 0.3058 0.589
BD 1.73 1 1.73 0.0012 0.9732
CD 341.66 1 341.66 0.2314 0.6379
A2 2775.34 1 2775.34 1.88 0.192
B2 751.98 1 751.98 0.5093 0.4872
C2 15,394.76 1 15,394.76 10.43 0.0061
D2 1229.1 1 1229.1 0.8324 0.377

Residual 20,672.24 14 1476.588571
Lack of Fit 20,584.39 10 2058.439 93.73 0.0003
Pure Error 87.85 4 21.9625
Cor. Total 73,815.01 28

Figure 3. Response surface in Box–Behnken experimental design for the four factors influencing
the extraction of flavonoids. (A) Effect of temperature and extraction time; (B) effect of temperature
and DES content; (C) effect of temperature and stirring speed; (D) effect of extraction time and
DES content; (E) effect of extraction time and stirring speed; and (F) effect of DES content and
stirring speed.

2.4. Evaluation of Antioxidant Activity

The antioxidant activity of the flavonoids extracted from the PUL under the opti-
mum conditions was evaluated at various concentrations. The flavonoid concentration
corresponding to 50% free radical scavenging activity was calculated based on L-ascorbic
acid, which constituted the positive control group. As can be observed in Figure 4, the
2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity increases as the
concentration of the extract is increased. However, it does not increase when the maximum
concentration is reached. The concentrations of L-ascorbic acid (positive group) and the
eluted extract corresponding to 50% DPPH radical scavenging activity were 59.54 and
299.68 ppm, respectively. The antioxidant activity of the active component of the PUL
extracted using the DES was approximately 1/6 that of L-ascorbic acid. It was, thus, con-
firmed that the active components of the PUL extracted using the DES had potential utility
as antioxidants.
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Figure 4. DPPH radical scavenging activity of PUL extract under optimal extraction conditions.

2.5. Evaluation of Anti-Inflammatory Effectiveness

Inflammatory reactions are defense mechanisms against external invaders, which
produce a variety of inflammatory factors. Among them, nitric oxide (NO) is a highly
reactive biomolecule. When cells are stimulated by lipopolysaccharides (LPSs), they pro-
duce NO in the presence of inducible nitric oxide synthase (iNOS) [28,29]. The inhibition
of NO production in RAW 264.7 cells stimulated by LPSs is illustrated in Figure 5. Both
the DES and PUL extract obtained using the DES showed cytotoxicity at concentrations
exceeding 0.3%. As can be observed in Figure 5A, the DES did not inhibit the generation
of NO at a concentration of 0.1%, while the PUL extracts obtained using the DES signifi-
cantly inhibited NO generation (up to 26.1%) at the same concentration (Figure 5B). The
anti-inflammatory properties of the active components of the PUL extracted using the DES
were, thus, demonstrated.

Figure 5. Effect of DES and PUL extract on the production of NO in LPS-stimulated RAW 264.7 cells.
(A) DES synthesized using CC and GA; (B) PUL extract obtained using DES synthesized from CC
and GA.

50



Molecules 2022, 27, 2798

3. Materials and Methods

3.1. Materials

Dried PUL were provided by the National Institute of Biological Resources. Choline
chloride (≥99.0%), oxalic acid, anhydrous (≥98.0%), and malonic acid (≥99.0%) were sup-
plied by Samchun Chemical Co., Seoul, Korea. Succinic acid (≥99.5%) was purchased from
Junsei Chemical Co., Japan, Glutaric acid (≥99.0%) was supplied by Daejung Chemicals
and Metals, Gyunggi-do, Korea. Adipic acid (≥99.0%) was procured from Sigma Aldrich,
USA. Acetonitrile (ACN, CH3CN, 99.9%, Fisher Chemical, Loughborough, UK) was used
as a solvent for the mobile phase of HPLC, and acetic acid (CH3COOH, ACS reagent, Sigma
Aldrich, St. Louis, MO, USA) was used as an additive.

3.2. Extraction and Determination of Flavonoids in PUL

PUL were dried and crushed up to 50 mesh. The crushed leaves (30 g) were extracted
by stirring for 2 h at 30 ◦C with 600 mL of 70% ethanol, followed by filtration. The
extract was obtained in powder form by concentrating and freeze-drying. The extract
was subjected to HPLC analysis on a Waters 2695 separation module equipped with a
Mightysil RP-18GP column (KANTO CHEMICAL, Japan). The sample was examined at a
wavelength of 270 nm (UV) using a detector (Tunable Absorbance Detector, Waters, USA).
Two solution systems were used in the HPLC mobile phase: the A solution (acetonitrile
containing 0.1 wt.% acetic acid) and B solution (distilled water containing 0.1 wt.% acetic
acid). The analysis was performed at a flow rate of 1.0 mL/min. The mobile phase B was
eluted from 0 min to 100% and to be 70% to 40 min, 40% from 40 to 45 min, 10% to 50 min,
and 100% to 60 min.

3.3. Preparation of DES

CC, a naturally occurring quaternary ammonium salt, was used as the HBA, and
a dicarboxylic acid with two carboxy groups was used as the HBD to prepare the DES.
The dicarboxylic acids were classified according to their carbon numbers, and the ratios
were determined experimentally from oxalic (C2) to adipic acid (C6). The corresponding
DESs were synthesized and used for extraction. In the ratio determination experiment, a
thermomixer (Eppendorf thermomixer comfort, Eppendorf, Germany) was used to mix the
HBA and HBD at ratios ranging from 3:1 to 1:3 at room temperature. The HBA and HBD
were allowed to react under stirring at 950 rpm for 30 min. The temperature was raised
by 2 ◦C/30 min until the formation of a transparent liquid, and the process was recorded.
After determining the ratio, the mixture was heated at 80 ◦C for 2 h to obtain a uniform
and stable transparent solution, which was aged in an oven for 24 h at 60 ◦C prior to use in
extraction. The characteristic properties of the synthesized DESs are listed in Table 1. The
molar ratio of the HBA and HBD used to synthesize each DES is included in Table 1.

3.4. Extraction with DES

The extractions with the DESs and purified water as extraction solvents were per-
formed as follows: 30 mg of powdered PUL extract was mixed with the solvent and stirred
at 40 ◦C at 950 rpm for 60 min. Each extract was subsequently centrifuged at 13,000 rpm to
separate the supernatant and filtered through a syringe filter prior to analysis. The extract
was subjected to HPLC analysis to determine the content of flavonoids.

3.5. Optimization of the Extraction Condition using the Box–Behnken Design

Based on the results of the screening test, the BBD experimental design of the RSM
was performed using the Design-Expert 12.0 software to optimize the four selected factors,
extraction temperature (◦C), extraction time (h), DES content (%), and stirring speed (rpm),
that influenced the extraction of PUL and could enhance the extraction efficiency of the
flavonoids. The four independent factors were investigated at three different levels (−1, 0,
and +1). The complete experimental design consisted of 29 runs. Each run was repeated
three times.
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3.6. SEM Analysis

The native PUL samples (prior to extraction) and those subjected to extraction with
water, the DES synthesized from CC and malonic acid, and the DES synthesized from
CC and GA were dried at 60 ◦C for 48 h. The surface characteristics of the samples were
observed through a field emission scanning electron microscope (ULTRAPLUS, Carl Zeiss
NTS GmbH, Oberkochen, Germany). The effects of different extraction solvents on the
surface structure were analyzed.

3.7. Antioxidant Activity

The antioxidant activity of the PUL extracts obtained using the DESs synthesized
from CC and different dicarboxylic acids was evaluated using the DPPH assay. DPPH
is a stable radical that exists as a purple solution, which turns bile yellow as the free
radicals are eliminated by hydrogen or electron donors. The radical scavenging activity
was estimated by measuring the change in absorbance [30,31]. L-ascorbic acid was used as
a positive control to compare the scavenging activity. DPPH was dissolved in ethanol at a
concentration of 100 μM. L-ascorbic acid solutions of 50, 100, and 200 ppm concentrations
were prepared, and the samples to be tested were diluted to the desired concentrations. Each
test solution (10 μL) was mixed with the same amount of ethanol in a 96-well plate. To each
of these solutions, 190 μL of DPPH solution (100 μM) was added. After 30 min of reaction at
room temperature, the absorbance was measured at 530 nm using a microplate reader. The
DPPH free radical scavenging activity was calculated according to the following equation:

AA% = 100 −
⎡⎣
(

Abssample − Absblank

)
× 100

Abscontrol

⎤⎦
Abssample is the absorbance of the sample in which the extract and the DPPH solution

are mixed, Absblank is the absorbance inherent in the extract, and Abscontrol is the absorbance
of the DPPH solution.

3.8. Anti-Inflammatory Effectiveness

RAW 264.7 cells were loaded on a 96-well plate at a concentration of 1 × 105 cells/well
and incubated for 1 d in a 37 ◦C incubator. Lipopolysaccharide (LPS) was added at a
concentration of 500 ng/mL to induce NO production, and the samples were allowed to
react for 24 h. After the reaction, the upper solution layer was reacted with Griess reagent,
and the absorbance was measured at 540 nm to estimate the NO production. The cells were
treated with 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) reagent and incubated for an additional hour. The cytotoxicity was determined by
removing all the upper fluid and treating it with 100 μL DMSO to completely dissolve the
cells. Subsequently, the absorbance was measured at 550 nm. In addition, the significance of
the test substance was determined by the two-sample test to meet the biological statistical
criterion of (α): 1%. It treated nordihydroguaiaretic acid (NDGA) as a benign control
group [28,29].

4. Conclusions

In this study, the flavonoid contents of PUL were investigated, and the PUL were
discovered to be rich in flavonoids, such as rutin, hyperoside, and isoquercitrin. Extraction
using different DESs based on CC and dicarboxylic acids was found to effectively improve
the extraction efficiency of the three flavonoids from the PUL. Among the different DESs
tested, the DES based on CC and GA exhibited the highest extraction efficiency. The
extraction conditions were optimized using the BBD analysis. According to these conditions,
the highest extraction efficiency (217.515 μg/mL) could be achieved by performing the
extraction of PUL for 1 h at a temperature of 30 ◦C and stirring speed of 1113.1 rpm, using
the DES based on CC and GA at a concentration of 30.85 wt.%. The extraction efficiency
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achieved using the DES was more than twice as high as that of aqueous extraction. In
addition, the PUL extract obtained using the DES synthesized from CC and GA exhibited
appreciable antioxidant activity, which was approximately 1/6 that of L-ascorbic acid.
The potential utility of the PUL extracts as antioxidants was, thus, demonstrated. The
PUL extract obtained using the DES synthesized from CC and GA significantly inhibited
NO generation (up to 26.1%) at a concentration of 0.1%. These results indicated the anti-
inflammatory properties of the active components of the PUL extracted using the DES.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27092798/s1: Figure S1: liquid chromatogram of PUL
extract and mass spectra of flavonoid peaks; Figure S2: effect of extraction conditions on extraction
efficiency of DES.
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Extraction of Rutin and Rosmarinic Acid from Satureja montana L. and Evaluation of the Extracts Antiradical Activity. Plants 2020,
9, 153. [CrossRef]

6. Sut, S.; Faggian, M.; Baldan, V.; Poloniato, G.; Castagliuolo, I.; Grabnar, I.; Perissutti, B.; Brun, P.; Maggi, F.; Voinovich, D.; et al.
Natural Deep Eutectic Solvents (NADES) to Enhance Berberine Absorption: An In Vivo Pharmacokinetic Study. Molecules 2017,
22, 1921. [CrossRef]

7. de los Ángeles Fernández, M.; Boiteux, J.; Espino, M.; Gomez, F.J.; Silva, M.F. Natural deep eutectic solvents-mediated extractions:
The way forward for sustainable analytical developments. Anal. Chim. Acta 2018, 1038, 1–10. [CrossRef]

8. Abbott, A.P.; Boothby, D.; Capper, G.; Davies, D.L.; Rasheed, R.K. Deep Eutectic Solvents Formed between Choline Chloride and
Carboxylic Acids: Versatile Alternatives to Ionic Liquids. J. Am. Chem. Soc. 2004, 126, 9142–9147. [CrossRef]

9. Abbott, A.P.; Capper, G.; Davies, D.L.; Rasheed, R.K.; Tambyrajah, V. Novel solvent properties of choline chloride/urea mixtures.
Chem. Commun. 2003, 1, 70–71. [CrossRef]

53



Molecules 2022, 27, 2798

10. Jablonský, M.; Škulcová, A.; Malvis, A.; Šima, J. Extraction of value-added components from food industry based and agro-forest
biowastes by deep eutectic solvents. J. Biotechnol. 2018, 282, 46–66. [CrossRef]

11. Liu, Y.; Garzon, J.; Friesen, J.B.; Zhang, Y.; McAlpine, J.B.; Lankin, D.C.; Chen, S.-N.; Pauli, G.F. Countercurrent assisted
quantitative recovery of metabolites from plant-associated natural deep eutectic solvents. Fitoterapia 2016, 112, 30–37. [CrossRef]

12. Dai, Y.; Witkamp, G.-J.; Verpoorte, R.; Choi, Y.H. Natural Deep Eutectic Solvents as a New Extraction Media for Phenolic
Metabolites in Carthamus tinctorius L. Anal. Chem. 2013, 85, 6272–6278. [CrossRef]

13. Tsao, R. Chemistry and Biochemistry of Dietary Polyphenols. Nutrients 2010, 2, 1231–1246. [CrossRef]
14. Heim, K.E.; Tagliaferro, A.R.; Bobilya, D.J. Flavonoid antioxidants: Chemistry, metabolism and structure-activity relationships. J.

Nutr. Biochem. 2002, 13, 572–584. [CrossRef]
15. Williams, R.J.; Spencer, J.P.E.; Rice-Evans, C. Flavonoids: Antioxidants or signalling molecules? Free. Radic. Biol. Med. 2004, 36,

838–849. [CrossRef]
16. Kitahara, K.; Matsumoto, Y.; Ueda, H.; Ueoka, R. A Remarkable Antioxidation Effect of Natural Phenol Derivatives on the

Autoxidation of γ-Irradiated Methyl Linoleate. Chem. Pharm. Bull. 1992, 40, 2208–2209. [CrossRef]
17. Hatano, T. Constituents of natural medicines with scavenging effects on active oxygen species-tannins and related polyphenols.

Nat. Med. 1995, 49, 357–363.
18. Masaki, H.; Sakaki, S.; Atsumi, T.; Sakurai, H. Active-oxygen scavenging activity of plant extracts. Biol. Pharm. Bull. 1995, 18,

162–166. [CrossRef]
19. Moazedi, R.; Nahandi, F.Z.; Mahdavi, Y.; Ebrahemi, M.A. Assessment of genetic relationships of some cultivars of Asian pears

(Pyrus pyrifolia Nakai) with some native pears of Northern Iran using SSR markers. Int. J. Farming Allied Sci. 2014, 3, 923–929.
20. Bell, R. Chapter 14. Pears (Pyrus). Genetic resources of temperate fruit and nut crops. International Society for Horticultural

Science, Wageningen, Netherlands. Acta Hortic. 1990, 290, 657–700.
21. Bell, R.; Quamme, H.; Layne, R.; Skirvin, R. Pears. In Fruit Breeding, Volume I: Tree and Tropical Fruits; Janick, J., Moore, J.N., Eds.;

Wiley: New York, NY, USA, 1996.
22. Kim, M.; Lee, S.; Lee, H.; Lee, S. Phenological Response in the Trophic Levels to Climate Change in Korea. Int. J. Environ. Res.

Public Health 2021, 18, 1086. [CrossRef]
23. Choi, H.-J.; Park, J.-H.; Han, H.-S.; Son, J.-H.; Son, K.-M.; Bae, J.-H.; Choi, C. Effect of polyphenol compound from Korean pear

(Pyrus pyrifolia Nakai) on lipid metabolism. J. Korean Soc. Food Sci. Nutr. 2004, 33, 299–304.
24. Banerjee, S.; Mazumdar, S. Electrospray Ionization Mass Spectrometry: A Technique to Access the Information beyond the

Molecular Weight of the Analyte. Int. J. Anal. Chem. 2012, 2012, 282574. [CrossRef] [PubMed]
25. Chojnacki, T.; Vogtman, T. The occurrence and seasonal distribution of C50-C60-polyprenols and of C100-and similar long-chain

polyprenols in leaves of plants. Acta Biochim. Pol. 1984, 31, 115–126.
26. Park, D.E.; Adhikari, D.; Pangeni, R.; Panthi, V.K.; Kim, H.J.; Park, J.W. Preparation and Characterization of Callus Extract from

Pyrus pyrifolia and Investigation of Its Effects on Skin Regeneration. Cosmetics 2018, 5, 71. [CrossRef]
27. Lu, W.; Alam, M.A.; Pan, Y.; Wu, J.; Wang, Z.; Yuan, Z. A new approach of microalgal biomass pretreatment using deep eutectic

solvents for enhanced lipid recovery for biodiesel production. Bioresour. Technol. 2016, 218, 123–128. [CrossRef]
28. Kundu, J.K.; Surh, Y.-J. Inflammation: Gearing the journey to cancer. Mutat. Res./Rev. Mutat. Res. 2008, 659, 15–30. [CrossRef]
29. Nathan, C. Nitric oxide as a secretory product of mammalian cells. The FASEB journal 1992, 6, 3051–3064. [CrossRef]
30. Ratty, A.; Sunamoto, J.; Das, N.P. Interaction of flavonoids with 1, 1-diphenyl-2-picrylhydrazyl free radical, liposomal membranes

and soybean lipoxygenase-1. Biochem. Pharmacol. 1988, 37, 989–995. [CrossRef]
31. Garcia, E.J.; Oldoni, T.L.C.; de Alencar, S.M.; Reis, A.; Loguercio, A.D.; Grande, R.H.M. Antioxidant activity by DPPH assay of

potential solutions to be applied on bleached teeth. Braz. Dent. J. 2012, 23, 22–27. [CrossRef]

54



Citation: Ghigo, G.; Bonomo, M.;

Antenucci, A.; Reviglio, C.; Dughera,

S. Copper-Free Halodediazoniation

of Arenediazonium

Tetrafluoroborates in Deep Eutectic

Solvents-like Mixtures. Molecules

2022, 27, 1909. https://doi.org/

10.3390/molecules27061909

Academic Editors: Reza Haghbakhsh,

Sona Raeissi and Rita Craveiro

Received: 22 February 2022

Accepted: 11 March 2022

Published: 15 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Copper-Free Halodediazoniation of Arenediazonium
Tetrafluoroborates in Deep Eutectic Solvents-like Mixtures

Giovanni Ghigo 1,*, Matteo Bonomo 1,2,* , Achille Antenucci 1,2 , Chiara Reviglio 1 and Stefano Dughera 1,*

1 Department of Chemistry, University of Turin, Via Pietro Giuria 7, 10125 Turin, Italy;
achille.antenucci@unito.it (A.A.); chiara.reviglio@edu.unito.it (C.R.)

2 NIS Interdepartmental Centre and INSTM Reference Centre, Universiy of Turin,
Via Gioacchino Quarello 15/a, 10125 Turin, Italy

* Correspondence: giovanni.ghigo@unito.it (G.G.); matteo.bonomo@unito.it (M.B.);
stefano.dughera@unito.it (S.D.)

Abstract: Deep Eutectic Solvent (DES)-like mixtures, based on glycerol and different halide organic
and inorganic salts, are successfully exploited as new media in copper-free halodediazoniation of
arenediazonium salts. The reactions are carried out in absence of metal-based catalysts, at room tem-
perature and in a short time. Pure target products are obtained without the need for chromatographic
separation. The solvents are fully characterized, and a computational study is presented aiming to
understand the reaction mechanism.

Keywords: Sandmeyer reactions; deep eutectic solvents; reaction mechanism

1. Introduction

In recent years, the interest in Deep Eutectic Solvents (DESs) has been growing since
they are a potentially environmentally benign and sustainable alternative to conventional
organic solvents [1–3]. Despite the increasing use of DESs in organic synthesis [4–6], they
have scarcely been utilized in the reactions of diazonium salts. In fact, the literature shows
only three very recent examples, where DESs are employed as innocent solvents [7–9].

In our previous paper [10] we studied the behaviour of arenediazonium tetrafluo-
roborates in a new DES formed by KF as a hydrogen bond acceptor (HBA) and glycerol
as a hydrogen bond donor (HBD) as reaction media. A controlled decomposition of dia-
zonium salts took place, with the formation of arenes as hydrodediazoniation products.
We proposed a plausible mechanism where a relatively fast (strictly depending on the
electronic effects of the substituents bound to the aromatic ring) reduction reaction occurs
initiated by the formation of a glycerolate-like species. Interestingly, in some preliminary
tests we found that the behaviour of 4-nitrobenzenediazonium tetrafluoroborate (1a) in
a mixture formed by glycerol (HBD) and KBr or KCl (HBA) was completely different. In
fact, a certain amount of halogenation product was obtained, still alongside the reduction
product. Therefore, in the present paper, we decided to further investigate the reactivity of
these mixtures.

The transformations of arenediazonium salts into several functional groups, such
as halogen, hydroxyl, and cyano, are known as Sandmeyer or Sandmeyer-type reactions
(Scheme 1) and have been widely used both in the fields of research and in industrial
production [11–14].

In particular, halodediazoniation [15–18] represents an important organic transfor-
mation that converts arylamines to aryl halides via a diazonium salt intermediate and
in the presence of Cu(I) as a catalyst. It must be stressed that aryl halides have always
been drawing notable attention as beneficial reagents for arylation or for further aromatic
core modification [19–21]. On these grounds, they have found a wide application in the
synthesis of compound libraries, first of all because of smoothly running arylation reactions,
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as well as metal-catalyzed couplings. Moreover, they are an important structural motif in
molecules, usually of marine origin, that exhibit interesting biological and pharmacological
activity [22,23].

Scheme 1. History of Sandmeyer reactions.

In recent years, this “old” reaction (proposed by Sandmeyer at the end of the 19th cen-
tury [14]) has been revisited and has become an interesting research topic (Scheme 1) [24,25].
In light of these, a conversion of aromatic amines via arenediazonium salts in aromatic
compounds bearing a C-CF3 [26,27], C-B [28,29], C-Sn [30], C-S [31–34], and C-P [35,36]
bonds have been proposed. Furthermore, some research groups, aiming at increasing the
sustainability of the reaction, have developed interesting synthetic procedures that allow
aryl halide to be obtained without the use of copper as a catalyst [37–41].

On this basis, in this paper we report a thorough experimental and theoretical study
of halodediazoniation reactions carried out in various types of DES-like systems and in
total absence of a Cu catalyst.

2. Results and Discussion

As mentioned above, in one of our recent papers [10], we proposed a new DES based
on glycerol and KF as an effective solvent for the green reduction of arenediazonium
salts with almost quantitative yields. In that context, glycerol/KF 6:1 was unambiguously
categorized as a DES system due to an unexpectedly high conductivity (31 S m2 mol−1),
much higher than the values predicted by the Walden plot. Similar behaviour was found
when K+ was replaced by Cs+, indicating the main role of the anion in the formation of a
DES. Indeed, when F− was replaced with Cl− or Br−, the resulting systems presented, from
an electrochemical point of view, a conventional behaviour. Additionally, they seemed to
be ineffective in the reduction reaction whose mechanism is based on the formation of a
glycerolate-like species (i.e., a glycerol molecule involved in a hydrogen bond network).
This evidence pushed us to preliminarily classify glycerol/KBr 6:1 and glycerol/KCl 6:1 as
“simple” salts in solvent mixtures. Similar findings were evidenced when the cation was
tetrabutylammonium (TBA), characterized by a slight decrease in the conductivity of the
system ascribable to the increase in the viscosity due to higher steric hindrance of TBA+

with respect to K+. Indeed, in the case of TBABr-Glycerol systems, Andruch et al. [42]
reported on the formulation of three mixtures in which the molar ratio of TBABr decreased
from 0.5 to 0.20. The latter, having a TBABr:Glycerol ratio of 1:4, presented a DES-like
behaviour with a homogeneous aspect and a relatively low melting point (233 K). However,
our attempt in the formulation of the same mixture led to unstable solutions (some salt is
still present as suspension), proving the needs of a higher amount of HBD (i.e., glycerol).

In this research, we propose a more detailed analysis, also taking into account the
thermal behaviour of the proposed mixtures. Conventionally, Differential Scan Calorimetry
(DSC) is the technique of election to monitor the freezing/melting process, which is clearly
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evidenced by a positive/negative peak due to the exothermic/endothermic nature of the
transition. Unfortunately, in the case of glycerol, these peaks are not detectable due to
the almost heat-neutrality of the freezing process [43], and the same applies to its mixture
with the investigated salts (see Supporting Information). These findings prevented us
from reliably employing DSC to determine the freezing point of our mixtures. Indeed,
the glycerol freezing point is tabulated, but, on the other hand, no values are available
for its mixture with unconventional salts. As a matter of fact, the freezing temperature of
a (glycerol-based) mixture can be theoretically calculated by means of the freezing point
depletion rule (ΔT = Kcr × i × m, where Kcr is the cryoscopic constant, 3.5 K Kg mol−1 for
glycerol [44], i is maximum number of ions in which the solute could be divided, and m is
the molality of the solution). Having this in mind, an ideal mixture should present a ΔT
of 13 K for all systems being independent on the nature of the solute. This should give a
freezing point of 278 K (Tf = 291 K for pure glycerol) for the mixture that is investigated here.
Once ruling out the possibility of effectively employed DSC to detect the freezing point of
the mixtures, we resolved to a different approach (see Experimental part for further details).

The results point out that all investigated mixtures present a freezing point below
260 K (see Table 1), proving an unconventional behaviour. This allows us to unambiguously
classify the analysed solvent as a low-melting system. However, a more detailed study is
required to clarify if the 6:1 ratio effectively corresponds to the exact eutectic mixture or if a
lower freezing point can be obtained by varying the hydrogen bond donor (HBD): hydrogen
bond acceptor (HBA) ratio. Therefore, hereafter we will refer to them as DES-like systems,
also according to what was reported by Abbott and co-workers for similar mixtures [45].
To shed more light on this aspect but limiting the analyses to the case of Gly/KBr systems,
we prepared two other mixtures having a lower (Gly/KBr 4:1) or higher (Gly/KBr 10:1)
amount of HBD, leading to a variation of the magnitude of HBD-HBA interaction. In both
the cases, compared to Gly/KBr 6:1 (Tm = 225 K), higher melting temperature values (i.e.,
238 K and 247 K, respectively) were measured. Therefore, in the following, we focused our
analyses on systems having an HBD/HBA ratio equal to 6.

Table 1. Melting temperature of the different DES-like systems investigated within the paper.

Code HBD HBA
HBD/HBA

Ratio
Melting

Temperature/K

Gly/KBr 4:1 Glycerol KBr 4:1 238
Gly/KBr 6:1 Glycerol KBr 6:1 225

Gly/KBr 10:1 Glycerol KBr 10:1 247
Gly/KCl 6:1 Glycerol KCl 6:1 239
Gly/KI 6:1 Glycerol KI 6:1 251

Gly/TBABr 6:1 Glycerol TBABr 6:1 245
Gly/TBACl 6:1 Glycerol TBACl 6:1 241

Glycerol 1 Glycerol Glycerol - 291 1

Glycerol 2 Glycerol Glycerol - 269 2

1 Tabulated value for pure glycerol. 2 Measured value due to the vitrification process.

Comparing mixtures in which the halogen atom of the HBD is changed, the mixture
containing the Br− demonstrated the lowest melting temperature, whereas Cl− and I−-
based systems melt at higher temperatures (i.e., 239 K and 251 K, respectively). This
evidence proves that the melting temperature of the mixtures cannot be directly correlated
with the electronegativity of the halogen (Cl− > Br− > I−), proving the significance of the
interplay between the different interactions and thus allowing the formation of a stable
DES (-like) system.

Once the nature of the proposed solvent had been elucidated, a model reaction
was preliminarily studied (Table 2), consisting in the reaction, at room temperature, of
4-nitrobenzenediazonium tetrafluoroborate (1a) in both mixtures of glycerol/KBr and con-
ventional organic solvents. The choice of privileging the bromination reactions arises from
the reason that, from the synthetic point of view, bromides, compared to chlorides, can be
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more useful. For example, in the cross-coupling reactions, C–Cl bonds are often too inert,
and bromides (or iodides) leaving groups are required for acceptable yields [46].

Table 2. Bromodediazotation: trial reactions.

Entry Solvent Amount Time (h) Yields of 2a 1 (%)

1 Gly and KBr 2 2.5 mL 24 - 3

2 Gly and KBr 4 2.5 mL 24 - 3

3 EtOH and KBr 2 2.5 mL 24 - 3

4 DMSO and KBr 2 2.5 mL 24 - 3

5 MeCN and KBr 2 2.5 mL 24 - 3

6 Gly/KBr 4:1 5 2.5 mL 24 Traces 3

7 Gly/KBr 6:1 5 2.5 mL 24 Traces 3

8 Gly/KBr 10:1 5 2.5 mL 24 Traces 3

9 Gly/KBr 4:1 5 3.5 mL 12 34 6

10 Gly/KBr 6:1 5 3.5 mL 12 32 6

11 Gly/KBr 10:1 5 3.5 mL 12 29 6

12 Gly/KBr 6:1 5 5 mL 4 72 6

13 Gly/KBr 4:1 5 5 mL 4 62 6

14 Gly/KBr 6:1 5 10 mL 4 72 6,7,8

15 Gly/KBr 4:1 5 10 mL 4 70 6

1 All reactions were carried out at room temperature. Yields refer to pure and isolate 2a. 2 A suspension of KBr
(4 mmol for 2 mmol of 1a) in 2.5 mL of suitable solvent was prepared. 3 GC and MS analyses showed the presence
of nitrobenzene 3a as the only or main product. 4 A suspension of KBr (8 mmol for 2 mmol of 1a) in 2.5 mL of
glycerol was prepared. 5 The reactions were carried out with 2 mmol of 1a. 6 GC-MS analyses also showed the
presence of nitrobenzene 3a. It was removed by evaporation under vacuum. 7 Heating to 40 ◦C, no increase in
yield was observed. 8 After adding 0.1 mmol of Cu(0), same results were obtained. However, the reaction finished
in 30 min.

Firstly, it must be stressed that, at room temperature, when adding salt 1a (2 mmol)
to a suspension of KBr in glycerol, target 1-bromo-4-nitrobenzene (2a) was not formed
(Table 2; entry 1), not even in strong excess of KBr (Table 2; entry 2). Furthermore, the
same negative result was obtained with a KBr suspension in common organic solvents
(Table 2; entries 3–5). This evidence shows that a close interplay between glycerol and
salt is required to activate the target reaction. Thus, homogeneous mixtures of glycerol
and KBr (in various ratios, 10:1; 6:1 and 4:1) were tested. When dissolving 1a (2 mmol) in
2.5 mL of this solution (Table 1; entries 6–8), only traces of 2a were detected. We obtained
the target 2a (Table 1; entries 9–11), albeit still in unsatisfactory yields, using 3.5 mL of
solvent systems. Consequently, we decided to double their amount (5 mL). The reaction
time was 4 h; in these conditions, to our delight, a dramatic increase in yield occurred (72%.
Table 1; entries 12,13). The by-product nitrobenzene (3a) was easily removed under vacuum.
Alternatively, it could be recovered (20% yield) by chromatographing the crude residue
on a short column (see Experimental). It must be stressed that the increase in the amount
of solvent or concentration of KBr (Table 2, entries 14,15) does not lead to higher yields,
further confirming the likely necessity of the instauration of intermolecular interactions.

After this optimization and choosing glycerol/KBr 6:1 (method A) as privileged sol-
vent systems, the scope of this reaction was extended to a wider library of arenediazonium
salts 1 containing both electron-donating and electron-withdrawing groups. The results are
summarized in Figure 1.
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Figure 1. Bromodediazotation scope. 1 Reactions were carried out at room temperature for 4 h:
2 mmol of salts 1 and 5 mL of Gly/KBr (method A) or 5 mL of Gly/TBAB (method B). Longer reaction
times or higher amounts of solvent systems did not lead to increased yields. Yields refer to pure
and isolated 2. 2 In order to remove 3, the crude residue was purified in a chromatography column
(eluent: petroleum ether). The yield of 3d was 26%, and the yield of 3l was 42%. 3 Reactions were
carried out at room temperature for 24 h: 2 mmol of salts 1 and 5 mL of Gly/KBr (method A) or
5 mL of Gly/TBAB (method B). Longer reaction times as well as higher amounts of solvent systems
or higher temperatures did not lead to increased yields. Yields refer to pure and isolated 2. 4 The
reaction was carried out at 35 ◦C suspension of KBr (4 mmol for 2 mmol of 1a) in 2.5 mL of suitable
solvent that was prepared.

Good yields of target aryl bromides 2 were achieved in the presence of electron-
withdrawing groups. On the other hand, a decreasing of the yields was observed in the
presence of electron-donating groups. In any case, longer reaction times or a greater amount
of Glycerol/KBr 6:1 did not lead to sizeable improvements. It must be stressed that all aryl
bromides 2 were obtained in adequate purity, making further chromatographic purification
usually unnecessary since the by-products arenes 3 were usually removed under vacuum.
However, from a GC-MS analysis of the crude residues, it is possible, albeit in a completely
qualitative way, to have indications on the amount of 3 that were formed. The data are
shown in Table 3.
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Table 3. GC-MS analyses of crude residues of bromodediazotation and chlorodediazotation.

Entry Salt
Estimated

Yield (%) of 2 or 4
Estimated

Yield (%) of 3
Yields (%) of
Isolated 2a

Method

1 1a 2a; 75 3a; 24 1 2a; 72 A
2 1a 2a; 88 3a; 10 2a; 82 B
3 1b 2b; 78 3b; 22 2b; 70 A
4 1b 2b; 82 3b; 17 2b; 80 B
5 1c 2c; 65 3c; 34 2c; 67 A
6 1c 2c; 71 3c; 28 2c; 80 B
7 1d 2d; 69 3d; 30 2d; 65 A
8 1d 2d; 67 3d; 33 2 2d; 63 B
9 1e 2e; 28 3e; 72 2e; 20 A

11 1f 2f; 32 3f; 68 2f; 25 A
12 1f 2f; 36 3f; 63 2f; 30 B
13 1g 2g; 60 3g; 38 2g; 53 A
14 1g 2g; 36 3g; 63 2g; 30 B
15 1h 2h; 74 3h; 25 2h; 69 A
16 1h 2h; 77 3h; 22 2h; 68 B
17 1i 2i; 98 3i; traces 2i; 91 A
18 1i 2i; 98 3i; traces 2i; 92 B
19 1j 2j; 94 3j; traces 2j; 85 A
20 1j 2j; 93 3j; traces 2j; 80 B
21 1k 2k; 37 3k; 60 2k; 35 A
22 1k 2k; 42 3k; 55 2k; 40 B
23 1l 2l; 39 3l; 58 3 2l; 35 A
24 1l 2l; 44 3l; 56 2l; 40 B
25 1a 4a; 27 3a; 65 4a; 21 A
26 1a 4a; 25 3a; 67 4a; 18 B
27 1e 4e; - 3e; 74 4e; - A
28 1e 4e; - 3e; 76 4e; - B
29 1f 4f; - 3f; 81 4f; - A
30 1f 4f; - 3f; 81 4f; - B
31 1i 4i; 100 3i; - 4i; 100 A
32 1i 4i; 100 3i; - 4i; 100 B
33 1j 4j; 100 3j; - 4j; 94 A
34 1j 4j; 100 3j;- 4j; 92 B
35 1m 4m; 42 3m; 55 4m; 35 A
36 1m 4m; 43 3m; 53 4m; 33 B

1 The yield of isolated 3a, after purification in chromatography column (eluent: petroleum ether) was 20%. 2 The
yield of isolated 3d, after purification in chromatography column (eluent: petroleum ether) was 26%. 3 The yield
of isolated 3l, after purification in chromatography column (eluent: petroleum ether) was 42%.

In light of the data described above, a second DES-like mixture formed by glycerol
and tetrabutylammonium bromide (TBAB) in ratio 6:1 was used as an alternative solvent to
glycerol/KBr (method B). As can be seen from Figure 1, the results achieved with method
A or, alternatively, with method B, are almost identical. At the end of the reactions, the
solvent system glycerol/KBr was easily recovered (for details see Experimental) and was
used in four consecutive runs (Table 4), without observing a decrease in the yield of 2a.
In fact, potassium tetrafluoroborate, formed in the reaction as a by- product, remained
trapped in the solvent system upon evaporation of the aqueous layer of the extraction,
without interfering in the following runs.
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Table 4. Recovery and reuse of solvent system Gly/KBr 6:1.

Entry Time (h) Yield of 2a (%) 1,2 Recovery of Solvent

1 4 72 4.9 mL 3

2 4 70 4.9 mL 4

3 4 67 4.7 mL 5

4 6 70 4.6 mL 6

5 6 68 4.5 mL
1 Yields refer to the pure and isolated product. 2 The reaction was carried out at room temperature with 2 mmol of
1a and 5 mL of Gly/KBr 6:1. 3 Was used as a solvent in entry 2. 4 Was used as a solvent in entry 3. 5 Was used as a
solvent in entry 4. 6 Was used as a solvent in entry 5.

In order to further expand the scope of the reaction, chloro and iododediazotation re-
actions were also studied. Regarding chlorodediazotation, in order to find optimal reaction
conditions, a model reaction was preliminarily studied with 2,4-nitrobenzenediazonium
tetrafluoroborate (2i) reacting at room temperature in various solvents (Table 5).

Table 5. Chlorodediazotation: trial reactions.

Entry Solvent Amount Time (h) Yields of 4i 1 (%)

1 Gly and KCl 2 2.5 mL 24 - 3

2 Gly and KCl 4 2.5 mL 24 - 3

3 EtOH and KCl 2 2.5 mL 24 - 3

4 DMSO and KCl 2 2.5 mL 24 - 3

5 MeCN and KCl 2 2.5 mL 24 - 3

6 Gly/KCl 4:1 5 5 mL 12 65 6,7

7 Gly/KCl 6:1 5 5 mL 12 63 6,7

8 Gly/KCl 10:1 5 5 mL 12 49 6.7

9 Gly/KCl 6:1 5 5 mL 4 87 6,7

10 Gly/KCl 6:1 5 10 mL 4 100 6

1 All reactions were carried out at room temperature; yields refer to pure and isolate 4i. 2 A suspension of KBr
(4 mmol for 2 mmol of 1i) in 2.5 mL of suitable solvent was prepared. 3 GC and MS analyses showed the presence
of 1,3-dinitrobenzene 3i as the only product. 4 A suspension of KBr (8 mmol for 2 mmol of 1i) in 2.5 mL of glycerol
was prepared. 5 The reactions were carried out with 2 mmol of 1i. 6 GC-MS analyses also showed the presence of
1,3-dinitrobenzene 3i. 7 GC calculated yields.

The optimal reaction conditions (Table 5; entry 10) were found by reacting salt 1i

(2 mmol) with 10 mL of solvent system Glycerol/KCl 6:1 for 4 h. In fact, target 1-chloro-
2,4-dinitrobenzene (4i) was obtained in a quantitative yield. After this optimization, the
scope was extended to arenediazonium salts 1, containing both electron-donating and
electron-withdrawing groups. The results are reported in Figure 2. In the best conditions,
salt 1j furnished 2j in excellent yield. It is necessary to point out that, for the success of
chlorodediazotation, it is essential to have strong electron-withdrawing groups linked to
the aromatic ring. In the case of the salt 1a with a single electron-withdrawing group, a low
amount of 4a was obtained and only with an excess of Gly/KCl 6:1 (20 mL) and heating to
35 ◦C for 4 h. In the presence of electron-donating groups (salts 1e and 1f), the reaction did
not occur. Similar results were obtained using a solvent system formed by glycerol and
tetrabutylammonium chloride (6:1 ratio).
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Figure 2. Chlorodediazotation scope.1 Reaction was carried out at 35 ◦C for 4 h with 20 mL of solvent.
Longer reaction times or higher amounts of solvent systems did not lead to increased yields. Yields
refer to pure and isolated 4. GC and GC-MS analyses showed the presence of 3a as main product or
3e and 3f as only products. 2 Reactions were carried out at room temperature for 4 h: 2 mmol of salts
1 and 10 mL of Gly/KCl (method A) or 10 mL of Gly/TBAC (method B). Yields refer to pure and
isolated 4.

Finally, although the iododediazotization reaction is normally carried out in the
absence of Cu,11,12, Figure 3 reports the preparation of some iododerivatives 5 reacting
some arenediazonium salts 1 in Gly/KI solvent system. The yields are always virtually
quantitative, independently on the nature of the substituent.

Figure 3. Iododediazotation scope. 1 Reactions were carried out at room temperature for 2 h: 2 mmol
of salts 1 and 5 mL of Gly/KI. Yields refer to pure and isolated 5.

As mentioned above, the Sandmeyer reaction has been rediscovered and “modernized”
in recent years. In particular, new methodologies that allow the target products to be
obtained in the absence of copper catalysts have been proposed [37–41]. As a result, in
the light of the above experiments, we have proposed here a sustainable version of the
Sandmeyer halodediazotation reaction. In fact, in our conditions, we were able to achieve
important benefits, including the reaction’s use at room temperature in mild conditions and
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without any metal catalyst and a recoverable and reusable sustainable reaction medium,
which plays the role not only of solvent but also of reagent. Moreover, the target halides
are usually obtained in adequate purity, making further chromatographic purification
unnecessary, and the only solid waste product is potassium tetrafluoroborate, which is
soluble in water.

Beside these aspects, we found it interesting to study this reaction from a mechanistic
point of view. The mechanisms for the reactions in glycerol with fluoride [10], chloride, bro-
mide, iodide, and pure glycerol were calculated for the electron-poor 1a and for the electron-
rich 1f para-substituted benzenediazonium tetrafluoroborates. The preliminary calculations
indicated that the dissociations of 1a and 1f to BF4

− and to 4-nitrobenzenediazonium (1a’)
and 4-methoxybenzenediazonium (1f’), respectively, are thermodynamically favoured by
0.5 and 2.2 kcal mol−1 in terms of free energies, as expected by the ion solvation properties of
glycerol. The tests for the reaction of 1a’ with fluoride suggested that the appropriate model
for the computational study requires the presence of some explicit glycerol molecules.

In the textbooks [47–49], the nucleophilic substitution in arenediazonium compounds
is supposed to take place by the SN1 mechanism where the key intermediate is the phenyl
cation (i.e., phenylium). However, this cation is so reactive that it can recapture the nitrogen
generated in the decomposition (N2-scrambling) [50].

Additionally, attempts to observe the formation of phenyl cations by ionization of aryl
triflates have only succeeded when especially stabilizing groups, such as trimethylsilyl
groups, are present at the 2- and 6-positions of the aromatic ring [51]. Moreover, the experi-
ments that prove the existence of the phenylium have all been performed in an ionizing
but almost non-nucleophilic solvent such as 2,2,2-trifluoroethanol. The transition structure
(TS) that we optimized for the N2-scrabling in 4-nitrobenzenediazonium in glycerol is
located 30.6 kcal mol−1 above 1a’. However, in all the attempts made to optimize this TS
in the presence of explicit glycerol molecules, we found that the C-N bond breaking was
immediately followed by the solvent capture (solvolysis). Therefore, the free 4-phenylium
is not generated, but, after a proton transfer, the final products are the mixed ether 6a and
the protonated glycerol (Scheme 2).

Scheme 2. The solvolysis of the solvated 4-nitrobenezenediazonium 1a’.

Thus, the solvolysis takes place through a concerted TS corresponding to a front-SN2
as illustrated in Figure 4 (up). Indeed, such a mechanism was already proposed in the
literature [52,53], and it is operative also for the halogenations (Scheme 3; an example of
the TS is shown in Figure 4 (down), and the pictures of all structures are reported in the
Supporting Information). All halogenations as well as the solvolysis are irreversible, being
strongly exoergic by 55–60 kcal mol−1 for 1a’ and by 40–56 kcal mol−1 for 1f’ in terms of
free energies. From the activation free energies, we calculated the reaction rate constants k

(Table 6) by means of the Eyring equation [54]. For the halogenations in Gly/potassium
halide 6:1 DES-like systems, we calculated a concentration for the halogenides of 22.8 M,
and from this value as well as from k we estimated the lifetimes k, which are reported
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in Table 5. Although underestimated because of the difficulty in modelling the solvent
effects, we observed that the values of τ for the halogenations were in qualitative agreement
with the experimental findings; the reactions of 1a’ are sensibly faster than those of 1f’.
However, in the case of fluorination, we should remember that in the Gly/KF DES (6:1 ratio)
the reductions are the fastest processes [10]. For the other halogenations, because of the
limitation in the calculation accuracy, the lifetimes are too close to perform any reliable
comparison among the halogens. For iodination we could not exclude radical mechanism
that we did not analyse, being out of the scope of the present paper. The solvolyses, which
are treated as monomolecular processes as a result of the nucleophile being the solvent,
show low k and long lifetimes, in agreement with the fact that mixed ethers 6a and 6f are
never found in the experiments because the other reactions always prevail.

Figure 4. Transition structures for the solvolysis (up) and for the bromination (down) of 1a’ in
glycerol. Unreactive explicit glycerol solvent molecules have been removed for clarity.

Scheme 3. The halogenation of the solvated 4-nitrobenezenediazonium 1a’.
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Table 6. Calculated rate constants and lifetimes for the halogenations and solvolysis of 1a’ and 1f’.

1a’ 1f’

K 1 τ K 1 τ

Fluorination 2.3 × 101 0.002 s 1.2 × 10−5 1.1 h
Chlorination 1.2 × 10−1 0.4 s 2.7 × 10−5 0.5 h
Bromination 3.6 × 10−2 1.2 s 1.0 × 10−5 1.1 h
Iodination 4.6 × 10−1 0.1 s - 2 - 2

Solvolysis 4.1 × 10−6 2.8 days 5.3 × 10−10 60 years
1 In M−1 s−1 for the halogenation and in sec-1 for the solvolysis. 2 Non-calculated.

We also stress that the observation of a secondary deuterium kinetic isotope effect
(KIE) of 1.49 in the dediazotation of benzenediazonium [55], interpreted as evidence of
the formation of the phenylium, is also compatible with the present front-SN2 mechanism.
In fact, the calculated KIE values for the solvolysis of the 2,6-dideuterated 1a’ and 1f’ are,
respectively, 1.40 and 1.43. This is because the electronic and molecular structures of the
aryl moieties in the transition structures are similar to that of the arylium. For the solvolysis
of 1a’, for example, the natural charges on C1 (0.034 in the 4-nitrobenzenediazonium) are
0.551 in the TS and 0.649 in the 4-nitrophenilium. The C2C1C6 angles (which is 125.4 degree
in the 4-nitrobenzenediazonium) are 140.0 degrees in the transition structure and 149.3 in
the 4-nitrophenilium.

The reduction of the arenediazonium in DES (see [10]) involves the generation of
a phenyl radical Ar• that abstracts a hydrogen from the solvent by a Hydrogen Atom
Transfer (HAT). As an alternative, the radical can bind a halide ion X−, starting a radical
chain that yields to the aryl halide Ar-X (Scheme 4):

Scheme 4. Possible radical mechanism.

The first step of the radical halogenation is in competition with the HAT that yields to
the reduction products. The calculated pseudo-first order rate constants for the binding
of the 4-nitrophenyl radical with fluoride, chloride, bromide, and iodide are, respectively,
102, 105, 106, and 108 s−1, to be compared with 109 s−1 for the HAT [10]. Clearly, the
halogenation by a radical mechanism is not feasible for the three lighter halogens, but
it is a possible alternative for the iodination where the radical chain can be initiated
by the reduction of the arenediazonium by iodide, as proposed in the literature [11,12].
For the electron-rich 4-methoxybenzenediazonium, the chlorination and the bromination
(which are the main interest of this work) by the radical-chain pathway appears to be even
less feasible. The reaction of the 4-methoxyphenyl radical with chloride and bromide are
strongly endoergic (in term of free energies, respectively 30.3 and 29.5 kcal mol−1 compared
to −11.9 and −10.4 kcal mol−1 for the reaction with the 4-nitrophenyl radical). Therefore,
the radical chain for these halogenations cannot proceed.

Finally, we studied the mechanism for the direct reaction of 1a’ with BF4
− (an in-

tramolecular reaction from the point of view of 1a). The rate constant for this exoergic
reaction (ΔG = −34.4 kcal mol−1) is 2.0 × 10−7 s−1, which corresponds to a lifetime of
57 days. This value is in agreement with the experiments where this reaction was performed
for 4-tbutybenzenediazonium tetrafluoroborate in CH2Cl2, yielding the corresponding
fluoride with a yield of 50% ca. after 10 days at room temperature [56].
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3. Materials and Methods

General. All the reactions were carried out in open air glassware. Analytical-grade
reagents and solvents (purchased from Merck or Alfa Aesar) were used, and reactions were
monitored by GC, GC-MS, and TLC. Column chromatography and TLC were performed
on Merck silica gel 60 (70–230 mesh ASTM) and GF 254, respectively. Petroleum ether refers
to the fraction boiling in the range 40–70 ◦C. Room temperature is 22 ◦C. Mass spectra were
recorded on an HP 5989B mass selective detector connected to an HP 5890 GC with a methyl
silicone capillary column. GC analyses were performed on a Perkin Elmer AutoSystem
XL GC with a methyl silicone capillary column. 1H NMR and 13C NMR spectra were
recorded on a Jeol ECZR spectrometer at 600 and 150 MHz, respectively. Arenediazonium
tetrafluoroborates were prepared as reported in the literature [57]. Structures and purity of
bromoarenes 2, chloroarenes 4, and iodoarenes 5 were confirmed by their spectral (NMR,
MS) and physical data, substantially identical to those reported in the literature. Their NMR
spectra are reported in the Supporting Information. Differential Scanning Calorimetry
(DSC) experiments were performed on Q200 DSC TA instruments with a ramp of 5 or
20 ◦C/min under N2 atmosphere. After a stabilization at −85 ◦C, the sample was heated up
to 80 ◦C and then cooled down to -80 ◦C, and the cycle was repeated two times. As a result
of the DSC being unsuitable for the determination of its melting point in glycerol-based
mixtures, we resolved to an unconventional approach: we inserted a thermometer into a
vial containing the mixture, and then the vial was moved to a freezer (at −79 ◦C) for 15 min.
After this time, the vial was removed from the fridge and was allowed to warm up to room
temperature. The Tm value was selected as the temperature signed by thermometer when
the latter was extracted (with no solid residues on it) from the vial.

Preparation of solvent systems: typical procedure for glycerol/KBr 6:1. KBr (11.9 g,
0.1 mol) was added at room temperature to glycerol (55.2 g, 0.6 mol). The suspension was
stirred at 80 ◦C for about 2 h. It was cooled to room temperature, and a clear solution was
obtained, which was used without any further purification.

Bromodediazotation of 4-nitrobenzenediazonium tetrafluoroborate (1a): typical pro-

cedure. Preparation of 1-bromo-4-nitrobenzene (2a). 4-Nitrobenzenediazonium tetrafluo-
roborate (1a, 0.44 g, 2 mmol) was added at room temperature to glycerol/KBr 6:1 (5 mL).
The mixture was stirred at room temperature for 4 h, and the completion of the reaction
was confirmed by the absence of azo coupling with 2-naphthol. Then, the reaction mixture
was poured into Et2O/H2O (10 mL, 1:1). The aqueous layer was separated and extracted
with Et2O (5 mL). The combined organic extracts were washed with H2O (5 mL), dried with
Na2SO4, and evaporated under reduced pressure. GC-MS analyses of the crude residue
showed a mixture of 2a, as the major product, MS (EI, 70 eV): m/z (%) = 201 (100) [M]+,
203 (100) [M +2]+ and nitrobenzene 3a MS (EI, 70 eV): m/z (%) = 123 (100) [M]+. Further
evaporation at reduced pressure allowed 3a to be completely removed and pure 2a to be
obtained (GC, GC-MS, TLC and NMR; 290 mg, 72%). Alternatively, in order to quantify 3a,

the crude residue was chromatographed on a short column (silica gel; eluent: PE). The first
eluted product was 3a (50 mg, 20%). The second one was 2a (284 mg, 70%).

Recovery and reuse of solvent system glycerol/KBr 6:1 The aqueous layers (about
15 mL) were collected and gathered. In order to remove solid residues, they were filtered
on a funnel. H2O was evaporated under reduced pressure. The recovered glycerol/KBr
(4.9 mL), which showed NMR and IR spectra virtually identical to the initial one, was
reused in four consecutive reactions. The average yield of 2a was 69%, and the recovered
solvent system (at the end of fifth run) continued to show NMR and IR spectra almost
identical to the initial one.

Computational method.

The details and the references related to the computational method are all reported in
the Supplementary Materials.
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4. Conclusions

We have proposed here a synthetic and computational study of halodediazotation
reactions (a Sandmeyer’s class of reactions) carried out in deep eutectic solvent-like mix-
tures. The computational results are coherent with the experimental findings; the reactions
of the control electron-poor 1a are faster than that of the control electron-rich 1f, and the
halogenations are always much faster than the solvolysis that would yield the mixed ethers
6a and 6f. Both halogenations and the solvolysis take place through a mechanism similar to
that of front-SN2. Diazonium salts are resourceful building blocks in organic synthesis, and
the last few years have seen a dramatic resurgence of their chemistry, as new functionalities
have been introduced on their aromatic ring. The marriage between diazonium salts and
deep eutectic solvents, which have also been defined as “the solvents of the century” [5],
can become not only a valid tool to make their chemistry more sustainable but can also
allow the exploration of new types of hitherto unknown reactivity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27061909/s1, Computational method, Tables of calculated
absolute and relative energies, Pictures and Cartesian Coordinates of all optimized structures, IRCs
from the TSs for the chlorination and solvolysis of 1a’, physical and NMR data of aryl halides 2, 4, 5

and NMR of glycerol/KBr solvent system can be downloaded at: https://www.mdpi.com/article/
10.3390/molecules27061909/s1. References [58–82] are cited in the supplementary materials.
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42. Chromá, R.; Vilková, M.; Shepa, I.; Makoś-Chełstowska, P.; Andruch, V. Investigation of tetrabutylammonium bromide-glycerol-
based deep eutectic solvents and their mixtures with water by spectroscopic techniques. J. Mol. Liq. 2021, 330, 115617. [CrossRef]

43. Claudy, P.; Commerçon, J.C.; Lètoffé, J.M. Quasi-static study of the glass transition of glycerol by DSC. Thermochim. Acta 1988,
128, 251–260. [CrossRef]

44. Lane, L.B. Freezing Points of Glycerol and Its Aqueous Solutions. Ind. Eng. Chem. 1925, 17, 924. [CrossRef]
45. Abbott, A.P.; D’Agostino, C.; Davis, S.J.; Gladden, L.F.; Mantle, M.D. Do group 1 metal salts form deep eutectic solvents? Phys.

Chem. Chem. Phys. 2016, 18, 25528–25537. [CrossRef] [PubMed]
46. Littke, A.F.; Fu, G.C. Palladium-Catalyzed Coupling Reactions of Aryl Chlorides. Angew. Chem. Int. Ed. 2002, 41, 4176–4211.

[CrossRef]
47. Clayden, J.; Greeves, N.; Warren, S. Organic Chemistry and Solution Manual, 2nd ed.; Oxford University Press: Oxford, UK, 2013.
48. Smith, M.B.; March, J. March’s Advanced Organic Chemistry, 6th ed.; Wiley: Hoboken, NJ, USA, 2007.
49. Carey, F.A.; Sundberg, R.J. Advanced Organic Chemistry—Part A; Springer: Berlin/Heidelberg, Germany, 2007.
50. Bergstrom, R.G.; Landells, R.G.M.; Wahl, G.H.; Zollinger, H. Dediazoniation of arenediazonium ions in homogeneous solution. 7.

Intermediacy of the phenyl cation. J. Am. Chem. Soc. 1976, 98, 3301–3305. [CrossRef]
51. Himeshima, Y.; Kobayashi, H.; Sonoda, T. A first example of generating aryl cations in the solvolysis of aryl triflates in

trifluoroethanol. J. Am. Chem. Soc. 1985, 107, 5286–5288. [CrossRef]
52. Martínez, A.G.; Cerero, S.d.; Barcina, J.O.; Jiménez, F.M.; Maroto, B.L. The mechanism of hydrolysis of aryldiazonium ions

revisited: Marcus theory vs. canonical Variational transition state theory. Eur. J. Org. Chem. 2013, 2013, 6098–6107. [CrossRef]
53. Wu, Z.; Glaser, R. Ab Initio Study of the SN1Ar and SN2Ar Reactions of Benzenediazonium Ion with Water. On the Conception of

“Unimolecular Dediazoniation” in Solvolysis Reactions. J. Am. Chem. Soc. 2004, 126, 10632–10639. [CrossRef]
54. Laidler, K.J.; King, M.C. The development of transition-state theory. J. Phys. Chem. 1983, 87, 2657–2664. [CrossRef]
55. Swain, C.G.; Sheats, J.E.; Gorenstein, D.G.; Harbison, K.G. Aromatic hydrogen isotope effects in reactions of benzenediazonium

salts. J. Am. Chem. Soc. 1975, 97, 791–795. [CrossRef]
56. Swain, C.G.; Rogers, R.J. Mechanism of formation of aryl fluorides from arenediazonium fluoborates. J. Am. Chem. Soc. 1975, 97,

799–800. [CrossRef]
57. Roe, A. Preparation of Aromatic Fluorine Compounds from Diazonium Fluoborates. In Organic Reactions; John Wiley & Sons, Inc.:

Hoboken, NJ, USA, 2011; pp. 193–228. [CrossRef]
58. Parr, R.G. Density Functional Theory of Atoms and Molecules. In Horizons Quantum Chem; Springer: Berlin/Heidelberg, Germany,

1980; pp. 5–15. [CrossRef]
59. Zhao, Y.; Truhlar, D.G. The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncova-

lent interactions, excited states, and transition elements: Two new functionals and systematic testing of four M06-class functionals
and 12 other functionals. Theor. Chem. Acc. 2008, 120, 215–224.

60. Zhao, Y.; Truhlar, D.G. Density Functionals with Broad Applicability in Chemistry. Acc. Chem. Res. 2008, 41, 157–167. [CrossRef]
[PubMed]

61. McLean, A.D.; Chandler, G.S. Contracted Gaussian basis sets for molecular calculations. I. Second row atoms, Z=11–18. J. Chem.
Phys. 1980, 72, 5639–5648. [CrossRef]

62. Clark, T.; Chandrasekhar, J.; Spitznagel, G.W.; Schleyer, P.V.R. Efficient diffuse function-augmented basis sets for anion calculations.
III. The 3-21+G basis set for first-row elements, Li–F. J. Comput. Chem. 1983, 4, 294–301. [CrossRef]

63. Frisch, M.J.; Pople, J.A.; Binkley, J.S. Self-consistent molecular orbital methods 25. Supplementary functions for Gaussian basis
sets. J. Chem. Phys. 1984, 80, 3265–3269. [CrossRef]

64. Foresman, J.; Frisch, A. Exploring Chemistry with Electronic Structure Methods; Gaussian Inc.: Pittsburgh, PA, USA, 1996; Available
online: http://gaussian.com/expchem3/ (accessed on 4 June 2021).

65. Ribeiro, R.F.; Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Use of Solution-Phase Vibrational Frequencies in Continuum Models for
the Free Energy of Solvation. J. Phys. Chem. B. 2011, 115, 14556–14562. [CrossRef] [PubMed]

66. Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical Continuum Solvation Models. Chem. Rev. 2005, 105, 2999–3093.
[CrossRef]

67. Frisch, D.J.; Trucks, M.J.; Schlegel, G.W.; Scuseria, H.B.; Robb, G.E.; Cheeseman, M.A.; Scalmani, R.J.; Barone, V.G.; Petersson,
G.A.; Nakatsuji, H.; et al. Gaussian 16, Revision A.03; Gaussian, Inc.: Wallingford, CT, USA, 2016.

68. Schaftenaar, G.; Noordik, J.H. Molden: A pre-and post-processing program for molecular and electronic structures. J. Comput.
Aided. Mol. Des. 2000, 14, 123–134. [CrossRef]

69. Zarei, M.; Noroozizadeh, E.; Moosavi-Zare, A.R.; Zolfigol, M.A. Synthesis of Nitroolefins and Nitroarenes under Mild Conditions.
J. Org. Chem. 2018, 83, 3645–3650. [CrossRef]

69



Molecules 2022, 27, 1909

70. Zhu, C.; Chen, F.; Liu, C.; Zeng, H.; Yang, Z.; Wu, W.; Jiang, H. Copper-Catalyzed Unstrained C–C Single Bond Cleavage of
Acyclic Oxime Acetates Using Air: An Internal Oxidant-Triggered Strategy toward Nitriles and Ketones. J Org. Chem. 2018, 83,
14713–14722. [CrossRef]

71. Xin, H.-L.; Pang, B.; Choi, J.; Akkad, W.; Morimoto, H.; Ohshima, T. C–C Bond Cleavage of Unactivated 2-Acylimidazoles. J. Org.
Chem. 2020, 85, 11592–11606. [CrossRef]

72. Li, T.; Cui, X.; Sun, L.; Li, C. Economical and efficient aqueous reductions of high melting-point imines and nitroarenes to amines:
Promotion effects of granular PTFE. RSC Adv. 2014, 4, 33599–33606. [CrossRef]

73. Shao, H.; Foley, D.W.; Huang, S.; Abbas, A.Y.; Lam, F.; Gershkovich, P.; Bradshaw, T.D.; Pepper, C.; Fischer, P.M.; Wang, S.
Structure-based design of highly selective 2,4,5-trisubstituted pyrimidine CDK9 inhibitors as anti-cancer agents. Eur. J. Med.
Chem. 2021, 214, 113244. [CrossRef] [PubMed]

74. Lerch, U.; Moffatt, J.G. Carbodiimide-Sulfoxide Reactions. XIII. Reactions of Amines and Hydrazine Derivatives. J. Org. Chem.
1971, 36, 3861–3869.

75. Baudet, H.P. The replaceability of the halogen atom in 1-chloro- and 1-bromo-2-cyano-4-nitrobenzene. Recl. Trav. Chim. Pays-Bas
1924, 43, 707–726. [CrossRef]

76. Gianni, J.; Pirovano, V.; Abbiati, G. Silver triflate/p-TSA co-catalysed synthesis of 3-substituted isocoumarins from 2-
alkynylbenzoates. Org. Biomol. Chem. 2018, 16, 3213–3219. [CrossRef] [PubMed]

77. Liu, J.; Li, J.; Ren, J.; Zeng, B.-B. Oxidation of aromatic amines into nitroarenes with m-CPBA. Tetrahedron Lett. 2014, 55, 1581–1584.
[CrossRef]

78. Ramananda, D.; Uchil, J. 15Cl NQR study of charge-transfer complexes. J. Mol. Struct. 1994, 319, 193–196. [CrossRef]
79. Wilshire, J.F.K. The preaparation of 2-Fluoro-5-nitrobenzonitrile and the proton magnetic resonance spectra of some compounds

containing the N-(2-Cyano-4-nitrophenyl)group. Aust. J. Chem. 1967, 20, 1663–1670. [CrossRef]
80. Sloan, N.; Luthra, S.K.; McRobbie, G.; Pimlott, S.L.; Sutherland, A. A one-pot radioiodination of aryl amines via stable diazonium

salts: Preparation of 125I-imaging agents. Chem. Commun. 2017, 53, 11008–11011. [CrossRef]
81. Gupta, S.; Ansari, A.; Sashidhara, K.V. Base promoted peroxide systems for the efficient synthesis of nitroarenes and benzamides.

Tetrahedron Lett. 2019, 60, 151076. [CrossRef]
82. Fu, Z.; Li, Z.; Song, Y.; Yang, R.; Liu, Y.; Cai, H. Decarboxylative Halogenation and Cyanation of Electron-Deficient Aryl Carboxylic

Acids via Cu Mediator as Well as Electron-Rich Ones through Pd Catalyst under Aerobic Conditions. J. Org. Chem. 2016, 81,
2794–2803. [CrossRef] [PubMed]

70



Citation: Chinchilla, M.I.; Mato, F.A.;

Martín, Á.; Bermejo, M.D.

Hydrothermal CO2 Reduction by

Glucose as Reducing Agent and

Metals and Metal Oxides as Catalysts.

Molecules 2022, 27, 1652.

https://doi.org/10.3390/

molecules27051652

Academic Editors: Reza Haghbakhsh,

Sona Raeissi and Rita Craveiro

Received: 31 January 2022

Accepted: 1 March 2022

Published: 2 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Hydrothermal CO2 Reduction by Glucose as Reducing Agent
and Metals and Metal Oxides as Catalysts

Maira I. Chinchilla , Fidel A. Mato, Ángel Martín and María D. Bermejo *

High Pressure Process Group, Department of Chemical Engineering and Environmental Technology,
BioEcoUva Research Institute on Bioeconomy, Universidad de Valladolid, 47011 Valladolid, Spain;
mairaivette.chinchilla@alumnos.uva.es (M.I.C.); fidel@iq.uva.es (F.A.M.); mamaan@iq.uva.es (Á.M.)
* Correspondence: mdbermejo@iq.uva.es

Abstract: High-temperature water reactions to reduce carbon dioxide were carried out by using an
organic reductant and a series of metals and metal oxides as catalysts, as well as activated carbon
(C). As CO2 source, sodium bicarbonate and ammonium carbamate were used. Glucose was the
reductant. Cu, Ni, Pd/C 5%, Ru/C 5%, C, Fe2O3 and Fe3O4 were the catalysts tested. The products
of CO2 reduction were formic acid and other subproducts from sugar hydrolysis such as acetic
acid and lactic acid. Reactions with sodium bicarbonate reached higher yields of formic acid in
comparison to ammonium carbamate reactions. Higher yields of formic acid (53% and 52%) were
obtained by using C and Fe3O4 as catalysts and sodium bicarbonate as carbon source. Reactions with
ammonium carbamate achieved a yield of formic acid up to 25% by using Fe3O4 as catalyst. The
origin of the carbon that forms formic acid was investigated by using NaH13CO3 as carbon source.
Depending on the catalyst, the fraction of formic acid coming from the reduction of the isotope of
sodium bicarbonate varied from 32 to 81%. This fraction decreased in the following order: Pd/C 5%
> Ru/C 5% > Ni > Cu > C ≈ Fe2O3 > Fe3O4.

Keywords: hydrothermal reaction; CO2 conversion; glucose; metal catalysts; metal oxide catalysts

1. Introduction

Global warming is still one of the main worldwide concerns in the present time [1,2].
Increasing the efficiency of processes, implementing renewable sources of energy and
fuel switching are some of the alternatives for the reduction of greenhouse emissions [3].
However, in the transition to a decarbonated economy, oil and gas still play a relevant role in
energy generation for electricity and transportation; in this context, technological initiatives
as carbon capture and utilization become of high interest to mitigate these emissions by
using CO2 to synthesize high value-added products [4].

CO2 is attractive as a raw material for industry because it is cheap, has very low
toxicity, is available in great quantity [5] and can be used as feedstock for different processes.
Physical methods are widely used to revalorize CO2 as refrigerant, solvent, dry ice, etc.
Chemical methods are also used to convert it into valuable compounds such as urea and
DME [6,7] One of the main difficulties faced in the chemical conversion of CO2 is the
high thermodynamic stability of the compound [8]. Electrochemical and photochemical
reduction for CO2 hydrogenation have shown favorable results in overcoming this issue [9].
However, the high costs and low yields of these techniques [10] have led to the study of
other alternatives such as the hydrothermal treatment in which CO2 reduction takes places
in water media at high pressures and temperatures [11–13]. In this process, water acts as
hydrogen donor instead of H2, which is flammable and complex to store [14].

In these processes, CO2 is captured in the aqueous media in basic conditions. In most
works, it is captured as NaHCO3, but it can be also in the shape of carbamates that are
formed when CO2 is captured by ammonia or amines. This process opens the possibility
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to connect carbon capture in basic solutions directly with the CO2 conversion process,
avoiding costly intermediate separation steps [12,15].

In the hydrothermal reduction of CO2, the most frequently obtained product is formic
acid. This is a compound of great interest for the energy sector because it is an alternative
source of hydrogen and can be used directly as an energy-dense carrier for fuel cells [16];
besides, it is biodegradable and less flammable than other fuels at room temperature [17].

In order to reduce CO2, several metals have been suggested as CO2 reductants: Zn [18],
Fe [19], Mn [20], Mg [20] and Al [20] (efficiency: Al > Zn > Mn > Fe) [10,21] are mentioned
as favorable for the process. Metallic catalysts metals such as Ni-ferrite [22], Ni nanopar-
ticles [23], Ni [24], Raney Ni [25], Cu [20,21], Fe2O3 [26], Ru/C [27] and Pd/C [12,27]
can be used as-is or coupled with “zero-valent” metals to improve the reaction; however,
the reduction of the metal after the process in order to recycle the material should be
considered.

Organic compounds containing alcohol groups, such as isopropanol [8], glycerol [28],
glucose, C2 and C3 alcohols, saccharides and lignin derivatives [29], are often used as
reductants as well. It is known that many of these molecules can be obtained from the
hydrolysis of lignocellulosic biomass in hydrothermal media.

Subcritical water can act as a basic or acidic catalyst; it has a higher ion product and
lower dielectric constant than room-temperature water. In these conditions, the cellulose,
hemicellulose and lignin from biomass can be isolated and depolymerized into monomeric
units (mainly sugars or phenols). Alongside the decarbonization approach, the usage of
biomass is of great interest mainly because of the valorization of lignocellulosic residues
that can be converted into several intermediate products such as lactic acid, acetic acid and
vanillin [30,31]. Carrying out the hydrolysis of biomass simultaneously with the reduction
of CO2 captured as a basic solution (i.e., bicarbonate, amine carbamates of ammonia) could
be interesting because many of the hydrolysis products of biomass contain alcohol groups
that can act as reductants of CO2 in hydrothermal media.

So far, there has been a number of studies in which the use of catalysts (Cu, Ni, Pd/C)
in hydrothermal CO2 reduction was carried out using metals as reductants (Zn, Mg, Al,
etc.) [12,18,20–22,25]. This work studies, for the first time, the influence of different catalysts
in the hydrothermal reduction of CO2 by using an organic (glucose) as a reducing agent. As
CO2 source, sodium bicarbonate (NaHCO3) and ammonium carbamate (NH4[H2NCO2])
were used. There are literature studies stating that ammonium carbamate is reduced by
using metals or hydrogen [12], but this is the first time that the reduction is performed
using organics containing an alcohol group. The main objective of the present work is to
develop batch screening reactions to find the best catalyst that can improve the formic acid
production, as well as lowering the temperature for the reduction reactions normally fixed
at 300 ◦C in other works [29]. In addition, as formic acid can be also derived by sugar
hydrolysis [32–35], experiments to study the origin of the carbon forming formic acid by
using NaH13CO3 as carbon source were performed.

2. Results

To perform the reduction of CO2, several experiments were carried out by using
glucose as organic reductant, sodium bicarbonate (SB) and ammonium carbamate (AC)
as sources of carbon and several metals and metal oxides as catalysts (Cu, Ni, Pd/C 5%,
Ru/C 5%, Fe2O3 and Fe3O4). Activated carbon (C) was used in some experiments in order
to compare its performance with the palladium and ruthenium supported catalysts.

It should be noted that only the products of the liquid phase were analyzed. Gas
products were not formed or were produced in so small amounts that they could not be
collected. It is not excluded that gases such as CH4 [23,24] could be produced in a very
small amount in the case of Ni catalyst.
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2.1. Particle Size of the Catalysts

As seen in Figure 1, SEM images of the unreacted catalysts were taken in order to
measure the average particle size. The approximate diameters of the particles of each the
catalysts before the hydrothermal reaction were as follows: Cu: 400 μm; Ni: 9 μm; Pd/C:
25 μm; C: 55 μm; Ru/C: 175 μm; Fe2O3; Fe3O4: 93 μm.

Figure 1. SEM images of the catalyst particles.

2.2. Results of Hydrothermal Reactions with Sodium Bicarbonate as Carbon Source

In the reaction of SB with glucose, typical products derived from the hydrothermal
reduction of glucose were observed [29,33–37]. Formic acid (FA), acetic acid (AA) and
lactic acid (LA) were the main compounds produced in the reactions. In minor amounts,
glyceraldehyde, glycolaldehyde, formaldehyde, ethylene glycol, acetone, pyruvaldehyde,
galacturonic acid and 5-HMF were obtained. The yields of the three main products of the
catalyzed reactions are shown in Tables 1–3. Each experiment was repeated at least twice,
the average error being around 5%.

After carrying out the reduction of CO2 captured as SB, it was found that the highest
yields of FA were obtained by using C and Fe3O4 as catalysts, reaching yields of 53% and
52%, respectively (Table 1). The conditions at which the maximum values were obtained
were 200 ◦C and 30 min of reaction for C and 250 ◦C and 30 min of reaction for Fe3O4.

The highest yield for AA was obtained in the sample without catalyst: 45% at 250 ◦C
and 30 min. This was followed by Ni and Cu catalysts, which achieved yields of 45% and
44%, at 250 ◦C and 30 min and 250 ◦C and 120 min (Table 2).

For LA, the maximum yield was achieved with Fe3O4, 43% at 250 ◦C and 30 min of
reaction (Table 3).

It is remarkable that most of the catalysts promoted similar or less yield of FA in
comparison to the sample without catalyst; in fact, only C and Fe3O4 improved the yield of
FA over AA and LA over the sample with no catalyst.
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Table 1. Yields of formic acid obtained after the hydrothermal reaction of NaHCO3 with glucose in
the presence of catalysts. The higher yields obtained after the hydrothermal reactions are marked
with an asterisk (*).

Reaction Temperature: 200 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 44% 44% 20% * 53% 31% 49% 45% 44%
60 43% 40% 16% 46% 30% 51% 49% 48%
90 43% 35% 18% 51% 25% 48% 45% -

120 39% 34% 20% 51% 27% 49% 48% 51%
180 39% 32% 20% 37% 23% 46% 41% 40%

Reaction Temperature: 250 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 41% 41% 29% 50% 38% * 52% 40% 47%
60 36% - 31% 47% 33% 44% 42% 41%
90 37% 35% 36% 47% 31% 44% 39% 38%

120 37% 40% 35% 46% 32% 49% 40% 40%
180 32% 34% 38% 46% 26% 45% 40% 39%

Table 2. Yields of acetic acid obtained after the hydrothermal reaction of NaHCO3 with glucose in
the presence of catalysts. The higher yields obtained after the hydrothermal reactions are marked
with an asterisk (*).

Reaction Temperature: 200 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 39% 40% 25% 33% 31% 31% 38% 39%
60 38% 41% 26% 33% 33% 33% 39% 40%
90 40% 39% 23% 34% 35% 35% 39% 40%

120 38% 37% 27% 33% 31% 31% 37% 37%
180 36% 36% 27% 28% 31% 31% 37% 37%

Reaction Temperature: 250 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 40% * 45% 26% 33% 34% 34% 41% * 45%
60 - - 23% 30% 27% 27% - 38%
90 43% 42% 24% 35% 30% 30% 39% 38%

120 * 44% 43% 24% 35% 30% 30% 39% -
180 37% 39% 24% 34% 30% 30% 39% 40%

74



Molecules 2022, 27, 1652

Table 3. Yields of lactic acid obtained after the hydrothermal reaction of NaHCO3 with glucose in the
presence of catalysts. The higher yields obtained after the hydrothermal reactions are marked with
an asterisk (*).

Reaction Temperature: 200 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 34% 34% 23% 28% 33% 35% 35% 35%
60 31% 31% 22% 26% 32% 34% 34% 34%
90 36% 31% 27% 29% 30% 37% 37% 36%

120 32% 32% 27% - 29% 34% 34% 34%
180 31% 33% 28% 34% 28% 33% 31% 31%

Reaction Temperature: 250 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 35% 38% 36% 39% 39% * 43% 37% 38%
60 33% - 33% 40% 32% 40% 40% 35%
90 36% 38% 39% 39% 34% 35% 40% 35%

120 34% 39% 34% 38% 34% 38% 37% 38%
180 31% 37% 31% 36% 29% 36% 34% 37%

Results of Hydrothermal Reactions with Ammonium Carbamate as Carbon Source

As in the previous case, the main products of the reaction with AC were FA, AA and
LA. The yields achieved for each compound are shown in Tables 4–6. The experiments
were repeated at least twice, the average error being around 3%.

Table 4. Yields of formic acid obtained after the hydrothermal reaction of NH4[H2NCO2] with
glucose in the presence of catalysts. The higher yields obtained after the hydrothermal reactions are
marked with an asterisk (*).

Reaction Temperature: 200 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 16% 14% 9% 21% 9% 21% 18% 17%
60 17% 19% 7% - - 20% 17% 17%
90 17% 14% 3% 21% 3% 24% 18% 17%

120 14% 7% 3% 16% 3% * 26% 19% 19%
180 16% 15% 2% 20% 3% 25% 19% 19%

Reaction Temperature: 250 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 10% 8% 2% 21% 2% 25% 20% 17%
60 9% 3% 3% 15% 1% 24% 17% 16%
90 8% 4% 3% 9% 1% 24% 16% 16%

120 5% 3% 3% 16% 1% 20% 12% 14%
180 5% 1% 3% 15% 1% 9% 12% 14%

After the hydrothermal reduction of AC, it was found that the highest yield of FA was
26% and was obtained by using Fe3O4 at 200 ◦C and 120 min (Table 4).

The maximum value for AA was obtained with Ni, 15% at 250 ◦C and 180 min. This
was followed by that obtained with Cu, 14% at 200 ◦C and 60 min (Table 5).
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Table 5. Yields of acetic acid obtained after the hydrothermal reaction of NH4[H2NCO2] with glucose
in the presence of catalysts. The higher yields obtained after the hydrothermal reactions are marked
with an asterisk (*).

Reaction Temperature: 200 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 9% 9% 6% 7% 9% 11% 11% 11%
60 * 14% 12% 8% 8% 9% 11% 11% 11%
90 11% 12% 8% 11% 8% 11% 11% 12%

120 11% 10% 9% 9% 9% 12% 11% 12%
180 11% 12% 9% 11% 11% 12% 12% 13%

Reaction Temperature: 250 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 9% 12% 8% 8% 10% 11% 10% 10%
60 9% 11% 8% 9% 10% 10% 8% 10%
90 10% 13% 9% 6% 11% 11% 11% 11%

120 10% 13% 9% 10% 11% 10% 10% 11%
180 10% * 15% 10% 11% 13% 11% 10% 11%

Table 6. Yields of lactic acid obtained after the hydrothermal reaction of NH4[H2NCO2] with glucose
in the presence of catalysts. The higher yields obtained after the hydrothermal reactions are marked
with an asterisk (*).

Reaction Temperature: 200 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 8% 9% 5% * 13% 5% 10% 9% 9%
60 7% 9% 6% 5% 5% 10% 8% 9%
90 10% 8% 4% 11% 3% * 16% 10% 11%

120 12% 9% 6% 9% 4% 6% 9% 8%
180 9% 9% 6% 7% 5% 5% 10% 10%

Reaction Temperature: 250 ◦C
Reaction

Time (min)
Cu Ni Pd/C C Ru/C Fe3O4 Fe2O3

No
Catalyst

30 5% 7% 5% 11% 4% 13% 12% 9%
60 8% 4% 4% 11% 4% 6% 9% 10%
90 7% 4% 4% 5% 3% 4% 9% 8%

120 8% 6% 4% 9% 5% 10% 8% 9%
180 6% 5% 4% 10% 3% 10% 8% 10%

For LA, the highest value was 16% and was obtained by using Fe3O4 at 200 ◦C and
90 min. This was followed by that obtained with C, 13% at 200 ◦C and 30 min (Table 6).

Once again, Fe3O4 promoted the maximum yields of FA over AA and LA in compari-
son to the rest of the catalysts. Only Fe3O4 and C improved the yield of FA compared to
the sample with no catalyst.

In general, the yields of FA, AA and LA obtained by the reduction of AC are much
lower (less than 25%) than those observed with SB (less than 53%). Some other works have
shown that sodium bicarbonates and carbonates required high-temperature reactions to
achieve higher yields of FA. SB and AC are decomposed easily into HCO3−, which is the
species that is going to be reduced in the reaction. In the case of AC, not only HCO3− is
formed. There is another step in which AC is also decomposed because the H+ protons of
the ion NH4

+ are being donated to other compounds, and then the yield to FA is reduced
because there is a competition between two reactions: the reduction of AC and the thermal
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decomposition of AC [13,16]. It was observed that the experiments held at 200 ◦C showed
higher yields of FA than the reactions at 250 ◦C. The reduction of CO2 is favored by the
reaction in alkaline media; when the temperature rises, NH4

+ dissociates into NH3 and
H+, which are species that reduce the alkalinity and might reduce the solubility of CO2 in
water [10,38].

2.3. Nuclear Magnetic Resonance Spectroscopy Results

It is known that FA can be generated from sugars at lower temperatures in basic
aqueous media [32–34] and can be also obtained by the reduction of SB at temperatures
higher than 300 ◦C [29]. In order to understand the reactions, it is necessary to check
whether the FA is coming from SB or from glucose and if the catalysts are favoring or
disfavoring one or the other reaction. To do so, experiments with an isotope of sodium
bicarbonate (NaH13CO3; SB-13C) were performed with the different catalysts. 13C-NMR
analyses were carried out to identify the fraction of formic acid that possesses 13C, which
comes from the reduction of the carbon source, and the fraction that comes from glucose.
The experiments were conducted at 250 ◦C and 2 h.

The fraction of formic acid coming from the SB-13C when using each of the catalysts is
presented in Figure 2.

Figure 2. Fractions of formic acid coming from the reduction NaH13CO3 and from the oxidation of
glucose for each of the catalysts at 250 ◦C and 2 h. Gray bars represent the total yield of formic acid
of each sample (obtained by HPLC); black dots represent the fraction of formic acid coming from
NaH13CO3 (obtained by 13C-NMR). The average error in the measure of the fraction of formic acid
was 5%.

It was observed that although Fe3O4 is the catalyst that provides the highest yield
of total FA (49%, 250 ◦C and 2h, measured by HPLC), its proportion of reduced SB-13C is
lower (0.32) in comparison to the fraction of FA obtained with Pd/C 5%, Ru/C 5% and Ni
(0.81, 0.76 and 0.69, respectively).

The metal supported catalysts (Pd/C 5% and Ru/C 5%) presented the highest selec-
tivity in reducing CO2 in comparison to the performance of the activated carbon support
(C), which reached a fraction of 0.34.

There were catalysts that did not improve the reduction of SB-13C; in fact, the reaction
without catalyst (fraction FA-13C: 0.37) showed a slightly higher capability to reduce CO2
than Cu, Fe3O4 and Fe2O3 (0.37, 0.32 and 0.34, respectively).

The order in which catalysts were able to reduce CO2 captured as SB-13C was as
follows: Pd/C 5% > Ru/C 5% > Ni > Cu > C ≈ Fe2O3 > Fe3O4.

In all the experiments, the only products that came from the direct reduction of carbon
source (SB-13C) were FA-13C at δ = 163 ppm and an unidentified compound at δ = 173 ppm
(this peak was absent in Fe2O3 and in the sample with no catalyst). At δ = 127 ppm, another
peak was observed; according to the literature [39,40], this compound could be 13CO2
dissolved in the sample.
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An AA-13C standard was injected. AA-13C standard peak was observed at δ = 184 ppm,
and then the possibility that the unidentified peak at δ = 173 ppm was AA-13C was excluded.

Possible Mechanisms of Reaction

In the NMR spectra, it was confirmed that the reduction of the carbon source led
mostly to the formation of FA, while byproducts and FA were obtained from the oxidation
of glucose.

In literature were found some of the possible mechanisms of reaction of glucose
at high water temperatures, subcritical and supercritical water [41–44]. Glucose can be
transformed in two different ways: by following a retro-aldol condensation reaction to
produce glycolaldehyde or through the isomerization of the glucose into fructose (favored
by basic media) which can be dehydrated to form 5-HMF (favored by the acid media) or
can produce glyceraldehyde by means of another retro-aldol condensation reaction. Finally,
the glyceraldehyde can be isomerized into pyruvaldehyde, which could be a precursor of
lactic acid.

Besides the retro-aldol reactions that can lead to the production of lactic acid and gly-
colaldehyde, 5-HMF can be transformed into formaldehyde and furfural in acid media [43],
but in our case, reactions were performed in basic media, so this step may or may not be
occurring.

Some other works [42] described that glucose can also dehydrate to form
1,6-anhydroglucose. This molecule can be a precursor of acids or can be transformed
into D-fructose and follow a reverse aldol condensation reaction to form erythrose and
glycolaldehyde that can produce acids as well. In Figure 3, the main mechanisms of oxida-
tion of glucose are represented. According to Kabyemela et al. [42], some of the products
derived from the oxidation of glucose that can be identified according to these mechanisms
are fructose, erythrose, glyceraldehyde, glycolaldehyde, pyruvaldehyde, dihydroxyace-
tone, 1,6-anhydroglucose, 5-HMF, acetic acid and formic acid. Kabyemela et al. [42] also
have identified some products of the decomposition of fructose such as pyruvaldehyde,
erythrose, glyceraldehyde, dihydroxyacetone, acetic acid and formic acid. Erythrose and
1,6-anhydroglucose can also be the precursors of acetic and formic acids.

Figure 3. Mechanisms of oxidation of glucose.

Glucose has five -OH (hydroxyl) groups. In a previous work, it has been proposed that
alcohol groups act as reducing agents for CO2 [29]. According to Shen et al., the reduction
of the carbon source is mainly due to the alcohol moiety [8,45]. According to other studies,
compounds with primary alcohol groups presented slightly higher yields in comparison
with compounds with secondary alcohol groups. Because of the steric effects, the position
of the hydroxyl group in the compound could be of importance in the reduction of the
carbon source [29]. Shen et al. proposed a mechanism of reduction of CO2 through alcohol
molecules in which, through a cyclic transition state, a H− from the α-carbon of −OH
moiety is transferred to the ion bicarbonate and the resulting species dehydrate quickly into
formate [8,29,45]. Most of the products of glucose decomposition contain alcohol groups
(fructose, glyceraldehyde, glycolaldehyde, lactic acid), and Andérez et al. [29] proved that
formic acid is rendered in appreciable yields.
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Regarding catalysts, it can be found in the literature that in reactions that use met-
als as reductants, HCO3

- is adsorbed on a Pd/C surface, promoting the formation of C1
intermediates species to produce FA and traces of CH4 and improving the generation
of C-C bonds to form C2 compounds [46]. Cu and Ni have showed also good perfor-
mance in reducing HCO3

- into C1 compounds when using metals such as Fe as reducing
agents [47,48]. In other studies, experiments with a mix of Fe and Fe3O4 were performed
to reduce CO2. In these works, Fe is reduced into Fe3O4, generating hydrogen. Fe3O4
is transformed into Fe3O4-x, and then hydrogen and C=O of HCO3

− are adsorbed in the
surface of the metal oxide and react to produce formic acid [49].

As seen before, catalysts can influence the performance of the hydrothermal reactions
for CO2 reduction and glucose oxidation.

3. Materials and Methods

3.1. Chemicals

Ammonium carbamate (AC) (99%), sodium bicarbonate (SB) (100%), sodium bicar-
bonate 13C (SB-13C) (100%) and acetic acid 13C (AA-13C) were used as sources of captured
CO2. D-(+)-Glucose (100%) was used as reducing agent. Fine powder of commercial Cu, Ni,
Pd/C (5 wt% of metal loading), activated carbon, Ru/C (5 wt% of metal loading, 50% water
wet paste), Fe2O3 and Fe3O4 were used as catalysts. Sodium bicarbonate was purchased
from COFARCAS (Spain), Ru/c 5% was provided by Strem Chemicals and the rest of the
chemicals were acquired from Sigma-Aldrich. Deionized water was used to prepare the
dilutions.

3.2. Catalytic Experiments

Two solutions were prepared: the first one contained 0.05 M of glucose and 0.5 M of
sodium bicarbonate, and the second one consisted of 0.05 M glucose and 0.5 M ammonium
carbamate (ratio 1:10, glucose:carbon source in mol). Hydrothermal reactions for the
conversion of CO2 (captured as ammonium carbamate and sodium bicarbonate) were
carried out in SS316 stainless steel horizontal tubular reactors of 10 mL (internal volume).
The batch reactors were filled with liquid up to 45% of the total volume.

Different sets of reactions were performed at temperatures of 200 and 250 ◦C for 30, 60,
90, 120 and 180 min. The pressure inside the reactor corresponds to the saturation pressure
of the set temperature. A fluidized bed heater was used to reach the temperature of the
reactions. A temperature probe was installed inside the vessels. Reactors were placed in
the heaters, achieving the working temperature within 7 min. Once the residence time
was completed, each reactor was immediately extracted and placed in a bath of cold water.
All samples were filtered with 0.22 μm Nylon filter and then collected in glass vials to be
analyzed by HPLC or NMR spectroscopy.

The yields to formic acid, lactic acid and acetic acid were calculated as follows:

Yproduct =
CProduct, f

CGlucose,i
(1)

where CProduct,f is the molar concentration of formic acid at the end of the reaction and
CGlucose,i is the initial molar concentration of glucose.

All the experiments were repeated at least 2 times, and the error was calculated with
the standard deviations of the yields.

The amounts of catalyst used were as follows: For Cu and Ni, a molar relation of
metal:carbon source of 5:1 was used. For Pd/C 5%, C and Ru/C 5%, 55 wt% catalyst with
respect to the initial weight of carbon source was added. For Fe3O4 and Fe2O3, a molar
relation of metal:carbon source of 1:1 was utilized.
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3.3. Scanning Electronic Microscopy (SEM)

SEM images of the catalyst were taken in order to corroborate the particle size. An FEI
QUANTA 200 FEG (ESEM) was used at high-vacuum operation (<6 × 10−4 Pa
(4.5 × 10−2 Torr)), electron landing energy of 5 keV and spot of 3.0.

3.4. High-Pressure Liquid Chromatography (HPLC)

The liquid samples were analyzed by HPLC (Waters, Alliance separation module
e2695) with RI detector (Waters, 2414 module) and a Rezex ROA-Organic Acid H+ (8%)
column. As mobile phase, 25 mM H2SO4 was used at 0.5 mL/min of flow rate. The
temperatures of the column and the detector were 40 and 30 ◦C.

3.5. Nuclear Magnetic Resonance Spectroscopy (NMR Spectroscopy)

Spectra of all the samples in which SB-13C was used as carbon source were recorded
on a 500 MHz Agilent instrument equipped with a OneNMR probe. The acquisition param-
eters for 13C NMR spectra were as follows: 25 ◦C, 70 s relaxation delay between transients,
45◦ pulse width, spectral width of 31250 Hz, a total of 16 transients and 1.048 s acquisition
time. The inverse gated decoupling technique to suppress the nuclear Overhauser effect
(NOE) was used to obtain quantitative measurement. The acquisition parameters for 1H
NMR spectra were as follows: 25 ◦C, 70 s relaxation delay between transients, 90◦ pulse
width, spectral width of 8012.8 Hz, a total of 4 transients and 2.044 s acquisition time. The
sequence PRESAT was used in order to suppress the strong signal of water.

1H and 13C NMR chemical shifts (δ) were reported in parts per million (ppm) and
referenced to tetramethylsilane (TMS).

4. Conclusions

In this work, the hydrothermal conversion of CO2 captured as sodium bicarbonate
and ammonium carbamate was studied. Glucose was used as a reducing agent, and metal
and metal oxides (Cu, Ni, Pd/C 5%, Ru/C 5%, Fe2O3 and Fe3O4), as well as activated
carbon (C), were used as catalysts. The main products of the reaction with ammonium
carbamate were formic acid, acetic acid and lactic acid.

The yields of formic acid, acetic acid and lactic acid obtained by the reduction of
ammonium carbamate were much lower (less than 25%) than those observed when sodium
bicarbonate was used as the carbon source (less than 53%).

For ammonium carbamate experiments, C and Fe3O4 promoted higher yields of FA
over AA and LA in comparison to the rest of the catalysts and improved the yield of FA in
comparison to the sample without catalyst.

In the experiments with sodium bicarbonate, C and Fe3O4 appeared to be the most
promising catalysts for improving the yield of formic acid. The origin of the carbon forming
formic acid was investigated by using NaH13CO3. It was found that although C and Fe3O4
achieved the highest total formic acid yield, they seem to favor the oxidation of glucose
instead of the reduction of CO2. However, it should be noted that even though Pd/C 5%, Ni
and Ru/C 5% yields of total formic acid were lower, they were shown to be more selective
in producing formic acid from CO2 than the other catalysts. This aspect is important when
considering the selection of a catalyst for making a process that primarily promotes a higher
conversion of the carbon source.
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Abstract: Nowadays, producing energy from solar thermal power plants based on organic Rankine
cycles coupled with phase change material has attracted the attention of researchers. Obviously, in
such solar plants, the physical properties of the utilized phase change material (PCM) play important
roles in the amounts of generated power and the efficiencies of the plant. Therefore, to choose the best
PCM, various factors must be taken into account. In addition, considering the physical properties
of the candidate PCM, the issue of environmental sustainability should also be considered when
making the selection. Deep eutectic solvents (DESs) are novel green solvents, which, in addition to
having various favorable characteristics, are environmentally sustainable. Accordingly, in this work,
the feasibility of using seven different deep eutectic solvents as the PCMs of solar thermal power
plants with organic Rankine cycles was investigated. By applying exergy and energy analyses, the
performances of each were compared to paraffin, which is a conventional PCM. According to the
achieved results, most of the investigated “DES cycles” produce more power than the conventional
cycle using paraffin as its PCM. Furthermore, lower amounts of the PCM are required when paraffin
is replaced by a DES at the same operational conditions.

Keywords: DES; green solvent; solar energy; Rankine cycle; PCM; exergy analysis; energy analysis

1. Introduction

Power generation using fossil fuels is the most commonly used method throughout
the world. One of the most significant disadvantages of using fossil fuels is the release of
greenhouse gases, such as carbon dioxide, into the atmosphere [1–3]. Accordingly, various
sustainable methods, such as the use of low-grade heat [4,5], geothermal energy [6,7], wind
energy [8,9], and solar energy [10–14], have been applied to produce clean energy with
little environmental pollution. Among these novel methods, harnessing solar energy via
solar thermal power plants coupled with the Rankine cycle has gained attention [10–14]. In
such plants, the collected solar energy is transformed to heat, being used by the Rankine
cycle to generate power by use of a turbine [10–14]. However, the greatest disadvantage
of solar energy plants is the limited availability of solar radiation on cloudy days and,
also, at night. In order to overcome this issue, the utilization of thermal energy storage
(TES) systems incorporating phase change materials (PCMs) was introduced to achieve
uniform power generation [15,16]. Actually, PCMs consist of various groups of materials
with high heat capacities, capable of storing and releasing energy using their latent and
sensible heats [17]. In recent years, the potentials of different materials, such as organic and
inorganic materials, were studied as PCMs in a variety of processes, including heating and
cooling processes, solar energy storage, and the food industries [17–20]. In solar thermal
power generation plants, different types of materials were considered as PCMs, including
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both organic and inorganic material and conventional eutectic mixtures [21]. However, all
of the aforementioned materials have certain shortcomings. For instance, organic PCMs,
such as paraffin, are flammable and their volume changes are relatively large. Inorganic
PCMs, such as metallic PCMs, are mostly corrosive and have issues of high-volume change
upon temperature changes. Regarding conventional eutectic mixtures, they have very
high melting-point temperatures, and so, are limited to only certain high-temperature
applications [21,22]. Moreover, most of the thermodynamic properties of eutectic PCMs
are unknown [21].

According to the required properties for each process, various materials are available
to consider as PCMs, however, nowadays, it is more vital than ever to consider only those
that are environmentally friendly. One such category of sustainable material, having only
recently been introduced to the research community by Abbott et al. in 2003 [23], is the Deep
Eutectic Solvent (DES). These sustainable solvents also have the potential to be applied as
PCMs [21]. A DES is actually a mixture of two or more components, including one hydro-
gen bond acceptor (HBA) and one or more hydrogen bond donors (HBD). DESs have many
advantages such as low vapor pressure, biodegradability, sustainability, non-flammability,
ease of preparation, and low cost. Furthermore, they are mostly nontoxic [4,5,24,25]. In
addition, the most unique characteristic of DESs is the ability to tune their physical prop-
erties. Since combinations of numerous HBA and HBD components are possible, as well
as various ratios of the two, countless types of DESs with different physical properties
can be envisioned. Therefore, by setting the required physical properties for each specific
application, the most favorable DES can be specifically engineered for the purpose. Due
to the multitude of advantages, the applications of DESs in various processes are being
investigated, including, for example, extraction [25,26], electrochemistry [25,27], absorp-
tion [4,5], and chemical reactions [25,28]. However, studies investigating the feasibility of
using DESs as PCMs in solar thermal power plants are quite rare [26].

The only published study in open literature considering DESs as PCMs is that of
Shahbaz et al., which considered the application of a calcium chloride hexahydrate-based
DES as a PCM for thermal-comfort building applications. They prepared five DESs using
choline chloride and CaCl2.6H2O with different HBA to HBD molar ratios and reported
their thermal properties. According to their thermal cycling tests, they claimed that the two
DESs of choline chloride: CaCl2.6H2O with the molar ratios of 1:6 and 1:8, can potentially
be used for the thermal comfort processes in buildings. However, they did not consider
energy and exergy analyses for their suggested process [26].

Based on the very favorable characteristics of DESs, and the benefits of replacing
conventional PCMs with environmentally sustainable material in solar thermal power
generation plants, the feasibility of using various DESs as PCMs in solar thermal power
generation cycles was investigated in this study. For this purpose, a conventional solar
thermal power generation cycle was modified, and then, by employing energy and exergy
analyses, the performances of all the cycles considering seven different DESs as PCMs
were studied.

2. Method

2.1. The Modified Solar Thermal Power Generation Cycle

The schematic diagram of the modified cycle under consideration is presented in Figure 1.
According to this cycle, for 12 hours during the day, the heating fluid (liquid water) enters
the water tank as Stream 8, which receives solar energy that is collected by collectors as heat

.
Qs and leaves the water tank as Stream 9. The heated liquid water in stream 9 is separated
into the two streams of 10 and 6. Stream 10 enters the PCM tank, which contains a DES as
the PCM for absorbing heat from entering the heated water (Stream 10) during the day. The
cooled liquid water then leaves the PCM tank as Stream 7. In this mode, the PCM tank is in
the “charging” state to increase its energy. The other heated water stream (Stream 6) enters
the evaporator and provides the required heat for the working fluid (R134a) of the Rankine
cycle during the day and leaves the evaporator with lower energy as Stream 5. This leaving
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stream is finally combined with Stream 7 and the resulting stream is recycled to the water
tank for continuing the cycle. On the other hand, in the evaporator of the Rankine cycle, the
working fluid (R134a) in Stream 4 absorbs heat from the heated water and is evaporated.
Evaporated R134a, with high pressure and temperature, enters the turbine as Stream 1
and produces power,

.
Ws. Following power production, the low-temperature–low-pressure

vapor of R134a enters the condenser as Stream 2 and desorbs heat,
.

Qc, to become liquified
and leave the condenser as Stream 3. The pressure of liquified R134a is increased using
Pump 1 and the pressurized R134a is recycled to the evaporator as Stream 4 for receiving
heat once more from the heated water and continuing the Rankine cycle. However, during
the night (for 12 h), the required heat for evaporating R134a in the evaporator is provided
by the PCM tank which is now in the energy discharging mode. Accordingly, during the
night, the liquified R134a (Stream 4) enters the PCM tank as Stream 4′ instead of entering
the evaporator as Stream 4. In the PCM tank, the liquified R134a absorbs heat, QPCM,night,
and upon evaporation, it enters the turbine as Stream 1′. Accordingly, during the night,
Streams 5–10 which are responsible for transferring solar energy to R134a in the Rankine
cycle by the water tank are shut off, and so, the required energy of the Rankine cycle is
provided only by the charged PCM tank. By this design, the power production process
continuously operates, both day and night, at a constant rate.

 

Figure 1. Schematic diagram of the modified solar thermal power generation cycle.

2.2. Energy Analysis

The energy analysis of the modified solar thermal power generation cycle is applied by
considering the energy balance for all of the units of the investigated cycle. For the energy
analysis, a number of usual assumptions considered in literature studies [4,5,12,29,30], are
also considered here.

• The pressure drops (i.e., the required shaft work for Pump 2) in the pipes, PCM tank,
condenser, and evaporator are neglected. Additionally, heat losses of the pipelines
are neglected;

• Stream 3 is considered as saturated liquid R134a at the condenser pressure;
• The turbine’s isentropic efficiency is considered to be equal to 0.75;
• The PCM tank is well insulated;
• The required work of Pump 1 is negligible in comparison to the produced work of

the turbine;
• The outlet water from the water tank (Streams 6, 9, and 10) is saturated liquid;
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• The mass flow rate of the outlet water from the water tank (Stream 9) is split equally
into Streams 6 and 10. Then, mass flow rates of the water entering the PCM tank and
evaporator are the same during the day;

• The general cycle properties, excluding the received solar energy, remains constant
during day and night;

• Day and night hours are considered equal, as 12 h.

According to these common assumptions, by applying the first law of thermodynamics
to all of the equipment of the investigated cycle, energy analysis is considered.

Equations (1)–(3) show the applied energy balances for the turbine, condenser, and
evaporator, respectively. ∣∣∣ .

Ws

∣∣∣= .
mr(h1 − h2) =

.
mr(h1′ − h2) (1)

where h1 and h2 are the specific enthalpies of the inlet and outlet streams of the turbine,
respectively. Additionally, h1 and h1′ are considered for the day and night, respectively.

.
mr

and
.

Ws are the mass flow rate of the working fluid and the produced power of the Rankine
cycle, respectively.

For the condenser, ∣∣∣ .
Qc

∣∣∣= .
mr(h2 − h3) (2)

where h2 and h3 are the specific enthalpies of the inlet and outlet streams of the condenser,
respectively.

.
Qc is the desorbed heat from the working fluid of the Rankine cycle.

For the evaporator, which is used only during the day,

.
mw(h6 − h5) =

.
mr(h1 − h4) (3)

where
.

mw represents the mass flow rate of the heating fluid (water), and h6 and h5 are
the specific enthalpies of the inlet and outlet heating working fluid streams (water) of the
evaporator, respectively. h4 and h1 are the specific enthalpies of the inlet and outlet Rankine
cycle working fluid streams (R134a) of the evaporator, respectively.

For the PCM tank, the energy balance is investigated separately for day and night.

A. During the Day The PCM tank is charged during the day by absorbing heat from the
heating fluid (water). Accordingly, the energy balance of the PCM tank during the
day follows Equation (4).

QPCM,day = mPCMΔh f us,PCM = tcharging
.

mw(h10 − h7) (4)

where mPCM is the mass of the PCM, Δh f us,PCM is the PCM enthalpy of fusion, and
tcharging is the charging time in the day, equal to 12 h. QPCM,day is the heat absorbed
by the PCM from the heating fluid (water) during the day. Streams 4′ and 1′ are
shut down during the day and the only inlet and outlet streams of the PCM tank are
Streams 10 and 7, whose specific enthalpies are shown as h10 and h7.

B. During the Night The PCM tank is discharged during the night by desorbing heat to
the Rankine cycle working fluid (R134a). Therefore, the energy balance of the PCM
tank during the night follows Equation (5).∣∣∣QPCM,night

∣∣∣= mPCMΔh f us,PCM = tdischarging
.

mr

∣∣∣h1′ − h4′
∣∣∣ (5)

where tdischarging is the discharging time during the night, equal to 12 h. QPCM,night is
the desorbed heat by the PCM to the Rankine cycle working fluid (R134a) during the
night. Streams 10 and 7 are shut down at night, therefore, the only inlet and outlet
streams of the PCM tank are Streams 4′ and 1′, with specific enthalpies of h4′ and
h1′ , respectively.
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For the water tank, which is used only during the day, the energy balance is,

mwCpw

dTw

dt
=

.
Qs +

.
mw9(h8 − h9) (6)

where h8 and h9 are the specific enthalpies of the inlet and outlet streams of the water tank,
respectively.

.
Qs is the collected solar energy.

.
mw9 is the mass flow rate of Stream 9 and based

on the proposed assumptions, it is twice the mass flow rate of Streams 10 (or 6). Therefore,

.
mw9 = 2

.
mw (7)

In Equations (6) and (7),
.

mw and Tw are the total mass and the temperature of water
in the water tank, respectively, and Cpw is the heat capacity of water. In this study, it is
assumed that the collected solar energy is controlled carefully using controlling collectors,
therefore, the water tank during the day is at a thermal steady state. In this way, the
unsteady state term of Equation (6) can be neglected. This assumption is, in fact, easily
obtainable because during the day, the amount of collected solar energy which is transferred
to the water tank is controlled in a way to keep the water at its boiling point, and since a
pure component boils at a constant temperature, the temperature of water in the water tank
remains constant. In this way, there is no temperature change in the water tank. So, during
the day, Equation (6) can be simplified as follows.

.
Qs =

.
mw9(h9 − h8) (8)

2.3. Exergy Analysis

Exergy analysis is a way to define how far a system operates from ideal conditions.
Exergy indicates the maximum amount of work that a system can generate under the
second law of thermodynamics. Consequently, since all real systems are far from their
ideal state, they cannot produce the maximum theoretical amount of work, and some of
the theoretical maximum is wasted as exergy destruction [31].

For a steady-state process, the destruction of exergy for equipment i (
.
Ed,i) is generally

determined based on Equations (9) and (10) [32,33].

.
Ed,i = ∑

j
(

.
mjej)in − ∑

k
(

.
mkek)out + ∑

.
Win − ∑

.
Wout + ∑

.
[Q(1 − T0

T
)]in − ∑

.
[Q(1 − T0

T
)]out (9)

ei = (hi − h0)− T0(si − s0) (10)

In Equation (9), the first and second terms of the right-hand side show the input and
output exergies by the streams for equipment i. The third and fourth terms show the
exergy changes of equipment i owing to the work transferred, and, finally, the last two
terms of the right-hand side of Equation (9), represent the exergy changes due to the heat
transferred [32,33]. In this equation, T0 is the surrounding temperature, considered as
273.15 K, which is also the selected reference temperature. T is the temperature of the
equipment. In Equation (10), h0 and s0 are the enthalpy and entropy of the environment,
considered at the reference conditions (i.e., at the reference temperature of T0 and reference
pressure of P0), and hi and si are the enthalpy and entropy, respectively, of stream i at
temperature T and pressure P.

In addition to the exergy destruction of equipment i, in the cycle, the contribution
of exergy destruction, Econt,i, in the total exergy loss of the cycle,

.
Ed,tot can be determined

based on Equation (11).

Econt,i =

.
Ed,i
.
Ed,tot

=

.
Ed,i

∑
.
Ed,i

(11)
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In this manner, for each equipment of the investigated cycle, the exergy analysis is
applied according to Equations (9) and (10) [31–33].

For the turbine, because it was considered to follow an isentropic process, there is no
heat transfer. Then, Equations (9) and (10) are simplified to Equation (12) for the exergy
destruction by the turbine,

.
Ed,turb ,

.
Ed,turb =

.
mr (h1 − h2)− .

mr T0(s1 − s2)−
.

Ws (12)

For the condenser, the exergy destruction,
.
Ed,C , is derived by,

.
Ed,C =

.
mr (h2 − h3)− .

mr T0(s2 − s3)−
.

QC(1 −
T0

TLS
) (13)

where TLS is the heat sink temperature which absorbs
.

QC, and is considered as 298.15 K.
For the evaporator, the exergy destruction,

.
Ed,e is calculated by Equation (14) (during

the day).

.
Ed,e =

.
mr [(h4 − h1)− T0(s4 − s1)] +

.
mw [(h6 − h5)− T0(s6 − s5)] (14)

For the PCM tank, it is important to consider the assumption of insulation of the tank.
Therefore, the exergy destructions of the PCM tank are determined based on Equations (15)
and (16) for day and night, respectively.

Ed,PCM,day =
.

mw((h10 − h7)− T0(s10 − s7)) (15)

Ed,PCM,night =
.

mr ((h4′ − h1′)− T0(s4′ − s1′)) (16)

In Equations (15) and (16), Ed,PCM,day and Ed,PCM,night are the exergy destructions of
the PCM tank during the day and night, respectively. As a result, for a 24-h period, the
exergy destruction of the PCM, Ed,PCM, can be calculated based on Equation (17) [34,35].

Ed,PCM = Ed,PCM,day + Ed,PCM,night (17)

Finally, according to Equations (9) and (10), the exergy destruction of the water tank,
.
Ed,wt , is calculated based on Equation (18).

.
Ed,wt =

.
mw9(h8 − h9)− .

mw9 T0(s8 − s9) +
.

QS(1 −
T0

THW
) (18)

where THW is the heat source temperature and equal to 0.75Tsun [29]. Moreover, for
calculating the enthalpy and entropy changes of liquid water at constant pressure in the
water tank, Equations (19) and (20) are used.

Δh =

T9∫
T8

CpwdT (19)

Δs =
T9∫

T8

Cpw

T
dT (20)

In these equations, Cpw is the heat capacity of water, and T8 and T9 are the inlet and
outlet temperatures of the water streams of the water tank.
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After determining the exergy destruction of all of the equipment, the total exergy
destruction of the cycle, which includes the non-idealities of the system, can be determined
according to Equation (21).

.
Ed,tot = ∑

.
Ed,i (21)

According to this equation, the total exergy destruction of the cycle is actually the sum
of the exergy destruction of each equipment in the cycle.

2.4. Investigated DESs

In this study, seven DESs, as well as paraffin, were considered as PCMs to study
a solar thermal power generation cycle. The information of the studied DESs, includ-
ing the HBA and HBD components, and their molar ratios and molecular weights are
presented in Table 1.

Table 1. The HBA, HBD, and molar ratios of the investigated DESs in this study.

DES Code HBA HBD
HBA:HBD

Molar Ratio
DES Molecular
Weight (g/mol)

DES1 Choline chloride Suberic acid 1:1 1 156.92
DES2 Choline chloride Urea 1:0.9 2 102.22
DES3 Choline chloride Gallic acid 1:0.5 1 149.79
DES4 Choline chloride 4-Hydroxybenzoic acid 1:0.5 1 139.13
DES5 Choline chloride Oxalic acid 1:0.8 2 117.81
DES6 Choline chloride Itaconic acid 1:1 1 134.87
DES7 Choline chloride p-Coumaric acid 1:0.5 1 147.81

1 Reference [36] 2 Reference [37] .

3. Results and Discussion

The first step for performing the calculations in the presented modified cycle, is
determining the physical properties of the DESs. The enthalpy of fusion and melting point
are required for each DES. Table 2 presents the values of enthalpies of fusion for the HBA
and HBD components, as well as the melting points of the investigated DESs. In order to
calculate the enthalpies of fusion of the DESs, a simple thermodynamic mixing rule was
used for the HBA and HBD components, as given by Equation (22) [38].

Δh f us,PCM = yHBAΔh f us,HBA + yHBDΔh f us,HBD (22)

where yHBA and yHBD are the mole fractions of the HBA and HBD components, respec-
tively, and Δh f us,HBA and Δh f us,HBD are their corresponding enthalpies of fusion, respec-
tively. The calculated values of enthalpies of fusion for the investigated DESs are also
reported in Table 2.

Table 2. Enthalpies of fusion and melting points of the investigated DESs in this study.

DES
HBA to HBD
molar ratio

Δhfus,HBA(
kJ

mol ) Δhfus,HBD(
kJ

mol ) Δhfus,DES(
kJ

mol ) Δhfus,DES(
J
g ) Tm,DES(

◦
C)

DES1 1:1 29.76 1 30.70 2 30.23 192.65 93 4

DES2 1:0.9 29.76 1 13.61 2 22.17 216.89 80 5

DES3 1:0.5 29.76 1 30.96 3 30.17 201.42 77 4

DES4 1:0.5 29.76 1 32.00 2 30.50 219.22 87 4

DES5 1:0.8 29.76 1 12.31 3 22.08 187.42 73 5

DES6 1:1 29.76 1 17.49 3 23.62 175.13 57 4

DES7 1:0.5 29.76 1 24.78 3 28.10 190.11 67 4

Paraffin - - - - 189.00 6 68 6

1 Reference [39]; 2 Reference [40]; 3 Calculated using the Joback–Reid method [41]; 4 Reference [36]; 5 Reference [37];
6 Reference [42].
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In addition to the studied DESs, paraffin, with a carbon number range of 21 to 50 and
a melting point of 68 ◦C, with an enthalpy of fusion equal to 189 J/g, was considered as a
conventional PCM [42].

All of the required properties of R134a (the working fluid of Rankine cycle) and water
(the working fluid of the heating cycle), including enthalpies, entropies, vapor pressures
at different temperatures and pressures, and heat capacities were obtained from the NIST
database [40].

In order to have a fair investigation of all the DESs, the operational conditions of the
studied cycles for each DES were considered the same. Table 3 reports the operational
conditions of the investigated cycles.

Table 3. The operational conditions for the investigated cycles.

Water Tank Outlet
Temperature, T9

Condenser
Temperature
Range (◦C)

R134a Outlet
Temperature of
PCM tank, T1′

Evaporator
Pressure (kPa)

Mass Flow Rate of
Water,

.
mw(kg/s)

Mass Flow Rate of
R134a

.
mr(kg/s)

Tm,PCM + 5 30–55 Tm,PCM − 5 1000–2000 1.5 0.1

According to the presented operational conditions, the outlet water-temperature from
the water tank, T9, for all the investigated cycles was assumed to be higher than the melting-
point temperature of the investigated DESs (PCMs), to ascertain the transfer of heat from
hot water to the DES. Moreover, the outlet temperature of R134a from the PCM tank,
T1′ was considered to be lower than the PCM melting point temperature, in order to be
sure of heat transfer from the PCM to R134a. Moreover, the condenser temperature, the
evaporator pressure, and the mass flow rates of water and R134a were selected according
to the thermodynamic properties of the working fluid and the selected PCMs, as well as
taking into account the values given in previously published studies [15,33].

After obtaining all of the required information for the investigated cycles, the perfor-
mances of the cycles using the investigated DESs as PCMs were investigated by energy and
exergy analyses.

The most important equipment in the investigated cycles, which are flexible in chang-
ing the operational conditions, are the condenser and evaporator. Therefore, by changing
the condenser temperature and evaporator pressure (according to Table 3), the perfor-
mances of the investigated cycles were studied, with a focus on the produced power, the
required mass of DES, and the total exergy loss of the cycle.

3.1. Method of Calculation

To calculate the cycle’s characteristics, such as power production, required mass of
PCM, and exergy losses, the following calculation steps were followed:

Step 1. Based on the selected condenser temperature, evaporator pressure, and
the provided assumptions, the enthalpies and entropies of Streams 1 (1′), 3, and 4 (4′)
were determined;

Step 2. The entropy and enthalpy of Stream 2 were calculated based on the turbine’s
isentropic efficiency, which was considered as 0.75 in this work;

Step 3. Using the calculated enthalpies, the produced power and the required mass of
PCM were calculated based on Equations (1) and (5);

Step 4. According to the given exergy analysis method, the exergy losses were determined.

3.2. Effect of the Condenser Temperature

The effects of changing the condenser temperature on the produced power, the re-
quired mass of PCM, and the total exergy loss of each cycle are shown in Figures 2–5 for all
of the studied cycles. However, it is important to keep in mind that the inlet R134a to the
turbine should be at a superheated vapor state, therefore, the evaporator pressures of each
cycle will be different. The values of the evaporator pressure in each cycle are also shown
in Figures 2–5.
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Based on the achieved results, it can be seen that by increasing the condenser tem-
perature, the produced power and the required mass of PCM both decrease. In fact, by
increasing the condenser temperature while all the other operational conditions of the
cycle are constant, the enthalpy of Stream 1 (or 1’), which is a function of the evaporator
pressure and temperature, T1(or T1′ ), remains constant for each cycle. Moreover, increasing
the condenser temperature increases the condenser pressure as well. Accordingly, Stream
2 leaves the turbine at a higher pressure and temperature. Therefore, the enthalpy of Stream
2 will increase when the condenser temperature is increased. Based on Equation (1), for a
constant mass flow rate of the working fluid,

.
mr, and a constant enthalpy, h1(or h1′ ), the

produced power decreases by increasing h2. This can be seen in all of the studied cycles in
Figure 2. By comparing the different DESs investigated, it is shown that except for DES6
and DES7, the other DESs produce higher amounts of power than the conventional paraffin
PCM at the same operational conditions.

Figure 2. The effect of condenser temperature on the produced power. (The evaporator pressure for
each system is shown in the legend for each PCM).

Figure 3. The effect of condenser temperature on the required amount of DES. (The evaporator
pressure of each system is shown in the legend of each PCM).
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Figure 4. The effect of condenser temperature on the total exergy destruction. (The evaporator
pressure of each system is shown in the legend of each PCM).

Figure 5. The effect of condenser temperature on the total exergy destruction without considering the
water tank exergy loss. (The evaporator pressure of each system is shown in the legend of each PCM).

Additionally, as discussed earlier, increasing the condenser temperature does not
have any effect on the properties of Streams 1 and 1’. However, increasing the condenser
temperature increases T3, and then, T4′ as well, which means that Stream 4 reaches higher
enthalpy values. Accordingly, based on Equation (5), a lower amount of PCM is required at
higher condenser temperatures, which is also evidenced by Figure 3.

Another important finding from this figure is the lower required amounts of DES4,
DES3, and DES2 as the PCMs with respect to paraffin. The other investigated cycles require
greater amounts of DES than paraffin. In fact, one of the most important properties that
play a vital role in the performance of a cycle is the enthalpy of fusion of the PCM. By
comparing the enthalpies of fusion of the studied DESs, it is seen that DES2, DES3, and
DES4, have the highest enthalpies of fusion among the PCMs. Accordingly, in the cycles
with either DES2, DES3, or DES4 as the PCM, a lower mass of PCM is required to provide a
desired amount of power, in comparison to other cycles.
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Additionally, Figure 4, demonstrates the effect of condenser temperature on the to-
tal exergy destruction of the investigated cycles. Based on the results of this figure, by
increasing the condenser temperature, the total exergy destruction of each of the studied
cycles decreases. Indeed, by increasing the condenser temperature, the produced power
and the required amount of PCM both decrease. Accordingly, the required amount of
input heat to the water tank decreases as well. Based on Equation (18), by increasing
the condenser temperature, the exergy destruction of the water tank also decreases. By
comparing the investigated cycles, it is shown that only the cycle of DES5 has a similar
total exergy destruction to the paraffin cycle.

Moreover, it is common practice to study the total exergy destruction of only the
Rankine cycle instead of the whole cycle. For this purpose, Figure 5 is presented. This
figure demonstrates the effect of condenser temperature on the total exergy destruction
of the cycle without considering the exergy loss of the water tank. Based on the achieved
results, at higher condenser temperatures, the total exergy destruction is higher.

In fact, when the difference between the condenser and the surrounding temperatures
increases, the process of discarding heat

.
Qc to the surrounding moves further away from a

“reversible” process. Accordingly, the total exergy destruction increases at higher condenser
temperatures. By comparing the results of Figures 4 and 5, it can be seen that the effect
of condenser temperature on the total exergy destruction of the whole cycle is the exact
opposite of the results of Figure 4. In fact, it can be concluded that the exergy loss of the
water tank is much greater than the other parts of the cycle, and, thus, controls the behavior
of total exergy destruction of the cycle. Therefore, as discussed earlier, when the condenser
temperature increases, lower amounts of heat are necessary for increasing the enthalpy of
Stream 4, so the temperature change of water in the evaporator decreases, leading to lower
exergy destruction of the water tank, which has the highest effect on the total exergy losses.

In general, based on the achieved results of Figures 2–5, it can be concluded that lower
condenser temperatures of the investigated cycles are more favorable from the point of view
of produced power. However, the condenser temperature cannot be lower than a specific
value. In fact, to ensure that the discarding of heat,

.
QC, to the surrounding does indeed

occur, the condenser temperature should not be lower than the surrounding temperature.
However, it should be noted that decreasing the evaporator temperature leads to higher
exergy destructions, and also, larger amounts of required DES. Therefore, based on these
findings, the temperature of 30 ◦C can be suggested as a suitable condenser temperature
for all of the studied cycles to achieve high power production.

3.3. Effect of the Evaporator Pressure

To study the effect of evaporator pressure (according to Table 3) on the performances
of the investigated cycles, the produced power, the required amount of PCM, and the total
exergy destruction upon evaporator pressure changes were studied and the results are
presented in Figures 6–9, respectively.

These investigations were carried out at a condenser temperature of 30 ◦C, which was
proposed above as a possible optimum condenser temperature.

Based on Figure 6, by increasing the evaporator pressure, the produced power in-
creases for all of the studied cycles. Indeed, increasing the evaporator pressure does not
have any effect on the pressure of Stream 2, while it does increase the pressure of Stream
1 during the day. Therefore, the inlet pressure of the turbine increases while the outlet
pressure remains constant, so the produced power increases while considering a constant
working fluid mass flow rate. Additionally, since we assumed that the cycle’s operational
conditions are the same during night and day, the same scenario can be assumed for the
pressures of Streams 1 and 2 during the night, which leads to the production of more power
during the night as well. Moreover, it can be seen that all of the investigated DESs, except
for DES6 and DES7, produce greater, or at least the same amount of power as paraffin. The
reason that DES6 and DES7 produce lower power in comparison to the other DESs and the
studied paraffin, is their smaller enthalpies of fusion.
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Figure 6. The effect of evaporator pressure on the produced power.

Figure 7. The effect of evaporator pressure on the required amount of DES.

Indeed, as mentioned earlier, the enthalpy of fusion of a PCM is an important factor
whose value affects the behavior of the cycle. In fact, by the increased enthalpy of fusion of
a PCM, a higher amount of energy can be stored within a fixed period of time. Therefore,
a PCM with a high enthalpy of fusion can provide greater energy to the refrigerant of the
Rankine cycle. Subsequently, and based on the performance of the Rankine cycle, a greater
amount of power can be achieved when a larger amount of energy is added to its refrigerant.

Additionally, according to Figure 7, it can be seen that by increasing the evaporator
pressure, the required mass of PCM decreases for all of the investigated cycles. Because
the pressures of Streams 1 and 1’ are the same during day and night, increasing the
evaporator pressure at a constant evaporator temperature leads to reduced enthalpies of
Streams 1 and 1’. Accordingly, based on Equation (6), for a constant mass flow rate of the
working fluid, smaller amounts of the PCM are required. Additionally, based on the results
of Figure 7, it can be seen that except for DES1, DES5, and DES6, the required amount of
PCM for the investigated cycle is either lower or the same as the cycle which uses paraffin,
due to the differences between the enthalpies of fusion.
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Figure 8. The effect of evaporator pressure on the total exergy destructions of the investigated cycles.

Figure 9. The effect of evaporator pressure on the total exergy loss of the cycle without considering
the exergy destructions of the water tank.

In addition to the required PCM and the produced power, the effect of changing of
evaporator pressure on the total exergy destructions of the investigated cycles was studied
and shown in Figure 8.

According to the results, increasing the evaporator pressure decreases the total ex-
ergy destruction of all the studied cycles. Additionally, in Figure 9, the effect of changing
evaporator pressure on the total exergy destruction of the investigated cycles, without
considering the exergy destruction of the water tank, is presented. Based on the results, in-
creasing the evaporator pressure leads to decreases in the total exergy destruction (without
the water tank) for all of the studied cycles. Actually, it was shown that by increasing the
evaporator pressure, the required mass of the PCMs consequently decreases, which means
that the working fluid (R134a) requires lower amounts of heat for vaporization. In other
words, since it was assumed that the investigated cycle’s operational conditions are the
same during night and day, by increasing the evaporator pressure, the required amount
of heat which is required for vaporizing R134a decreases during the day. Actually, in the
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daytime, water is responsible for providing the required amount of heat for the evaporation
of R134a, and by increasing the evaporator pressure, the temperature-change of water
decreases. From a thermodynamics point of view, by decreasing the water temperature,
the evaporator tends toward a reversible process, so its exergy destruction decrease.

Based on the achieved results, it can be concluded that increasing the evaporator
pressure is favorable for the cycle’s performance and the highest possible evaporator
pressure should be chosen, however, since the inlet fluid to the turbine should be super-
heated vapor, there is a limit on evaporator pressure increase. Additionally, evaporator
pressure is restricted by safety protocols and operational limitations.

In Figure 9, the effect of the melting point temperature of the PCM is shown on the
cycle performance. DES6, DES7, and paraffin have a lower melting-point temperatures in
comparison to the other studied PCMs, and since the temperature of the Rankine cycle’s
refrigerant is equal to Tm,PCM − 5, the outlet refrigerant from the evaporator cannot be
superheated vapor at high evaporator pressures when a PCM with a low melting-point
is used. Based on this limitation, it is suggested to consider the evaporator pressure as
2000 kPa. By comparing the results of the investigated cycles in Table 4, it can be seen that
the cycle which uses DES2 (1 Choline chloride: 0.9 urea) as its PCM requires the lowest
amount of DES. Additionally, the cycle which uses DES5 (1 Choline chloride:0.8 oxalic acid)
as its PCM has the lowest total exergy destruction.

Table 4. The results of exergy and energy analyses for all of the investigated cycles at the condenser
temperature of 30 ◦C and their evaporator pressure.

Cycle
Evaporator

Pressure (kPa)
Produced

Power (J/s)

Required
Mass of

PCM (kg)

Total Exergy
Destruction (J/s)

Total Exergy
Destruction
Without the

Water Tank (J/s)

DES1 2000 1630.5 4803.57 32,717.11 3710.68
DES2 2000 1491.75 3936.70 30,249.98 2427.12
DES3 2000 1452.75 4146.14 29,600.00 2182.53
DES4 2000 1569.75 4071.55 31,599.43 3148.88
DES5 2000 1402.01 4324.36 28,758.28 1826.06
DES6 1300 807.75 4553.63 29,515.55 1619.44
DES7 1600 1128.75 4311.56 29,697.07 1928.57

Paraffin 1800 1254.14 4246.63 28,763.60 1658.43

However, the cycle which uses DES1 (1 Choline chloride:1 suberic acid) as the PCM
has the highest produced power. Nevertheless, according to the results of Table 4, choosing
DES4 (1 Choline chloride:0.5 4-hydroxybenzoic acid) as the PCM is the most rational
because following DES1, it has the highest power production while the required mass of
DES is much lower than DES1. Furthermore, from the exergy destruction point of view, its
total exergy destruction is in the same order as the other cycles. For a detailed examination,
the contribution of all of the equipment of the cycle using DES4 as the PCM is shown in
Figure 10. Moreover, the exergy destruction contribution of the other investigated cycles is
also given in Figures S1–S6 of the Supplementary Materials.

Based on Figure 10, it is obvious that the water tank has the highest contribution
in comparison to the other equipment. One of the most important sources of such high
exergy destruction in the water tank is the temperature of the heat source of the water tank.
Accordingly, for improving the performance of the cycle, the operation of the water tank
should be optimized.
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Figure 10. The contribution of each unit of the cycle in the exergy destruction.

3.4. Effects of the Melting Point Temperature and the Enthalpy of Fusion

In the previous sections, the performances of the investigated DESs were compared to
one another at various operational conditions. In this section, we discuss the effects of the
melting point temperature and the enthalpy of fusion of a DES on the cycle performance.
According to the achieved results, a DES with a higher melting point temperature and
higher enthalpy of fusion, such as DES1, DES3, and DES4, is more favorable and leads
to a better cycle performance. A higher melting point temperature of a DES leads to a
higher enthalpy of the fluid entering the turbine. However, melting point temperature
is not the only criteria for selecting a suitable DES. In this work, it was shown that DES4
can potentially be the best DES among the investigated DESs according to performance,
however, its melting-point temperature is lower than that of DES1. Actually, the heat of
fusion of a DES is also an important factor that should be considered for selecting the best
DES. In fact, increasing the enthalpy of fusion of a DES leads to lower required amounts of
DES for the same amount of power generation. In general, when choosing an appropriate
DES for power generation in the given cycle, the melting-point temperature and enthalpy
of fusion of the DES should be high enough, while some other operational conditions, such
as viscosity, should be considered as well.

4. Conclusions

In this work, a modified cycle was introduced for a solar thermal power plant that
uses a PCM tank for storing solar energy during the day and releases the energy during
the night. Based on the modified cycle, power generation based on solar energy can occur
continuously not only during the day, but also, throughout the night. Additionally, in order
to investigate the feasibility of replacing conventional PCMs with green and sustainable
materials, various DESs were considered as novel PCMs for use in solar thermal power
plants. The feasibility study was carried out by applying exergy and energy analyses to
the modified cycles. For this purpose, seven different DESs were suggested as potential
PCMs, to be compared with paraffin as a conventional PCM. Based on the considered
PCMs, the optimum operating conditions of the modified solar thermal power plant cycles
were investigated by studying the effects of changing the condenser temperature and
evaporator pressure on the produced power, the required amount of DES, and the total
exergy destruction of the cycles. Based on the achieved results, it was suggested that the
highest of cycle performances can potentially be achieved at a condenser temperature of
30 ◦C and an evaporator pressure of 2000 kPa. At these suggested operational conditions,
the cycle which uses DES4 (Choline chloride:4-hydroxybenzoic acid 1:0.5) as its PCM shows
the best performance. By comparing the achieved results, it was found that some of the
selected DESs have better performance than paraffin from the points of view of energy and
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exergy analyses. Due to the larger enthalpy of fusion of DES4 in comparison to paraffin,
the cycle which operates with DES4 produces 25% more power in comparison to the cycle
which uses paraffin as the PCM, together with a lower required amount of DES (175 kg
lower), and their total exergy losses are in the same order.

Additionally, by comparing the contributions of each equipment of the solar thermal
power plant cycle in the aspect of total exergy destruction, it was concluded that the
water tank which absorbs the solar energy, has the highest contribution to the total exergy
destruction of the cycle.

Based on the results of this work, it can be concluded that DES4 has the potential to
be used as a PCM in solar power plants due to its suitable performance in comparison to
paraffin, in addition to its environmental benefits.

Supplementary Materials: The following supporting information can be downloaded online: Figure S1
to Figure S7.
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Abstract: A widely disseminated native species from Australia, Acacia mearnsii, which is mainly
cultivated in Brazil and South Africa, represents a rich source of natural tannins used in the tanning
process. Many flowers of the Acacia species are used as sources of compounds of interest for the
cosmetic industry, such as phenolic compounds. In this study, supercritical fluid extraction was
used to obtain non-volatile compounds from A. mearnsii flowers for the first time. The extract
showed antimicrobial activity and the presence of p-anisic acid, a substance with industrial and
pharmaceutical applications. The fractionation of the extract was performed using a chromatographic
column and the fraction containing p-anisic acid presented better minimum inhibitory concentration
(MIC) results than the crude extract. Thus, the extraction process was optimized to maximize the
p-anisic acid extraction. The response surface methodology and the Box–Behnken design was used
to evaluate the pressure, temperature, the cosolvent, and the influence of the particle size on the
extraction process. After the optimization process, the p-anisic acid yield was 2.51% w/w and the
extraction curve was plotted as a function of time. The simulation of the extraction process was
performed using the three models available in the literature.

Keywords: Acacia mearnsii; supercritical fluid extraction; p-anisic acid; response surface methodology;
mathematical modeling

1. Introduction

Plants are a source of natural products that have several applications and are an
important raw material for obtaining compounds of interest to the pharmaceutical and food
industries [1,2]. Several species of Acacia have been studied and their secondary metabolites
have anti-inflammatory [3–5], antifungal [6–8], antibacterial [9–12], antioxidant [13–15],
anticancer [16,17], antidepressant [18], and antifeedant properties [19], among others. The
extracts of different Acacia species, such as A. catechu, A. concinna, A. dealbata, A. decurrens,
A. farnesiana, and A. senegal are used in cosmetics, according to the International Cosmetic
Ingredient Dictionary and Handbook [20].

The Acacia mearnsii De Wild, a member of the Leguminosae family (subfamily Mi-
mosoideae), is widely grown in Brazil and South Africa, with an estimated 540,000 hectares
cultivated worldwide [21], representing the main source of vegetable tannins. Although
the biological activities of other Acacia genus species have already been studied and the
use of its bark and wood is already common, the A. mearnsii flowers have not yet been
industrially explored.
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Supercritical fluid extraction (SFE) is an important process used to obtain bioactive
compounds [22] and it stands out in the food, pharmaceutical, and cosmetic industries due
to its capacity to extract compounds with a high purity without thermal degradation, as
well as its use of toxic solvents [23,24]. SFE is considered a clean technology when carbon
dioxide, which is considered a green solvent, is used as a solvent, offering advantages
over traditional methods, such as the extraction by steam distillation and hydrodistillation
methods [25,26].

In SFE, operational conditions such as temperature, pressure, and particle size influ-
ence the process efficiency [22]. The design of experiments and response surface method-
ologies are commonly employed for the identification and optimization of variables [27–35].
The methodology allows evaluating the influence of several variables regarding one or
more responses with a reduced number of experiments, therefore, reducing the time and
cost [36]. After the extraction process has been optimized, the mathematical modeling
of the extraction process dynamic is an important step for the prediction and process
scale-up [37,38]. The mathematical modeling of the extraction is substantial, to evaluate
the influence of the operational parameters in the technical and economic viability of an
industrial process, with a reduced number of laboratory experiments [38–40].

In this work, supercritical carbon dioxide extraction was applied to the Acacia mearnsii
flowers, a part of the plant with potential that is yet to be explored. The antibacterial activity
of the extract was evaluated in the crude extract and the fractions obtained by column
chromatography; p-anisic acid was identified in the fraction with the best antibacterial
activity. p-anisic acid, also known as draconic acid or 4-methoxybenzoic acid.

(IUPAC), is an important substance that has digestive, diuretic, and expectorant
properties and it is used as an aroma component in the food and cosmetic industries as
a flavor, a preservative, and an antiseptic agent [41,42]. It also has importance in medical
science for the treatment of Parkinson’s disease, hepatitis B and C viruses, liver diseases,
the post-radiation treatment of breast cancer, and skin desquamation [43]. Finally, it is an
important substance in the production of pharmaceutical intermediates and pharmaceutical
products, agrochemicals, and dyes [44]. The solubility of p-anisic acid in water is low, but it
is highly soluble in alcohols and is soluble in ethers, as well as ethyl acetate [45].

The extraction evaluation can be carried out in terms of either the overall yield or
the selectivity of a target component. The selectivity aspect is important since a high
purity product for the desired analyte does not require subsequent purification operations.
These purification steps make the process more expensive, in addition to exposing the
extract to solvents that may not be compatible with the outcome of the product [46–48].
Thus, the response surface methodology was used for the optimization of p-anisic acid
selectivity in the extract obtained by supercritical carbon dioxide extraction. The effects of
pressure, temperature, and particle size were evaluated using a Box–Behnken design. For
the optimized conditions within the framework investigated, the mass transfer parameters
of three mathematical models were estimated to support the extraction process simulation.

2. Results

2.1. Step I—Design of the Experiments and the Chemical and Biological Evaluations
2.1.1. Factorial Design

First of all, a factorial design 22 was performed evaluating the pressure and modifier
effects in the global yield of the extraction process. The experiments resulted in 7 extracts
with a global yield between 1.25 and 2.49% w/w (extract/plant). These results are presented
in Table 1 together with the experimental design matrix, the levels of each factor, and their
combinations determined by the factorial design.
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Table 1. Factorial 22 design matrix and observed responses.

Standard
Run Order

Codified Variables Uncodified Variables Global Extract Yield
(% w/w) a

S/F b

(gsolv./gplant)Pressure Modifier Pressure (bar) Modifier

1 −1 −1 120 Water 1.25 24.2
2 −1 1 120 Ethanol 1.70 24.0
3 1 −1 240 Water 1.71 24.2
4 1 1 240 Ethanol 2.49 24.0
5 0 0 180 Water:Ethanol (1:1 v/v) 2.27 24.1
6 0 0 180 Water:Ethanol (1:1 v/v) 2.33 24.1
7 0 0 180 Water:Ethanol (1:1 v/v) 2.30 24.1

a gram of crude extract from 100 g of dried flowers; b S/F is the solvent-to-feed ratio.

The lowest yield value was obtained at the lowest pressure (120 bar), using water
as the cosolvent, while the largest yield was obtained at the extraction process with the
highest pressure (240 bar), using ethanol as the cosolvent. The factorial design data were
processed using the Minitab® statistical software and the analysis of variance (ANOVA)
proved that both factors, pressure, and the cosolvent were statistically significant in the
global yield of the supercritical fluid extraction. The effects were evaluated using a linear
regression and the contour plot can be viewed in Figure 1.

 

Figure 1. Contour plot for global extraction yield as a function of CO2 pressure and modifier.

The model fitted to the experimental data was presented as a coefficient of determina-
tion, R2, which was equal to 0.9981. The adjusted coefficient of determination had a value
of 0.9944, which means that only 0.56% of the variations were not explained by the model
used for the contour plot, which is presented in Equation (1):

global yield
(

%
w
w

)
= 1.81281 + 0.32906 P + 0.29094 M + 0.06094 P M (1)

where P is the pressure and M is the modifier (values for coded variables).
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2.1.2. Extract Purification and Chemical Analyses

The 7 extracts were analyzed by HPLC and in all of them, a compound with a retention
time of about 10.6 min was detected (Supplementary Material—Figures S1–S7). In the first
step of this study, the compound was only analyzed qualitatively. After a comparative
analysis with different standards, the most common compound was identified as p-anisic
acid. Once the compound was identified in all extracts, the following steps involved its
purification by silica gel column chromatography, thin-layer chromatography (TLC), and
HPLC for each fraction.

Most of the identified compounds in the raw extracts, including the p-anisic acid, were
only identified in the ethyl acetate fraction. Therefore, this fraction was submitted once
again to column chromatography with a gradient of solvents in increasing order of polarity,
and 10 fractions were collected. According to the results of the HPLC analysis, p-anisic acid
was detected in subfractions 4 and 5, obtained with a ratio of hexane-to-ethyl acetate of
40:60 and 20:80 v/v as solvents, respectively (Supplementary Material—Figures S8–S9). In
subfraction 2, a compound that presented as orange in color in the TLC analysis (Supple-
mentary Material—Figure S10) after staining with sulfuric vanillin was not identified in
the HPLC analysis under the studied conditions (Supplementary Material). Nevertheless,
this subfraction was chosen for the antimicrobial activity tests, along with subfraction 4,
the ethyl acetate fraction, and all 7 crude extracts. We did not use subfraction 5 for the
antimicrobial assays due to the lower yield compared to subfraction 4, since both have a
similar chromatographic profile.

2.1.3. The Antimicrobial Activity of A. mearnsii Supercritical Extracts
Bioautography

The antimicrobial activity of the extracts was evaluated using the bioautography
method against Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC 25922). All
the crude extracts inhibited the growth of the Gram-positive microorganism S. aureus, while
none of the crude extracts inhibited the growth of the Gram-negative microorganism E. coli.
These results are in agreement with those reported for the extracts of Acacia podalyriifolia,
which also showed an inhibition for S. aureus and presented no activity against E. coli [49].

Minimum Inhibitory Concentration

The minimum inhibitory concentration (MIC) was then determined only against S.
aureus. MIC tests were performed with the 7 crude extracts, obtained according to factorial
design, and with some fractions separated by column chromatography. The best result for
subfraction 4 (Table 2) was attributed to the higher p-anisic acid concentration verified by
HPLC analyses. The activity of phenolic acids against S. aureus has been verified in several
studies [50–52]. According to Basri et al. [53], the minimum inhibitory concentration (MIC)
of p-anisic acid against S. aureus is MIC = 15.0.

Table 2. Minimal inhibitory concentration (MIC) of A. mearnsii crude extracts and its purified fractions
against S. aureus.

Sample MIC (mg·mL−1)

Extract 2 (P = 120 bar; cosolvent: ethanol) 24
Extract 7 (P = 180 bar; cosolvent: ethanol:water 1:1 v/v) 24

Extracts 1, 3, 4, 5, and 6 >24
Ethyl acetate fraction 59.2

Subfraction 2 (solvent: hexane:ethyl acetate 80:20) 35.9
Subfraction 4 (solvent: hexane:ethyl acetate 40:60) 11.8

Although the MIC of the A. mearnsii flower extracts obtained with supercritical fluid
was high, its combination with synthetic and classic antibiotics may enhance the extract of
A. mearnsii activity. According to studies, the synergistic effect of the association of antibi-
otics with plant extracts against resistant bacteria leads to new options for the treatment of
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infectious diseases. [54]. For example, the extracts of Solanum paludosum Moric obtained
by the supercritical fluid process, tested by Siqueira [55], have not presented antibacterial
activity but have shown modulating activity that reduced the antibiotic MIC up to eight
times. Olajuyigbe & Afolayan [56] tested the effect of the methanolic extract of A. mearnsii
bark and its synergistic effect when combined with antibiotics against 8 bacteria of clinical
relevance. Concerning S. aureus (ATCC 6538), the minimum inhibitory concentration of
the extract was 0.313 mg·mL−1 and it has presented synergism with antibiotics such as
erythromycin, metronidazole, amoxicillin, chloramphenicol, and kanamycin. Thus, de-
spite the low effect of A. mearnsii flower extracts, there is the potential for exploring its
combined use with traditional drugs. These results also suggest future tests against other
Gram-positive bacteria such as Staphylococcus epidermidis, one of the main causative agents
of hospital infection [57].

2.2. Step II—The Optimization of SFE of p-Anisic Acid and the Mathematical Modeling of
Mass Transfer

Once the p-anisic acid was identified in the extract, the next step was to maximize
the compound selectivity due to its wide applicability. Until this point, there was no data
available in the literature on the supercritical extraction of flowers from A. mearnsii, which
justified the study.

From the Step I results, a new study regarding the extraction process conditions was
evaluated. The use of ethanol as the cosolvent was maintained, considering the results
obtained from the factorial design. As larger extract yields were observed for higher CO2
pressures set in the factorial design, the pressure range was increased from 200 to 300 bar.
The solvability and diffusivity of the supercritical fluid are directly related to its density,
which is a function of temperature and pressure. Thus, another factor selected for the
optimization process was the temperature range, from 40 to 60 ◦C. The final parameter
evaluated was the particle size. The flowers were ground and passed through a series
of six sieves (24, 32, 42, 60, 150, and 325 mesh). Based on the amount retained in each
sieve, the fractions retained in the 42, 60, and 150 mesh sieves (0.423, 0.303, and 0.125 mm,
respectively) were used. From these variables, a Box–Behnken design was established and
the results for the global extract yield and the p-anisic acid selectivity are presented in
Table 3, where extractions have the solvent-to-feed ratio (S/F) equal to 61.8 gsolvent/gplant.

Table 3. Design matrix in the Box–Behnken model and observed responses.

Run Order

Uncodified Variables Responses

Pressure
(bar)

Temperature
(◦C)

Medium
Particle Size

(mesh)

p-Anisic
Acid Yield
(% w/w) a

Global Extract
Yield

(% w/w) b

1 250 50 60 1.83 1.76
2 200 60 60 0.57 7.64
3 300 40 60 2.48 2.98
4 200 40 60 2.19 5.11
5 250 50 60 2.11 6.65
6 250 60 150 1.86 4.45
7 300 50 150 0.82 2.51
8 200 50 150 1.96 2.49
9 200 50 42 1.21 4.85
10 300 60 60 0.84 3.26
11 300 50 42 2.35 0.86
12 250 40 42 2.29 1.88
13 250 40 150 1.85 2.92
14 250 50 60 2.17 3.54
15 250 60 42 1.12 2.44

a grams of p-anisic acid in 100 g of crude extract; b grams of crude extract from 100 g of dried flowers.
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The p-anisic acid selectivity ranged from 0.57 to 2.48% w/w (g p-anisic acid/g extract)
in the crude extracts and the crude extract yield ranged from 0.86 to 7.84% w/w (g extract/g
plant). The global extract yield using the Box–Behnken design had a significant increase
since the highest yield was 2.49% w/w in the factorial design.

To evaluate the response surface model, an analysis of variance (ANOVA) was per-
formed with the statistical software Minitab® using the results of Table 3. The statistical
significance and the influence of the extraction parameters were estimated by the analysis
of variance regarding the p-anisic acid selectivity, which are presented in Table 4.

Table 4. Analysis of variance of the p-anisic acid selectivity from the crude extract.

Source DF Seq SS Adj SS Adj MS F p

Regression 9 0.000501 0.000501 0.000056 5.79 0.034
Linear 3 0.000252 0.000059 0.00002 2.05 0.226

T 1 0.000244 0.000001 0.000001 0.09 0.773
P 1 0.000004 0.000057 0.000057 5.92 0.059
G 1 0.000004 0.000003 0.000003 0.34 0.587

Square 3 0.000054 0.000054 0.000018 1.87 0.252
T ∗ T 1 0.000007 0.00001 0.00001 1.02 0.359
P ∗ P 1 0.000046 0.000047 0.000047 4.9 0.078
G ∗ G 1 0.000001 0.000001 0.000001 0.1 0.76

Interaction 3 0.000195 0.000195 0.000065 6.75 0.033
T ∗ P 1 0 0 0 0 0.975
T ∗ G 1 0.000072 0.000072 0.000072 7.47 0.041
P ∗ G 1 0.000123 0.000123 0.000123 12.79 0.016

Residual error 5 0.000048 0.000048 0.00001
Lack-of-fit 3 0.000041 0.000041 0.000014 4.18 0.199
Pure error 2 0.000007 0.000007 0.000003

Total 14 0.000549
DF: Degrees of freedom; Seq SS: sequential sum of squares; Adj SS: adjusted sum of squares; F: F-statistics;
p: p-value. T, P, and G correspond to the variables: temperature, pressure, and medium particle size, respectively.
∗: the interaction between factors.

According to the ANOVA, only the interaction between pressure (P) and the average
particle size (G) and the interaction between the temperature (T) and particle size (G) were
significant (p < 0.05), considering a significance level of 95% (α = 0.05). The analysis also
indicated that the regression was statistically significant and could be applied to describe
the variation in the p-anisic acid amounts in the extract. However, p-values larger than
0.05 were obtained for the quadratic and linear regressions, indicating that part of the
data behaved linearly and in a partly quadratic fashion. Thus, the regression coefficients
from the response surface were estimated for the full quadratic Box–Behnken model [58],
resulting in Equation (2) (for variables not coded):

selectivity
(

%
wp−anisic acid

wextract

)
= − 9.742 + 8.782 × 10−2 P + 5.495 × 10−2 T + 1.660 × 10−2 G − 1.429 × 10−4 P2

− 1.631 × 10−3 T2 − 3.523 × 10−5 G2 − 1.003 × 10−5 P T − 1.858 × 10−4 P G − 7.097 × 10−4 T G
(2)

The model given by Equation (2) fits the experimental data with a coefficient of
determination equal to 0.9125. The validity of the model was further confirmed by the non-
significant value (p = 0.199 > 0.05), which indicated the quadratic model as a statistically
significant model for the response. Through this equation, the response surfaces shown
in Figure 2 were generated. The higher selectivity of p-anisic acid was obtained at lower
temperatures, smaller mean particle sizes, and higher-pressures, as can be observe in the
Figure 2. The combination of high pressure with smaller particles led to bed compaction
and preferential flow paths, so a better result was observed with high pressure and larger
particle size (smaller mesh).
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Figure 2. Response surfaces and contour plots for effects of two independent variables on the yield
of p-anisic acid in the extract obtained by supercritical extraction: (a) CO2 pressure (P) and CO2

temperature (T); (b) CO2 temperature (T) and medium particle size of milled flowers (G); (c) CO2

pressure (P) and medium particle size of milled flowers (G).

106



Molecules 2022, 27, 970

From the response optimizer of the Minitab® software, the optimal parameters to
maximize the p-anisic acid selectivity were defined as 278.8 bar, 40 ◦C, and 42 mesh and,
thus, the yield would be 2.76% (Figure 3). Under these operating conditions, adjusting the
pressure to 279 bar, the extraction was carried out in triplicate and the yield curves versus
time were determined. The average selectivity of p-anisic acid was 2.51%, indicating an
error of 9.06% to the value estimated by the model, confirming again the good fit. This
result is also very close to the value found for extraction in the conditions of 300 bar,
40 ◦C, and 60 mesh (p-anisic acid selectivity of 2.48%) due to the slight variation in the
extraction conditions. However, when working with lower pressure, there is an increase in
the energy efficiency involved in the process, which is another important factor regarding
process optimization.

 

Figure 3. Process parameters optimized to maximum yield of p-anisic acid.

The mass transfer mathematical modeling was performed using the three selected
models and the global yield versus time curve. The experimental data and the fitted models
are shown in Figure 4. The modeling was performed considering the plant particle as a
sphere and its average diameter as the average particle size (mesh).

The three models presented a good fit for the experimental data. However, as shown
in Figure 4, some differences between the models were noticed. The Sovová model notes
that the grinding process breaks the cell walls, making the solute easily accessible, while
the Reverchon model notes that there is little solute that is easily accessible. Comparing the
models with the experimental data, the Sovová model fits better in the initial extraction
stage, which suggests that the grinding of A. mearnsii flowers increases the solute availability.
The linear behavior at the beginning of extraction is observed by several authors [40,59–63]
and is associated with the saturation of the particle surface, caused by grinding and its
subsequent exposure to the extract. Despite being a simplified model, the model proposed
by Crank presented a better fit with the data. Considering the good fit of the models, it is
possible to say that internal diffusion controls the supercritical fluid extraction process of
A. mearnsii flowers.

The MATLAB® optimization tool was used for the Crank model fitting. The order of
magnitude for the Crank model internal diffusion coefficient was the same as was found
by Goto et al. [64] and Hornovar et al. [65]. The same software was also used to estimate
the four parameters of the Sovová model: Z, W, xk, and yr, which were obtained by the
least-squares method and were minimized by the Nelder–Mead simplex method [66]. Once
these parameters were estimated, the mass transfer coefficients for solid and liquid phases
were calculated. The solid phase mass transfer coefficient presented an order of magnitude
of 10−9(m/s) which agrees with the values obtained by Scopel et al. [67] and Nagy et al. [68].
The mass transfer coefficient for the solvent was found to equal 9.6 × 10−10 m/s, whose
order of magnitude is the same as found by Gallo et al. [69] when studying the supercritical
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extraction of pyrethrum flowers. The Reverchon model was implemented in the simulation
software EMSO [70] and the system of equations was solved by an integrator of multiple
steps, optimized by a flexible polyhedron. Thus, the values of 5.8 × 10−4 (s−1) for the
internal mass transfer coefficient and 5.3 × 10−3 for the equilibrium constant were estimated
by the least-squares method. The order of magnitude found for the parameters coincides
with the values determined by Silva et al. [32], Garcez et al. [71], Almeida et al. [60], Scopel
et al. [67], and Campos et al. [72]. All the parameters and the coefficients of determination
for each model are presented in Table 5.

 

Figure 4. The yield curve for supercritical fluid extraction at 40 ◦C, 279 bar, and milled flower
(42 mesh): mathematical models and experimental data.

Table 5. Adjusted and calculated parameters for mathematical models of mass transfer.

Model Adjusted Parameters

Calculated ParametersCrank
(R2 = 0.9865)

D (m2·s−1)
8.424 × 10−10

Sovová
(R2 = 0.9772)

Z W xk yr ks (m·s−1) kf (m·s−1)
4.721 × 10−2 7.753 × 10−2 3.532 × 10−2 5.368 ×10−1 1.206 × 10−9 9.684 × 10−10

Reverchon
(R2 = 0.9420)

ti (s) K (m3·kg−1) Di (m2·s−1) kTM (m·s−1)
1710 5.294 × 10−3 1.228 × 10−12 5.848 × 10−4

3. Discussion

In this work, the application of supercritical fluid extraction to obtain extracts of
A. mearnsii flowers was studied. A. mearnsii flowers are a widely available feedstock since
the tree is extensively cultivated due to the industrial interest in the production of tannins
and wood chips. The investigation of antimicrobial activity revealed that the extracts
have activity against S. aureus. The best result was observed for the fraction containing a
higher concentration of p-anisic acid, suggesting a relationship between the activity and this
compound. Even if the minimal inhibitory concentration values are larger than for other
extracts reported in the literature, there is the potential to explore its combined use with
traditional drugs. Furthermore, p-anisic acid is a raw material used in the cosmetic, food,

108



Molecules 2022, 27, 970

and pharmaceutical industries. Thus, the extraction process was optimized to maximize
the extraction of the compound of interest.

The use of factorial and Box–Behnken designs was an efficient tool to study the
influences of the process parameters in the extraction yield. The maximum global yield in
the factorial design was 2.49%, while in the Box–Behnken design it was 7.84%, showing
an increment of more than three times. On the other hand, this study shows that a higher
global yield is not directly linked to a higher p-anisic acid yield.

Furthermore, the three mass transfer models fitted well with the experimental data and
demonstrated that diffusion is the main mechanism associated with this process. The mass
transfer parameters related to the description of the extraction process obtained in this work
may be useful in future work in the scale-up and optimization of processes for obtaining
the supercritical carbon dioxide extract of A. mearnsii flowers. Thus, this work contributes
to the increasing interest in the potential use of extracts of Acacia mearnsii flowers.

4. Materials and Methods

4.1. Plants

The flowers of A. mearnsii were supplied by Tanac S/A (RS, Brazil) and were harvested
in Piratini-RS (31◦17′51′′ S, 53◦13′29′′ W) during the spring (October). The Tanac S/A is a
world leader in the production of tanning plant extracts; the company has approximately
23,000 hectares of planted forests and plants around 2000 trees per hectare. All the flowers
were oven-dried at 40 ◦C for 48 h. In the first step of the extractions, the plant material was
not milled. In the process optimization with Box–Behnken design, the plant was ground in
a Wiley mill. The particle size analysis was performed using a set of standard Tyler Series
sieves. One hundred grams of the milled plant was added to a set of 6 sieves with 24, 32,
42, 60, 150, and 325 mesh and they were shaken for 15 min using a vibrating stirrer. The
fractions with particle sizes of 42, 60, and 150 mesh were selected for the experiments [73].

4.2. Supercritical Fluid Extraction (SFE)

The extraction process was carried out in a pilot plant described in detail in previous
works [74,75]. All experiments were conducted in the 500 mL vessels loaded with 80 g of
A. mearnsii dried flowers. The carbon dioxide mass flow was 800 g·h−1 with a cosolvent
flow rate of 0.5 mL·min−1.

4.3. Experimental Designs
4.3.1. Factorial Design

Initially, the supercritical fluid pressure and cosolvent effects in the global extraction
yield were investigated; for that, a 22 factorial design was used. The pressure was evaluated
at 120, 180, and 240 bar and ethanol, water, and a mixture of ethanol and water (1:1 v/v)
were used as cosolvents, aiming to promote the extraction of polar compounds. The choice
of these variables was supported by reports on the optimization of supercritical extrac-
tion [71,76,77]. In this step, the carbon dioxide temperature was 40 ◦C for all extractions.
The experiments were performed in triplicate at the factorial design’s central point. The
response surface was then associated with the regression equation. The evaluation of the
effects of the variables and their interactions was achieved through an analysis of variance
(ANOVA) [78].

4.3.2. Box–Behnken Design

The second step of this study was comprised of a Box–Behnken design, which was
used for the extraction process optimization to obtain the compound, p-anisic acid. This
experimental design consisted of a fractional factorial design method in three levels [55].
Three variables were evaluated, resulting in a total of 15 experiments. The pressure was
evaluated at 200, 250, and 300 bar; the temperature was evaluated at 40, 50, and 60 ◦C; and
an average particle size of 42, 60, and 150 mesh (0.423, 0.303, and 0.125 mm, respectively)
were used. All 15 experiments used 4.7% (w/w) ethanol as the cosolvent since p-anisic acid
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is highly soluble in this solvent. These process variables were chosen based on previous
studies that used RSM to analyze the SFE of plant material [32,79–81].

A polynomial equation was fitted into the experimental data. The optimal extraction
condition was achieved in terms of the highest selectivity of the interest compound (p-anisic
acid). The matrix design was developed in Minitab® software.

4.4. Chemical Analysis

To investigate the chemical composition of the extracts, each was separated by col-
umn chromatography. Both the extracts and the fractions were analyzed by thin-layer
chromatography (TLC) and high-performance liquid chromatography (HPLC).

4.4.1. Silica Gel Column Chromatographic Separation

Forty-two grams of the silica gel 60 (Merck) was placed into a glass column with a
silica height of 15 cm. The extract was eluted with 250 mL of the following organic solvents:
hexane, dichloromethane, ethyl acetate, and methanol, in increasing orders of polarity. The
separation occurred in a vacuum, with 0.5 g of the dry extract [82]. In the second step, the
ethyl acetate fraction was eluted in a vacuum using, as a mobile phase, the gradients shown
in Table 6. The ethyl acetate fraction was chosen based on the TLC and HPLC results.

Table 6. Gradient solvent system used in column chromatography.

Solvent Ratio (% v/v) Subfraction Collected

Hexane 100 1
Hexane:Ethyl acetate 80:20 2
Hexane:Ethyl acetate 60:40 3
Hexane:Ethyl acetate 40:60 4
Hexane:Ethyl acetate 20:80 5

Ethyl acetate 100 6
Ethyl

acetate:Dichloromethane 50:50 7

Dichloromethane 100 8
Dichloromethane:Methanol 50:50 9

Methanol 100 10

4.4.2. High-Performance Liquid Chromatography (HPLC)

The extracts were analyzed in Agilent 1200 Series liquid chromatography equipped
with a U.V. detector. The separation was carried out in a C18 column (4.6 mm × 250 mm ×
5 μm). The mobile phase used a binary system consisting of water (A) and acetonitrile (B),
both with 2% acetic acid, in gradient mode of 80–20% of B in 30 min, with a 1.0 mL·min−1

flow. The injected sample volume was 5 μL and the detector was set at 258 nm. The
content of p-anisic acid in the extracts was evaluated with a calibration curve (R2 = 0.9986)
containing 0.6, 0.45, 0.3, 0.15, and 0.06 mg·mL−1 of standard p-anisic acid (99% purity,
Sigma Aldrich). The extracts were diluted in acetonitrile at 10 mg·mL−1 for their analysis
by HPLC.

4.5. Antimicrobial Activity

The indirect bioautography method [83] was used to indicate the antimicrobial activity
of the supercritical fluid extracts from A. mearnsii flowers. The analysis was performed
to evaluate the activity against the microorganisms Staphylococcus aureus (ATCC 25923)
and Escherichia coli (ATCC 25922). In this analysis, the extracts were applied to a thin layer
chromatography (TLC) plate and were submitted to a run with dichloromethane as the
mobile phase. After the solvent evaporation, the TLC plates were plunged into the culture
medium inoculated with the microorganisms and were incubated for 24 h at 37 ◦C. The
inoculum was prepared with a suspension of the microorganisms of 1.0 × 104 CFU·mL−1

and was incorporated in the Mueller–Hinton agar. After the growth phase, a solution of
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INT (p-iodonitrotetrazolium violet) was added for better visualization of the inhibition
halos [84]. Amoxicillin 0.1 mg·mL−1 was used as qualitative positive control while the
culture medium inoculated with the microorganism was used as a negative control, without
the presence of the extracts.

The antimicrobial activity was determined by the minimum inhibitory concentration
(MIC) using a dilution method on microplates [85]. The microorganism inoculum was
prepared with the colonies in a saline solution and the Mueller–Hinton broth, resulting in a
final concentration of 1.0 × 104 CFU·mL−1. In each microplate well, 100 μL of the Mueller–
Hinton broth containing inoculums, followed by 100 μL of the extract solubilized in Tween
20, as well as water (at final concentrations of 0.75, 1.5, 3.0, 6.0, 12.0, and 24 mg·mL−1),
were introduced. Other concentrations were used for the fractions obtained after the
column chromatographic separation, defined according to each fraction weight. For the
ethyl acetate, the final concentrations were 1.8, 3.6, 7.3, 14.7, 29.5, and 59.2 mg·mL−1; for
the fraction obtained with hexane:ethyl acetate (80:20), named “subfraction 2”, the final
concentrations were 2.2, 4.4, 8.9, 17.9, 35.9, and 71.3 mg·mL−1; and the fraction obtained
with hexane:ethyl acetate (60:40), named “subfraction 4”, was tested at concentrations of
0.73, 1.4, 2.9, 5.9, 11.8, and 23.6 mg·mL−1.

4.6. Mass Transfer Mathematical Modeling

The description of the mass transfer phenomena involved in the supercritical fluid
extraction was performed and evaluated using three models, as described below.

4.6.1. Crank (1975) Model

The Crank Model [86] was developed from Fick’s Second Law, which considers the
diffusion of a single particle in the form of a sphere. This model describes the behavior
of the bed, as a whole, from the simplified mass transfer process in a single particle. The
model shows that the sphere is initially at a uniform concentration and that the surface
concentration is maintained as a constant. The total amount of the diffusing substance
entering or leaving the sphere can be written as [86]:

Mt

M∞
= 1 − 6

π2

∞

∑
n=1

1
n2 exp

(
−Dn2π2t

r2

)
(3)

where Mt and M∞ are the mass in a determined time and an infinite time (maximum mass
obtained in the extraction), respectively, D is the diffusivity of the solute inside the particle
(m2·s−1), t is the extraction time (s), r is the particle radius (m) and n is the number of the
series expansion.

4.6.2. Sovová (1994) Model

The model proposed by Sovová [63] considers that the extraction of the solute by
supercritical CO2 can be divided into three periods. The first period of extraction considers
that only the easily accessible solute can be extracted, which has direct contact with the
solvent; the second period considers that the easily accessible solute is gradually depleted
from the inlet to the outlet of the bed, and the third period includes solutes that are difficult
to access, contained within the particles. Therefore, the extract mass initially present in the
solid phase (O) is the sum of the easily accessible mass of solute (P) and the inaccessible
mass of solute contained within the solid particles (K). The solid phase, free from the
solute (N), is the constant during the extraction and relates to the initial concentrations
of the solute:

x(t = 0) = x0 =
O
N

= xp + xk =
P
N

+
K
N

(4)

The mass balance in the fluid phase and solid phase for a bed element is described by
two differential equations that were analytically solved by Sovová [63], who simplified a
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few hypotheses. The final expression is given by Equation (5) in terms of the extract mass
relative to the extract-free solid mass:

e =

⎧⎪⎨⎪⎩
qyr[1 − exp(−Z)]

yr[q − qm exp(zw − Z)]
x0 − yr

W ln
{

1 +
[
exp
(

W x0
yr

− 1
)

exp[W(qm − q)] xk
x0

]} (5)

where:
q =

Q t
N

(6)

qm =
(x0 − xk)

yr Z
(7)

qn = qm +
1

W
ln

xk + (x0 − xk) exp(Wx0/yr)

x0
(8)

zw

Z
=

yr

w x0
ln

x0 exp[W(q − qm)]− xk
x0 − xk

(9)

Z =
k f a0ρ

.
q(1 − ε)ρs

(10)

W =
ksa0

.
q(1 − ε)

(11)

In the above equations, yr is the solubility; Z and W are the adjustable parameters
for fast and slow periods, respectively, and are directly proportional to the mass transfer
coefficients of each phase; the term zw corresponds to the boundary coordinate between
fast and slow extraction; and k f and ks are the mass transfer coefficients of fluid and solid
phases, respectively. The unknown quantities xk, yr, ks, and k f were estimated by the
least-squares method.

4.6.3. Reverchon (1996) Model

The model proposed by Reverchon [25] was developed from a mass balance for the
solid and fluid phases, according to Equations (12) and (13). In the study, the extract
is considered a pseudo component, which is not readily available on the surface of the
particles after the milling process. As a result, the mass transfer is controlled by internal
resistance. The axial dispersion is considered negligible. The density and solvent flow rate
are said to be constant along the bed:

uV
∂c
∂h

+ εV
∂c
∂t

+ (1 − ε)V
∂q
∂t

= 0 (12)

(1 − ε)V
∂q
∂t

= −ApkTM(q − q∗) (13)

where u is the interstitial velocity of the fluid, ε is the bed porosity, and ρs is the plant
density. The previous differential equations satisfy the initial conditions described by
c(h, 0) = 0 and q(h, 0) = q0 for all h, and the following boundary conditions C(0, t) = 0 for
all t. A linear relationship describes the equilibrium behavior between the phases during
the supercritical fluid extraction process [25]:

q∗ = K C (14)

where K is the volumetric partition coefficient of the extract between fluid and solid phases
at the equilibrium condition. Reverchon (1996) sets the internal diffusion time as:

ti =
(1 − ε)V
ApkTM

. (15)
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and Equation (13) can be rewritten as:

∂q
∂t

= − 1
ti
(q − q∗); (16)

and the internal diffusion time (Equation (17)) is related to the internal diffusion coefficient (Di):

ti =
μ l2

Di
(17)

where μ is a constant related to the particle geometry (equal to 3/5 for spherical particles)
and l is the characteristic dimension given by the ratio between the particle volume and
the particle superficial area.

5. Conclusions

The Factorial 22 design indicated that the crude extract yield was higher when ethanol
was used as the cosolvent, and the maximum tested pressure (240 bar) was applied in the
extraction. The crude extract obtained showed antimicrobial action against S. aureus. The
purification by silica gel column chromatography generated a fraction rich in a compound
identified as p-anisic acid and this fraction improved the antimicrobial performance against
S. aureus. The use of the selectivity criterion as an objective function in the response surface
method demonstrated that the condition that includes 278.8 bar, 40 ◦C, and 42 mesh is
the condition that produces the highest amount of p-anisic acid per unit of extract mass.
This result is important, as this optimal condition is obtained with the use of eco-friendly
solvents. The three mathematical models used to simulate the extraction kinetics were
adequate for the supercritical CO2 extraction, with aqueous ethanol as the cosolvent, from
A. meanrsii flowers. Thus, the supercritical extraction is an adequate and clean method
to obtain p-anisic acid from Acacia mearnsii flowers and this work demonstrates that the
potential usage of this plant material is abundant but not exploitative. As a new source of
bioactive compounds, the use of this flower extract also contributes to reducing the volume
of solid waste generated by the cultivation of this plant in forests.

Supplementary Materials: The following supporting information is available online, Figure S1:
chromatogram of extract 1 (P = 120 bar, cosolvent: water), Figure S2: chromatogram of extract
2 (P = 120 bar, cosolvent: ethanol), Figure S3: chromatogram of extract 3 (P = 240 bar, cosolvent:
water), Figure S4: chromatogram of extract 4 (P = 240 bar, cosolvent: ethanol), Figure S5: chro-
matogram of extract 5 (P = 180 bar, cosolvent: ethanol:water), Figure S6: chromatogram of extract
6 (P = 180 bar, cosolvent: ethanol:water), Figure S7: chromatogram of extract 7 (P = 180 bar, cosolvent:
ethanol:water), Figure S8: chromatograms of (a) subfraction 4 and (b) subfraction 5 obtained by silica
gel column chromatography separation, Figure S9: TLC for the ethyl acetate fraction and subfractions
1–10 after application of sulfuric vanillin as color reagent (the marks drawn represent the spots
visualized under U.V. light).
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Nomenclature

a0 Superficial area m−1

Ap Total area of particles m2

c Extract concentration on fluid phase kg·m−3

D Diffusivity of the solute inside the particle m2·s −1

Di Internal diffusion coefficient m2·s−1

e Extract mass in regard to N -
G Particle size mesh
h Bed height m
h Axial coordinate m
J Mass transfer rate kg·s−1·m−3

K Inaccessible solute mass inside the solid particles kg
K Equilibrium coefficient m3·kg−1

kf Mass transfer coefficient for fluid phase m·s−1

ks Mass transfer coefficient for solid phase m·s−1

kTM Internal mass transfer coefficient m·s−1

l Characteristic dimension m
Mt Mass extracted at a given time g
M∞ Mass extracted in an infinite time g
N Solid phase mass free from solute kg
n Number of the series expansion -
O Initial solute mass in solid phase kg
P Easily accessible solute mass kg
P Pressure bar
p Descriptive p-value level -
Q Solvent flow rate g·s−1

q Specific quantity of solvent -
q Extract fraction in solid phase kg·kg−1

qm
Specific amount of solvent at the beginning of extraction in the interior
of particles

-

qn
Specific amount of solvent at the end of the extraction of easily accessible
solute

-

q0 Initial concentration of extract in solid phase kg·kg−1

q* Concentration in the solid–fluid interface kg·kg−1
.
q Solvent mass flow in regard to N s−1

r Particle radius m
T Temperature ◦C
t Extraction time s
ti Time for internal diffusion s
u Solvent superficial velocity m·s−1

V Extractor volume m3

x Fraction of solute in the solid phase (solute free basis)
x0 Initial concentration of free solute in the solid phase (mass fraction)
xk Initial extract concentration inside the solid particles (mass fraction)
xp Easily accessible solute concentration (mass fraction)
y Solute fraction in fluid phase (free basis)
yr Extract solubility on solvent
W Sovová model parameter for the slow extraction period
Z Sovová model parameter for the rapid extraction period
zw Boundary coordinate between fast and slow extraction
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Greek Letters
ε Porosity -
μ Constant related to the particle geometry -
ρ Solvent density kg·m−3

ρs Solid phase density kg·m−3
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Abstract: Ionic liquids, which are extensively known as low-melting-point salts, have received significant
attention as the promising solvent for CO2 capture. This work presents the synthesis, thermophysical
properties and the CO2 absorption of a series of ammonium cations coupled with carboxylate anions
producing ammonium-based protic ionic liquids (PILs), namely 2-ethylhexylammonium pentanoate
([EHA][C5]), 2-ethylhexylammonium hexanoate ([EHA][C6]), 2-ethylhexylammonium heptanoate
([EHA][C7]), bis-(2-ethylhexyl)ammonium pentanoate ([BEHA][C5]), bis-(2-ethylhexyl)ammonium
hexanoate ([BEHA][C6]) and bis-(2-ethylhexyl)ammonium heptanoate ([BEHA][C7]). The chemical
structures of the PILs were confirmed by using Nuclear Magnetic Resonance (NMR) spectroscopy
while the density (ρ) and the dynamic viscosity (η) of the PILs were determined and analyzed in
a range from 293.15K up to 363.15K. The refractive index (nD) was also measured at T = (293.15 to
333.15) K. Thermal analyses conducted via a thermogravimetric analyzer (TGA) and differential
scanning calorimeter (DSC) indicated that all PILs have the thermal decomposition temperature,
Td of greater than 416K and the presence of glass transition, Tg was detected in each PIL. The CO2

absorption of the PILs was studied up to 29 bar at 298.15 K and the experimental results showed
that [BEHA][C7] had the highest CO2 absorption with 0.78 mol at 29 bar. The CO2 absorption values
increase in the order of [C5] < [C6] < [C7] anion regardless of the nature of the cation.

Keywords: ammonium-based protic ionic liquids; density; viscosity; refractive index; phase transi-
tion; thermal expansion coefficient; standard entropy; lattice potential energy; CO2 absorption

1. Introduction

Natural gas is a naturally occurring hydrocarbon that consists of methane gas primarily
followed by other mixtures of higher alkanes such as ethane, propane and butane. Generally,
natural gas is widely used as a fuel and a raw material in the petrochemical industry [1,2].
Despite its mixture of combustible hydrocarbons content, trace quantities of argon (Ar),
hydrogen (H), helium (He), nitrogen (N2) as well as carbon dioxide (CO2) and hydrogen
sulfide (H2S) are also present in natural gas [3]. Sour gas, such as CO2, is undesirable
due to its acidic property that causes corrosion in the gas pipeline [4]. Apart from that,
the existence of CO2 also reduces the fuel value of natural gas due to its non-combustible
nature. Therefore, CO2 removal in the refining process is crucial to improving the value
of natural gas and the utilization of amine-based solvents, namely monoethanolamine
(MEA), which had been widely practiced on industrial scales to capture CO2 in natural
gas. This chemical absorption of CO2 by MEA is considered to be the most reliable and
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efficient technology for capturing CO2 [5–8]. Gómez-Díaz and his team had compared the
ability of their blended amine solvent, which is diamine (N,N-dimethylethylenediamine
[DMEDA]) with MEA, towards CO2 capture in which changes in the amine ratios did not
lead to important changes in the absorption curve [6]. Despite the outstanding performance
of amine-based solvents, it is also known to have a high vapor pressure and high energy
input for regeneration. Therefore, studies related to the utilization of solid adsorbents
such as zeolites, activated carbon, amine-functionalized adsorbents and metal organic
frameworks (MOFs) had been conducted for CO2 adsorption due to their uniqueness as
they can be personalized to capture CO2 from either post- or pre-combustion gas streams,
depending upon several factors [9]. Current examples of adsorbents for CO2 adsorption are
zeolites, activated carbon, amine-functionalized adsorbents and metal organic frameworks
(MOFs) [10–12]. Nonetheless, further analysis using adsorbents showed poor adsorption
characteristics at low CO2 partial pressures [13,14]. Furthermore, membrane separation
processes are also used commercially for CO2 removal from natural gas. However, a single-
stage membrane system is not capable of capturing CO2 with high efficiency [15–20]. Due
to the given issue, this had encouraged researchers to find alternative solvents that can
capture CO2.

Recently, ionic liquids have been recognized as promising solvents for CO2 capture
from natural gas. The uniqueness of their properties, specifically their non-detectable vapor
pressure, high thermal stability, and high affinity for CO2, enables ILs to be used as solvents
for CO2 capture at elevated temperatures and pressures [13,21–25]. Moreover, the chemical
and physical properties of ILs can be altered due to the availability of countless cation
and anion combinations. Several studies involving mainly binary systems of imidazolium-
based ILs-CO2 or imidazolium-based ILs-other gas have revealed the significant solu-
bility of CO2 in ionic liquids when compared to other gases. For example, comparison
studies of CO2 absorption in individual solvents of 30 wt% of 1-(3-aminopropyl)-3-(2-
aminoethyl)imidazolium hydroxide [Apaeim][OH], 30 wt% of 1-(3-aminopropyl)-3-(2-
aminoethyl)imidazolium alaninate ([Apaeim][ala]) and 30 wt% monoethanolamine (MEA),
have shown that both ILs displayed higher CO2 absorption capacities than that of MEA
solvent by the value of 2.2-fold. This has further proven that ILs are promising solvents
for CO2 capture [26]. In addition, a different class of ionic liquids namely fluorine-based
protic ILs (FPILs) have displayed competitive properties for selective removal of CO2 from
flue gas and natural gas [27]. Regardless of the promising performance of CO2 capture
demonstrated by these types of ionic liquids, they are relatively expensive, they require
several steps in the synthesis process, and the utilization of volatile organic solvents is in-
evitable during the purification process. Recently, protic ionic liquids (PILs) have attracted
great interest because of their low cost and simple synthesis pathway. Generally, PILs
can be conveniently prepared from stoichiometric neutralization between Brönsted acids
and bases. Besides this, PILs display similar CO2 absorptivity with other classes of ionic
liquids [28–33]. In addition, Zhu and his team have synthesized a new PIL from superbase
1,8-diazabicyclo [5.4.0]- undec-7-ene (DBU) with imidazole, and they found that the PIL
could reversibly capture about 1 mole of CO2 per mole ionic liquid [34]. However, prior to
utilization of ionic liquids for any applications, their precise and reliable basic thermophys-
ical properties such as density, viscosity, thermal stability and thermal expansion data are
vital for the design and scale up of process equipment. For example, density and thermal
expansion data are essential for equipment sizing while thermal stability is required to en-
sure the practicality of the operating temperature range [35]. In addition, data on solvents’
viscosity is important for the designing of industrial processes related to heat and mass
transfer as well as dissolution of compounds in solvents [36]. Several research groups have
also investigated and provided discussion on the temperature-dependent properties of
protic ionic liquids prior to the utilization of ionic liquids in various applications [19,22,31].

Despite promising results of CO2 absorption by protic ionic liquids published in the
literature [34], our current work is focusing on the utilization of much cheaper starting
reagents, namely amine solutions, for the production of new ammonium-based protic
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ionic liquids. This work serves as a continuation from our previous work on CO2 ab-
sorption utilizing ammonium-based protic ionic liquids (PILs) [37]. Previously, the CO2
absorption of ammonium-based PILs utilizing bis (2-ethylhexyl) ammonium, tributylam-
monium and ethanolammonium cations coupled with acetate and butyrate anions have
been reported. The motivation to further investigate this type of ionic liquid for CO2
capture has risen after we discovered that the PILs could be prepared via a simple syn-
thesis procedure and their capability to absorb CO2 under experimental conditions. To
further study the binary system of PILs–CO2, the synthesis of six new ammonium-based
PILs, namely 2-ethylhexylammonium pentanoate ([EHA][C5]), 2-ethylhexylammonium
hexanoate ([EHA][C6]), 2-ethylhexylammonium heptanoate ([EHA][C7]), bis-(2-ethylhexyl)
ammonium pentanoate ([BEHA][C5]), bis-(2-ethylhexyl)ammonium hexanoate ([BEHA][C6])
and bis-(2-ethylhexyl)ammonium heptanoate ([BEHA][C7]) and their performance towards
CO2 absorption in a pressure range from 1 bar to 29 bar at 298.15K, are reported in this work.

2. Results and Discussion

2.1. Characterization of Synthesized PILs

All six ammonium-based PILs in this work exist as liquids at room temperature. The
ammonium cation, [EHA] and [BEHA] were combined with anions from organic acids, [C5],
[C6] and [C7] through acid-base neutralization reactions. The NMR results and the water
contents for all six ammonium-based PILs, [EHA][C5], [EHA][C6], [EHA][C7], [BEHA][C5],
[BEHA][C6] and [BEHA][C7], are presented in this sub section while all NMR spectra of
PILs (Figures S1–S12) are available in the Supplementary Materials. The reported water
content for all PILs is between 1.04% and 8.70%. Based on reported data by Chen et al.,
PILs are highly hygroscopic and own higher hydrophilicity in comparison to aprotic ionic
liquids [38]. Meanwhile, the presence of water molecules lowers the electrostatic attractions
between the ions and consequently reduces the viscosity of ILs [39]. Nonetheless, the
thermophysical properties of our PILs are solely reported by using these water content
values.

[EHA][C5]: 1H NMR (500 MHz, CDCl3): δ 0.902 [t, 9H (R-CH3)], δ 1.518 [m, 13H (R-
CH, R-CH2), δ 2.120 [t, 2H (COOH-CH2)], δ 2.710 [m, 2H (NH2-CH2)]. 13C NMR (125 MHz,
CDCl3): δ 181.05, 42.48, 37.97, 37.82, 30.17, 28.66, 28.43, 23.22, 22.88, 22.76, 13.98, 13.91, 10.14.
Water content: 6.37%.

[EHA][C6]: 1H NMR (500 MHz, CDCl3): δ 0.880 [t, 9H (R-CH3)], δ 1.516 [m, 15H (R-
CH, R-CH2), δ 2.118 [t, 2H (COOH-CH2)], δ 2.690 [m, 2H (NH2-CH2)]. 13C NMR (125 MHz,
CDCl3): δ 181.22, 42.61, 38.09, 37.97, 31.92, 30.20, 28.14, 23.22, 22.89, 22.54, 13.97, 13.88, 10.16.
Water content: 8.70%.

[EHA][C7]: 1H NMR (500 MHz, CDCl3 δ 0.900 [t, 9H (R-CH3)], δ 1.508 [m, 17H (R-CH,
R-CH2), δ 2.086 [t, 2H (COOH-CH2)], δ 2.688 [m, 2H (NH2-CH2)]. 13C NMR (125 MHz,
CDCl3): δ 181.11, 42.51, 38.22, 38.02, 31.79, 30.19, 29.45, 28.44, 26.55, 23.21, 22.90, 22.58, 14.00,
13.97, 10.14. Water content: 8.43%.

[BEHA][C5]: 1H NMR (500 MHz, CDCl3): δ 0.836 [m, 15H (R-CH3)], 1.265 [m, 16H
(R-CH2, -CH)], δ 1.523 [m, 4H (R-CH2)], δ 2.149 [t, 2H (CH2-COO-)], δ 2.576 [d, 4H (CH2-
NH)]. 13C NMR (125 MHz, CDCl3): δ 179.31, 51.75, 37.15, 36.37, 30.80, 28.53, 28.02, 23.95,
22.96, 22.57, 14.02, 13.86, 10.38. Water content: 1.52%.

[BEHA][C6]: 1H NMR (500 MHz, CDCl3): δ 0.811 [m, 15H (R-CH3)], δ 1.282 [m, 18H
(R-CH2, -CH)], δ 1.534 [m, 4H (R-CH2)], δ 2.124 [t, 2H (CH2-COO-)], δ 2.585 [d, 4H (CH2-
NH)]. 13C NMR (125 MHz, CDCl3): δ 179.25, 51.74, 37.15, 36.71, 31.74, 30.79, 28.51, 25.63,
23.94, 22.96, 22.50, 14.01, 13.96, 10.35. Water content: 1.04%.

[BEHA][C7]: 1H NMR (500 MHz, CDCl3): δ 0.865 [m, 15H (R-CH3)], δ 1.280 [m, 20H
(R-CH2, -CH)], δ 1.540 [m, 4H (R-CH2)], δ 2.126 [t, 2H (CH2-COO-)], δ 2.582 [d, 4H (CH2-
NH)]. 13C NMR (125 MHz, CDCl3): δ 179.29, 51.65, 37.00, 36.85, 31.67, 30.74, 29.20, 28.48,
28.47, 25.93, 23.90, 22.92, 22.53, 13.96, 10.27. Water content: 1.37%.
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2.2. TGA and DSC Analysis

Thermogravimetric analyzer (TGA) was used to study the thermal stability of the
PILs. Table 1 shows the thermal stability data while Figure 1 displays the TGA profiles
of the synthesized PILs. It could be observed from the data that the thermal stability of
PILs is in the range of 416 to 437 K. For a common cation, lengthening the alkyl chain
branch in the anion caused an increment in the thermal decomposition (Td) of the PIL.
This could be evidenced by the relatively high Td of [EHA][C7] and [BEHA][C7] as com-
pared to the others. A similar observation was reported by Bhattacharyya et al. in which
the thermal stability of an amino acid ionic liquid with longer alkyl chain attached to
the nitrogen, [N1,1,14,2O12][Lys], has a higher thermal stability than another amino acid
ionic liquid, [N1,1,6,2O12][Lys], with a relatively shorter alkyl chain branch [40]. According
to Keshapolla et al. and Bandres et al., the relationship between high thermal stability
and long alkyl chain attached to the ionic liquid could be attributed to the presence of
strong intermolecular and intramolecular forces in the alkyl chain [41,42]. In addition, it
was observed that the Td values of PILs with a common cation are relatively close to one
another and a similar observation was recorded by Cai et al., involving a series of ionic
liquids namely triethanolamine methanesulfonate [TEA][mesy], triethanolamine trifluo-
romethanesulfonate [TEA][OTf] and triethanolamine benzenesulfonate [TEA][Bsa] [43]. On
the other hand, the thermal stability of the ammonium-based PILs synthesized in this work
is relatively low when compared to other types of ionic liquids. For instances, the thermal
stability of an imidazolium-based ionic liquid (1-butylimidazolium dicyanamide, [BMIM]
[DCA]) and a phosphonium-based ionic liquid, (phosphonium bis-dicarbollylcobalt (III)
[PC6C6C6C14][CoCB]) are greater than 300 ◦C [35,44,45]. Xu and Cheng have summarized
that the thermal stability of imidazolium ionic liquids was improved by increasing the
degree of substitution of hydrogen by alkyl groups on the imidazolium ring [46].

Table 1. Thermal decomposition, Td; glass transition, Tg; melting point, Tm.

Ionic Liquids Td Tg Tm

K ◦C ◦C

[EHA][C5] 416.46 −97.00 -
[EHA][C6] 421.85 −98.37 -
[EHA][C7] 424.28 −96.91 -

[BEHA][C5] 428.47 −96.95 −68.34
[BEHA][C6] 431.55 −91.43 −66.82
[BEHA][C7] 437.47 −90.89 −66.69
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Figure 1. Thermal decomposition curves of (a) [EHA][C5], [EHA][C6], [EHA][C7], and (b) [BEHA][C5],
[BEHA][C6], [BEHA][C7] at heating rate of 10 ◦C.min−1.
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The phase transitions which are glass transition temperature (Tg), and melting point
(Tm) of the ammonium-based PILs were investigated by using a Differential Scanning
Calorimeter (DSC) from −150 ◦C to 50 ◦C and the results are tabulated in Table 1. This
temperature range was chosen based on the fact that many ILs exhibit glass transition
at low temperatures even beyond −100 ◦C [47]. Apart from providing the fundamental
information, the study of phase transition of PILs at this condition is crucial due to demand
in other technological areas with extreme environments. For example, in space-related
applications, ILs is potentially being used as hypergolic fluids in orbiting satellites, manned
spacecraft and deep-space probes [48]. Figure 2 shows the examples of DSC curves for the
ammonium-based PILs synthesized in this study. Data show that all PILs possess a glass
transition temperature (Tg) ranging from −98.37 ◦C to −90.89 ◦C, which indicates that all
PILs experience the flow of heat from amorphous glass to liquid state [19]. As Tg represents
the cohesive energy of the sample, PILs that exhibit Tg values have low cohesive energy
that could contribute to advantageous physiochemical properties such as low viscosity and
high ionic conductivity [47]. A similar trend of marginal difference in the Tg values for the
ammonium-based PILs was also observed and discussed by other researchers employing
ammonium-based ionic liquids as well [47]. In contrast, only ammonium-based PILs with
[BEHA] cation exhibited a melting temperature (Tm) in which all Tm are in the range of
−68.34 ◦C to −66.69 ◦C. Only a minimal increment in the Tm values was observed when
the alkyl chain of anion increases [C5] to [C7]. Primarily, the Tm of PIL is dependent on the
crystal lattice strength in the PIL. The low Tm of the PIL could be related to the low crystal
lattice energy due to poor packing efficiency in the crystal lattice of PIL itself [43,49]. The
data obtained in this work suggests that [BEHA][C7] has a better packing of the counterions
in its structure than that of [BEHA][C5] and [BEHA][C6].

Figure 2. Differential scanning calorimetry (DSC) curves of (a) [EHA][C7], and (b) [BEHA][C6] at a
heating rate of 10 ◦C min−1.

2.3. Density (ρ), Thermal Expansion Coefficient (αp), Standard Entropy (S◦) and Lattice Potential
Energy (Upot) Measurement

The density of ammonium-based PILs was studied at temperatures ranging from
293.15 to 363.15 K. The plots of the experimental density of the PILs are shown in Figure 3
while the experimental data and the plots with standard errors are available in Table S1 and
Figure S13, respectively, in the Supplementary Material. As illustrated in Figure 3, the den-
sities for all six ammonium-based PILs decreased linearly with temperature. Experimental
data also indicates that the density of the PILs deceases as the alkyl chain of the anion
increases for both [EHA] and [BEHA] PILs. The results are in accordance with published
results in literature for PILs with diethylammonium and dibutylammonium cations with
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the density values ranging approximately from 0.82 g.cm−3 to 0.94 g.cm−3 [50]. A similar
observation was also found by other researchers when the densities of their tetrabutylam-
monium ionic liquids were analyzed over a temperature range of 283.4 to 333.4 K [51]. As
temperature increases, the volume of ionic liquids increases, and the density of the ionic liq-
uids decreases accordingly. At higher temperatures, the intermolecular forces between the
constituent ions weaken, and this increases the mobility of the ions which in turn increases
the volume of these ions [37,52,53]. Further analysis also revealed that [EHA][C5] has the
highest density values compared to the rest of the ammonium-based PILs. The small size
of [EHA] cation compared to [BEHA] cation affects local packing of the PIL structure and
thus contributes to the increase in the density values of [EHA][C5] [37,54]. Comparable
observations using PIL with ethylammonium cation were also found by several researchers,
in which an increasing trending packing efficiency was proportional with the decreasing of
molecular weight [51,55]. Notably, the increased alkyl chain length in both cation and anion
of the PIL has promoted the steric hindrance and asymmetric nature in the PIL structure as
bigger and bulkier PILs result in a lower density value for the PILs [40,41]. This trend can
be observed in [BEHA][C6] and [BEHA][C7] as they exhibit the lowest density values.
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Figure 3. Density (ρ) values of (a) [EHA][C5], [EHA][C6], [EHA][C7], and (b) [BEHA][C5],
[BEHA][C6], [BEHA][C7] as a function of temperature.

The thermal expansion coefficient can provide information about the intermolecular
interaction in the PILs, and it can be calculated from the experimental values of density,
ρ by using Equation (1). The calculated data is tabulated in Table 2. Thermal expansion
coefficients, αp for the ammonium-based PILs can be defined as [37,53,56]:

αp = −1/ρ. (δρ/δT) = −(A2)/(A1 + A2T) (1)

The calculated values in Table 2 show that the thermal expansion coefficients vary only
slightly with the increase of C-numbers in the structure of the PILs. PILs with [BEHA] cation
has higher αp than that of PILs with [EHA] cation. This indicates that the thermal expansion
coefficient does not only depend on the cation symmetry but is also related to the length of
the alkyl substituent [57]. Meanwhile, the behavior of the thermal expansion coefficient
is almost similar for all PILs with common cations. Sarkar et al. have also reported a
similar variation trend of the thermal expansion coefficient for diethylammonium-based
PILs [19]. To conclude, the thermal expansion coefficient can be considered as temperature
independent as it shows similar results over the temperature range studied.
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Table 2. Thermal expansion coefficients (αp) of the PILs calculated using Equation (1).

T/K
10−4 α/K−1

[EHA][C5] [EHA][C6] [EHA][C7] [BEHA][C5] [BEHA][C6] [BEHA][C7]

293.15 7.92 7.93 7.79 9.55 9.36 9.27
303.15 7.98 7.99 7.86 9.64 9.45 9.36
313.15 8.05 8.05 7.92 9.73 9.54 9.45
323.15 8.11 8.12 7.95 9.83 9.63 9.54
333.15 8.18 8.18 8.05 9.92 9.72 9.63
343.15 8.25 8.25 8.11 10.02 9.82 9.72
353.15 8.31 8.32 8.18 10.13 9.91 9.82
363.15 8.38 8.39 8.24 10.23 10.01 9.92

The volume occupied by one mole of a compound at a given temperature and pressure
is denoted as molar volume, Vm. The molar volume was calculated by using an empirical
equation as shown in Equation (2) and utilizing the experimental densities [41,58–61]:

Vm = M/(ρ. NA) (2)

where Vm is the molar volume, M is the molar mass of the ammonium-based PILs, ρ is the
density of PILs at 303.15 K and NA is Avogadro’s number.

The calculated molar volume for all ammonium-based PILs are tabulated in Table 3.
From the calculated value, the molar volume, Vm, is proportional to the anion alkyl chain
length as well as the size of the cation. The molar volume increases with the alkyl chain
length of the anion and this behavior is caused by the addition of the CH2 group in the
anion of the PILs. Besides that, PILs with [BEHA] cation exhibit a larger molar volume
value compared to PILs with [EHA] cation. This could be explained by the difference in the
size of the cations. Similar findings have been observed in other studies [19,37].

Table 3. Molar volume, Vm; standard entropy, S◦; lattice potential energy, Upot at 303.15 K.

Ionic Liquids Vm S◦ Upot

nm3 J·K−1·mol−1 kJ·mol−1

[EHA][C5] 0.4242 558.3 416.0
[EHA][C6] 0.4509 591.5 409.8
[EHA][C7] 0.4771 624.2 404.1

[BEHA][C5] 0.6590 850.9 373.4
[BEHA][C6] 0.6883 887.4 369.5
[BEHA][C7] 0.7156 921.5 366.1

Entropy is the measurement of the randomness of molecules, and generally, entropy
increases with molar volume [19]. The relationship between molar volume (Vm) and
standard entropy (S◦) for the ammonium-based PILs in this work can be explored by using
the following standard equation that is available in the literature [62]:

S◦ = 1246.5 Vm + 29.5 (3)

The results presented in Table 3 clearly indicate that the standard entropy increased
with the molar volume value for all ammonium-based PILs. The increasing number of
carbon atoms in the alkyl chain of carboxylate anion has resulted in the increment of the S◦
of the ammonium-based PILs. From the calculated values obtained, [BEHA]-based PILs
depicted the highest standard entropy due to their larger size compared to [EHA]-based
PILs, which causes the least interaction between cation and anion [41]. In this work, the
standard entropy of [EHA] and [BEHA] PILs increases in the sequence of [C5] < [C6] < [C7].
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In addition, to predict the relative stabilities of ILs, Glasser [62] has also developed a
method for calculating lattice potential energies (Upot) of ILs by using Equation (4):

Upot = [γ (ρ/M)1/3] + δ (4)

where γ and δ are fitting coefficients with values of 1981.9 kJ·mol−1 and 103.8 kJ·mol−1,
respectively.

The lattice potential energy of the studied PILs was calculated at 303.15 K. The main
factor contributing to lattice potential energy is electrostatic or columbic interaction. How-
ever, lattice potential energy is inversely related to the volume of ions [19,52,54]. As can
be seen in Table 3, lattice potential energy decreases with the addition of the carbon chain
length of the carboxylate groups. The addition of methylene group in the alkyl chain of
both cation and anion increases the entropy, and consequently reduces packing efficiency
in the PILs [63]. As a result, lattice potential energy will decrease with the increase in the
alkyl chain length of the PILs.

2.4. Viscosity (η) Measurement

Viscosity is one of the important properties that governs the potential applications of
any solvents, and it is largely influenced by intermolecular interactions namely hydrogen
bonding, dispersive forces and columbic interactions [64]. The experimental data and the
plots with standard errors for viscosity values are available in Table S2 and Figure S14,
respectively, in the Supplementary Materials. The viscosity was measured in a tempera-
ture range of 293.15 to 363.15 K and graphically shown in Figure 4. The viscosity of all
ammonium-based PILs decreased exponentially with an increase in temperature in each
PIL as depicted in Figure 4. For example, the viscosity of [EHA][C5] at 293.15K is 45 times
larger than at 363.15K. In another study, Liu et al. performed dynamic density measure-
ment on three series of ILs, namely N-alkylpyridinium bis(trifluoromethylsulfonyl)imide
([Cnpy][NTf2], n = 2, 4, 5, 6), N-alkyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide
([Cn3mpy][NTf2], n = 2, 3, 4, 6) and N-alkyl-4-methylpyridinium bis(trifluoromethylsulfonyl)
imide ([Cn4mpy][NTf2], n = 3, 4, 6) within a temperature range of T = (283.15 to 353.15) K [60].
They suggested that the dynamic viscosity increases with the extension of the alkyl side
chain of the cation for the three series of pyridinium-based ILs. However, in this work, PILs
with [EHA] cation display a higher viscosity value than PILs with [BEHA] cation. Basically,
the van der Waals attraction between the aliphatic alkyl chain affects the viscosity values of
the PILs [41,53]. However, the water content of the PILs may also affected the observed
viscosity results. Furthermore, PILs with [BEHA] cation displayed a marginal increment in
the viscosity values as the alkyl chain length of the anion increased.

2.5. Refractive Index (nD) Measurement

Generally, the refractive index (nD) describes how fast light travels through material.
It estimates the electronic polarizability of the molecules and shows the dielectric re-
sponse to an external electric field produced by electromagnetic waves (light) [65]. Figure 5
shows the refractive index of ammonium-based PILs that were measured in a temper-
ature range of 293.15 to 333.15 K at atmospheric pressure. The experimental data is
tabulated in Table S3 while the plots with standard errors are presented in Figure S15 in the
Supplementary Material. From the table, the nD values were found to be decreasing with
increasing temperature. Moreover, the values of the refractive index increased with the
increase in cation and anion chain length of PILs. A similar observation was also found in
the literature involving PILs in which the nD values of the studied PILs were in the range of
1.45–1.41 [50]. The increment of refractive index values with increasing alkyl chain length
in the cation is influenced by higher intermolecular interaction such as the van der Waals
forces of the PILs [52].
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Figure 4. Viscosity (η) values of (a) [EHA][C5], [EHA][C6], [EHA][C7], and (b) [BEHA][C5], [BEHA][C6],
[BEHA][C7] as a function of temperature.
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Figure 5. Refractive index (nD) values of (a) [EHA][C5], [EHA][C6] and [EHA][C7], and (b) [BEHA][C5],
[BEHA][C6] and [BEHA][C7] as a function of temperature.

2.6. Thermophysical Properties Correlations

The density (ρ), dynamic viscosity (η) and refractive index (nD) experimental values
were correlated by using the following equations [53,66]:

ρ = A1 + A2T (5)

lgη = A3 + A4/T (6)

nD = A5 + A6T (7)

where T is the temperature in K, and A1 through A6 are correlation coefficients using the
least square method. Table 4 represents the estimation of values for correlation coefficients
together with the standard deviations, SD which was calculated by using the Equation (8).

127



Molecules 2022, 27, 851

Zexpt and Zcalc are experimental and calculated values, respectively, while nDAT is the
number of experimental points.

SD =

√√√√√ nDAT
∑
i

(Zexpt − Zcalc)
2

nDAT
(8)

Table 4. Fitting parameters of Equation (5) to correlate density (ρ) of PILs and calculated standard
deviation (SD1). Fitting parameters of Equation (6) to correlate viscosity (η) of PILs and calculated
standard deviation (SD2). Fitting parameters of Equation (7) to correlate refractive index (nD) of PILs
and calculated standard deviation (SD3).

ILs A1 A2 SD1 A3 A4 SD2 A5 A6 SD3

[EHA][C5] 1.1297 −0.0007 0.0043 2842.7 −8.1026 0.002 1.5535 −0.0004 0.00005
[EHA][C6] 1.1279 −0.0007 0.0004 1772.7 −5.0403 0.006 1.5555 −0.0004 0.00118
[EHA][C7] 1.1091 −0.0007 0.0012 1217.3 −3.4491 0.006 1.5553 −0.0004 0.00146
[BEHA][C5] 1.1161 −0.0008 0.0004 152.1 −0.4278 0.027 1.5809 −0.0004 0.00146
[BEHA][C6] 1.1076 −0.0008 0.0004 139.8 −0.3918 0.024 1.5810 −0.0004 0.00103
[BEHA][C7] 1.1056 −0.0008 0.0003 155.6 −0.4367 0.024 1.5802 −0.0004 0.00115

2.7. CO2 Absorption Measurement

Carbon dioxide absorption measurements have been performed to investigate the po-
tential ability of the ammonium-based PILs as solvents for CO2 capture. The measurements
were conducted in the pressure range of 1-29 bar at room temperature and the results are
plotted in Figures 6 and 7. From the plots, the CO2 uptake by the ammonium-based PILs
shows a trend of polynomial increment with CO2 pressure. Generally, ammonium-based
PILs with [BEHA] cation exhibited marginal difference in CO2 absorption values than that
of ammonium-based PILs with [EHA] cations as shown in Figure 7. At a constant pressure
of 29 bar, [BEHA][C7] displayed the highest CO2 absorption with the value of 0.78 mol
fraction when compared to [BEHA][C6] and [BEHA][C5] with the CO2 mol fractions of 0.68
and 0.64, respectively. This behavior can be explained by using the data reported of density
and molar volume of the ammonium-based PILs. The increment in the density value of the
PIL increases the molar volume of the PILs which thus in turn causes an increase in the
fractional free volume and consequently enhances the CO2 uptake by the ammonium-based
PILs [67,68]. Based on the analysis and comparison of FTIR and 13C NMR, Xu and Oncsik
et al. proposed that the mechanism of CO2 absorption is via the interaction between gas
and the basic anion [32,69]. At approximately 20 bar and 25 ◦C, the CO2 uptake by the
[BEHA][C7] is about 40% higher than that of bis(2-ethylhexyl)ammonium butyrate protic
ionic liquid [37]. On the other hand, some researchers have performed investigations
on the relationship between the viscosity of PILs and performance of CO2 absorption by
the PILs and found that PIL with low viscosity value has a high absorption capacity of
CO2 [70]. ILs with low viscosities can result in low mass transfer resistance between liquid
and gas phases, and this eventually increases the CO2 absorption rate. The viscosities of
[BEHA][C5], [BEHA][C6] and [BEHA][C7] were recorded to have values between 19.64
and 21.70 mPa·s at 30 ◦C, which are much lower when compared to conventional ILs, for
example [Bmim][BF4] with the viscosity value of 68.90 mPa·s at the same temperature [71].
Regardless of the cation, there is an increasing trend of CO2 absorption in the order of
[C5] < [C6] < [C7] anion. As such, both [EHA][C7] and [BEHA][C7] show the highest
CO2 absorption capacity at 29 bar and room temperature with the values of CO2 mol
fractions of 0.77 moles and 0.78 moles, respectively. These results could be considered
an indication of the potential ability of the ammonium-based PILs as solvents for CO2
capture. However, more thorough studies must be conducted for further evaluation before
the ammonium-based PILs can be fully used as new solvents in the field of CO2 removal.
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Figure 6. Plot of CO2 absorption in ammonium-based PILs with (a) [EHA] cation, and (b) [BEHA] cation.
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Figure 7. Plot of CO2 absorption in ammonium-based PILs at 298.15 K.

3. Materials and Methods

3.1. Chemicals

To synthesize all six ammonium-based PILs, analytical grade chemicals from Merck,
Darmstadt, Germany were used. The CAS numbers, abbreviations, grade percentage, density,
viscosity, flash point and melting points of all chemicals are as follows: 2-ethylhexylamine
(104-75-6, [EHA], 99.0%, 0.789 g.cm−3, 1.1 cP, 140 ◦C, −76 ◦C), bis-(2-ethylhexyl)amine
(106-20-7, [BEHA], 99.0%, 0.805 g.cm−3, 3.7 cP, 130 ◦C, <−20 ◦ C), pentanoic acid (109-
52-4, [C5], 98.0%, 0.939 g.cm−3, 2.3 cP, 96 ◦C, −34.5 ◦C), hexanoic acid (142-62-1, [C6],
98.0%, 0.927 g.cm−3, 3.2 cP, 102 ◦C, −2.78 ◦C) and heptanoic acid (111-14-8, [C7], 99.0%,
0.917 g cm−3, 3.4 cP, 113 ◦C, −7.5 ◦C)).

3.2. Synthesis of PILs

The synthesis of PILs was carried out by using a one-step neutralization reaction and
the reaction is written as follows:

(Rx)2NH + HOOC(RY) → (Rx)2NH2
+ −OOC(RY)

RX is 2-ethylhexyl or bis-(2-ethylhexyl and RY is either pentyl, hexyl or heptyl. In this
work, 2-ethylhexylamine and bis-(2-ethylhexyl)amine, abbreviated as [EHA] and [BEHA],
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respectively, were the cations while the acids with the variation of alkyl chain length from
pentyl [C5], hexyl [C6] and heptyl [C7] were the anions of the PILs.

In a specific procedure, a 1:1 mol ratio of acid was added to the base with continuous
stirring at 250 rpm for 24 h at room temperature. The resulting product was dried under
vacuum at 80 ◦C for 6 h to remove any water traces and impurities that might be present
resulting from starting reagents as well as surrounding atmosphere. The PILs which were
in liquid forms without noticeable solid crystal or precipitation after the purification step
were kept in sealed containers until further analysis. The proton transfer reaction had
resulted in the formation of six PILs as tabulated in Table 5. Figure 8 depicts the reaction
for the synthesis of [EHA][C5].

Table 5. Structures of acids and bases, their names, and abbreviations used.

Structure Name and Abbreviation
 

 

2-ethylhexylamine, [EHA]

 

 

Bis-(2-ethylhexyl)amine, [BEHA]

 

Pentanoic acid, [C5]

 

Hexanoic acid, [C6]

 

 

Heptanoic acid, [C7]

 

298 K, 24h

2-ethylhexylamine,  [EHA] pentanoic acid, [C5] 2-ethylhexylammonium pentanoate,[EHA][C5]

Figure 8. Synthesis reaction for [EHA][C5].

3.3. Characterization
3.3.1. Structural Confirmation and Water Content

Nuclear Magnetic Resonance (NMR) spectroscopy (Bruker Ascend TM 500, Billerica,
MA, USA) was used to confirm the structures of the synthesized PILs. In each analysis,
a 100 μL PIL sample was dissolved in a 600 μL solvent (CDCl3). The 1H and 13C spectra
are reported in parts per million and the multiplicities, where applicable, are written as d
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(doublet), t (triplet) and m (multiplet). The water content of each PIL was determined by
using Volumetric Karl Fisher V30 Mettler Toledo (Columbus, OH, USA).

3.3.2. TGA Analysis

A Simultaneous Thermal Analyzer (STA) 6000 (Perkin Elmer, Waltham, MA, USA)
was used to study the thermal stability of the PILs. The reproducibility for TGA STA 6000
is <±0.5 ◦C with ± 2% based on metal standard. In each analysis, 10 mg of the PILs sample
was placed in a crucible pan and the thermal analysis was conducted in a temperature
range of 50–650 ◦C at a heating rate of 10 ◦C·min−1 under 20 mL/min of nitrogen flow.

3.3.3. DSC Analysis

A Differential Scanning Calorimeter (DSC) 1 Star system (Mettler Toledo, Columbus,
OH, USA) was used to investigate the phase transition of the PILs. The reproducibility
for DSC is ± 0.2K with <1% based on indium calibration. In total, 10 mg of samples were
sealed in aluminum pans and subject to analysis in a temperature range of 50–150 ◦C with a
heating rate of 10 ◦C·min−1. The phase transition data were analyzed by using the second
heating plot.

3.3.4. Density (p) and Viscosity (η) Measurement

An Anton Paar Stabinger Viscometer (Graz, Austria) was used to simultaneously
measure the density and viscosity of the PILs in a temperature range of 293.15–363.15 K
with a temperature measurement accuracy of 0.02 K. The reproducibility of the density and
viscosity measurements were ±5.10−4 g.cm−3 and 0.35%, respectively. The measurements
were repeated several times and the average value was considered for further analysis.
Prior to the density and viscosity measurements, the equipment was calibrated using a
standard fluid provided by the supplier. A commercial imidazolium IL with known density
and viscosity values was also used to validate the equipment.

3.3.5. Refractive Index (nD) Measurement

An ATAGO RX-5000 Alpha Digital Refractometer (Tokyo, Japan) with a measuring
accuracy of ±4.10−5 was used to determine the refractive index values of the PILs. The
measurement was done in a temperature range of 293.15 to 333.15 K. The instrument was
also calibrated by using standard organic solvents provided by the supplier. In addition,
a commercial imidazolium IL was also used while conducting the validation test and the
result was compared with the values available from the literature [50].

3.3.6. CO2 Absorption Measurement

The CO2 absorption of the PILs was studied by using a magnetic suspension bal-
ance (MSB) from Rubotherm Präzisionsmesstechnik GmbH (Bochum, Germany). In this
gravimetric method, the weight change of the PILs upon absorption of CO2 was measured
and calculated in a range of pressure from 1 to 29 bar at room temperature. The sample
absorption chamber linked to the microbalance, which has a precision of ±20 μg, via an
electromagnet and a suspension magnet which keeps the balance at ambient conditions
during the CO2 absorption experiments. In a typical CO2 absorption measurement, approx-
imately 1g of PIL sample was loaded in the sample chamber and the absorption system was
evacuated at 10−3 mbar (Pfeiffer model DUO5) to remove any impurities until the weight
remained constant. Then, the sample chamber was pressurized with CO2 at a constant tem-
perature by means of an oil circulator (Julabo, model F25-ME, ±0.1 ◦C accuracy, Seelbach,
Germany) and the weight change due to the absorption of the gas in the PIL was observed
and recorded. Once a constant weight reading was recorded, the system was allowed to
stand in the condition for an additional 3-4 h to ensure complete equilibration of the binary
CO2–PIL system. The absorption measurement was repeated with different pressure values
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of CO2 to yield a series of absorption isotherm. The weight of the CO2 dissolved in the
PILs sample was calculated using Equation (9) available from literature [72,73].

wt CO2= [wt − (wtSc + wtS)] + [(VSc + VS)(ρCO2)] (9)

where wt (g) is the corrected weight of the balance, wtSc + wtS (g) are the weights of sample
cell and sample, respectively, VSc + VS (cm−3) are the volumes of the sample cell and sample,
respectively, and ρCO2 (g.cm−3) is the density of CO2 at the pressure and temperature
during the CO2 absorption. The results of CO2 absorption are presented in terms of mole
fraction of CO2 (x) dissolved in the PIL, which was calculated using Equation (10):

x = nCO2/(nliq +nCO2) (10)

where nCO2 is the mole of CO2 absorbed in the PIL and nliq is the mole of the PIL.

4. Conclusions

In this work, six new ammonium-based PILs have been successfully synthesized
through a one-step procedure. The thermophysical properties including density, viscosity,
refractive index and thermal stability have been measured. The experimental results
revealed the dependency of the experimental values namely the ρ, η, nD and Td on the
alkyl chain of the anion, size of the cations and the temperature of measurement. The phase
transition analysis of the PILs yielded the glass transition temperature (Tg) and melting
point (Tm) of the PILs studied. These synthesized ammonium-based PILs have been tested
for their ability towards CO2 absorption in which [BEHA][C7] displayed the highest CO2
uptake in the experimental conditions signifying its capability to be a potential solvent in
the application of CO2 capture. Future works should include CO2 desorption studies of the
PILs for the purpose of recyclability and sustainability of the absorbents.

Supplementary Materials: The following are available online, Table S1: Density (ρ) values of PILs
at temperatures (293.15–363.15) K, Table S2: Dynamic viscosity (η) values of PILs at temperatures
(293.15–363.15) K, Table S3: Refractive index (nD) values of PILs at temperatures (293.15–333.15 K),
Figures S1–S12: NMR analysis of the PILs, Figure S13: Plots of density (ρ) values with standard
errors of (a) [EHA][C5], [EHA][C6], [EHA][C7], and (b) [BEHA][C5], [BEHA][C6], [BEHA][C7] as a
function of temperature, Figure S14: Plots of viscosity (η) values with standard errors of (a) [EHA][C5],
[EHA][C6], [EHA][C7], and (b) [BEHA][C5], [BEHA][C6], [BEHA][C7] as a function of temperature,
and Figure S15: Plots of refractive index (nD) values with standard errors of (a) [EHA][C5], [EHA][C6],
[EHA][C7], and (b) [BEHA][C5], [BEHA][C6], [BEHA][C7] as a function of temperature.
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* Correspondence: dorwarmi@pg.edu.pl; Tel.: +48-583471410

Abstract: This paper demonstrates the assessment of physicochemical and thermodynamic prop-
erties of aqueous solutions of novel deep eutectic solvent (DES) built of tetrabutylammonium
chloride and 3-amino-1-propanol or tetrabutylammonium bromide and 3-amino-1-propanol or
2-(methylamino)ethanol or 2-(butylamino)ethanol. Densities, speeds of sound, refractive indices,
and viscosities for both pure and aqueous mixtures of DES were investigated over the entire range
of compositions at atmospheric pressure and T = (293.15 - 313.15) K. It was concluded that the
experimental data were successfully fitted using the Jouyban–Acree model with respect to the con-
centration. Obtained results showed that this mathematical equation is an accurate correlation for
the prediction of aqueous DES properties. Key physicochemical properties of the mixtures—such as
excess molar volumes, excess isentropic compressibilities, deviations in viscosity, and deviations in
refractive indices—were calculated and correlated by the Redlich–Kister equation with temperature-
dependent parameters. The non-ideal behavior of the studied systems were also evaluated by using
the Prigogine−Flory−Patterson theory and the results were interpreted in terms of interactions
between the mixture components.

Keywords: DES; deep eutectic solvents; aqueous mixtures; excess properties; JAM; PFP

1. Introduction

Deep eutectic solvents (DES) are very important and well-known components or
materials used often in chemistry but also in other industries as pharmacy, chemical
technology as an inexpensive solvent/component being sustainable alternative to the
conventional organic solvents which are non-ecological. Currently, the advancement of
different DES had enabled the production of materials for unique purpose for reaction
medium, biodiesel processes, metal electrodeposition, nanotechnology, and others [1].
Global research is still focused on the developing new innovative DES which will probably
replace non-ecological classic solvents as well [2,3].

Deep eutectic solvents, based on urea and quaternary ammonium salts, were first
reported by Abbott et al. [4]. Since then many derivatives have been invented and applied.
Generally, DESs are built from hydrogen bond acceptor (HBA) and hydrogen bond donor
(HBD) in the appropriate molar ratio forming complexes through hydrogen bonds. As a
result, deep eutectic solvents have a lower melting point than their components [5].

DESs share many properties with room temperature ionic liquid (RTIL). They are
practically non-volatile and non-flammable, and exhibit high thermal and electro-chemical
stability, but are definitely cheaper, less toxic, and often biodegradable in comparison
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with RTIL [6]. Additionally, since the physical properties of DES are dependent on the
composition and proportions of the components making up a given eutectic mixture,
it is possible to propose a particular composition whose properties should be applied
specifically [1,7].

Deep eutectic solvents are highly hygroscopic liquids, so trace amounts of water are
often unavoidable as impurity [8]. However, depending on the application, water can be
deliberately added to the DES to modulate the physicochemical properties of the solvent,
especially mass transfer properties such as viscosity.

Aqueous mixtures of DES have already been used in nanoparticle synthesis [9], car-
bon dioxide absorption [10,11], and as media in chemical reactions [12]. Some conflicting
information is found in the literature regarding the impact of water in DES on processes
of CO2 absorption. Su et al. [10] discovered that even a small addition of water to DES
composed of choline chloride (ChCl) and urea reduces the solubility of carbon dioxide,
while Li et al. [11] concluded that the solubility of CO2 increases in tetramethylammonium
chloride and monoethanolamine DES after the addition of H2O, and reaches a maximum
at 10% water content. Therefore, since the water content has a great influence on the
physicochemical properties of deep eutectic solvents, it is crucial to control it in aqueous
DES solutions from a technological point of view and in further application. A significant
part of the research carried out so far has been devoted to the properties of pseudo-pure
DES [13–16]. Thermodynamic properties of aqueous DESs are also rarely published [17].
Kuddushi et al. measured densities of aqueous solution of DES composed of ChCl with
glutaric acid and malonic acid [18]. They calculated excess molar volume (VE

m) for those
systems that found to be negative, indicating strong interactions between water and DES
molecules. Additionally, volumetric properties were described for such aqueous DES sys-
tems as: allyltriphenyl phosphonium bromide (ATPPB) with diethylene glycol (DEG) [19]
or triethylene glycol (TEG) [20], ChCl with ethylene glycol or glycerol [21] and ChCl with
lactic acid [22].

Studies that consider other properties of aqueous DES solutions—such as acoustic
properties [18], refractive indices [21,23], and viscosities [23,24]—are still rare and not
popular. All of them confirm that the interactions between DES and water molecules
significantly influence on thermodynamic properties of aqueous DES solutions.

In general, most of the research that has been carried out to date on deep eutectic
solvents as potential CO2 absorbers are devoted to DESs in which physical absorption of
carbon dioxide occurs. The carbon dioxide absorption capacity in those DESs is lower
than that in commercially used absorbers therefore their potential application in indus-
try is significantly limited. Therefore, the aim of this work is to characterize and better
understand the water solutions of deep eutectic solvents based on alkanolamines with
chemical absorption capacity in terms of their suitability for the effective separation of
carbon dioxide from gas streams at relatively low pressure. It is known from the literature
that carbon dioxide capacity, apart from others factors, depends also on the strength of
intermolecular interactions between DES components [25,26]. As the interactions between
HBA and HBD increase, the CO2 solubility decreases. Similar effects can be expected for
aqueous solutions of DESs, where increasing strength of the DES-H2O interactions might
result in a decrease of carbon dioxide capacity due to the weaker interactions between
CO2 and DES [27]. The final effect of the presence of water in DES on the solubility of
CO2 will also depend on which of the components (DES or water) will have the greater
affinity for the gas absorbed. Herein, we prepared deep eutectic solvents built of tetra-
butylammonium bromide with 3-amino-1-propanol (AP), 2-(methylamino)ethanol (MAE),
or 2-(butylamino)ethanol (BAE) and tetrabutylammonium chloride (TBAC) with AP, at
1:6 molar ratios. Then, the physicochemical properties of pure and aqueous solutions
of DESs as density, speed of sound, viscosity, and refractive index were measured, and
Jouyban–Acree predictive model (JAM) was used to correlate the experimental data. Sev-
eral mathematical models for the correlation of physical properties of binary mixtures can
be found in the literature [28]. However, these models were used mainly to correlate the
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density of mixtures. Thus, we decided to use the JAM equation, as so far it has also been
used to predict the viscosity of two-component mixtures of classical solvents [29]. Ther-
modynamic excess properties—including excess molar volume, excess isobaric thermal
expansion, excess isentropic compressibility, deviation in refractive indices, deviation in
viscosities, and excess Gibbs energy of activation for viscous flow—were calculated and
correlated by the Redlich–Kister-type polynomial equation considered as the most common
and accurate mathematical model for this purpose. Prigogine–Flory–Patterson Theory
(PFP) was used to correlate the experimental excess molar volume as the most accepted
theory to interpret the behavior of non-ideal liquid solution, which has been applied to
many mixtures of classical solvents as well as to systems containing ionic liquids and some
aqueous solutions of DESs. The effect of the HBA anion type of obtained DES solutions
was evaluated as well as the order and length of the alkyl chain of each alkanolamine were
discussed. The influence of temperature on thermodynamic properties of DES solutions
was also involved in this study.

2. Materials and Methods

2.1. Chemicals

The chemicals used in this study—3-amino-1-propanol (AP), 2-(methylamino)ethanol
(MAE), 2-(butylamino)ethanol (BEA), tetrabutylammonium bromide (TBAB), and tetrabuty-
lammonium chloride (TBAC)—were purchased from Sigma-Aldrich. TBAC was purified
by double crystallization from acetone by adding diethyl ether. All salts were dried under
reduced pressure before use, TBAB at 323 K for 48 h while TBAC at 298.15 K for several
days. The corresponding information and the chemical structures of the DESs components
are presented in Table 1.

Table 1. Provenance, mass fraction purity, and chemical structures of the compounds studied.

Chemical Name Source
CAS

Number
Molecular Weight

M/(g·mol−1)
Mass

Fraction Purity
Chemical Structure

3-amino-1-propanol (AP) Sigma Aldrich 156-87-6 75.11 0.99 a

2-(methylamino)-ethanol
(MEA) Sigma Aldrich 109-83-1 75.11 ≥98 a

2-(butylamino)-ethanol
(BEA) Sigma Aldrich 111-75-1 117.19 ≥98 a

tetrabutylammonium
bromide (TBAB) Sigma Aldrich 1643-19-2 322.37 ≥0.99 a

tetrabutylammonium
chloride (TBAC) Sigma Aldrich 1112-67-0 277.92 ≥0.98 b

a As stated by supplier. b After crystalization, determined by potentiometric titration.

2.2. Preparation of DESs and Their Aqueous Solutions

DESs were prepared by mass with the same molar ratio of 1:6 salt to amino alcohol.
The weighing was done using an analytical balance (Mettler Toledo) with the precision
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of 0.1 mg. The standard uncertainty in the mass fraction was estimated to be less than
±1 × 10−4. The combinations of the quaternary ammonium salts and AP/MAE/BEA were
mixed at 353.15 K for 1 h using a magnetic stirrer in a fume hood until a homogeneous and
uniform liquid without any precipitate was formed. Water content of DESs was measured
using a Mettler Toledo Coulometric Karl–Fischer titrator (899 Coulometer apparatus from
Metrohm) and it was found to be less than 0.0016 mass fraction. Table 2 displays the
abbreviation of chemicals and DESs along with their molar mass, molar ratio, mass fraction,
and water content.

Table 2. Abbreviations of chemicals and DESs along with their molar mass, molar ratio, mass fraction,
and water content.

Symbol HBA HBD
Molar
Ratio

MDES/
(g·mol−1)

Mass Fraction
of HBA a

Water
Content b

DES1 TBAB AP 1:6 110.449 0.4172 0.00059
DES2 TBAC AP 1:6 104.091 0.3815 0.00121
DES3 TBAB MAE 1:6 110.433 0.4170 0.00118
DES4 TBAB BAE 1:6 146.519 0.3145 0.00159

a The standard uncertainty of DES mass fraction composition is 0.0001. b Water content of DESs in mass fraction
determined by Karl Fisher titration with the standard uncertainty ±0.0001.

Deionized, double distilled, degassed water with a specific conductance of
1.15 × 10−6 S·cm−1 was used for the preparation of aqueous mixtures of DESs. The water
contents in DES was accounted for upon solution preparation.

2.3. Physical Properties Measurements
2.3.1. Density and Speed of Sound

Measurements of density and speed of sound were performed by using a digital
vibration-tube analyzer (Anton Paar DSA 5000, Graz, Austria) with proportional temper-
ature control that kept the samples at working temperature with an accuracy of 0.01 K.
Experimental frequency for the measurements of the ultrasonic speed was equal to 3 MHz.
The apparatus was calibrated with double distilled deionized and degassed water and dry
air at atmospheric pressure according to the apparatus catalog procedure. The experimental
uncertainty of density and ultrasonic velocity measurements was better than 35 × 10−3 kg m−3

and 2 × 10−1 m s−1, respectively.

2.3.2. Viscosity

Viscosities of the solvents were determined using LVDV-III Programmable Rheometer
(cone-plate viscometer; Brookfield Engineering Laboratory, USA), controlled by a computer.
The temperature of the samples was controlled within ± 0.01K using a thermostatic water
bath (PolyScience 9106, Niles, IL, USA). The display of the viscosimeter was verified with
certified viscosity standard N100 and S3 provided by Cannon at 298.15 ± 0.01 K. The
standard uncertainty of viscosity measurement was better than 1%.

2.3.3. Refractive Index

The refractive indices were measured using an Abbe refractometer (RL-3, Warsaw,
Poland) equipped with a thermostat for controlling the cell temperature with an accuracy
of ±0.1 K. The standard uncertainty of refractive index measurement on the nD scale was
0.0002. At least three independent measurements were taken for each sample at each
temperature to assure reproducibility of the measurement.

2.3.4. Isobaric Heat Capacity

A Mettler Toledo Star One differential scanning calorimeter (DSC), STAR-1 System
(Mettler Toledo, Greifensee, Switzerland), was used to measure specific heat capacities of
novel DESs. The DSC instrument was calibrated by the indium standard prior to sample
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measurements. During the measurement, an inert atmosphere was created under a nitrogen
flow of 60 mL min−1. The sapphire method for cp determination was used [30]. A ‘baseline’
or blank measurement was performed for heating rate 10 K min−1. All of the results
obtained were blank curve corrected and performed twice. The test material and the
reference were placed into individual aluminium crucibles which were then sealed with
pierced lids. The data from the DSC were recorded and then analyzed to obtain the Cp
from the data.

3. Results and Discussion

3.1. Physical Properties of Binary Mixtures

The experimental values of density, speed of sound, viscosity, and refractive indices
for aqueous solutions of DESs consisting of tetrabutylammonium bromide and 3-amino-1-
propanol or 2-(methylamino)ethanol or 2-(butylamino)ethanol and for the aqueous solu-
tions of DES built of tetrabutylammonium chloride and 3-amino-1-propanol over the entire
range of compositions at temperatures ranging from 293.15 K to 313.15 K are reported in
Tables S1–S4. Moreover, in Figure 1 the physical properties are plotted as a function of the
DES molar fraction at 298.15 K for all systems studied. As it can be observed, depending
on the properties, its dependence on the deep eutectic solvent content varies. Moreover, all
trends are nonlinear, indicating deviation from the ideal course.

Figure 1. The dependence of the physical properties of aqueous solutions of DESs on molar fraction
of deep eutectic solvent at 298.15K: (a) density; (b) speed of sound; (c) viscosity; (d) refractive index.
� DES1; • DES2; � DES3; � DES4; —, Equation (1).

Taking into account the density, its values decrease in the whole range of DES concen-
trations only for aqueous TBAB:BAE (DES4) solutions for which a negative deviation from
ideal behavior is observed. For the other systems, the density increases with increasing DES
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concentration at low deep eutectic solvent content, reaches its maximum value at certain
molar fraction of DES, and afterwards begins to decrease. The composition of the solution
with the highest density depends on both the amino alcohol and the salt.

The dependence of the sound velocity and viscosity of aqueous DES solutions on the
molar fraction of DES also shows a maximum. However, in the case of viscosity, unlike
the speed of sound and the density, it occurs at high DES content. The refractive index
increases monotonically in the whole range of DES concentrations for all systems.

When the temperature dependence is considered, one can observe that all properties
decrease with the increase of temperature as the result of thermal expansion.

The experimental values of of density, speed of sound, viscosity, and refractive indices
of binary mixtures were correlated by using of Jouyban–Acree model [29,31–33]. This
mathematical model uses the physicochemical properties of the individual solvents as
input data and a number of curve-fitting parameters represent the effects of solvent–solvent
interactions in the solution

lny = x1lny1 + x2lny2 +
x1x2

T

i=n

∑
i=0

Ji(x1 − x2)
2 (1)

The y, y1, and y2 are the physical properties of the mixture, deep eutectic solvent
and water, at specific temperature. The x1 and x2 are mole fractions of DES and water,
respectively. The Ji terms are coefficients of the model computed by using a zero-intercept
regression analysis

lny − x1lny1 − x2lny2 =
x1x2

T

i=n

∑
i=0

Ji(x1 − x2)
2 (2)

Root mean square deviation of fit (RMSD) and the average deviation (ARD %) were
calculated according to the following equations

RMSD =

⎡⎢⎣∑
(

Yexp − Ypred

)2

n − k

⎤⎥⎦
1/2

(3)

ARD % =
100
n ∑

∣∣∣yexp − ypred

∣∣∣
ypred

(4)

where n is the number of experimental data, k is the number of parameters of model and Y
is equal to lny.

Parameters Ji of Equation (1), root mean square deviation of fit (RMSD) and the corre-
sponding average relative deviation (ARD %) for the systems studied at T = (293.15 to 313.15) K
are presented in Table S5 (Supplementary Materials).

Moreover, the values of density, speed of sound, viscosity, and refractive index ob-
tained by JAM are depicted as the smoothed solid lines in Figure 1. As can be seen, the
Jouyban–Acree model correlates the experimental physical properties satisfactorily, espe-
cially for density and refractive index, for which average relative deviations are the same
order as the experimental uncertainty. Thus, the JAM can be considered a reliable model
for predicting the densities and refractive indices as well as it can be used for estimation of
the speeds of sound and viscosity of aqueous DES solutions, for which, however, higher
ARD % are observed.
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3.2. Volumetric Properties
3.2.1. Excess Molar Volume

The excess molar volumes (VE) were calculated using the experimental density data
according to the following equation

VE =
x1M1 + x2M2

ρ
− x1M1

ρ1
− x2M2

ρ2
(5)

where d is the density of the mixture and xi, Mi, and ρi are: the mole fraction, the molar
mass and density of DES (i = 1) and water (i = 2), respectively.

The obtained values of VE are presented in Tables S1–S4 and plotted as a function
of the DES mole fraction, x1, in Figure 2. Figure 2a shows the plots of VE against mole
fraction of DES for all studied mixtures at 298.15 K and Figure 2b depicts the temperature
dependence of excess molar volumes for the system (TBAB:BAE + water) as an example. It
can be observed in these figures that the curves of VE are asymmetrical and their values are
negative over the whole composition and temperature range. The minimum was found
between mol fraction of 0.35 and 0.4 of DES equal to −0.98 for DES1, −1.00 for DES2, −1.13
for DES3, −1.02 for DES4. The asymmetry of the curves is due to the difference between
the molar volumes of the components mixture.

Figure 2. Dependence of the excess molar volume of aqueous solutions of DESs on molar fraction of
deep eutectic solvent: (a) at 298.15 K for � DES1; • DES2; � DES3; � DES4; (b) for DES1 at 298.15 K
(�); 298.15 K (•); 303.15 K (�); 308.15 K (�); 313.15 K (�); —, Equation (6).

In Figure 2, the dashed lines represent the correlated values according to the Redlich–
Kister polynomial [34]

VE = x1x2

2

∑
i=0

Ai(x1 − x2)
i (6)

where the Ai values are adjustable parameters.
As it can be seen, the calculated values agree very well with the experimental data.

The Ai values were determined using the least squares method and they are listed in
Tables S6–S9, along with their RMSD. For all systems, excess molar volumes were correlated
using three-parameter Redlich–Kister polynomial equation.

The negative values of excess molar volumes can be explained based on the strength
of the specific interactions, size, and shape of molecules. When DES is added to water,
the intra-molecular interactions between DES or water molecules are disrupted and new
hydrogen bonding interactions between water and chloride/bromide anion of HBA and
between water and -OH group and -NH2 group or –NH of amino alcohol are forming.
Moreover, water molecules—as much smaller than the deep eutectic solvent one—may

142



Molecules 2022, 27, 788

fit into the interstices of the DES. Therefore, the filling effect of water in the interstices of
DES, and the strong hydrogen bonding interactions between the unlike components of the
systems, all lead to the negative values of the excess molar volumes.

The temperature dependence of the excess molar volumes can determine what kind
of effect—i.e., the packing phenomenon or the strong forces between the components—
is responsible for the negative values of VE. In general, as temperature increases, the
specific interactions break down and due to the increased thermal fluctuation, more holes
of sufficient size for the accommodation of the unlike component are formed. These effects
influence the excess molar volume in a reverse manner. A decrease of specific interactions
causes an increase in VE values, while a loosening of the DES structure leads to a decrease
of excess molar volume with temperature. Thus, the observed increase of VE with rising
temperature for all systems investigated suggests that specific interactions determine the
volumetric behavior of aqueous solutions of deep eutectic solvents based on alcohol amine.
A similar phenomenon was observed by other researchers for aqueous solutions of DES
based on choline chloride [18,21,22,24,35–38] or allyltriphenylphosphonium bromide [19,20].
What is interesting, for the (DES + alcohol) systems, due to the decrease in the excess molar
volume with temperature, the dominance of the packing effect was postulated [39,40].

The dominance of specific interactions in the aqueous solutions of the DESs studied
can be confirmed by the Prigogine–Flory–Patterson (PFP) theory [41–45]. This theory
has been originally used in interpreting the values of the excess molar volumes of binary
systems formed by polar compounds which do not form strong electrostatic or hydrogen
bond interactions. Over time, however, it has emerged that the use of the Flory formalism
can still provide an interesting correlation between the excess volumes of more complex
mixtures. So far, the PFP theory has been successfully applied to predict and model the
excess molar volumes of many mixtures containing ionic liquids [46–50] and some aqueous
systems with deep eutectic solvents [18,51,52].

According to the PFP theory, the excess molar volume contains three contributions: an
interactional contribution, a free volume contribution, and a pressure contribution. The
expression for VE is given as

VE

x1V∗
1 + x2V∗

2
=

(
Ṽ1/3 − 1

)
Ṽ2/3ψ1Θ2χ12[

(4/3)Ṽ−1/3 − 1
]

P∗
1

+
−
(

Ṽ1 − Ṽ2

)2[
(14/9)Ṽ−1/3 − 1

]
ψ1ψ2[

(4/3)Ṽ−1/3 − 1
]
Ṽ

+

(
Ṽ1 − Ṽ2

)(
P∗

1 − P∗
2
)
ψ1ψ2

P∗
2 ψ1 + P∗

1 ψ2
(7)

where VE is excess molar volume, x mole fraction, V* characteristic volume, P* characteristic
pressure, ψ molecular contact energy fraction, θ molecular surface fraction, Ṽ reduced
volume, and χ12 interactional parameter.

The reduced volume for pure substance i is defined in terms of the thermal expansion
coefficients, αi, as

Ṽi =

(
1 + 4

3 αiT
1 + αiT

)3

(8)

The reduced volume of mixture, Ṽ, is calculated from

Ṽ = ψ1Ṽ1 + ψ2Ṽ2 (9)

where the molecular contact energy fraction, ψ, is expressed by: ψ1 = 1 − ψ2 =
φ1 p∗1

φ1 p∗1+φ2 p∗2
with the hardcore volume fraction, φ, calculated from φ1 = 1 − φ2 =

x1V∗
1

x1V∗
1 +x2V∗

2
.

The characteristic volume, V∗
i , is calculated from the molar volume from the expression

V∗
i =

V0
i

Ṽi
and the characteristic pressure is expressed by

p∗i =
αi
κTi

TṼi
2

(10)

143



Molecules 2022, 27, 788

where κTi is the isothermal compressibility obtained from the isentropic compressibility
from the thermodynamic relation

κTi = κSi +
V0

i α2
i T

Cpi
(11)

with the isobaric heat capacity, Cpi.
The molecular surface fraction of component 2 is given by: Θ2 = φ2

φ1
s1
s2
+φ2

, in which

the ratio of the surface contact sites per segment is given by

s1

s2
=

(
v∗2
v∗1

) 1
3

(12)

In present study, the thermal expansion coefficient, αp, defined as: αp = 1
V

(
∂V
∂T

)
P

,
was calculated by use the temperature dependence of density, which was found to be the
second-order polynomial equation.

The isobaric heat capacity of DESs was determined experimentally. Table S10 shows,
for all pure DESs used in this work, the thermal expansion coefficient, the isobaric heat
capacity and the Flory parameters necessary for the application of the PFP theory. The
results of our experiments compare the Cp of DES1–DES4. Quite noticeable differences are
observed. Generally, the Cp values [J·mol−1 K−1] are arranged in order: DES 3 < DES 2
< DES 1 < DES 4 at set temperature points.

According to the PFP theory, for the separation of the values of excess molar volume
into three contributions, the interactional parameter χ12 must be found. In the present
study, it has been done by minimalization of the objective function, considering deviations
in the prediction of the excess volume, defined as

OF =
n

∑
i=1

(
VE

exp − VE
calc

)2
(13)

In calculations, the value of the interactional parameter χ12 was assumed to be in-
dependent on the composition of mixture. Figure 3 shows the composition dependence
of calculated excess molar volume, together with the three contributions (VE

int, VE
f v, VE

P∗ ),

compared with the experimental VE data for each system studied at 298.15 K.
Moreover, Table 3 reports the adjusted values of interactional parameter χ12 and

calculated three contributions to excess molar volume for the binary mixtures of deep
eutectic solvents with water at all temperatures investigated and at x1 = 0.4 together
with RMSD.

Study of the data presented in Table 3 as well as an analysis of Figure 3 reveals that
the interactional contribution is always negative and it seems to be the most important to
explain the values of the excess molar volume. It decides about the sign and magnitude of
the VE due to its greater value compared to the other two contributions for all investigated
systems at all temperatures. The free volume contribution, which is a measure of geometri-
cal accommodation, is negative but its magnitude is much smaller than for the interactional
contributions. Therefore, it can be said that the PFP model confirms the conclusions re-
sulting from the dependence of excess molar volume on the temperature, postulating little
significance of the packing effect for the systems studied. The third contribution is the
result of differences in internal pressure and in the reduced volumes of the components.
It is positive, its magnitude is smaller than the interactional contribution and decreases
distinctly with temperature.
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Figure 3. The dependence of the excess molar volume of aqueous solutions of DESs on molar
fraction of deep eutectic solvent at 298.15 K: (a) for DES1; (b) for DES2; (c) for DES3; (d) for DES4;
(�) experimental data; (—) calculated using the PFP model; ( . . . . . . . . . ) interactional contribution
(VE

int); (– – –), free volume contribution (VE
f v); (– –), characteristic pressure contribution (VE

P∗ ).

Table 3. Calculated values of the interactional parameter χ12, root mean square deviation of fit
RMSD, and the three contributions (VE

int, VE
f v, VE

P∗ ) from the PFP theory to the excess molar volumes
for the binary mixtures of deep eutectic solvents with water at x1 = 0.4 and T = (293.15 − 313.15) K.

T/K 293.15 298.15 303.15 308.15 313.15

DES1 (1) + water (2)
10−6 χ12/J·m−3 −393.3 −354.2 −317.6 −283.2 −252.1

106 VE
int/m3·mol−1 −1.932 −1.726 −1.534 −1.359 −1.205

106 VE
P∗/m3·mol−1 0.979 0.814 0.661 0.522 0.398

106 VE
f v/m3·mol−1 −0.062 −0.064 −0.066 −0.059 −0.053
RMSD 0.018 0.016 0.022 0.033 0.046

DES2 (1) + water (2)
10−6 χ12/J·m−3 −397.7 −358.5 −321.7 −287.2 −256.0

106 VE
int/m3·mol−1 −1.960 −1.752 −1.559 −1.384 −1.230

106 VE
P∗/m3·mol−1 0.964 0.806 0.652 0.513 0.390

106 VE
f v/m3·mol−1 −0.062 −0.065 −0.064 −0.060 −0.053
RMSD 0.020 0.006 0.008 0.020 0.033

DES3 (1) + water (2)
10−6 χ12/J·m−3 −324.1 −294.1 −266.0 −241.2 −218.9

106 VE
int/m3·mol−1 −2.031 −1.818 −1.624 −1.454 −1.305

106 VE
P∗/m3·mol−1 0.888 0.716 0.559 0.421 0.301

106 VE
f v/m3·mol−1 −0.078 −0.081 −0.079 −0.074 −0.067
RMSD 0.080 0.068 0.054 0.040 0.029
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Table 3. Cont.

T/K 293.15 298.15 303.15 308.15 313.15

DES4 (1) + water (2)
10−6 χ12/J·m−3 −245.4 −217.4 −190.9 −166.9 −145.5

106 VE
int/m3·mol−1 −1.989 −1.750 −1.529 −1.332 −1.158

106 VE
P∗/m3·mol−1 0.946 0.761 0.591 0.438 0.302

106 VE
f v/m3·mol−1 −0.091 −0.096 −0.097 −0.094 −0.087
RMSD 0.062 0.045 0.031 0.027 0.033

For deeper analysis of the obtained results, the percentage of the three contributions
in excess molar volume was calculated. Figure 4 presents the obtained results at 298.15 K.

Figure 4. Percentages of the three contributions in excess molar volume of aqueous solutions of DESs
for x1 = 0.4 at 298.15 K.

As can be seen, the interactional contribution and the characteristic pressure contri-
bution determine the order of the excess molar volume observed for the studied systems,
which is as follows: TBAB:MAE (DES 3) < TBAB:BAE (DES 4) < TBAC:AP (DES 2) ≈
TBAB:AP (DES 1). The free volume fraction has practically no effect on the excess molar
volume, and its absolute value increases with the length of the alkyl chain in the amino alcohol.

Moreover, the results show that the anion of the salt in DES does not practically effect
on the value of excess molar volume. As depicted in Figures 3 and 4, almost identical
interactional contribution, free volume contribution and characteristic pressure contribution
are observed for aqueous solutions of TBAC:AP (DES 2) and TBAB:AP (DES 1).

Further analysis of Table 3 shows that the interactional contribution is mainly respon-
sible for the increase of excess molar volume with increasing temperature. The decrease
in its absolute value is greater than the decrease of the positive characteristic pressure
contribution, and consequently the excess volumes of the studied systems increase with
temperature. The percentage of free volume contribution increases with increasing tem-
perature, but due to the low absolute values VE

int, it has no influence on the excess molar
volume or its dependence on temperature.

Summing up, it is evident from Figure 3 that the PFP theory predicts the experimental
data satisfactorily. Thus, while the PFP theory does not take into account the strong
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interactions between components—such as electrostatic, hydrogen bonding, and complex
formation—we can infer that the PFP model reproduces the main characteristics of the
experimental data by using only one fitted parameter to describe excess molar volume.

3.2.2. Excess of Thermal Expansion

As the temperature dependence of density was found to be second order polyno-
mial, type: ln(ρ) = at2 + bt + c, the isobaric thermal expansion coefficients at different
temperatures were derived according to the equation

αp =
1
V

(
δV
δT

)
P
= −1

ρ

(
δρ

δT

)
P
= −
(

δlnρ

δT

)
P
= −(2a + b) (14)

Then, excess thermal expansion, Δαp, was calculated using the equation

Δαp = αp −
n

∑
i=1

Φiαp,i (15)

where Φi is the volume fraction of pure component i, defined as φi = xiVi/ ∑i xiVi,. The
values of αp and Δαp are given in Tables S1–S6 in Supporting Material and variation of the
excess thermal expansion with DES mole fraction, x1, is plotted in Figure 5.

Figure 5. Dependence of the excess thermal expansion of aqueous solutions of DESs on molar fraction
of deep eutectic solvent: (a) at 298.15 K for � DES1; • DES2; � DES3; � DES4; (b) for DES1 at 293.15
K (�); 298.15 K (•); 303.15 K (�); 308.15 K (�); 313.15 K (�); —, Equation (6).

It can be seen that the values of excess thermal expansion are positive in the entire
composition range for all systems studied, regardless of temperature. Since positive Δαp
are typical for the systems containing molecules capable to self-associate, the obtained
results confirm strong hydrogen bonds between water molecules or between molecules of
deep eutectic solvents, the strength of which decreases with temperature, as indicated by a
reduction in excess thermal expansion with temperature [53]. Moreover, the less positive
values of excess thermal expansion obtained for the (TBAB:BAE (DES 4) + water) system
indicate the weakest hydrogen bond interactions between molecules of this DES compared
to the others.
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3.2.3. Partial Molar Volumes

The partial molar volumes of the studied DESs and water in their binary mixtures, V1
and V2, were calculated from the Equations (16) and (17), using the parameters of Redlich
Kister equation (Tables S6–S9) and the molar volumes of the pure components, Vo

1 and Vo
2

V1 = Vo
1 + (x1 − 1)2

j

∑
i=0

Ai(2x1 − 1)i + 2x1(1 − x1)
2

j

∑
i=0

Aii(2x1 − 1)i−1 (16)

V2 = Vo
2 + x1

2
j

∑
i=0

Ai(2x1 − 1)i − 2x1
2(1 − x1)

j

∑
i=0

Aii(2x1 − 1)i−1 (17)

The obtained values of the partial molar volumes together with the molar volumes
of pure components are presented in Table S11 in Supplementary Material. As can be
seen, at all studied temperatures, the molar volumes of the interacting compounds in
the pure state were higher than their corresponding values in the mixture, indicating
the reduction in volume upon adding a deep eutectic solvent to water. Figure 6 shows
the excess partial molar volumes of the components at 298.15 K. These properties were
calculated from definition as: VE

i = Vi − Vo
i and their values are negative over the whole

composition range. In general, the negative VE
1 and VE

2 values indicate the presence of
significant solute–solvent interactions between unlike molecules, whereas the positive
VE

1 and VE
2 values indicate the presence of solute–solute or solvent–solvent interactions

between like molecules in the mixture [54]. In the present work, the negative excess partial
molar volumes of the components indicate that the DES—water interactions are stronger
than the DES—DES or the water–water interactions, what is consistent with the conclusions
from excess molar volumes.

Figure 6. Dependence of the excess partial molar volume VE
1 of � DES1, • DES2, � DES3, � DES4,

and water VE
2 in � DES1, � DES2, 
 DES3, ♦ DES4 on molar fraction of deep eutectic solvent at

298.15 K.
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Since the partial molar properties at infinite dilution provide useful information about
the interactions between components of a mixture that are independent on composition,
their values for DES and water were calculated.

The partial molar volumes at infinite dilution of DES were obtained by setting x1 = 0
in Equation (18) as

V∞
1 = Vo

1 +
j

∑
i=0

Ai(−1)i (18)

Similarly, setting x1 = 1 in Equation (19) allowed to estimate the partial molar volumes
at infinite dilution of water

V∞
2 = Vo

2 +
j

∑
i=0

Ai (19)

Table 4 presents the obtained values of partial molar volumes at infinite dilutions of
DES and water in their binary systems.

Table 4. Partial molar volumes at infinite dilution of DES and water in their binary mixtures at T =
(293.15 to 313.15) K and at atmospheric pressure (0.1 MPa).

T/K

106 V∞
1 /

m3·mol−1
106 VE∞

1 /
m3·mol−1

106 V∞
2 /

m3·mol−1
106 VE∞

2 /
m3·mol−1

106 V∞
1 /

m3·mol−1
106 VE∞

1 /
m3·mol−1

106 V∞
2 /

m3·mol−1
106 VE∞

2 /
m3·mol−1

DES 1 + water DES 2 + water

293.15 102.91 −5.83 15.94 −2.11 101.10 −6.34 15.58 −2.47
298.15 103.60 −5.54 15.88 −2.19 101.82 −6.01 15.69 −2.38
303.15 104.32 −5.22 16.13 −1.96 102.51 −5.71 15.79 −2.30
308.15 105.00 −4.95 16.24 −1.88 103.18 −5.44 15.89 −2.24
313.15 105.65 −4.70 16.31 −1.85 103.84 −5.19 15.98 −2.17

DES 3 + water DES 4 + water

293.15 104.00 −8.04 15.45 −2.6 149.34 −6.98 15.29 −2.75
298.15 104.75 −7.70 15.52 −2.54 150.27 −6.66 15.40 −2.67
303.15 105.47 −7.39 15.60 −2.49 151.17 −6.36 15.50 −2.60
308.15 106.18 −7.10 15.69 −2.43 152.06 −6.09 15.59 −2.53
313.15 106.88 −6.83 15.77 −2.39 152.94 −5.83 15.68 −2.47

As can be seen, both the partial molar volumes and the excess partial molar volumes
at infinite dilution increase with the increasing temperature. Such results seem to indicate
that the weakening of hydrogen bond interactions between DES and water molecules
with increase in temperature is the most important factor controlling the properties of
the systems and it dominates over the packing effect. Moreover, the excess partial molar
volumes at infinite dilution of DES change in the order TBAB:MAE (DES 3) < TBAB:BAE
(DES 4) < TBAC:AP (DES 2) < TBAB:AP (DES 1) confirming the conclusions obtained on
the basis of excess molar volumes. The dependence of excess partial molar volumes at
infinite dilution of water on the DES: TBAB:BAE (DES 4) ≤ TBAB:MAE (DES 3) < TBAC:AP
(DES 2) < TBAB:AP (DES 1) is similar and only the reordering of DES4 and DES3 takes
place. However, taking into an account the uncertainty of partial molar volume at infinite
dilution, it can be said, that the VE∞

2 for systems (DES4+water) and (DES3+water) are
practically equal.

3.3. Excess Isentropic Compressibility

The isentropic compressibilities of aqueous solutions of DESs were estimated using
experimental values of densities and sound velocities by the Laplace equation

κS = − 1
Vm

(
∂Vm

∂P

)
S
=

1
u2·ρ (20)
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providing the link between thermodynamics and acoustics.
Then, according to the approach developed by Benson et al. [55], the excess isentropic

compressibility was calculated as

κE
S = κS − ∑

i
ΦiκS,i − T ∑

i
ΦiViα

2
p,i/Cp,i + T ∑

i
xiVi(∑

i
Φiαp,i)

2/ ∑
i

xiCp,i (21)

Tables S1–S4 in Supplementary Material present the experimental values of sound
velocity and the calculated values of excess isentropic compressibility for aqueous so-
lutions of DESs made of tetrabutylammonium bromide and 3-amino-1-propanol or 2-
(methylamino)ethanol or 2-(butylamino)ethanol and for the aqueous solutions of DES
built of tetrabutylammonium chloride and 3-amino-1-propanol over the entire range of
compositions at temperatures ranging from 293.15 K to 313.15 K. Figure 7a shows the plots
of κE

S against mole fraction of DES for the all studied mixtures at 298.15 K and Figure 7b
depicts the temperature dependence of excess isentropic compressibility for the system
(TBAB:AP +water) as an example. It is evident that the curves are remarkably asymmetric,
with their minima shifted towards a rich mole fraction of water, even more than the excess
molar volume curves are.

Figure 7. Dependence of the excess isentropic compressibility of aqueous solutions of DESs on molar
fraction of deep eutectic solvent: (a) at 298.15 K for � DES1; • DES2; � DES3; � DES4; (b) for DES1 at
298.15 K (�); 298.15 K (•); 303.15 K (�); 308.15 K (�); 313.15 K (�); —, Equation (6).

In these figures, it can be also seen that the values of κE
S are negative for all systems

over the entire range of the mole fraction as well as the temperature range. This indicates
that the mixtures might be less compressible than the corresponding ideal mixtures due to
a closer approach and stronger interactions between the unlike molecules of the mixtures.
The negative values of excess isentropic compressibility for the binary systems follow the
order: TBAB:MAE (DES 3) < TBAB:BAE (DES 4) ≈ TBAC:AP (DES 2) ≈ TBAB:AP (DES 1).
Thus, the behavior of the excess isentropic compressibility seems to be consistent with the
obtained values of the excess molar volume, which suggests that the interactions and the
packing effect dominate in aqueous solutions of TBAB:MAE and do not practically depend
on the anion of the salt in DES.

Moreover, as can be seen in Figure 7b, the values of κE
S become less negative with

increasing temperature for all systems at a fixed composition. It is due to the reduction of
interactions between unlike molecules, what has already been suggested by volumetric
properties. Indeed, the increase in temperature also increases the thermal motion of the
molecules and enlargement of interstices. However, the decrease in hydrogen bonding is
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greater and, in the result, the excess molar compressibility of all aqueous solutions of DES
decreases with increasing temperature.

3.4. Deviations in Refractive Index

From refractive indices the deviations in refractive index, ΔnD, were calculated using
the equation

ΔnD = nD −
n

∑
i=1

ΦinDi (22)

where nD and nDi are the refractive index of a mixture and a pure component i, respectively
and Φi denotes the volume fraction of a pure component i.

Tables S1–S4 in Supplementary Material present the experimental values of refractive
index and calculated values of the deviations in refractive index for aqueous solutions
of DESs over the entire range of compositions at temperatures ranging from 293.15 K to
313.15 K. Figure 8a shows the plots of ΔnD against mole fraction of DES for the all studied
mixtures at 298.15 K and Figure 8b depicts the temperature dependence of deviations in
refractive index for the system (TBAB:AP +water) as an example.

Figure 8. Dependence of the deviations in refractive of aqueous solutions of DESs on molar fraction
of deep eutectic solvent: (a) 298. 15 K for � DES1; • DES2; � DES3; � DES4; (b) for DES1 at 298.15 K
(�); 298.15 K (•); 303.15 K (�); 308.15 K (�); 313.15 K (�); —, Equation (6).

As can be seen from Figure 8, the values of deviations in refractive index are positive
over the whole composition range of binary mixtures and their dependences on mole
fraction of DES are asymmetrical.

It is known that deviations of refractive index are negatively correlated with excess
molar volumes [56]. If excess molar volume is negative, then there will be less free volume
available than in an ideal mixture and the photons will interact more strongly with the
components of the solution. As a result, light will travel with a weaker velocity in the
mixture and its refractive index will be higher than in an ideal solution. Thus, positive
deviations of refractive index will be observed.

This phenomenon occurs in all systems investigated in the present study and it is the
strongest for TBAB:MAE (DES 3). Therefore, the obtained deviations of refractive index
confirm the conclusion regarding the strongest interactions between this deep eutectic
solvent and water molecules compared to other DESs studied. Moreover, as the values ΔnD
increase with decreasing temperature, they indicate an increase in the number of hydrogen
bonds at lower temperatures, which corresponds with the results of densitometric and
acoustic research.
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3.5. Deviations in Viscosity and Excess Gibbs Energy of Activation for Viscous Flow

Based on the viscosities of the mixtures, the viscosity deviations Δη were obtained
according to the equation

Δη = η − exp(x1lnη1 + x2lnη2) (23)

which uses the viscosity of the ideal mixture as suggested by Arrhenius.
The excess Gibbs energy of activation for viscous flow ΔGE, was calculated using the

equation
ΔGE = RT[ln(ηVm)− (x1 ln(η1V1) + x2 ln(η2V2)] (24)

where R is the gas constant and T is the absolute temperature. The symbols η1, η2, V1, and
V2 represent viscosity of DES, viscosity of water, molar volume of DES, and molar volume
of water, respectively.

Tables S1–S4 in Supplementary Material present the experimental values of viscosity,
calculated values of the viscosity deviations and the excess Gibbs energy of activation
for viscous flow for aqueous solutions of DESs over the entire range of compositions at
temperatures ranging from 293.15 K to 313.15 K. Figure 9a,b show the plots of Δη and ΔGE

against mole fraction of DES for the all studied mixtures at 298.15 K. Figure 9c,d depict the
temperature dependence of viscosity deviations and the temperature dependence of the
excess Gibbs energy of activation for viscous flow for the system (TBAB:BAE +water) as an
example.

Figure 9. Dependence of the deviations in viscosity and the excess Gibbs energy of activation of
aqueous solutions of DESs on molar fraction of deep eutectic solvent: (a,b) at 298.15 K for � DES1;
• DES2; � DES3; � DES4; (c,d) for DES1 at 298.15 K (�); 298.15 K (•); 303.15 K (�); 308.15 K (�);
313.15 K (�); —, Equation (6).

152



Molecules 2022, 27, 788

It is clearly visible that the viscosity deviations of all mixtures are positive in the whole
range of composition. It is known that the viscosity of a mixture is related to the liquid
structure [57]. Therefore, the viscosity deviation depends on molecular interactions as
well as on the size and shape of the molecules forming the solution. The positive viscosity
deviations are observed in mixtures with strong specific interactions like hydrogen bonding
interactions, whereas the interstitial accommodation of one component with the other
within the mixture leads to negative Δη values [58]. For our DES systems, the predominant
effect is the hydrogen bonding, that leads to positive Δη values.

The order of viscosity deviations is the same as for the viscosity of the studied systems
and is as follows: TBAB:AP (DES 1) > TBAC:AP (DES 2) > TBAB:BAE (DES 4) > TBAB:MAE
(DES 3). It is different from those obtained for excess molar volume or excess compressibility.
Thus, it can concluded that the values of viscosity deviations are determined not only by the
interactions between unlike molecules, but also by other effects as shape of the molecules.

Estimation of the results obtained and presented in Figure 9 confirm the temperature
dependence of the viscosity deviations in the studied systems because the values of Δη
become less positive with increasing temperature. This is due to the weakening of the
interactions between the molecules present in the solution, which seem to dominate over
the penetration phenomenon that obviously increases with temperature.

The positive values of excess Gibbs energy of activation presented in Figure 9a,b once
again approve the dominance of specific interactions—i.e., hydrogen bonding between
DES and water molecules occurring in the studied systems—which become weaker as
temperature increases [58].

3.6. Correlations of Excess Properties

Similarly, as in a case of excess molar volumes, in order to correlate the calculated
excess thermal expansions, excess isentropic compressibilities, deviations in refractive
index, deviations in viscosity, and excess Gibbs energy of activation for viscous flow with
the composition, the Redlich–Kister polynomial equation was applied [34]

YE = x1x2

2

∑
i=0

Ai(x1 − x2)
i (25)

where the Ai values are adjustable parameters. They were determined using the least
squares method and their values are listed in Tables S6–S9 along with root mean square
deviations of fit (RMSD). In order to obtain RMSD close to the experimental uncertainty,
a different degree of the polynomial equation was chosen depending on the property
and DES. For almost all systems, excess molar volumes, deviations in refractive index,
and excess Gibbs energy of activation for viscous flow with composition were correlated
using free-parameter Redlich–Kister polynomial equation. For viscosity deviations and
excess isentropic compressibilities, a better fit was obtained for four-parameter and for
five-parameter Redlich–Kister polynomial equation, respectively. In case of excess ther-
mal expansions four-parameter for DES1 and DES 2 and five-parameter Redlich–Kister
polynomial for DES3 and DES5 were chosen.

In Figures 2, 5 and 7–9, the dashed lines represent the correlated values according to
the Redlich–Kister equation. As it can be seen, the calculated values agree very well with
the experimental data. Thus, the Redlich–Kister equation perfectly represents the data over
the experimental temperature range for the novel DES + water binary systems studied in
this work.

4. Conclusions

The presented novel DESs built of tetrabutylammonium chloride and 3-amino-1-propanol
or tetrabutylammonium bromide and 3-amino-1-propanol or 2-(methylamino)ethanol or 2-
(butylamino)ethanol were found to be attractive in their properties, mostly for further
evaluation and optimization during development of inexpensive eco-solvents or other
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valuable material. Most important physicochemical properties have been demonstrated
in details such as density, speed of sound, refractive index, and viscosity which were
measured for their aqueous solutions over the entire range of compositions at atmospheric
pressure and T = (293.15 − 313.15). The chosen Jouyban–Acree model was successfully
used to correlate the experimental physical properties with respect to the concentration,
and the results showed that this mathematical equation is an accurate correlation for the
prediction of aqueous DES properties.

Excess molar volumes, excess isentropic compressibilities, deviations in viscosity, and
deviations in refractive indices were calculated to study nonideal behavior of binary mix-
tures and they were correlated by the Redlich–Kister equation with temperature-dependent
parameters. Excess molar volumes and excess compressiblities were negative and devi-
ations in viscosity and deviations in refractive index were positive over the entire range
of composition and temperature, suggesting strong intermolecular interactions among
unlike molecules. Moreover, the temperature dependences of the excess molar volumes
and compressibilities indicate that, in the studied systems, hydrogen bonding prevails over
the packing effect (non-specific interactions).

The dominance of specific interactions in the aqueous solutions of the DESs also was
confirmed by the Prigogine–Flory–Patterson (PFP) theory, which was applied to excess
molar volumes.

The calculated negative values of the excess partial molar volumes of DESs and water
demonstrated sufficient DES—water interactions which are stronger than the DES—DES or
the water–water ones will probably facilitate the efficient utilization of DES.

In terms of the suitability of the water mixtures of the studied DES for the effective
separation of carbon dioxide from gas streams at relatively low pressure, the obtained
values of the excess properties allow us to assume that the best absorbent would be TBAB:
AP, and the worst of TBAB:MAE.

Supplementary Materials: The following supporting information can be found online: Table S1:
Densities ρ, excess molar volumes VE, isobaric thermal expansion coefficients αp, excess thermal
expansion Δαp, speeds of sound u, excess isentropic compressibilities κE

S , viscosities η, viscosity
deviations Δη, excess Gibbs free energy of activation of viscous flow ΔGE, refractive indices nD,
refractive index deviations ΔnD as functions of mole fraction, x1 of DES for TBAB:AP (DES1) + water
mixtures at the temperatures (293.15 to 303.15) K and atmospheric pressure; Table S2: Densities
ρ, excess molar volumes VE, isobaric thermal expansion coefficients αp, excess thermal expansion
Δαp, speeds of sound u, excess isentropic compressibilities κE

S , viscosities η, viscosity deviations Δη,
excess Gibbs free energy of activation of viscous flow ΔGE, refractive indices nD, refractive index
deviations ΔnD as functions of mole fraction, x1 of DES for TBAC:AP (DES2) + water mixtures at
the temperatures (293.15 to 303.15) K and atmospheric pressure; Table S3:Densities ρ, excess molar
volumes VE, isobaric thermal expansion coefficients αp, excess thermal expansion Δαp, speed of
sounds u, excess isentropic compressibilities κE

S , viscosities η, viscosity deviations Δη, excess Gibbs
free energy of activation of viscous flow ΔGE, refractive indices nD, refractive index deviations ΔnD
as functions of mole fraction, x1 of DES for TBAB:MAE (DES3) + water mixtures at the temperatures
(293.15 to 303.15) K and atmospheric pressure; Table S4: Densities ρ, excess molar volumes VE,
isobaric thermal expansion coefficients αp, excess thermal expansion Δαp, speed of sound u, excess
isentropic compressibilities κE

S , viscosities η, viscosity deviations Δη, excess Gibbs free energy of
activation of viscous flow ΔGE, refractive indices nD, refractive index deviations ΔnD as functions
of mole fraction, x1 of DES for TBAB:BAE (DES4) + water mixtures at the temperatures (293.15 to
303.15) K and atmospheric pressure; Table S5: Parameters of the JAM equation, together with RMSD
and ARD% for density, speed of sound, viscosity and refractive index of DES (1) + water (2) systems
at different temperatures; Table S6: Parameters Ai of Equation (6) and the corresponding RSMD f for
TBAB:AP (DES1) + water mixtures at the temperatures (293.15 to 303.15) K and atmospheric pressure;
Table S7. Parameters Ai of Equation (6) and the corresponding RSMD for TBAC:AP (DES2) + water
mixtures at the temperatures (293.15 to 303.15) K and atmospheric pressure; Table S8: Parameters
Ai of Equation (6) and the corresponding RSMD for TBAB:MAE (DES3) + water mixtures at the
temperatures (293.15 to 303.15) K and atmospheric pressure; Table S9: Parameters Ai of Equation (6)
and the corresponding RSMD for TBAB:BAE (DES4) + water mixtures at the temperatures (293.15 to
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303.15) K and atmospheric pressure; Table S10: Isobaric thermal expansion coefficient (αp), isochoric
molar heat capacity (CP), Flory theory parameters: characteristic volume (V*), reduce volume (Ṽ),
characteristic pressure (P*), and ratio of molecular surface to volume ratio (S1/S2) of DES to water;
Table S11: Partial molar volumes of DESs and water in their binary mixtures at T = (293.15 to 313.15)
K and at atmospheric pressure (0.1 MPa).
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Abstract: The work considers for the first time the preparation of sorbents based on hypercrosslinked
polysterene (HCP) and chelating agent N,N,N′,N′-tetraoctyl diglycolamide (TODGA) by impregna-
tion in the supercritical (SC) CO2 medium. Such sorbents can be applied for further isolation and
separation of lanthanides, actinides and other metals. They are usually prepared by impregnation in
toxic organic solvents (e.g., methanol, dichloromethane). Our study shows that application of SC
CO2 instead of organic solvents can significantly speed up the impregnation, perfom it in one stage
and make the process more eco-friendly. At the same time, the obtained sorbents are close in their
parameters to the classical ones. This article presents the results of measuring the TODGA adsorp-
tion isotherms on two HCP sorbents (MN202 and MN270) on a wide range of SC fluid parameters.
Adsorption measurements were carried out using on-line supercritical fluid chromatography and
gravimetry. Based on the sorption capacity parameter, MN202 sorbent was selected as the better
carrier for TODGA. An impregnation temperature increase within the range 313–343 K in isochoric
conditions (ρ = 0.780 g/mL) reduces the maximum of TODGA adsorption from ~0.68 mmol/g to
~0.49 mmol/g.

Keywords: adsorption; N,N,N′,N′-tetraoctyl diglycolamide; hypercrosslinked polystyrene; supercrit-
ical fluid; chromatography; gravimetry; isotherm

1. Introduction

Metal extraction from aqueous solutions is a common task both in laboratory practice
and in industrial production. This problem is solved quite successfully by using chelating
agents. Quite promising among them are diamides, and, in particular, N,N,N′,N′-tetraoctyl
diglycolamide (TODGA), which can be used for extraction of a variety of rare earth ele-
ments and radioactive metals of the actinide family [1–3]. That is why one of the potential
applications of TODGA is purification of waste water in the nuclear industry, removing
radionuclides [2,4,5]. TODGA is normally used as a solution in aliphatic hydrocarbons [3–5]
but for many problems it is more convenient to use adsorbents impregnated by TODGA.
Such materials can adsorb metals from acidic aqueous solutions, which allows them to
be used in solid phase extraction and extraction of metals from complex mixtures. Pre-
vious research [1,6–12] shows that it is possible to use impregnated sorbents based on
TODGA and other similar ligands for chromatographic separation of mixtures containing
lanthanides, actinides and other metals of valences II, III and IV. The role of carrier matrices
in production of sorbents of this type can be played by materials of different kinds, such as
silica gels modified by polymers [7], graphene aerogels [13], hypercrosslinked polystyrene
(HCP) [1,14], etc. Such carriers are commonly impregnated with TODGA solutions in
volatile solvents (methanol, dichloromethane, etc.). The solvents are removed by evapora-
tion (reaching complete deposition of the chelating agent on the carrier) [1,6,8,10–12] or the
carrier with a certain amount of the adsorbed chelating agent is filtered out of the solution
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residue [7,13]. Such approaches to impregnation require volatile toxic organic solvents
and, in addition, are rather labor- and time-consuming, which encourages us to use more
environmentally friendly and cheaper solvents such as supercritical (SC) CO2.

In this work, we applied two variants of commercially available HCP as the TODGA
carriers. The unique structure of this class of materials provides them with a number of
features, such as high porosity, stability within a wide range of conditions and a surface
with adsorptive aromatic centers. This allows HCP to act as an adsorbent in a number of
industrial, medical and scientific applications [15]. The use of adsorbents of this type in SC
fluid media has not been sufficiently studied yet and is of special scientific interest.

The methods of adsorption measurement of SC fluid solution components are largely
analogous to those used to measure adsorption from liquid solutions. The methods can be
divided into dynamic and static. The dynamic adsorption measurement methods are based
on analyzing the substance penetration through an adsorbent layer in a column. There are
examples of successful applications of dynamic methods (column breakthrough [16–18]
and chromatographic [19–25] methods) to measure adsorption in SC fluid media. However,
the accuracy of the dynamic methods is largely dependent on the column packing with an
adsorbent due to the hydrodynamic effects [26]. This means that these methods are not
reliable in case of HCP studied in our work as we have earlier determined in our laboratory
that the use of such materials in SCF leads to changes in the particle size caused by swelling
and destruction of the column packing layer [27].

The principle underlying static adsorption measurement methods is reaching the
equilibrium of substance distribution between the bulk phase and the adsorbed layer.
When measuring adsorption from the liquid phase, an adsorbent sample is introduced
into a solution with a pre-known concentration of the adsorbed substance, after which
an equilibrium is established in the system at the required temperature. The amount of
the adsorbed substance is determined based on the system mass balance [26]. Adsorption
measurement from the SCF phase is complicated because the bulk phase is under pres-
sure. For this reason, the experiment is usually conducted by a different technique: after
reaching the adsorption equilibrium, the bulk phase is removed from the system and the
substance content on the adsorbent surface is determined by a variety of methods (such
as gravimetry or desorption into the liquid phase with subsequent spectrophotometric
or chromatographic analysis [28–30]). Such approaches are relatively easy to implement
but, as is known [28], a pressure relief makes SCF lose their dissolving capacity, which
may lead to substance deposition in the sorbent pores. This, in turn, may lead to errors
in adsorption measurement. We have earlier [31] proposed a static approach to sorption
analysis in SC media based on on-line supercritical fluid chromatography (SFC). A similar
approach was applied in several works to determine the substance solubility in SCF [32–35]
and distribution coefficients in the liquid-SCF system [36–40], and to control chemical
reactions [41,42]. It allows fast quantitative analysis of the considered system components
without depressurization or special sample preparation.

In this work, we consider for the first time the preparation of sorbents based on HCP
and chelating agent (TODGA) by impregnation in the SC CO2 medium. Such sorbents can
be applied for further isolation and separation of metals. The main purpose of the work
was to study the adsorption of TODGA on HCP in the SC CO2. This is necessary for the
development of more eco-friendly methods for producing sorbents based on TODGA and
other chelating agents. In the paper, measurements of the TODGA adsorption isotherms
on two variants of HCP are presented, the effect of the SC fluid density and temperature on
adsorption is estimated, and a brief comparison of the procedure for sorbents preparation in
methanol and SC CO2 media is performed. Besides, special attention is paid by the authors
to optimization and comparison of adsorption measurement methods in the considered
conditions. The on-line SFC method has been used to measure adsorption only once before
so it is relatively new. For this reason, its advantages over the gravimetric method are
considered in more detail in the framework of the study.
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2. Results and Discussion

2.1. The Experimental Unit Testing and Calibration

Since the experimental unit described in [31] had been significantly modified, before
making the main measurements, we conducted preliminary tests to check the stability of
temperature maintenance and sealing of all the unit components. The tests were made at
313 K, the autoclave was filled with CO2 until the pressure reached 20 MPa, after which
we monitored the temperature and pressure values for 3 days. The maximum deviation
of the temperature value in the autoclave from the pre-set value over the whole period
was ±0.4 K. The pressure decrease after 72 h was about 0.15 MPa, which, by the NIST
Chemistry WebBook data [43], corresponds to CO2 leakage in the amount of about 0.20 g
(the calculated initial mass was 121.77 g). We considered such results satisfactory enough
to proceed with the main experiments.

To calculate the concentrations of TODGA in the autoclave, we had to measure its
effective volume. The geometric volume of the autoclave was 150 mL but it also con-
tained the magnetic stir bar, the vial and the support. The autoclave effective volume was
measured by filling it step by step with distilled water using 100–1000 μL and 1–10 mL
Thermo Scientific Lite (Lenpipet Thermo Scientific, Moscow, Russia) calibrated mechanical
pipettes. The measurements were made three times. Taking into account the pipette error,
the effective volume of the autoclave was 145 ± 1 mL.

The TODGA retention time in the selected analysis conditions was 1.13 ± 0.02 min.
The calibration tests showed high reproducibility of the results obtained in the considered
experimental unit. In all the tests, the sample from the autoclave was injected at least twice
(Figure 1), to exclude accidental error. Since the TODGA concentration in the autoclave
decreased after the sample collection, the area of the next peak was always 0.3–0.5% smaller
than that of the previous one. Taking this into account, we were able to estimate the
approximate rate of TODGA sample dissolution in the experimental conditions. It was
established that increasing the dissolution time from 10 to 60 min did not increase the
chromatographic response. This indicates that the TODGA samples completely dissolved
in less than 10 min.

Figure 1. Example of two-time injection of a TODGA sample from the autoclave.

By analyzing a number of TODGA samples, we plotted a calibration dependence of
the amount of the substance introduced into the autoclave on the chromatographic peak
area (Figure 2). The dependence equation takes the form:

n = Resp·7.8804·10−8 (1)

where Resp is the chromatographic response (peak area).
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Figure 2. Calibration dependence of TODGA content in the autoclave on the chromatograph response
(the dashed line is linear approximation of calibration points).

Most of the calibration points were obtained at a pressure of 20 MPa. However, to
confirm its performance in the extended CO2 density range, we obtained several points in
the pressure range from 10 to 30 MPa. When the pressure in the system was reduced to
10 MPa, there were nonreproducible errors in the analyzed points, which are characteristic
of conditions of incomplete substance dissolution. This effect was observed even with
relatively small concentrations of TODGA. For this reason, the points obtained at 10 MPa
were not used to construct calibration dependence.

The calibration experiments confirmed the high accuracy of the measurements made
on the modified experimental unit. The maximum absolute deviation of the experimental
value (ni) from the one calculated by calibration (n̂i) was 2.2 μmol, the determination coeffi-
cient: R2 = 0.9998. The root mean square error (RMSE) of approximation was calculated
as follows:

RMSE =

√
∑i(ni − n̂i)

2

N
(2)

where N is the number of experimental points. The RMSE value was 0.0012 mmol.

2.2. TODGA Adsorption on MN202 and MN270 from a Solution in SC CO2

MN202 is known to be applicable as a TODGA carrier. For example, it is used as
the basis for producing BAU-1M, a commercial sorbent (Sorbent-Tekhnologii, Moscow,
Russia) [1,14]. In addition to MN202, we used the MN270 sorbent with smaller pores and a
larger specific surface area. It was interesting for us to check whether it could be applied
to solve the problem under consideration. We therefore plotted isotherms of TODGA
adsorption on both HCP variants at 313 K and medium pressure of 20 MPa (Figure 3).
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Figure 3. Isotherms of TODGA adsorption on MN202 and MN270 from a solution in SC CO2

(T = 313 K, P = 20 MPa).

In the first experiments, we estimated the approximate time required for the system
to reach the adsorption equilibrium. It was established that as time increased in the
sequence of 30, 60 and 120 min, the TODGA content in CO2 did not change significantly
and, consequently, the equilibrium in these conditions was reached in less than 30 min.
Nevertheless, to make sure the obtained results were correct, the impregnation time in all
the other experiments was 60 min.

The adsorption isotherms are described quite well by the Langmuir model:

q = qs
K·C

1 + K·C (3)

where q is the adsorption, qs is the adsorbed monolayer capacity, K is the adsorption
equilibrium constant, C is the TODGA concentration in the bulk phase.

Overall comparison of Langmuir model parameters of TODGA adsorption isotherms
is given in Table 1. In the considered conditions, the saturation of the TODGA monolayer
on the MN202 surface was reached at approximately 0.64 mmol/g; the mass equivalent of
this value, 0.37 g/g, is close to the values of the analogous commercially available sorbents’
load [1]. Interestingly, the maximum adsorption on MN270 is much lower, at 0.10 mmol/g.
Since the nature of the sorbent surface is identical, this is most probably caused by the
difference in the pore size and accessibility. The sorbents’ declared characteristics [44,45]
show that the only significant difference of MN270 from MN202 is the higher degree of
crosslinking, which reduces the mesopores’ average size from 220 Å to 80 Å and increases
the specific surface area. The specific surface area of the sorbents in a non-swollen state
measured by low temperature nitrogen adsorption was 590 ± 40 m3/g and 980 ± 50 m3/g
for MN202 and MN270, respectively.

Table 1. The Langmuir model parameters of TODGA adsorption isotherms (T = 313 K, P = 20 MPa).

Adsorbent qs, mmol/g K, L/mol R2

MN202 0.64 8.92 · 103 0.9688
MN270 0.10 4.39 · 103 0.8519
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The isotherms show a wide dispersion of experimental adsorption value points, some-
times much higher than the calculated absolute measurement error. This is assumed to
be the result of the difference between the sizes of the adsorbent particles (the sorbent
particle diameter is from 0.3 to 1.2 mm) and pore accessibility. In the experiments, we used
relatively small sorbent samples (about 0.05–0.15 g), which could lead to a considerable
spread of the sample specific surface area values in different experiments as the sorbents
were somewhat inhomogeneous.

The MN202 sorbent turned out to be a better carrier for TODGA and was used in
further experiments.

2.3. Comparison of the Adsorption Measurement Approaches

The values obtained by measuring the adsorption gravimetrically at the initial part
of the isotherm are very close to those obtained by chromatographic analysis (Figure 3).
As the TODGA concentration in the solution increases, the results of the gravimetric
measurements become overestimated. This is the result of the higher intensity of TODGA
deposition from a CO2 solution to the HCP surface after depressurization. This effect
leads to increase of the sorbent mass, regardless of the equilibrium-adsorbed TODGA.
Some of the adsorption values measured gravimetrically in this work were more than
25% higher than those obtained by chromatography. Presumably, the accuracy of the
method can be improved by wrapping the sorbent with a porous material that would
reduce the available volume, from which the substance can precipitate on the sorbent
under the depressurization. However, the layer of shielding material will reduce the
rate of the mass transfer between the sorbent surface and the solution phase, which may
considerably increase the time required for the system to reach the equilibrium state and
nullify one of the main advantages of the experimental unit—the high measurement speed.
Moreover, the material itself can potentially act as an adsorbent and cause error in the
adsorption measurement, especially if the adsorption capacity of the main adsorbent is
not high. Filter paper is often used to shield sorbents [28–30]. Cellulose, which is the main
component of filter paper, is known to be an active adsorbent for many classes of chemical
compounds [46–48] and is used as a sorbent (stationary phase) in paper chromatography.

In the present work, gravimetry was used as an additional control method. For this
reason, we did not shield the sorbent with any porous materials, in order to minimize the
error of the adsorption measurement by the chromatographic method and to minimize
the time required for the system to reach the adsorption equilibrium. To limit TODGA
deposition on the adsorbent after depressurization, we covered the upper part of the vial
with perforated aluminum foil. This version of the gravimetric method had satisfactory
results at the initial section of the isotherms, which confirmed that the obtained data
were correct.

Thus, on-line SFC analysis proved to be a quick and accurate method for adsorption
measurement in this work. The gravimetric method is easier to implement experimen-
tally but it should be used with caution, especially when measuring adsorption from
concentrated solutions.

2.4. Fluid Density Effect on TODGA Adsorption

In this work, we found out that change in the fluid medium density by pressure
variation in the range of 15 to 30 MPa has no significant effect on TODGA adsorption on
MN202 (Figure 4).
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Figure 4. Effect of fluid density on TODGA adsorption (T = 313 K).

This fact is probably associated with the relatively low energy of CO2-HCP interaction
compared to the energy of the sorbent surface interaction with TODGA. For this reason,
changes in the density and, hence, amount of CO2 in the considered system do not produce
a significant effect on the TODGA–HCP adsorption equilibrium. This, in turn, makes it
possible to produce impregnated sorbents at relatively low pressure, which is especially
important when moving from laboratory conditions to industrial production.

2.5. Temperature Effect on TODGA Adsorption

Deviations from the Langmuir model were observed during temperature variation in
the range 313–343 K under isochoric conditions (ρ = 0.780 g/mL) (Figure 5).

 

Figure 5. Temperature effect on TODGA adsorption on MN202; approximation of experimental data
by Equations (7) (dashed line) and (8) (solid line).
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According to the Langmuir model, temperature does not affect the monolayer capacity
but can only change the adsorption equilibrium constant influencing the isotherm cur-
vature. However, there was a noticeable reduction in the monolayer capacity when the
temperature went up, which was due to the peculiarities of adsorption thermodynamics.
Since adsorption is an exothermic process, the temperature increase reduces the maximum
equilibrium concentration of an adsorbate on the sorbent surface. For a general description
of adsorption, taking into account the influence of temperature, semi-empirical models
based on the Langmuir equation are often used [49–51]. Various temperature functions are
used in these models instead of the monolayer capacity fixed value, and the equilibrium
constant dependence on temperature is described based on its thermodynamic meaning:

K = K0·exp
(

E
R·T
)

(4)

where K0 is the reference constant (entropy multiplier), E is the heat of adsorption.
In this paper, we used the following model equations to describe the adsorption

dependence on concentration and temperature:

q = (a − b·T)
K0·exp

(
E

R·T
)
·C

1 + K0·exp
(

E
R·T
)
·C

(5)

q = (a·exp(b·T))
K0·exp

(
E

R·T
)
·C

1 + K0·exp
(

E
R·T
)
·C

(6)

where a, b are the empirical coefficients.
Both model equations describe experimental results quite well. The parameters of

Equations (7) and (8) obtained by approximation are given in Table 2.

Table 2. Parameters of the model equations for describing the adsorption temperature dependence.

Equation a, mol/g b K0, L/mol E, J/mol R2

(7) 2.82·10−3 6.84·10−6 mol/(g·K) 900.24 6030.05 0.9181

(8) 20.66·10−3 −10.86·10−3 K−1 385.20 8170.42 0.9232

There is thus no reason to raise the impregnation temperature when preparing the
target adsorbent, which is convenient in terms of process implementation.

2.6. TODGA Adsorption on MN202 from Methanol Solution

In this study, we also built an isotherm of TODGA adsorption on MN202 from a
methanol solution at 313 K (Figure 6) by the classical analysis of liquid phase above an
adsorbent. In such conditions, the Langmuir model is unsuitable for describing experi-
mental data. This fact is assumed to be associated with significant adsorption ability of
the HCP surface towards methanol [52]. Besides, methanol can effectively solvate the
TODGA molecule, which follows from complete mutual dissolution of these compounds
in the conditions considered in this work. Thus, in the HCP/TODGA/methanol system,
more complex interactions can appear in comparison with the HCP/TODGA/CO2 system,
associated with the competition between TODGA and methanol for active adsorption sites
on the HCP surface. It should be also taken into account that the degree of swelling of HCP
varies in different solvents, which may also lead to some differences in the HCP adsorption
properties in methanol or CO2 media [53,54].
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Figure 6. Isotherm of TODGA adsorption on MN202 from a solution in methanol at 313 K.

The Langmuir model is among the simplest ones. It describes in theoretical terms the
ideal homogeneous adsorption of gases (adsorption on the surface with a regular arrange-
ment of adsorption centers, identical in energy, with no adsorbate-adsorbate interactions).
It is often suitable for describing adsorption from liquid solutions but, in such cases, it
should be considered as a semi-empirical model because it contradicts the model postulate
about the absence of interaction between the adsorbate particles and between the adsorbate
and solvent particles, which leads to misinterpretations of the thermodynamic meaning of
the adsorption equilibrium constant [55]. There are numerous empirical and semi-empirical
models that take into account adsorption heterogeneity and other factors to describe com-
plex isotherms. In the considered case of TODGA adsorption from a solution in methanol,
the bi-Langmuir and Freundlich models demonstrated reasonably good approximations.
The parameters of the model equations are given in Table 3.

Table 3. Parameters of the model approximation of the TODGA adsorption isotherm from a solution
in methanol.

Model

Langmuir

q= qs·K·C
1+K·C

Bi-Langmuir

q =
qs1·K1·C
1+K1·C +

qs2·K2·C
1+K2·C

Freundlich
q = a·C 1

b

qs = 0.21 mmol/g,
K = 1.06·103 L/mol,

R2 = 0.8251.

qs1 = 0.11 mmol/g,
K1 = 5.29·103 L/mol,
qs2 = 0.42 mmol/g,
K2 = 45.3 L/mol,

R2 = 0.9076.

a = 0.107,
b = 2.97,

R2 = 0.9060.

Unfortunately, the wide points dispersion on the isotherm does not allow us to identify
the details of the adsorption mechanism based on the data obtained. It can be cautiously
assumed that the applicability of the bi-Langmuir model indicates that there are two or
more independent types of adsorption centers on the HCP surface that could be the result
of, for example, sorbent swelling or reversible modification of its surface with solvent
molecules.

Figure 6 shows that at a TODGA concentration in the methanol solution of about
7 mmol/l, the adsorption value is only 0.20 ± 0.03 mmol/g, with the adsorbent remaining
unsaturated. In case of adsorption from CO2, the isotherm plateau is reached already at
1–1.5 mmol/l. It is thus not advantageous to prepare impregnated TODGA adsorbents
from methanol in equilibrium adsorption conditions. Such adsorbents are mainly prepared
by complete joint evaporation of the TODGA solution in a volatile solvent in the presence
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of a carrier matrix. Preparation of impregnated sorbents from a solution in SC CO2 is
characterized by a higher process speed and application of a cheap and nontoxic solvent.
The increased diffusion coefficients in the SC medium and the absence of interfacial tension
allow the substance to be quickly delivered to the pores of the adsorbent. After the
impregnation is completed, CO2 can be easily removed from the autoclave in the gaseous
state, and the obtained product does not require additional treatment, such as drying from
a solvent. Of course, it must be taken into account that switching to industrial scale requires
solving a number of problems related to the transition to a continuous or half-periodic
variant of the process and design of the corresponding experimental unit and technique.
Nevertheless, the obtained results confirm the good prospects of the work in this field.

2.7. Comparison of Stability of Impregnated TODGA Adsorbents

Since TODGA is used for metal adsorption from acidic solutions, in this work we
compared the resistance of impregnated adsorbents to being washed out by nitric acid. We
prepared samples through equilibrium adsorption from SC CO2 (sample 1) or evaporation
from methanol solution (sample 2) with the TODGA content of 0.28 g/g and 0.31 g/g,
respectively, according to the method described in the experimental section. After washing
out the adsorbents with water and nitric acid solutions, we calculated the decrease in
TODGA concentration in the adsorbent samples (Figure 7). The water did not have a
leaching effect on impregnated adsorbents; however, as it was expected, in acidic solutions
the formation of TODGA complexes with nitric acid [56] led to the extraction of the chelating
agent into the solution. The leakage of TODGA and other ligands is a common feature of
such sorbents reported in many works [6,12,14]. Despite this fact, they can be successfully
applied in various separation processes in practice.

Figure 7. Reduction in TODGA content in sorbents washed with water and nitric acid solutions.

The resistance of adsorbent samples 1 and 2 to being washed out with water and nitric
acid solutions was almost identical, taking into account experimental error and an initially
higher TODGA content in sample 2. This indicates that the impregnation method does not
significantly affect the described property of the obtained product.

3. Materials and Methods

3.1. Materials

The MN202 and MN270 (Purolite, Llantrisant, UK) sorbents were provided by S.
Lyubimov (INEOS RAS, Moscow, Russia). Before use, the sorbents were carefully washed
with acetone (99.85 wt%, Khimiya XXI Vek, Moscow, Russia) for 2 h at room temperature,
with the sorbent/acetone mass ratio approximately equal to 1/10. After the washing, the
sorbents were filtered on paper filters and dried in a drying oven at 393 K for 24 h. Then,
the sorbent samples were kept in a desiccator in the presence of P2O5 (98 wt%, Khimiya
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XXI Vek, Moscow, Russia) as the drying agent. Physical and chemical characteristics of
sorbents are presented by the manufacturer on the official website [44,45].

TODGA (Figure 8) (≥98%, JSC “Axion—Rare and Precious Metals”, Perm, Russia)
was not additionally purified before usage.

Figure 8. TODGA structural formula.

Methanol (extra pure, Chimmed, Moscow, Russia) was used as the cosolvent in the
supercritical fluid chromatography, TODGA impregnation to HCP and re-extraction of the
sorbents.

Distilled water obtained using a ListonA1104 distiller (Liston, Zhukov, Russia) and
nitric acid (≥64 wt%, Khimiya XXI Vek, Moscow, Russia) were employed to evaluate the
stability of impregnated adsorbents in an acidic aqueous medium.

3.2. Equipment

The adsorption measurements in the work were made in a modified version of the
experimental unit assembled earlier for direct chromatographic analysis of solutions in
SC fluids [31] (Figure 9). Namely, we used a 150 mL autoclave designed for void volume
minimization. A C-MAG HS 7 magnetic stirrer (IKA, Staufen, Germany) was employed to
mix the medium in an autoclave. Thermostatic control utilised an electric heating jacket and
based on the data from a thermocouple placed inside the autoclave, with TRM202 (Owen,
Moscow, Russia) as the controller. The thermocouple and the controller were calibrated
by the readings of a tested liquid thermostat, with the deviation of the readings within
the range 298–348 K not exceeding 0.5 K. All the sampling lines were minimized in length
and volume, and temperature was controlled using a liquid thermostat consisting of a
submersible M02 unit (Termex, Tomsk, Russia). The pressure in the system was measured
by an APZ-3420 electronic transducer (Piezus, Moscow, Russia) with the maximum absolute
error of ±0.1 MPa.

 
Figure 9. Scheme of the experimental unit: 1—CO2 pump, 2—valve, 3—pressure transducer,
4—autoclave, 5—heating jacket, 6—magnetic stir bar, 7—support, 8—glass vial with an adsorbent,
9—in-line filter, 10—6-port valve with a sample loop, 11—sampling device, 12—chromatograph
pump, 13—chromatographic column, 14—detector, 15—automatic back pressure regulator.
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The principle of the unit operation consists in sampling a certain amount of the
medium from the autoclave, where the process under study is realized, into the chro-
matograph sample loop for subsequent analysis. The volume of the sample loop in all
the experiments was 10 μL. The sample collection into the loop was made by expanding
the volume of the medium under pressure and allowing its flow into a special capillary
with a needle valves on each end (sampling device). The capillary volume was 250 μL.
Supercritical fluid chromatography enables a sample to be analyzed directly, without
depressurization or additional sample preparation, which reduces the possibility of intro-
ducing additional error.

A Waters Acquity UPC2 chromatograph (Waters, Milford, MA, USA) was used as the
analytical instrument in the experimental unit. The chromatograph consisted of:

• CO2 and cosolvent pump (Acquity ccBSM);
• Acquity UPLC autosampler;
• column thermostat (Acquity Column Manager);
• diode-array detector (Acquity UPC2 PDA);
• flow control unit and a back pressure regulator (Acquity Convergence Manager).

The sorbent and TODGA samples were weighed on an Ohaus Pioneer PX225D semi-
microbalance (Ohaus, Parsippany, NJ, USA).

The adsorbent specific surface area values were determined by the low temperature
nitrogen adsorption method using an ATX-06 sorption unit (Katakon, Novosibirsk, Russia)
by the BET model. Five points were measured within the range of nitrogen partial pressure
values 0.05–0.25. The removal of the adsorbed moisture from the samples before the surface
area measurement was carried out in a dry helium flow at 393 K and took 60 min.

3.3. Quantitative Analysis of TODGA

The TODGA samples were analyzed by the SFC method in the following conditions:
column—Luna C18-2 (150 × 4.6 mm, 5 μm, Phenomenex, Torrance, CA, USA), column
temperature—308 K, mobile phase flow rate—3 mL/min., mobile phase composition—
CO2/methanol (95/5 vol%), back pressure in the system—10.5 MPa. The detection was
conducted at the wavelength of 215 nm.

The quantitative determination of the TODGA content in the autoclave was carried
out using a calibration dependence. A TODGA sample in a glass vial was placed into the
autoclave, the system was thermostatically controlledand CO2 was fed by a Supercritical
24 pump (Teledyne SSI, State College, PA, USA) until the target pressure value was reached.
The carbon dioxide feeding rate was about 10 mL/min. in liquid state under the pump head
cooling regime. The system was intensively stirred until the sample dissolved in SC CO2.
Sampling from the autoclave was then conducted. To do that, we opened the first valve of
the sampling device and let part of the autoclave medium flow under pressure through the
sample loop and fill it. By turning the 6-port valve, we injected the sample into the flow
of the chromatograph mobile phase, where we performed analysis under the conditions
described earlier. We then closed the first valve of the sampling device and opened the
second one to remove the sample residue. Before the next sample was injected, we returned
the valves to their initial positions. Based on the data obtained, we plotted the calibration
curve of the TODGA amount in the autoclave on the chromatographic peak area.

3.4. Measurement of TODGA Adsorption from a SC CO2 Solution

Two approaches to TODGA adsorption measurement in an SC CO2 medium were
applied in the work. The first approach had been earlier described by us [31] and consists
of direct chromatographic analysis of the solution bulk phase being in a thermodynamic
equilibrium with the adsorbent. Based on the system’s material balance and the residual
TODGA concentration in CO2 determined by the analysis, we calculated the adsorption
value by the formula:

q =
nTODGA

0 − nTODGA

mads
0

(7)
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where nTODGA
0 is the initial TODGA amount in the solution, nTODGA is the TODGA amount

in the solution after adsorption equilibrium is reached, mads
0 is the adsorbent mass.

The alternative approach to adsorption measurement used in the work was the gravi-
metric method [28,30], calculating the amount of the adsorbed substance by measuring the
changes in the adsorbent mass during adsorption in static conditions:

q =

(
mads − mads

0

)
mads·MTODGA (8)

where mads is the adsorbent mass after the experiment, MTODGA is the TODGA molar mass.
Both approaches were realized simultaneously in the same apparatus. Adsorbent and

TODGA samples in a glass vial covered with perforated aluminum foil were placed into
the autoclave. The autoclave was sealed and the system was thermostatically controlled.
CO2 was pumped into the experimental unit at the rate of about 10 mL/min under the
pump head cooling regime. After reaching the target temperature and pressure values, the
system was stirred intensively until thermodynamic equilibrium was reached. We then
sampled the fluid phase for TODGA SFC analysis. Next, the autoclave was depressurized,
the sorbent was taken out of the autoclave and weighed. This allowed us to make a direct
comparison of the results obtained in identical conditions applying the two approaches.

3.5. Measurement of TODGA Adsorption from a Methanol Solution

Adsorbent, methanol and TODGA samples weighed on a semi-microbalance were
placed into a 40 mL vial, which was sealed, carefully mixed and placed into a liquid
thermostat at 313 K for 24 h. Then 2-3 mL of liquid phase samples were collected and
filtered through a syringe filter (PTFE with the pore diameter of 0.2 μm). The TODGA
concentration in the sample was determined by the SFC method in accordance with the
calibration curve prepared in advance. The adsorption was calculated based on the TODGA
mass balance between the bulk and adsorbed phases:

q =

(
CTODGA

0 − CTODGA)·VMeOH

mads
0

(9)

where CTODGA
0 and CTODGA are the TODGA concentrations in methanol at the beginning

of the experiment and after the adsorption equilibrium is reached, respectively, VMeOH is
the methanol volume.

3.6. Preparation and Comparison of Impregnated Adsorbents’ Stability

Sorbents based on MN202 impregnated with TODGA were obtained by the follow-
ing methods:

(1) Impregnation from a liquid solvent. Sorbent and TODGA samples (4.00 and 1.32 g,
respectively) were placed into a 100 mL round-bottom flask in order to prepare a
species with the chelating agent content of about 30 g/g. After that, 20 mL of methanol
were added to the mixture under constant stirring. The flask was covered with a lid
and stored for 2 h. The methanol was then distilled off by a vacuum rotary evaporator
at a temperature of 353 K for 3 h. The target product was taken out of the flask and
placed in a weighing bottle, which was then sealed.

(2) Impregnation from SC CO2. A glass vial with sorbent and TODGA samples was placed
into the autoclave. The sample mass values were calculated based on adsorption
isotherms plotted in advance to prepare impregnated forms with the TODGA content
of about 30 g/g. CO2 was then fed into the system under constant stirring to reach the
target pressure value of 20 MPa. The medium temperature was 313 K. The system was
kept for 1 h, after which chromatographic analysis of the medium above the sorbent
was performed. The autoclave was then depressurized, the product was taken out of
the autoclave and was placed in a weighing bottle, which was then sealed.
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The actual final content of TODGA in both samples was determined gravimetrically
as the difference between the sorbents’ masses after and before impregnation. The stability
of the obtained sorbents in HNO3 aqueous solutions was determined by submerging a
sample (0.500 ± 0.001 g) in 10 mL of water or a nitric acid solution with the concentration
of 1 or 3 M. The samples were kept at room temperature (295 ± 2 K) for two days under
regular stirring.The liquid phase was then poured out, the samples were placed on filter
paper and the residual moisture was removed by air-drying. The TODGA content in the
samples after the treatment was checked by re-extracting TODGA from HCP by methanol
with subsequent chromatographic analysis. Samples of 0.060 ± 0.005 g were used for the
re-extraction. Each sample was washed with methanol three times in portions of 15 mL each
for 8–12 h, after which all the extracts were placed in a 50 mL volumetric flask and diluted
with methanol to scale. Using SFC, we found the TODGA concentration in the obtained
solutions and its mass fraction in the impregnated sorbent species after the treatment.

4. Conclusions

The present work studied the adsorption of TODGA, a common chelating agent, on
HCP in an SC CO2 medium. The measurements were made by two methods: on-line SFC
and gravimetrical analysis. Both methods showed almost identical results, but the first
proved to be more reliable when measuring adsorption from concentrated solutions.

Isotherms of TODGA adsorption on the MN202 and MN270 sorbents were measured
at 313 K and 20 MPa. Based on the capacity of the sorbents determined by isotherm
approximation, the MN202 sorbent was chosen as a suitable carrier for TODGA.

Varying the fluid density during impregnation within the range 0.78–0.91 g/mL in
isothermal conditions did not have a significant effect on TODGA adsorption. In contrast,
the temperature parameter has a significant influence on the MN202 TODGA adsorption
capacity. Semi-empirical models based on the Langmuir equation were used to make a
general description of the adsorption dependence on concentration and temperature. The
temperature increase from 313 K to 343 K at the medium density of 0.78 g/mL changed the
maximum amount of adsorbed TODGA from ~0.68 mmol/g to ~0.49 mmol/g.

In conditions of equilibrium adsorption from methanol it is inappropriate to prepare
impregnated TODGA/HCP adsorbents, due to the small slope value of the isotherm.
The SC CO2 application in the impregnation procedure allowed us to reduce the process
time and eliminate toxic organic solvents. The samples of the sorbent impregnated in
methanol and SC CO2 have identical chemical resistance to nitric acid solutions, so there is
no difference between two impregnation media with respect to this property.
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Abstract: Cr(VI) can be released into soil as a result of mining, electroplating, and smelting operations.
Due to the high toxicity of Cr(VI), its removal is necessary in order to protect ecosystems. Vermiculite
is applied in situations where there is a high degree of metal pollution, as it is helpful during the
remediation process due to its high cation exchange capacity. The Cr(VI) contained in the vermiculite
should be extracted in order to recover it and to reduce the impact on the environment. In this
work, adsorption equilibrium data for Cr(VI) in a simulated sorbent for soil remediation (a mixture
that included both humic acid (HA) and vermiculite) were a good fit with the Langmuir isotherm
model. The simulated sorbent for soil remediation was a favorable sorbent for Cr(VI) when it was
in the test soil. An ionic liquid, [C4mim]Cl (1-butyl-3-methylimidazolium chloride), was studied
to determine its efficiency in extracting Cr(VI) from the Cr- contaminated simulated sorbent in soil
remediation. At 298 K and within 30 min, approximately 33.48 ± 0.79% of Cr(VI) in the simulated
sorbent in soil remediation was extracted into [C4mim]Cl. Using FTIR spectroscopy, the absorbance
intensities of the bands at 1032 and 1010 cm−1, which were attributed to C-O bond stretching in the
polysaccharides of HA, were used to detect the changes in HA in the Cr-contaminated simulated
sorbent for soil remediation before and after extraction. The results showed that Cr(VI) that has
been absorbed on HA can be extracted into [C4mim]Cl. Using 1H NMR, it was observed that the
1-methylimizadole of [C4mim] Cl played an important role in the extraction of Cr(VI), which bonded
with HA on vermiculite and was able to be transformed into the [C4mim]Cl phase.

Keywords: hexavalent chromium; humic acid; vermiculite; ionic liquid; NMR

1. Introduction

Arsenic, cadmium, chromium, mercury, nickel, lead, zinc, and copper are the major
metals that are often found in contaminated soil. According to studies conducted by the
Taiwan Environmental Protection Agency (EPA), thirteen out of sixty-two remediation sites
are presently contaminated with metals: mainly nickel, chromium, lead, and zinc, followed
by copper and cadmium [1].

Cr is naturally present in its oxidized state of Cr(III), whereas divalent, tetravalent,
and pentavalent Cr are unstable in the environment. Cr(III) is one of the essential elements
involved in protein metabolism in animals and humans [2]. Cr(VI) is genetically toxic to
cells; it has been shown to be a carcinogen as it affects the functions of deoxyribonucleic
acid [3]. It is possible for Cr(VI) to be absorbed into edible plants or vegetables, resulting in
them having reduced root and coleoptile growth [4,5]. Moreover, the Cr(VI) concentration
in plants depends on the soluble fraction of it that is present in the soil [6,7]. Once it has
entered the food chain, Cr(VI) may cause harm to both animal and human organisms
when they ingest these affected edible plants or vegetables. Animal studies by the Institute
of Labor, Occupational Safety and Health, Taiwan Ministry of Labor have shown that
Cr(VI) can cause malignant tumors, while Cr(III) does not [8]. The United States EPA
has classified Cr(VI) as a Group A carcinogen in humans, while Cr(III) is classified as
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a Group D unclassified substance. Therefore, the removal of Cr(VI) from contaminated
soils is essential to avoid its toxic impact on ecosystems. High concentrations of Cr(VI)
are often found to bind to humic acid (HA), vermiculite, and kaolin clay [9]. Vermiculite,
which has a high cation exchange capacity, is a group of hydrated laminar minerals. It is
often used as an additive to improve soil structure. Vermiculite is also used as a sorbent
in order to absorb the metals that are present in contaminated soil. This results in the
accumulation of high concentrations of chromium in vermiculite [10,11]. It has also been
reported that Cr(VI) can be absorbed by HA. As the pH increases from 1 to 7, the Cr(VI)
adsorption to HA decreases from 100% to 34% [12]. Moreover, the efficiency of Cr(VI)
removal increases at higher temperatures [13]. In addition, in one study using peanut
shells as a sorbent, the Cr(VI) removal ratios increased from 50% to 90% in an aqueous
solution when the reaction time was increased from one to five hours [14]. Remediation
technologies for soil that has been contaminated with metals include biological methods,
soil washing, solidification/stabilization, and extraction [15–17]. Soil washing is one of
the most commonly used techniques that can be applied for the remediation of metal-
contaminated soils. Cleaning agents, such as surfactants, are used to remove metals from
contaminated soil by extracting these toxins into a liquid phase [18]. Soil washing can also
be applied for the recovery of the metals that were used in the sorbents for soil remediation.

Ionic liquids (ILs) have special chemical and physical properties, including high
thermal stability, negligible vapor pressure, a broad liquid phase range, and excellent
electric conductivity [19]. ILs can be used to replace conventional organic solvents and
their impact on the environment is considered to be minimal; therefore, they have also
been referred to as green solvents [20]. ILs are made of various ions, thereby possessing
the properties of salts. Varying the compositions of anions and cations results in different
ILs that can be used for different applications. ILs that remain in a liquid phase at room
temperature are called room temperature ILs (RTILs) [21]. Kozonoi et al. utilized 1-butyl-3-
methylimidazolium nonafluorobutanesulfonate ([bmi][NfO]) to extract Cs+, Na+, Li+, Sr2+,
Ca2+, and La3+ ions from aqueous solutions, with extraction ratios of 5, 24, 39, 79, 81, and
98%, respectively [22]. Metal ions with a higher valence can be more easily extracted with
ILs. In addition, the extraction efficiencies of metal ions, such as copper, lead, and sodium,
are greater when ILs are used than those are achieved with regular organic solvents, e.g.,
chloroform [23].

The structure of the Cr(VI) complexes that have been formed in the sorbent for
remediation in contaminated soil are too complex to reveal the mechanism of absorbance
phenomena. In order to understand the effects of Cr(VI) that has been absorbed on
vermiculite and that has been extracted with the ionic liquid, a mixture comprising both
humic acid (HA) and vermiculite was prepared to simulate the sorbent for remediation in
a contaminated soil sample. The adsorption equilibrium data for Cr(VI) in the simulated
sorbent were established. During the extraction process, 1-butyl-3-methylimidazolium
chloride ([C4min]Cl) was used to extract Cr(VI) from the Cr-contaminated simulated
sorbent for soil remediation, and the extraction mechanism was explored.

2. Results and Discussion

2.1. Adsorption of Chromium Species on the Simulated Sorbent in Soil

Table 1 lists the absorption efficiencies of Cr(VI) to the HA, vermiculite, and the
simulated sorbent for soil remediation. As shown in Table 1, HA had a high Cr(VI)
absorption capacity. The absorption efficiency of Cr(VI) onto HA was greater than that
of Cr(VI) onto vermiculite (81.32 ± 1.05% vs. 64.47 ± 1.62%). The absorption efficiency
of Cr(VI) onto the simulated sorbent for soil remediation that included both HA and
vermiculite was 91.78 ± 1.82%, showing that HA and vermiculite had a synergistic effect
on the absorption efficiency of Cr(VI) into the sorbent for soil remediation.
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Table 1. Absorption efficiencies of Cr(VI) onto sorbents.

Absorbed Cr(VI) on: Absorption Efficiency (%)

humic acid 81.32 ± 1.05
vermiculite 64.47 ± 1.62

simulated sorbent in soil remediation 92.11 ± 2.26

The speciation of chromium on the simulated sorbent in soil remediation was studied
using XANES spectroscopy (see Figure 1). The pre-edge intensity of the 3d elements
with Td symmetry was greater than those with Oh symmetry. The intense peaks for the
tetrahedral species of the 3d transition metals in the pre-edge range were attributable to the
p component in the d-p hybridized orbital. The number of d-electrons that the tetrahedral
species has affects the intensity of the pre-edge peak [24,25]. The existence of Cr(VI)
and Cr(III) in the simulated sorbent in soil remediation was observed by the pre-edge
feature that was centered at 5993–5994 eV in the XANES spectra and are distinctive of the
deconvolution that takes place during component fitting. In the simulated sorbent in soil
remediation, Cr(VI)-HA and Cr(VI)ads were the main species that were present, as seen in
Figure 1. It was also determined that about 11% of the Cr(VI) compound was reduced to
Cr(III). Cr(VI) can interact with the carboxyl groups of HA, resulting in the reduction of
Cr(VI) [26,27].
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Figure 1. The least-square fitted XANES spectra of chromium in HA–vermiculite.

2.2. Adsorption Equilibrium of Chromium Species onto Simulated Sorbent for Soil Remediation

In the adsorption experiments, the concentration of the adsorbed Cr(VI) that was
present in the simulated sorbent in soil increased as Ce increased (see Figure 2). In Table 2,
the model parameters for Cr(VI) absorption onto the simulated sorbent for soil remediation
were estimated by fitting the experimental data. According to the values of the correlation
coefficient (R2), the Cr(VI) absorption onto the simulated sorbent for soil remediation
tended to follow the Langmuir and Freundlich isotherm equations in the C0 range of
1000–8000 mg/L. The Langmuir isotherm fit the experimental data better than the Fre-
undlich isotherm. In the Langmuir isotherm model, the monolayer saturation capacity of
the Cr(VI) that was present in the simulated sorbent in soil remediation was 5.57 mg/g.
The calculated RL value from the Langmuir isotherm model was 0.139, which indicated
favorable Cr(VI) absorption onto the simulated sorbent for soil remediation. Moreover, the
value of 1/n in the Freundlich isotherm model was 0.325, which also indicated that Cr(VI)
was favorably absorbed on the simulated sorbent for soil remediation.
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Figure 2. Experimental adsorption equilibrium results for the absorption of Cr(VI) onto the simulated
sorbent for soil remediation. Error bars show the standard deviation of five replicates.

Table 2. Langmuir and Freundlich isotherm parameters for Cr(VI) absorption on the simulated
sorbent in soil remediation.

Absorption Isotherm Parameters

Langmuir model qm (mg/g) KL (1/g) R2

5.57 0.00619 0.996

Freundlich model
Kf (Lmgn−1/gn) 1/n R2

data 0.553 0.325 0.989

2.3. Extraction of Chromium Species from Cr-Contaminated Simulated Sorbent for Soil
Remediation with [C4mim]Cl

The compound [C4mim]Cl, a hydrophilic IL, can be used to extract HA and is able
to intermix with Cr(VI) [28,29]. Thus, in this study, [C4mim]Cl was used to extract Cr(VI)
from the Cr-simulated sorbent in soil remediation. The results show that approximately
33.48 ± 0.79% of the Cr(VI) was extracted into [C4mim]Cl (see Table 3). To understand
whether different matrices affected the extraction efficiency of Cr(VI), HA and vermiculite
were also tested. The results show that the extraction efficiencies of Cr(VI) compared to
those of HA and vermiculite were about 82.85 ± 0.96 and 21.97 ± 1.11%, respectively,
showing that HA and vermiculite affected the extraction efficiency. In a similar study,
approximately 70% of Cr(VI) that had been chelated with HA in a mesoporous sorbent was
able to be extracted into [C4mim]Cl [30]. Therefore, the extraction efficiency of Cr(VI) in HA
was higher than that in the vermiculite and in the simulated sorbent for soil remediation.

Table 3. Extraction efficiencies of Cr(VI) from sorbents into [C4mim]Cl.

Extracted Cr(VI) in [C4mim]Cl from: Extraction Efficiency (%)

humic acid 82.85 ± 0.96
vermiculite 21.97 ± 1.11

simulated sorbent in soil remediation 33.48 ± 0.79

2.4. FTIR Analysis

To further understand the extraction mechanism of [C4mim]Cl, the structures of
different matrices were tested both before and after extraction using FTIR spectroscopy.
As shown in Figure 3, the band at 1088 cm−1 was attributed to the C-O group stretching
in the ester. The two bands found at 1032 and 1010 cm−1 corresponded to the C-O group
stretching in polysaccharides [31]. In Figure 3a,b, the broadened peak at 1088 cm−1 and
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the red shifts (ν, cm–1: 1032→1011 and 1010→960) were found because of the interaction
between HA and vermiculite in the simulated sorbent for soil remediation. Moreover, the
bands at 1011 and 960 cm−1 were also shifted to 999 and 958 cm−1, respectively, in the
Cr-simulated sorbent for soil remediation (see Figure 3b,c). It was clear that the Cr(VI) had
been absorbed onto the C-O bonds of HA interacted with vermiculite. In Figure 3d, a band
shift (999→1001 cm−1) was identified when [C4mim]Cl was used to extract Cr(VI) from the
Cr-contaminated simulated sorbent for soil remediation, showing that the Cr(VI) that had
been absorbed on HA was able to be extracted into [C4mim]Cl. Furthermore, the changes
in the peak at 1088 cm−1 were barely observable during extraction with [C4mim]Cl (see
Figure 3b–d). A slight perturbation was observed in the vermiculite during extraction
with [C4mim]Cl.
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Figure 3. Fourier-transform infrared spectra of (a) humic acid, (b) simulated sorbent for soil remedia-
tion, and Cr–contamined simulated sorbent for soil remediation (c) before and (d) after extraction
with [C4mim]Cl.

2.5. 1H NMR

The 1H NMR spectra of [C4mim]Cl were also measured (see Figure 4). The yield of
[C4mim]Cl was 98.2%. The structure and impurities of [C4mim]Cl are shown in Figure 4a.
The 1H NMR analysis of [C4mim]Cl revealed values of δ 9.66 (s, 1 H), 8.00 (t, J = 1.6 Hz, 1 H),
7.87 (t, J = 1.6 Hz, 1 H), 4.23 (t, J = 7.2 Hz, 2 H), 3.09 (s, 3 H), 1.75 (m, 2 H), 1.22 (m, 2 H) and
0.84 (t, J = 7.6 Hz). In Figure 4b, interactions occurred between [C4mim]+ and the different
extracts. Therefore, a downshift of the protons in the imidazole ring (δ 9.66→9.69) was
observed. The chemical structure of the imidazole ring in [C4mim]+ was slightly disturbed
in the presence of vermiculite (see Figure 4c). However, HA and Cr(VI) were the main
species that were observed to interact with the imidazole ring in [C4mim]+ because the
same field shifts (δ 9.66→9.68 and 9.66→9.72) were also obtained in Figure 4d,e. Note that
less 1% of the Cr(III) compounds was able to be extracted into [C4mim]Cl [32]. Moreover,
the intensities at δ 3.69 were diminished due to interactions between the methyl protons in
[C4mim]+ and the extracts (vermiculite, humic acid, and Cr(VI)), as seen in Figure 4. The
1-methylimidazole in [C4mim]Cl played an important role in extracting the Cr(VI), which
bonded with HA on the vermiculite, transforming it into the [C4mim]Cl phase. Weaker
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interaction between [C4mim]Cl and the vermiculite was shown to affect the extraction
efficiency of Cr(VI).

Figure 4. The 1H NMR spectra of (a) [C4mim]Cl, (b) Cr-contaminated simulated sorbent in soil
remediation–extracted [C4mim]Cl, (c) vermiculite-extracted [C4mim]Cl, (d) humic acid–extracted
[C4mim]Cl, and (e) Cr(VI)–extracted [C4mim]Cl.

3. Materials and Methods

3.1. Preparation of Simulated Sorbent for Soil Remediation and Cr-Contaminated Simulated
Sorbent for Soil Remediation

In order to synthesize the simulated sorbent for soil remediation, 1.5 g of HA (humic
acid sodium salt, Sigma-Aldrich, St. Louis, MO, USA), 6 g of vermiculite (Aldrich, St. Louis,
MO, USA), and 50 mL of H2O were stirred in a 150 mL beaker for 1 d, filtered, dried at 343 K,
and ground. To prepare the Cr(VI)-contaminated HA, vermiculite, and simulated sorbent
for soil remediation, 7.5 g of either HA, vermiculite, or simulated soil were incubated
with 10 mL of 1000 mg/L of the Cr(VI) solution for 1 h at 298 K. The 1000 mg/L Cr(VI)
solution was prepared from 0.25 g of K2Cr2O7 (99%, Sigma-Aldrich, St. Louis, MO, USA)
in 250 mL of H2O at 298 K. To calculate the adsorption efficiencies, the adsorbed Cr(VI) on
humic acid, vermiculite, and simulated sorbent for soil remediation was digested and the
chromium concentrations were measured by AA (Hitachi Z-5000, Hitachi Instruments Co.,
Tokyo, Japan).

3.2. Adsorption Isotherm

For the adsorption isotherm experiments, 2000, 3000, 4000, 5000, 6000, 7000, and
8000 mg/L Cr(VI) solutions were prepared using methods that were similar to those used
for the preparation of the 1000 mg/L Cr(VI) solution was. Samples of 10 mL of each of
these different concentration solutions was mixed with 7.5 g of each simulated sorbent for
soil remediation in test tubes; the test tubes were then shaken at 298 K for 4 h. All of the
experiments were run in five replicates.

The Langmuir and Freundlich adsorption equations were used to explain the adsorp-
tion isotherms:
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Langmuir model:
qe = (qmKLCe)/(1 + KLCe)

where qe (mg/g) is the equilibrium concentration of the absorbed chromium in the sim-
ulated sorbent for soil remediation, Ce (mg/L) is the equilibrium concentration of the
chromium in the solution, and KL (1/mg) and qm (mg/g) are the constants.

RL = 1/(1 + KLCo)

where RL is the equilibrium parameter, and Co is the initial chromium concentration in the
solution (mg/L). The value of RL suggests the tendency of the isotherm to be irreversible
(RL = 0), favorable (0 < RL < 1), linear (RL = 1), or unfavorable (RL > 1).

Freundlich model:
qe = KFCe

1/n

where qe (mg/g) is the equilibrium concentration of the absorbed chromium in the sim-
ulated sorbent for soil remediation, Ce (mg/L) is the equilibrium concentration of the
chromium in the solution, and KF and n are the constants that are associated with the
adsorption capacity ((mg/g)(L/mg)1/n) and the adsorption intensity, respectively.

3.3. Synthesis of [C4mim]Cl

To prepare [C4mim]Cl, equal numbers of moles of 1-methylimidazole (99%, Sigma-
Aldrich, St. Louis, MO, USA) and 1-chlorobutane (99%, Alfa-Aesar, Kendal., Germany)
were mixed, stirred, and refluxed in a 250 mL flask at 343—353 K for 4 d. After cooling,
30 mL of ethyl acetate (99.9%, J.T. Baker, Phillipsburg, NJ, USA) was added to remove the
unreacted 1-methylimidazole. Moreover, any unreacted matter was removed from the
[C4mim]Cl by means of a rotary evaporator (N-1300VF, EYELA, Tokyo, Japan).

3.4. Extraction of Cr(VI) from Sorbents with [C4mim]Cl

In order to test the extraction efficiency of the Cr(VI) by [C4mim]Cl, 0.4 g of Cr(VI)
-contaminated HA, vermiculite, and the simulated sorbent for soil remediation were in-
cubated with 1.5 g of [C4mim]Cl in 0.5 mL of H2O in glass tubes that were each shaken
for 30 min. Afterwards, the mixture was filtered to separate the [C4mim]Cl from the
solids. The solids were washed with deionized water several times to remove any residual
[C4mim]Cl that was present in the HA, vermiculite, and the simulated sorbent for soil
remediation. The resulting [C4mim]Cl was removed using H2O and a rotary evaporator.
In order to clarify the influence of [C4mim]Cl on the extraction process, H2O was used
as the extraction solution without [C4mim]Cl using similar extraction steps. All of the
experiments were run with five replicates. Moreover, a blank experiment was also carried
out. The extraction efficiencies of Cr(VI) from the Cr(VI)-contaminated HA, vermiculite,
and the simulated sorbent for soil remediation into [C4mim]Cl were estimated by the
following equation:

Extraction efficiency (%) = (C1 − C2)/C1 × 100%

where C1 is the initial chromium concentration in the humic acid, vermiculite, and the
simulated sorbent for soil remediation (mg/g), and C2 is the chromium concentration in
the humic acid, vermiculite, and the simulated sorbent for soil remediation after extraction
with [C4mim]Cl (mg/g).

3.5. Concentrations of Cr(VI) Absorbed on Sorbents and Extracted into [C4mim]Cl

Samples of 0.5 g of Cr(VI)-contaminated HA, vermiculite, or simulated sorbent for
soil remediation and the resulting [C4mim]Cl were each digested in 6 mL of HCl (37%,
Riedel-de Haën, Seelze, Germany) and 2 mL of HNO3 (65%, Merck, Darmstad, Germany)
using a microwave digestion system (CEM MARS 6, Mattews, NC, USA). The digestion
temperature was increased from room temperature to 448 K by means of a 10 K/min
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heating rate that took place over 10 min [33]. The final total volume was made up to
50 mL. An AA spectrometer was applied to determine the chromium concentrations in
the Cr(VI)-contaminated HA, vermiculite, or the simulated sorbent for soil remediation
and the resulting [C4mim]Cl. The Cr concentration of the calibration curves ranged from
0.1–5.0 mg/L, with a correlation coefficient > 0.9995. Each sample was measured three
times, and the mean was calculated automatically using AA.

3.6. Spectroscopic Analysis

The Cr K-edge XAS (X-ray absorption spectroscopy, 16A1, National Synchrotron
Radiation Research Center, Hsinchu, Taiwan) spectra of the chromium on the simulated
sorbent for soil remediation was recorded on the Wiggler beam line (16A1) at the Taiwan
National Synchrotron Radiation Research Center. The electron storage ring was operated at
an energy of 1.5 GeV and at a current of 300 mA. A chromium foil absorption edge at 5989 eV
was used to calibrate the photon energy. To measure the Cr K-edge absorption spectra, the
fluorescence mode on a Lytle detector was used. The XANES (X-ray absorption near edge
structure) spectra of chromium model compounds, such as CrCl3·6H2O, K2CrO7, Cr(NO3)3,
Cr(OH)3, Na2CrO4, Cr2O3, CrO3, Cr(VI)-HA, Cr(III)-HA, Cr(VI)ads (by impregnation of
K2CrO7 (3 wt%) on vermiculite), Cr(VI)ads (by impregnation of CrCl3·6H2O (3 wt%) on
vermiculite), Cr(VI) ion (prepared by dissolution of 0.5 g K2CrO7 in 50 mL H2O), Cr(III)
ion (prepared by dissolution of 0.5 g CrCl3·6H2O in 50 mL H2O), and Cr foil were also
measured. Cr(VI)-HA was prepared by mixing 0.5 g of K2CrO7 and HA in 50 mL of
deionized water, and then filtering and drying the mixture at 343 K. To prepare Cr(VI)-HA
and Cr(III)-HA, 7.5 g of HA was incubated with 10 mL of 1000 mg/L Cr(VI) and Cr(III)
solution, respectively, for 1 h at 298 K, and the mixture was then filtered and dried at 343 K.

The solid samples and KBr (99.5%, Panreac, Barcelona, Spain) were uniformly mixed
and ground at a ratio of 1 to 100. The mixture was pulverized in an agate mortar, and
the mixed dyes were prepared in quantities of 5–8 tons. An FTIR spectrometer (Thermo
Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA) was used to investigate the
structures of the HA, vermiculite, and Cr-simulated sorbent from soil remediation before
and after extraction in the wavenumber range of 4000–400 cm−1, with 32 scans, and a
4 cm−1 resolution. The 1H NMR spectra of the [C4mim]Cl were also determined on a
Bruker Avance 300 spectrometer (Bruker, Billerica, MA, USA) with tetramethyl silane
(TSM) as an internal standard (acquisition time = 1.373 s, actual pulse repetition time = 2 s,
number of scans = 32, and excitation pulse angle = 30◦).

4. Conclusions

The absorption efficiencies of Cr(VI) onto HA, vermiculite, and the simulated sorbent
for soil remediation were 81.32 ± 1.05%, 64.47 ± 1.62%, and 91.78 ± 1.82%, respectively.
The simulated sorbent for soil remediation that contained HA and vermiculite had a higher
Cr(VI) adsorption efficiency. The experimental absorption data were fitted better by the
Langmuir isotherm model than by the Freundlich isotherm model. It was also found that
Cr(VI) was favorably absorbed onto the simulated sorbent for soil remediation. During the
extraction of Cr(VI) from the Cr-contaminated simulated sorbent for soil remediation with
[C4mim]Cl, about 33.48 ± 0.79% of the Cr(VI) was extracted into [C4mim]Cl. The results
of the FTIR spectra showed that Cr(VI) could adsorb onto HA, which interacted with
vermiculite in the simulated sorbent for soil remediation. After extraction, the absorbed
Cr(VI) could be extracted from the simulated sorbent for soil remediation into [C4mim]Cl.
An interaction between the 1-methylimidazole of the [C4mim]Cl and Cr(VI) was also
observed during extraction by 1H NMR. The [C4mim]Cl and vermiculite had weaker
interaction, which effected the Cr(VI) extraction efficiency. This work exemplifies that the
1H NMR technique can reveal the changes that take place in [C4mim]Cl during extraction
of chromium species from Cr-contaminated simulated sorbent into [C4mim]Cl.
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