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Abstract

Green chemistry era forces scientists to develop and apply new media in recovery of high-added value materials. It is interesting
to utilize deep eutectic liquids (DELs), which have advantages of biodegradability and very low toxicity and ease of use, in
separating these fine materials from a complex environment. DELs have been specially designed and used for the extraction of
recovery of acetic acid (AA) from its aqueous solutions. Two DELs containing the same hydrogen bond donor-HBD (glycerol)
and two different hydrogen bond acceptor-HBA (a quaternary ammonium salt and an amine-based) have been designed with a
molar ratio of 1:2. The tailor-designed extractants were diluted with diethyl adipate (DEA), diethyl malonate (DEM), and diethyl
succinate (DES), respectively. Extraction efficiency of the diluents has been increased more than 4 times. To compare the results
with that of the ionic liquid (IL), 1-hexyl-3-methylimidazolium bromide has been used in the same organic solvents. Efficiencies

of the DELs have surpassed 1.4 to 4 times over the IL.
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1 Introduction

With regard to green chemistry, although the development of
solvent-free processes seems to be excellent, it is very difficult
to successfully commercialize a solvent-free process. It is al-
most inevitable to use solvents because of their important role
in the dissolution of solids, in mass and heat transfer, in chang-
ing viscosity, and in separation and purification steps. It is
obvious that most of the practical processes require a solvent.
This makes the green solvents attractive. Therefore, ionic lig-
uids (ILs) attracted attention as green solvents [1]. However,
considering other parameters such as toxicity and price, ILs
were insufficient to classify as green solvents [2]. So, attempts
have been evolved for relatively cheap solvents with lower
detrimental to the environment. In this study, a new ionic
liquid family called deep eutectic liquid (DEL), which is very
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new and rapidly emerged, has been investigated. DELs are
sometimes referred to the fourth-generation ionic liquid al-
though they are not considered to be ionic liquids, because
they do not consist entirely of ionic species [3]. DELs are
eutectic mixtures which are easily prepared by mixing two
or three low-cost components (such as quaternary ammonium
salts, amides, organic acids, and polyalcohol) [4]. A DEL is a
fluid containing two or three inexpensive and reliable compo-
nents to form an eutectic mixture with a lower melting point
than the individual components through hydrogen bond inter-
actions [5]. DELs are generally liquid at temperatures below
100 °C [6]. Furthermore, the relevant liquids exhibit physico-
chemical properties similar to those of conventional ionic lig-
uids, but DELs are much cheaper and environmentally friend-
ly. Due to the concerned advantages, there is a growing inter-
est in many of the research areas such as catalysis, organic
synthesis, extraction processes, electrochemistry, and material
chemistry [7].

Carboxylic acids have been studied in a wide variety of
scientific papers since they are utilized in many commercial
products such as detergents, surfactants, pharmaceuticals, cos-
metics, and food [8]. On the other hand, recovery of these
valuable materials from renewable resources such as fermen-
tation media is an attractive research area. In this study, recov-
ery of acetic acid (AA) from its aqueous solutions has been
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Table 1 Cast registry number, suppliers, and purity properties of the chemical materials at 101.33 kPa
Material Chemical formula Molar mass CAS registry  Suppliers Mass fraction
(g mol ") No
Acetic acid CH;COOH 60.05 64-19-7  Merck (Darmstadt, Germany) 1.000
Choline chloride CsH,4CINO 139.62 67-48-1  Merck (Darmstadt, Germany) 0.980-1.050
Glycerol C3HgO5 92.1 56-81-5  Merck (Darmstadt, Germany) >0.990
N-N-dimethyl urea (CH3NH),CO 88.11 96-31-1  Sigma-Aldrich (St. Louis, MO, USA) >0.990
Diethyl adipate CioH;504 202.25 141-28-6  Sigma-Aldrich (St. Louis, MO, USA) > 0.990
Diethyl malonate CH,(COOC,Hs), 160.17 105-53-3  Sigma-Aldrich (St. Louis, MO, USA) >0.980
Diethyl succinate C,HsOCOCH,CH,COOC,Hs 174.19 123-25-1  Sigma-Aldrich (St. Louis, MO, USA) >0.990
1-Hexyl-3-methylimidazolium  C;oH;9BrN, 247.18 85100-78-3  TCI (Tokyo Chemical Industry >0.980

bromide

Co., Ltd., Japan)

chosen as the investigation media. Several extractant systems
such as amines dissolved in diluents were applied to investi-
gate the reactive extraction of AA from its aqueous media [9].
Hong and Hong (2005) used tri-n-octylamine in 1-octanol to
extract AA [10]. Cascaval et al. also used the same amine in
dichloromethane, butyl acetate, and n-heptane with/without 1-
octanol for similar reasons [9]. Aliphatic tertiary amine
(trioctylamine) diluted with octane [11] and 2-ethyl-hexanol
[12] were utilized to recover AA from pyrolysis oil, respec-
tively. Differently, triisooctylamine in decanol was also
exploited as an extractant to recover AA from pre-hydrolysis
liquor in pulp production [13]. Alternatively, ionic liquids
(phosphonium and imidazolium types) in several diluents
have started to be used as extractant system to extract AA
from various media [14]. The first purpose of the present study
is to synthesize these original solvents (DELs), which are also
considered as design products. In the second step, such novel
solvents have been used to obtain AA from its aqueous solu-
tions. Finally, the findings of DELs have been compared to
those of an IL for control reasons.

2 Materials and methods
2.1 Chemical materials

Table 1 summarizes the chemical materials used in the present
study with their cast registry number, suppliers, and purity
properties. Deionized water was obtained by a Millipore
Direct-Q3 ultrapure water system (> 18 M 2 cm).

2.2 Synthesis of deep eutectic liquids

Deep eutectic liquids are mixtures prepared by combining a
quaternary ammonium salt (hydrogen bond acceptor-HBA)
and a hydrogen bond donor (HBD). The relevant solvent sys-
tems were synthesized by heating and mixing. The
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components constituting the mixture (Table 2) are placed in
a closed flask and stirred at 80 °C until a clear liquid is ob-
tained with a magnetic stirrer [15]. The mixture of choline
chloride and glycerol (1:2, molar ratio) has been called as
DELI1, while N,N'-dimethyl urea and glycerol (1:2, molar
ratio) has been DEL2.

2.3 Procedure for reactive extraction

First, 10% (v/v) of AA-water solution was prepared. In order to
evaluate the initial concentration, different levels (10, 8, 6, 4,
and 2%, v/v) of aqueous AA solution were prepared. About
5 mL of AA solution and 5 mL of extractant system containing
DELL1, DEL2, and IL in diluents such as DEA, DEM, and DES
were collected in an Erlenmeyer flask (50 mL). After the het-
erogeneous mixture was shaked (NUVE ST-402) at 25 °C for
3 h, a centrifugation process at 4000 rpm was performed for
15 min for the separation of the layers in liquid-liquid extrac-
tion. AA concentration in the extractant system was quantified

Table2 Components and their molecular structures used in the design
of DELs for the extraction of AA from its aqueous solutions

Compound Molecular structure®
HBA Choline chloride
N +\\/ OH
/ N AN
Cl
N,N'-dimethyl urea
(0]
e
N )J\N
HO OH
HBD Glycerol

*Drawn by ACD/ChemSketch (version 12.0)
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Fig. 1 AA extraction from its aqueous solution through several diluents

according to the material balance through NaOH solution
(0.1 mol L") depending on titration with uncertainty of 1%.

2.4 Fourier transformed infrared-attenuated total
reflectance

Fourier transformed infrared-attenuated total reflectance
(FTIR-ATR) spectra were used to characterize the extractants
by means of a FTIR spectrometer (Bruker Optic GmbH,
Ettlingen, Germany).

3 Results and discussions
3.1 Recovery of acetic acid with pure diluents

In order to state the success of an extraction process, distribu-
tion coefficient (D) and the efficiency (%) of the solvent sys-
tem can be used.

D is calculated by the AA content in the extractant phase
(Caa, extractant phase) divided by the AA content in the aqueous

phase (CAA, aqueous phase‘):
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Table 3 Change of distribution coefficient (D) with respect to DEL1
and DEL2 concentration (C) depending on the diluent at 298.15 K¢ D = Careamciant ph“‘w/CAA_aqmm e (l)
Deep eutectic liquid €%, v Diluent The following equation is used regarding efficiency (%) by
DEA® DEM¢ DES? applying the initial concentration of the acid solution (Cay ¢):
D
DELI 20 03337 03100  0.1211 ] Caa agueous phase
40 03937 04144 04343  Efficiency (%) = (1_7' C x 100 (2)
60 0.4413 0.4500 0.4391 AA0
80 0.6970 0.5900 0.6377 . . . .
DEL2 20 02543 03713 0.1402 The carbon chain of the selected diluents increased in the
40 0.4023 0.3788 0.1880 order of DEA >DES >DEM. As seen in Fig. 1, extraction
gg 8‘3388 g';‘g?g 8'?288 efficiency increased by the decrease in the carbon number of
i i i the diluent. This finding is consistent with that of Uslu (2009),
2 Standard uncertainties, u of T is u(T) = 0.1 K where formic acid recovery decreased by the increase in the
® Diethyl adipate carbon chain length of the diluent used with trioctylamine
¢ Diethyl malonate [16]. Similarly, Uslu et al. also reported that levulinic acid
4 Diethy! succinate extraction was enhanced by the decrease of the carbon number
Fig. 3 Change of loading factor 0.45
with respect to DELI‘ (a) and 0.40 & ©DEA
DEL2 (b) concentration
depending on the diluent 0.35 #DEM
. [ DES
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N
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a
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N 0.25
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|
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Table 4 Change of loading factor (Z) with respect to DEL1 and DEL2
concentration (C) depending on the diluent at 298.15 K¢

in the alcohol diluents [17]. The shorter the chain length, the
more soluble the acid in the solvent system [18].

Deep eutectic liquid C (%, vIv) Diluent
b c d .
ZDEA DEM"  DES 3.2 Extraction performance of DELs
DELI 20 0.4120 0.3465 03830  Figure 2a and b show the effect of volume fractions (20, 40,
40 0.1971 0.1943 0.1909 60, and 80%, v/v) of DEL1 and DEL2 on the distribution
60 0.1271 0.1401 0.1118 : : : : :
%0 0.0809 0.1000 00803 coefﬁm?nts of th.e. extragtlon systems .m different diluents,
DEL2 20 0.4078 0.3730 04486  respectively. Initial acid concentrations were 1.92 and
40 0.1824 0.1855 0.2153 1.79 mol L™ for each DEL. As seen in Table 3, acid recovery
60 0.0964 0.1162 01114 rajsed by increase in DEL concentration in the solvent system.
80 0.0767 0.0852 0.0735 L. . .
Similar results were also reported for several carboxylic acids
2 Standard uncertainties, u of T is u(T) = 0.1 K from aqueous media by different extractants (such as
® Diethyl adipate phosphorous-bonded oxygen donor extractants and high mo-
¢ Diethyl malonate lecular weight aliphatic amines) in several diluents [8, 19, 20].
4 Diethy! succinate Another indicator for demonstration of extraction perfor-
mance is known as loading factor (Z) [20]. It is calculated by
Fig. 4 Change of distribution DEL1
coefficient with respect to initial 1.2
AA concentration in DELI + :
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Table 5 Change of distribution coefficient (D) with respect to initial
AA concentration (Cay ) in DEL1/DEL2 + diluent systems at 298.15 K“

Deep eutectic liquid ~ Caa o (mol L")  Diluent
DEA® DEM® DES?
D
DELI 2.03 0.4901 0.4810 0.2121
1.47 0.5204  0.6606  0.4510
1.19 0.5413  0.6912  0.5304
0.96 0.6823  0.7005  0.5911
0.66 0.9425 1.0622 0.8722
DEL2 2.03 04843 03710 0.4625
1.47 0.5733  0.5023  0.6333
1.19 0.6908 0.6740  0.6344
0.96 0.8012  0.7406  0.7006
0.66 1.0107  0.7915 0.8544

# Standard uncertainties, u of Tis u(T)=0.1 K
® Diethyl adipate
¢ Diethyl malonate

9 Diethyl succinate

the AA content in the extractant phase divided by the DEL
content in the extractant phase (Cpgr, extractant phase):

Z= Conexmacant phe ve/ CDEL extractant phase (3 )

Figure 3a and b show the effect of volume fractions (20, 40,
60, and 80%, v/v) of DEL1 and DEL2 on the loading factors
of the extraction system in different diluents, respectively.
Expectedly, loading factors decreased by the volume fractions
of each DEL as seen in Table 4 [20, 21].

3.3 Effect of initial AA concentration on the extraction
yield

Figure 4a and b demonstrate the effect of initial acid concen-
trations (0.66, 0.96, 1.19, 1.47, and 2.03 mol Lfl) on the
distribution coefficients of the extraction systems in different
diluents, respectively. The concentration of the DELs in the
system was 60% (v/v). Both of the DELs showed the same
trend toward the initial AA concentration (Table 5). Increasing
the AA content in the aqueous solution resulted in less yield
for both systems in each diluent. This finding is reasonable
since carboxylic acid concentration in fermentation broths is
known to be relatively low in practice [19].

3.4 Comparative findings of DELs and IL

DEM had the highest extraction yield (16.98%) comparing to
DES (14.94%) and DEA (9.95% efficiency) as reported
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above. However, the most effective improvement was ob-
served when DEA was used as the diluent for both DELs
(Fig. 5). The extraction performance of the DEA was in-
creased 3.1 times over the pure diluent by adding 60%
DELI. Regarding DEL2, its performance increased by 4.4
times. The performances of the DELs have surpassed that of
the IL. This is the most promising finding of the study, where a
novel tailor-designed solvent has been found to be successful.
Even though ILs have known to be green solvents owing to
their low vapor pressures and high boiling points, their mem-
bership of green chemistry has become controversial in the
current literature [22]. Indeed, many reports have shown that
ILs are toxic in dangerous dimensions through a very poor
biodegradability [23-25]. On the other hand, synthesis of IL
is very difficult to achieve with an environmentally friendly
method since salt and solvent are used in large quantities.
When high prices are added to these negative situations, it is
almost impossible to carry ILs to the industrial dimensions.
Nowadays, new concepts are strongly required in order to use
these systems in a more reasonable way. As already seen in
Fig. 5, DELs with higher yields are candidates to be new
generation solvents to cope with the problems of ILs such as
high cost and toxicity [3].

3.5 FTIR results of extractant

The characteristics peaks of the selected diluents (DEM, DES,
and DEA) are given in Fig. 6a—c as reported in our previous
study [26]. FTIR spectrums of IL and the designed solvents
(DEL1 and DEL2) are given in Fig. 7. Since HBD used in the
mixtures is the same in both DELs, they show similar spec-
trums with few exceptions (Fig. 7a and b). Peaks over 3200—
3600 cm ™! correspondence to O—H groups of glycerol in both
DELs (Fig. 7a and b) are also attributed to amine-based struc-
ture of DEL2. The stretching over 600—1400 also cm ' while
stretching bonds on 3000-3400 cm " are ascribed to N-H as a

e S " DEL2
e (/S S S
I

WSS S S S S S S S S S S S S SSSS

_

0.0 1.0 2.0 3.0 4.0 5.0

DEA

Increase in extraction efficiency (times)

Fig. 5 Comparative results of DELs and IL for the AA extraction in
several diluents
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Fig. 6 IR spectrums of DEM (a), DES (b), and DEA (c)

result of N,N’-dimethyl urea of DEL2 (Fig. 7b) [27].
Moreover, range between 1580 and 1650 cm ™' corresponds
to C—H bending [28]. C-I stretching of halo compound in
choline chloride (Fig. 7a) is observed at 500—-600 cm . On
the other hand, strong C-Br stretching of IL was seen over
515-690 cm 'as seen in Fig. 7c. Stretching over 1266—
1342 cm 'isa sign of C—N of aromatic amine in IL (Fig. 7¢).
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Fig. 7 IR spectrums of DELI (a), DEL2 (b), and IL (c)

Figure 8a and b display the FTIR spectrums of the extract-
ant systems in DES after extraction of AA from aqueous
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DEL 1+DES+AA or food applications. with opportunities such as low pri.ce,
water stability, and high atom economy (100%) to synthesize.
— Furthermore, properties such as nonvolatility and nonflamma-
3 bility make the storage of these DELs feasible for industrial
}; applications.
2
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4 Conclusions

Two DELs have been synthesized using glycerol as hydrogen
bond donor and a quaternary ammonium salt and amine-based
hydrogen bond acceptor. The designed solvents have proven
to be an efficient candidate to extract acetic acid from its
aqueous media by increasing the efficiency by 4.4 times over
the pure organic solvent (without applying DEL). Considering
the disadvantages of ionic liquids such as toxicity, poor bio-
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