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Abstract: Methylene blue (MB), an organic thiazine dye, has numerous industrial and medical
applications. However, MB is a wastewater contaminant that is harmful to humans and aquatic life.
Hence, its removal from water bodies is essential. In this work, five novel deep eutectic solvents (DESs)
were synthesized using different precursors, screened, and studied for the extraction of methylene
blue (MB) from aqueous solution using liquid-liquid extraction. The first, TOP-SA, was synthesized
using trioctylphosphine (TOP) as a hydrogen bond acceptor (HBA) and 2-hydroxy benzoic acid as a
hydrogen bond donor (HBD). Among these, TOP-SA had the highest MB removal efficiency. The
effects of pH, contact time, initial MB concentration, volumetric ratio, temperature, and ionic strength
were studied and optimized. A 99.3% removal was achieved in 5 min for a 200 mg dm~3 MB solution
mixed in a 1:10 ratio with TOP-SA at 25.0 °C. The structural properties of TOP-SA and its interactions
with MB were investigated using FTIR. TOP-SA'’s toxicity was investigated using human cells in vitro.
TOP-SA was found to be comparatively less toxic and is a more efficient MB remover than other
literature reported ionic liquids (ILs).

Keywords: wastewater; methyl orange; deep eutectic solvent; ionic liquid; extraction efficiency

1. Introduction

Methylene blue (MB) is an organic thiazine cationic synthetic dye with the formula
[7-(dimethylamino)phenothiazin-3-ylidene]-dimethylazanium;chloride;hydrochloride. It
has numerous industrial and medical applications that include dying leather, textiles, wood,
and papers [1]. However, MB is a wastewater contaminant that is harmful to humans and
aquatic life; inhalation of its aerosols causes breathing difficulty, nausea, vomiting, diarrhea,
and chest and abdominal pains [2]. Decontamination of aqueous solutions containing MB
has thus become a prime focus of environmental research.

Numerous physical, chemical, electrochemical, and biological techniques have been
tested and are being successfully applied for dye decontamination in industrial wastewa-
ter [3]. These techniques mainly include liquid-liquid extraction (LLE) [4], adsorption [5],
ultrasonic-assisted adsorption [6], membrane filtration [7], coagulation [8], irradiation [9],
ion exchange [10], photocatalytic degradation [11], and microbial degradation [12]. Most
of these techniques have drawbacks such as high cost, lengthy duration, extensive labor,
and low removal efficiency. Among these tested techniques, liquid-liquid extraction (LLE)
has the potential to effectively remove a dye using small amounts of solvent. Among the
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various types of solvents used in dye LLE processes, ionic liquids (ILs) and deep eutectic
solvents (DESs) have been gaining significant popularity.

ILs are ionic solvents that generally have high thermal and chemical stabilities, low
vapor pressures, high melting points, and high miscibility with water. ILs with desired
properties can be synthesized by pairing specific anions and cations. Such ‘tunable” ILs
have the potential to efficiently remove dyes from the aqueous phase via LLE [13,14]. How-
ever, most hydrophobic ILs contain fluorine and produce toxic HF upon hydrolysis [15].
Moreover, synthesis of ILs is difficult and they are more expensive than DESs. Their tox-
icity and high cost limit their use as MB removers. Researchers have thus been seeking
alternatives to hydrophobic ILs in LLE applications.

DESs, which can be considered alternate versions of ILs, have recently emerged as
potential solvents in LLE for various pollutants, including MB. They consist of a hydrogen
bond donor (HBD) and a hydrogen bond acceptor (HBA) mixed in specific molar ratios.
They are superior to ILs in that they are less expensive and more ecofriendly [16,17], are
convenient to synthesize, and have comparable or better physiochemical properties, in
addition to being rich in hydrogen and ionic bonds [18]. DESs tend to have low melting
points and vapor pressures, high solubility, good biodegradability, and high thermal and
chemical stability [18-20]. These properties explain the recent expansion of their use to
applications spanning several fields [21]. Hydrophobic DESs are extensively used in LLE
due to their immiscibility in water. Recently, they have been used in extraction of various
types of metal ions and dyes from aqueous solutions [22,23]. Their potential applications
for dye removal via LLE as a solvent or surface modifier have also been explored. For
example, DESs based on glycolic acid and choline chloride have been used in the extraction
of Eriochrome black T [4].

In this work, five hydrophobic DESs were synthesized using three HBAs: trioctylphos-
phine (TOP), trioctylamine (TOA), and trihexylamine (THA); and two HBDs: salicylic acid
(SA) and malonic acid (MA). The respective abbreviations of these DESs were TOP-SA,
TOP-MA, TOA-SA, THA-SA, and TOA-MA; these are referred to as DES-1, DES-2, DES-3,
DES-4, and DES-5, respectively, throughout the manuscript. In order to study the effect of
HBA on MB extraction, DES-1, DES-3, and DES-4 were prepared in a 1:1 molar ratio. Simi-
larly, for the effect of HBD, DES-2 and DES-5 were also prepared in the same ratio. Among
the five DESs, DES-1 was found to have the highest efficiency for MB extraction from the
aqueous phase. It was thus selected for the optimization studies. LLE process parameters
including pH, contact time, initial MB concentration, volumetric ratio, temperature and
ionic strength, DES/MB volume ratio (Vpgs:Vw), and temperature were optimized. FTIR
was used to assess DES and MB interactions. The thermodynamics of the transfer of MB
from the aqueous to the DES phase was also investigated. The toxicity of TOP-SA was
studied in vitro using human cells.

2. Materials and Methods

All chemicals were of reagent grade and were used without further purification. MB,
trioctylphosphine (Cp4Hs1 P), trioctylamine (Cp4Hs1N), trihexylamine (C1gH39N), dimethyl
sulfoxide (DMSO), and salicylic acid (C;HgO3) were obtained from Sigma Aldrich (Ger-
many). Malonic acid (C3H404) was obtained from HiMedia Laboratories (India). MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide was obtained from Roche,
Germany. Distilled deionized water from Aquatron A4000D (Water Still, UK) was used in
all of the MB dye solution preparation and phase ratio studies.

2.1. DES Synthesis

All five DESs were prepared by mixing HBA with HBD in a small glass vial followed
by stirring. In a typical experiment, DES-1 was prepared by mixing equimolar ratios of
TOP with SA in a 20 mL glass vial maintained at 70.0 °C and stirred for 120 min at 250
rpm. Similarly, DES-2, DES-3, DES-4, and DES-5 were prepared by mixing and stirring
equimolar ratios of the respective HBAs and HBDs. Moreover, DES-1 was prepared in four
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HBD ratios of 1:0.5, 1:1, 1:1.5, and 1:2. The structural formulas of HBA and HBD are shown
in Figure 1. The composition and properties of the prepared DESs are given in Table 1.
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Figure 1. HBA and HBD of prepared DESs.

Table 1. DESs precursors, preparation ratios, and properties.

HBA HBD Molar Ratio HBA:HBD Abbreviation Property
Trioctylphosphine Salicylic acid 1:0.5,1:1, 1:1.5, 1:2 DES-1 Hydrophilic
Trioctylphosphine Malonic acid 1:1 DES-2 Hydrophilic

Trioctylamine Salicylic acid 1:1 DES-3 Hydrophilic
Trioctylamine Malonic acid 1:1 DES-4 Hydrophilic
Trihexylamine Salicylic acid 1:1 DES-5 Hydrophilic

2.2. Instrumentation

The pH was measured on an Oakton pH meter 510 series (Malaysia). The DES and
MB were mixed in a Stuart vortex mixer (UK). The DES and MB aqueous solutions were
separated using a Hermle centrifuge (LTF Labortechnik, Wasserburg, Germany). An
Evolution 220 UV-Vis spectrophotometer (Thermo Scientific, Shanghai, China) was used to
determine the MB concentrations remaining in the aqueous phase after extraction using
DES (see Supplementary Materials). The FTIR spectra were obtained with a Perkin Elmer
Fourier-transform infrared spectrometer equipped with ZnSe optics and a DTGS detector
(Bomem MB-3000, Zurich, Switzerland).
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3. Methods
3.1. MB Extraction

A 15 g dm~3 stock MB solution was used to make up the standard solutions. A
calibration curve was prepared using the maximum absorbance at 665 nm. The MB
solutions were placed in 15 mL centrifuge tubes and known amounts of DES were added.
Solutions were vigorously mixed at 2500 rpm using a vortex. The aqueous MB and
DES phases were then separated via centrifugation for 10 min at 3000 rpm. The MB
concentrations in the aqueous phase were determined using the calibration curve. The
extraction efficiency (% E) and experimental partition coefficient (P) of MB in DESs were
calculated using Equations (1) and (2), respectively:

% E = (Cl;le) x 100 1)
p- (6 ) ()

where C; and Cr (mg dm3) are dye concentrations in the aqueous phase before and after
extraction, respectively; V; (mL) is the volume of aqueous solution containing dye at its
initial concentration; and Vpgg is the DES solution volume.

3.2. Single Parameter Optimizations

The MB extraction from the liquid to the DES phase was influenced by process pa-
rameters that included pH, vortex mixing time, DES/MB solution phase ratio, initial MB
concentration, temperature, and ionic strength. To maximize MB transfer from the aqueous
phase, it was necessary to optimize these parameters. The optimization of these individual
parameters is described below.

Recent reports indicated that the initial pH of MB solutions considerably influences
the extraction efficiency [24-26]. This effect arises from the pH dependence of the MB
ionization. Optimization experiments were conducted in a pH range of 2-10 after mixing
for 5 min at 25.0 °C using an already-optimized MB concentration and Vpgs:Vw (see below).
The initial pH of the MB solutions was adjusted using analytical grade HCl and NaOH
solutions. Vortex mixing time experiments were performed for 1-7 min at an optimum
MB concentration, Vpgs:Vy, and pH at 25.0 °C. The initial MB concentrations varied in
the range of 200-1500 mg dm 3. The MB solutions and DES were mixed at 25.0 °C at the
optimum pH and Vpgs:Vy, and stirred for 5 min. In the Vpgs:Vyy optimization study, the
VpEes was kept at 0.15 mL while varying the Vpgs:Vyy in the range of 1:10-1:65. Already-
optimized parameters for the pH, vortex time, and aqueous MB concentration were used at
25.0 °C. To study the effect of the ionic strength, NaCl was added to the MB solutions in
concentrations in the range of 0.34-2.05 M. These saline solutions were mixed with DES
at the optimum Vpgs:Vw and vortexed for 5 min at room temperature. The effect of the
temperature was studied in the range of 25.0-80.0 °C.

3.3. Cell Viability Assays

Cellular metabolic activity was followed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay as previously described [27,28]. Briefly, human cells
with 80-85% confluent cell monolayers were challenged with 0.125, 0.25, 0.5, 1.0, and
2.0 mM of DES at 37.0 °C, 95% humidity, and 5% CO; for 24 h. Following day, the media
were replaced with 90 pL of serum-free RPMI-1640 (Roswell Park Memorial Institute)
media. Then, 10 pL of freshly prepared MTT solution was added to each well of the 96-well
plate and incubated for 3—4 h at 37.0 °C. Finally, 100 uL of DMSO was added to each well
to fully dissolve the formazan crystals made by viable cells. Human cells incubated with
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DMSO were used as negative controls [28]. The assay absorbance was calculated at 540 nm
and the cell viability was evaluated using Equation (3):

%o Viabﬂity = (mean OD st sample /mean OD negative control) % 100 (3)

4. Results and Discussion
4.1. DES Selection

The five DESs were assessed individually for their efficiency in MB extraction from the
aqueous phase. The efficiencies for DES-1, DES-2, DES-3, DES-4, and DES-5 were 99.3, 44.0,
29.9,17.8, and 6.5%, respectively (Figure 2). Notably, these DESs were all able to extract MB
to varying degrees from a water stream. DES-1, with a relatively higher hydrophobicity
(arising from its longer chain length), was the most efficient, suggesting a predominant
role of the interactions between the hydrophobic portions of the DES and MB. This was
further corroborated by the observation that DES-1, with its higher hydrophobicity, was
much more efficient than DES-2. DES-1 was thus selected for the optimization studies.

100
80
60
=
X
40
20 I
0 . I
DES-1 DES-2 DES-3 DES-4 DES-5
DES

Figure 2. DES screening for MB extraction. [MB] = 200 mg dm =3, T=25.0°C.

4.2. Effect of Initial pH

DES-1’s extraction efficiency from 200 mg dm~3 MB solutions was observed to in-
crease with pH as shown in Figure 3, reaching a maximum at pH 6.5. This observation
may be explained on the basis of favorable interactions of the deprotonated MB with the
positively charged phosphine-based DES-1. Above pH 5.9, which is the isoelectric point of
MB, electrostatic attractions developed between MB and DES-1 [26]. Beyond pH 6.5, the
efficiency decreased slightly and remained almost constant up to pH 10. Table 2 shows
that the partition coefficient Ppgs 1 increased with the pH, showing a maximum of 1140 at
pH6.5.
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Figure 3. Effect of pH on MB extraction efficiency. [MB] = 200 mg dm=3;, T=25.0°C.

Table 2. The pH dependence of the partition coefficient (Ppgs1) of MB in TOP-SA. [MB] =
200 mg dm~3. T = 25.0 °C.

pH 1.0 3.0 5.0 6.5 8.0 10.0
PpEsa 5.02 86.3 120 1140 365 357

4.3. Effect of Vortex Mixing Time

The vortex mixing time significantly influences the extraction efficiency in LLE pro-
cesses. This parameter is also indicative of the time required to achieve equilibrium at both
lab and industrial scales. This effect is presented in in Figure 4. Five LLE experiments were
conducted with mixing times of 1, 2, 3, 5, and 7 min. The results showed that the efficiency
increased from 57.9 to 99.3% in the interval of 1-5 min. At very short mixing times, the
extraction efficiency was low due to incomplete mixing of the DES-1 with the MB solutions.
The MB extraction rate was thus very fast, with equilibrium attained in 5 min. To confirm
the quick extraction mechanism, experiments were also conducted at 7 min but no further
improvement was observed. Thus DES-1 was highly efficient and fast in extracting MB
from the aqueous phase. Liu et al. reported on the effect of centrifugation on the extraction
efficiency in the interval of 1-10 min, with the highest efficiency achieved after 5 min [10].

4.4. Effect of Phase Ratio

The phase ratio (Vpgs:Vw) is a useful parameter in selecting the amount of DES
required for MB extraction from a specific volume and concentration of aqueous MB
Figure 5 shows that the extraction efficiency decreased somewhat with the Vpgs:Vy,: from
99.3% for a 1:10 ratio to 85.7% for 1:65. Thus, TOP-SA was highly efficient in extracting MB
from a very large volume of MB solution. The decrease in removal at the 1:65 ratio could be
due to saturation of the DES with MB. Similar observations were reported previously. The
efficiency of thymol- and camphor-based DES extraction of malachite green and crystal
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violet dyes from aqueous solutions was significantly higher at a low Vpgs:Vyw [24]. The
same trend was observed for Sudan dyes [25].

110

%E

70

1:10 1:20 1:35 1:45 1:

DES"/ w

th
th

1:65

Figure 4. Effect of vortex mixing time on MB extraction efficiency. [MB] = 200 mg dm=3, T=25.0°C.

- % %

90

80

70

% E

30
t (min)
Figure 5. Effect of phase ratio on MB extraction efficiency. [MB] = 200 mg dm~3; T = 25.0 °C.
4.5. Effect of Initial MB Concentration

The extraction efficiency was studied using MB concentrations in the range of
250-1500 mg dm 3. Figure 6 shows that an increase in [MB] from 250 to 1500 mg dm > re-
sulted in an efficiency drop from 99.3 to 67.0. This trend conformed with previous findings
by Xu et al. [24]. The relatively low extraction efficiency for the 1500 mg dm 3 solution
may be attributed to the presence of fewer free DES molecules.
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Figure 6. Effect of initial dye concentration on MB extraction efficiency. T = 25.0 °C.

4.6. Effect of Temperature

Figure 7 shows the MB extraction efficiency using DES-1 at 25.0, 30.0, 40.0, and
50.0 °C. The effect of the temperature on the efficiency was seen to be marginal, with an
increase in temperature from 25.0 to 50.0 °C resulting in an efficiency reduction of ca. 5%.
The observation may have been due to the accompanying DES viscosity decrease with
temperature. The drop in the viscosity difference between the aqueous and DES phases
favored mass transfer of MB into the aqueous phase, thereby reducing the efficiency. These
results were in line with recent findings [26].

100

929

98

97

% E

96

94

25 30 35 40 45 50
Temperature ("C)

Figure 7. Effect of temperature on MB extraction efficiency. [MB] = 200 mg dm 3.

4.7. Effect of the Ionic Strength of Aqueous Solution

With a view toward replicating conditions in common wastewaters, the effect of salt on
the MB extraction efficiency was studied in optimum conditions (see Figure 8). At 25.0 °C,
a small efficiency decreases from 99.3 to 96.9% was observed upon addition of 20 g/L NaCl
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to MB solutions. Further addition of salt resulted in a small increase in efficiency, which
reached 98.2% at 120 g/L NaCl (Figure 8). The general efficiency drop may have been
due to the salting-out effect in which salt favors migration of MB from the aqueous to the
DES phase. This increase in the MB extraction efficiency by DES with a salt addition was
documented previously [26].

100

95
2
85
80
75
70
65
60
55
50
0 0.5 1.0 1.5 2.0

0.

% E

Salt concentration (g/L)
Figure 8. Effect of ionic strength on MB extraction. [MB] = 200 mg dm~3; T = 25.0 °C.

4.8. Effect of Molar Ratio

Four DESs were prepared with HBA:HBD molar ratios of 1:0.5, 1:1, 1:1.5, and 1:2. TOP,
an HBA, was kept constant while SA, an HBD, was varied. Figure 9 shows that a high
extraction efficiency was obtained at an HBA:HBD molar ratio of 1, which was thus used
as the optimal ratio. This observation was in agreement with findings by Xu et al. [26].

100

80

60

40

20

0
1:0.5 1:1 1:1.5 1:2

DES ratio

% E

Figure 9. Effect of DES molar ratio (HBA:HBD) on MB extraction efficiency. [MB] = 200 mg dm~3;
T=25.0°C.
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4.9. Thermodynamic study

To understand the effect of heat on the extraction of MB from an aqueous solution
using DES-1, standard values of the enthalpy (AH®), Gibbs free energy (AG®), and entropy
(AS°) were obtained in the range of 25-50 °C. The van 't Hoff Equation (4) was used to
calculate the AH® from a plot of In D vs. 1/T, where D is the partition coefficient of MB
between DES and the aqueous phase [29]. A third-order polynomial was then used to fit
the data. Slopes of this polynomial were calculated at the given temperatures and AH®.
The AG® and AS° were calculated using Equations (5) and (6), respectively.

- - @

where = C,vc;fo/ C;, and Cf are defined in Equation (1).

AG® = —RT In D (5)

o _ 0
Ago _ AH TAG ©

The thermodynamic parameters are listed in Table 3. Negative values for AG® at all
temperatures confirmed the spontaneity of the MB extraction by DES-1. The drop in AG®
with temperature indicated that heating reduced spontaneity. The negative value of AH®
promoted MB interactions with DES-1. The decrease in entropy at higher temperatures also
favored low-temperature extraction.

Table 3. Thermodynamic parameters for MB extraction from aqueous solutions using DES-1.

T (K) AG® (k] mol—1) AH° (k] mol—1) AS° J K- 1mol1)
298 —12.39 —6.40 20.0
303 —-8.71 -17.9 -3.0
313 —7.84 —116 -35.0
323 —7.76 —541 —165

4.10. FTIR Spectra

The FTIR spectra of the HBA and TOP-SA before and after MB extraction were col-
lected. Figure 10 shows a deep stretch in the DES-1 spectrum at 3300 cm ™! that was
attributed to the -OH group [30]. Peaks in the 30002900 cm~! and 2900-2800 cm ! re-
gions were due to the -CH3 and -CH, groups, respectively. The presence of C-P of TOP
was indicated by bands in the 1200-900 cm ! region [31]. The -CHj3 and -CH; groups
were present in the long alkyl chains of TOP [32]. The DES-1 spectra exhibited a sharp
peak in the 1900-1600 cm ! region that was attributed to the carbonyl group of salicylic
acid [33]. The DES-1 spectrum after MB extraction contained shifted band positions. For
the carbonyl group, the 1919 cm~! band shifted to 1960 cm~! and the 1661 cm~! band
shifted to 1718 cm 1. Such shifts were indicative of the ability of DES-1 to extract MB from
the aqueous solution. These observations conformed to reported results [34].



Processes 2022, 10, 2152

110f15

Trioctvlephosphine

——DES-1
——DES-1 + MB
-
X
028
1919
I
1325
23!:‘_-:‘-_ 16L1 1453 1301
1606 1
1960
il 1718 15Wulﬁém Fingerprint region
4000 3500 3000 2500 2000 1500 1000 500

a1-
cm

Figure 10. FTIR spectra of TOP, DES-1, and DES-1 + MB.

4.11. Cell Viability Assays

The MTT assay was performed using several DESs against human cell lines. Figure 11
shows that these DESs possessed a negligible cytotoxicity. According to ISO10993-5, if
a drug viability is >80%, it is considered safe. In addition, a drug is considered weakly
cytotoxic if the viability is in the range of 60-80% and moderately so, if the range is 40-60%.
A potent cytotoxin has a viability of less than 40% [28,35]. DES-1 and DES-3 had no cytotoxic
effects, at all the tested concentrations. For DES-2, DES-4, and DES-5 at concentrations of
0.125, 0.25, 0.50, and 1.0 mM, minimal cytotoxic activity was observed. However, there was
a moderate effects at 2.0 mM. Our synthesized DESs had less cytotoxic effects in comparison
with the commercial ones and the outcomes conformed to already-published data. For
instance, Sajadiyeh et al. found that imidazolium-based ILs had low cytotoxic effects on
human cells [36]. In addition, several DESs and ILs had reasonable cell viability effects
on fish cell lines [37]. McLaughlin et al. reported that ILs showed a moderate to higher
cytotoxicity at higher concentrations on human cell lines [38]. Other studies revealed that
imidazolium-based ILs exhibited a higher cytotoxicity on human cell lines [27,39].

4.12. Comparison with Other DES and ILs

The MB extraction efficiency of the synthesized DESs was compared with those of
previously reported DESs and ILs. As shown in Table 4, DES-1 clearly had a higher MB
extraction efficiency than the reported DESs and ILs. However, the [HPhIm][NTf,] IL
reported in the literature had a comparable extraction efficiency (97.9%) to that of the
DES-1 prepared in this work, but extraction with IL could have a high cost and be a
non-user-friendly process due to its complicated preparation and unknown toxicology
information [40]. Moreover, contact time is another important factor in determining the
effectiveness of the extraction solvent. The DES synthesized in this study had a remarkably
fast extraction reaction and reached equilibrium in less than 5 min.
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Figure 11. Effects of the five synthesized DESs on human cells at various concentrations. T = 25.0 °C.
Table 4. Methylene blue extraction efficiency comparison of synthesized DES with other DES- and
IL-based extraction solvents.
Extraction . Extraction
Method Solvent Full Name Abbreviations Efficiency (%) References
1-hexyl-2-phenyl-imidazolium
bis(trifluoromethanesulfonyl) imide [HPhIm][NTf] 7.9
1-benzyl-3-methyl-imidazolium
bis(trifluoromethanesulfonyl) imide [BnMIm][NT] 945
1-butyl-3-methyl-imidazolium
L-L extraction IL bis(triﬂti)romethiesulfonyl) imide [BMIm][NTf ] L5 [40]
1-hexyl-3-methyl-imidazolium
bis(trifluoromethanesulfonyl) imide [HMIm][NTf] 200
1-octyl-3-methyl-imidazolium
bis(trifluoromethanesulfonyl) imide [OMIm][NTf] 850
Aqueous
two-phase DES Choline chloride—glycerol ChCl-G >95.0 [26]
system
L-L Extraction IL 1-butyl-8-methylimidazolium [C4mim]PF6 915 [41]
hexafluorophosphate
Trioctylphosphine-salicylic acid DES-1 99.3
Trioctylphosphine-malonic acid DES-2 44.0
L-L Extraction DES Trioctylamine-salicylic acid DES-3 29.9 This study
Trioctylamine—malonic acid DES-4 17.8
Trihexylamine-salicylic acid DES-5 6.5

5. Conclusions

Five hydrophobic DESs using three HBAs (TOP, TOA, and THA) and two HBDs (SA
and MA) were prepared and studied for MB aqueous phase extraction. All of the DESs



Processes 2022, 10, 2152 13 of 15

extracted MB from aqueous solutions but DES-1’s extraction efficiency was remarkable,
reaching up to 99.3%. The MB extraction parameters were thus optimized using DES-1. The
extraction attained equilibrium in 5 min at 25.0 °C. The extraction efficiency decreased with
HBD concentrations and the Vpgg:Vyy ratio. The thermodynamic parameters confirmed the
spontaneous and exothermic nature of MB extraction and explained the drop in extraction
efficiency with temperature. Additionally, DES-1 exhibited a minimal cytotoxicity. In
summary, this study showed that DES-1 has the potential to efficiently and safely extract
MB from wastewaters.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr10102152/s1, Figure S1: Spectra of aqueous MB solutions at
concentrations of 10.0, 15.0, and 30.0 mg dm 3 were recorded in the range of 450-750 nm. Spectra
of MB after extraction with DES-1 are also shown. It was apparent that DES-1 did not modify the
spectrum; i.e.,, MB’s spectral properties were unaffected by its transfer from the aqueous to the
DES phase.

Author Contributions: M.EH. performed the experiments and wrote the manuscript; N.Y. assisted
in the experimental work; A.S.K. supervised the experimental work; TH.I., M.LK. and EH.J. analyzed
the data and reviewed the manuscript; N.A., R.S. and N.A K. were responsible for the cytotoxicity
studies. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the American University of Sharjah for supporting the work
through research grant FRG19-L-E13.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nasrullah, A.; Bhat, A.-H.; Naeem, A.; Isa, M.H.; Danish, M. High Surface Area Mesoporous Activated Carbon-Alginate Beads for
Efficient Removal of Methylene Blue. Int. ]. Biol. Macromol. 2018, 107, 1792-1799. [CrossRef]

2. Ghosh, D.; Bhattacharyya, K.G. Adsorption of Methylene Blue on Kaolinite. Appl. Clay Sci. 2002, 20, 295-300. [CrossRef]

3. Nasrullah, A.; Saad, B.; Bhat, A.H.; Khan, A.S.; Danish, M.; Isa, M.H.; Naeem, A. Mangosteen Peel Waste as a Sustainable
Precursor for High Surface Area Mesoporous Activated Carbon: Characterization and Application for Methylene Blue Removal.
J. Clean. Prod. 2019, 211, 1190-1200. [CrossRef]

4. Kaur, P; Rajani, N.; Kumawat, P; Singh, N.; Kushwaha, J.P. Performance and Mechanism of Dye Extraction from Aqueous
Solution Using Synthesized Deep Eutectic Solvents. Colloids Surfaces A Physicochem. Eng. Asp. 2018, 539, 85-91. [CrossRef]

5. Yu, H,; Fugetsu, B. A Novel Adsorbent Obtained by Inserting Carbon Nanotubes into Cavities of Diatomite and Applications for
Organic Dye Elimination from Contaminated Water. |. Hazard. Mater. 2010, 177, 138-145. [CrossRef]

6. Asfaram, A.; Ghaedi, M.; Hajati, S.; Goudarzi, A. Synthesis of Magnetic y-Fe;O3-Based Nanomaterial for Ultrasonic Assisted
Dyes Adsorption: Modeling and Optimization. Ultrason. Sonochem. 2016, 32, 418-431. [CrossRef]

7. Zinadini, S.; Zinatizadeh, A.A.; Rahimi, M.; Vatanpour, V.; Zangeneh, H.; Beygzadeh, M. Novel High Flux Antifouling Nanofil-
tration Membranes for Dye Removal Containing Carboxymethyl Chitosan Coated Fe3O4 Nanoparticles. Desalination 2014, 349,
145-154. [CrossRef]

8.  Emamjomeh, M.M.; Sivakumar, M. Review of Pollutants Removed by Electrocoagulation and Electrocoagulation/Flotation
Processes. ]. Environ. Manag. 2009, 90, 1663-1679. [CrossRef]

9. Son, G,; Lee, H. Methylene Blue Removal by Submerged Plasma Irradiation System in the Presence of Persulfate. Environ. Sci.
Pollut. Res. 2016, 23, 15651-15656. [CrossRef]

10. Liu, C.-H.; Wu, ].-S.; Chiu, H.-C,; Suen, S.-Y.; Chu, K.H. Removal of Anionic Reactive Dyes from Water Using Anion Exchange
Membranes as Adsorbers. Water Res. 2007, 41, 1491-1500. [CrossRef]

11.  Kerkez-Kuyumcu, O.; Kibar, E.; Dayioglu, K.; Gedik, E; Akin, AN.; Ozkara-Aydmoglu, S. A Comparative Study for Removal
of Different Dyes over M/TiO, (M= Cu, Ni, Co, Fe, Mn and Cr) Photocatalysts under Visible Light Irradiation. J. Photochem.
Photobiol. A Chem. 2015, 311, 176-185. [CrossRef]

12. Saratale, R.G.; Saratale, G.D.; Chang, J.-S.; Govindwar, S.P. Bacterial Decolorization and Degradation of Azo Dyes: A Review. J.

Tniwan Inst. Chem. Eng. 2011, 42, 138-157. [CrossRef]


https://www.mdpi.com/article/10.3390/pr10102152/s1
https://www.mdpi.com/article/10.3390/pr10102152/s1
http://doi.org/10.1016/j.ijbiomac.2017.10.045
http://doi.org/10.1016/S0169-1317(01)00081-3
http://doi.org/10.1016/j.jclepro.2018.11.094
http://doi.org/10.1016/j.colsurfa.2017.12.013
http://doi.org/10.1016/j.jhazmat.2009.12.007
http://doi.org/10.1016/j.ultsonch.2016.04.011
http://doi.org/10.1016/j.desal.2014.07.007
http://doi.org/10.1016/j.jenvman.2008.12.011
http://doi.org/10.1007/s11356-016-6759-1
http://doi.org/10.1016/j.watres.2007.01.023
http://doi.org/10.1016/j.jphotochem.2015.05.037
http://doi.org/10.1016/j.jtice.2010.06.006

Processes 2022, 10, 2152 14 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.
33.
34.
35.
36.

37.

38.

39.

Khan, A.S.; Man, Z.; Arvina, A.; Bustam, M.A.; Nasrullah, A.; Ullah, Z.; Sarwono, A.; Muhammad, N. Dicationic Imidazolium
Based Ionic Liquids: Synthesis and Properties. |. Mol. Lig. 2017, 227, 98-105. [CrossRef]

Khan, A.S.; Nasrullah, A.; Ullah, Z; Bhat, A.H.; Ghanem, O.B.; Muhammad, N.; Rashid, M.U.; Man, Z. Thermophysical Properties
and Ecotoxicity of New Nitrile Functionalised Protic Ionic Liquids. J. Mol. Lig. 2018, 249, 583-590. [CrossRef]

Sakina; Khan, A.S.; Nasrullah, A.; Ullah, F; Muhammad, N.; Kubra, S.; Din, I.U.; Mutahir, Z. Effect of Imidazolium’s Ionic Liquids
with Different Anions and Alkyl Chain Length on Phytotoxicity and Biochemical Analysis of Maize Seedling. . Mol. Lig. 2021,
321, 114491. [CrossRef]

AlOmar, M.K,; Alsaadi, M.A.; Hayyan, M.; Akib, S.; Hashim, M.A. Functionalization of CNTs Surface with Phosphonuim Based
Deep Eutectic Solvents for Arsenic Removal from Water. Appl. Surf. Sci. 2016, 389, 216-226. [CrossRef]

Hayyan, M.; Hashim, M. A ; Hayyan, A.; Al-Saadi, M.A.; AlNashef, LM.; Mirghani, M.E.S.; Saheed, O.K. Are Deep Eutectic
Solvents Benign or Toxic? Chemosphere 2013, 90, 2193-2195. [CrossRef]

Tome, L.IN.; Baiao, V.; da Silva, W.; Brett, C.M.A. Deep Eutectic Solvents for the Production and Application of New Materials.
Appl. Mater. Today 2018, 10, 30-50. [CrossRef]

Zhang, Q.; Vigier, K.D.O.; Royer, S.; Jerome, F. Deep Eutectic Solvents: Syntheses, Properties and Applications. Chem. Soc. Rev.
2012, 41, 7108-7146. [CrossRef]

Mehrabi, N.; Abdul Haq, U.E; Reza, M.T.; Aich, N. Using Deep Eutectic Solvent for Conjugation of Fe304 Nanoparticles onto
Graphene Oxide for Water Pollutant Removal. 2020. Available online: https://chemrxiv.org/engage/chemrxiv/article-details/
60c7499¢337d6c1d2de27748 (accessed on 12 September 2022).

Fu, L.; Hu, X;; Yu, S;; Guo, Y,; Liu, H.; Zhang, W.; Lou, Y;; Li, D.; Yu, Q. Sustainable Wastewater Treatment by Deep Eutectic
Solvents and Natural Silk for Radioactive Iodine Capture. Water Sci. Technol. 2019, 80, 1683-1691. [CrossRef]

Almustafa, G.; Sulaiman, R.; Kumar, M.; Adeyemi, I.; Arafat, H.A.; AlNashef, I. Boron Extraction from Aqueous Medium Using
Novel Hydrophobic Deep Eutectic Solvents. Chem. Eng. J. 2020, 395, 125173. [CrossRef]

Shi, Y.; Xiong, D.; Zhao, Y.; Li, T.; Zhang, K; Fan, J. Highly Efficient Extraction/Separation of Cr (VI) by a New Family of
Hydrophobic Deep Eutectic Solvents. Chemosphere 2020, 241, 125082. [CrossRef] [PubMed]

Xu, K.; Xu, P; Wang, Y. Aqueous Biphasic Systems Formed by Hydrophilic and Hydrophobic Deep Eutectic Solvents for the
Partitioning of Dyes. Talanta 2020, 213, 120839. [CrossRef]

Li, Y; Li, X;; Tang, S.; Yang, Y. Emulsification Liquid—-Liquid Micro-Extraction Based on Natural Deep Eutectic Solvent for
(Triarylmethane) Dyes Determination. Chem. Pap. 2020, 74, 3617-3626. [CrossRef]

Ahmadi, R.; Kazemi, G.; Ramezani, A.M.; Safavi, A. Shaker-Assisted Liquid-Liquid Microextraction of Methylene Blue Using
Deep Eutectic Solvent Followed by Back-Extraction and Spectrophotometric Determination. Microchem. J. 2019, 145, 501-507.
[CrossRef]

Stepnowski, P.; Skladanowski, A.C.; Ludwiczak, A.; Laczyriska, E. Evaluating the Cytotoxicity of Ionic Liquids Using Human
Cell Line HeLa. Hum. Exp. Toxicol. 2004, 23, 513-517. [CrossRef]

Akbar, N.; Khan, N.A.; Sagathevan, K,; Igbal, M.; Tawab, A.; Siddiqui, R. Gut Bacteria of Cuora Amboinensis (Turtle) Produce
Broad-Spectrum Antibacterial Molecules. Sci. Rep. 2019, 9, 1-19. [CrossRef]

Laidler, K.J.; Meiser, ].H.; Sanctuary, B.C.; McCann, M.P. Chemical Education Today-Book & Media Reviews-Physical Chemistry
CD. J. Chem. Educ. 2003, 80, 489-490.

Ramachandran, S.; Sathishkumar, M.; Kothurkar, N.K.; Senthilkumar, R. Synthesis and Characterization of Graphene Quantum
Dots/Cobalt Ferrite Nanocomposite. In Proceedings of the IOP Conference Series: Materials Science and Engineering, Bengaluru,
India, 17-19 August 2017; IOP Publishing: Bristol, UK, 2018; Volume 310, p. 12139.

Okram, G.S.; Singh, J.; Kaurav, N.; Lalla, N.P. Trioctylphosphine as Self-Assembly Inducer. Faraday Discuss. 2015, 181, 211-223.
[CrossRef]

Grumezescu, A.M. Inorganic Frameworks as Smart Nanomedicines; William Andrew: Norwich, NY, USA, 2018; ISBN 0128136626.
Smith, B.C. The Carbonyl Group, Part I: Introduction. Spectroscopy 2017, 32, 31-36.

Tang, R.; Dai, C,; Li, C.; Liu, W.; Gao, S.; Wang, C. Removal of Methylene Blue from Aqueous Solution Using Agricultural Residue
Walnut Shell: Equilibrium, Kinetic, and Thermodynamic Studies. J. Chem. 2017, 2017, 8404965. [CrossRef]

Loépez-Garcia, J.; Lehocky, M.; Humpoli¢ek, P.; Saha, P. HaCaT Keratinocytes Response on Antimicrobial Atelocollagen Substrates:
Extent of Cytotoxicity, Cell Viability and Proliferation. J. Funct. Biomater. 2014, 5, 43-57. [CrossRef] [PubMed]

Sajadiyeh, E.; Tabatabaee, M.; Seifati, S.; Derikvend, Z. The Study of Cytotoxicity of an Imidazolium Based Ionic Liquid on MCF-7
Cell Line. J. Chem. Heal. Risks 2021, 11, 85-89.

Radogevi¢, K.; Zeleznjak, J.; Cvjetko Bubalo, M.; Radoj¢i¢ Redovnikovi¢, I.; Slivac, I.; Gaurina Sr¢ek, V. Comparative in Vitro
Study of Cholinium-Based Ionic Liquids and Deep Eutectic Solvents toward Fish Cell Line. Ecotoxicol. Environ. Saf. 2016, 131,
30-36. [CrossRef]

McLaughlin, M.; Gilea, M. A ; Earle, M.].; Seddon, K.R.; Gilmore, B.E,; Kelly, S.A. Characterization of Ionic Liquid Cytotoxicity
Mechanisms in Human Keratinocytes Compared with Conventional Biocides. Chemosphere 2021, 270, 129432. [CrossRef] [PubMed]
Cvijetko, M.; Radosevi¢, K.; Tomica, A.; Slivac, I.; Vorkapi¢-Fura¢, J.; Gaurina Sréek, V. Cytotoxic Effects of Imidazolium Ionic
Liquids on Fish and Human Cell Lines. Arh. Hig. Rada Toksikol. 2012, 63, 15-19. [CrossRef] [PubMed]


http://doi.org/10.1016/j.molliq.2016.11.131
http://doi.org/10.1016/j.molliq.2017.10.141
http://doi.org/10.1016/j.molliq.2020.114491
http://doi.org/10.1016/j.apsusc.2016.07.079
http://doi.org/10.1016/j.chemosphere.2012.11.004
http://doi.org/10.1016/j.apmt.2017.11.005
http://doi.org/10.1039/c2cs35178a
https://chemrxiv.org/engage/chemrxiv/article-details/60c7499c337d6c1d2de27748
https://chemrxiv.org/engage/chemrxiv/article-details/60c7499c337d6c1d2de27748
http://doi.org/10.2166/wst.2019.413
http://doi.org/10.1016/j.cej.2020.125173
http://doi.org/10.1016/j.chemosphere.2019.125082
http://www.ncbi.nlm.nih.gov/pubmed/31629246
http://doi.org/10.1016/j.talanta.2020.120839
http://doi.org/10.1007/s11696-020-01184-4
http://doi.org/10.1016/j.microc.2018.11.005
http://doi.org/10.1191/0960327104ht480oa
http://doi.org/10.1038/s41598-019-52738-w
http://doi.org/10.1039/C4FD00248B
http://doi.org/10.1155/2017/8404965
http://doi.org/10.3390/jfb5020043
http://www.ncbi.nlm.nih.gov/pubmed/24956439
http://doi.org/10.1016/j.ecoenv.2016.05.005
http://doi.org/10.1016/j.chemosphere.2020.129432
http://www.ncbi.nlm.nih.gov/pubmed/33422997
http://doi.org/10.2478/10004-1254-63-2012-2132
http://www.ncbi.nlm.nih.gov/pubmed/22450201

Processes 2022, 10, 2152 15 of 15

40. Kermanioryani, M.; Mutalib, M..A.; Gonfa, G.; El-Harbawi, M.; Mazlan, FA.; Lethesh, K.C.; Leveque, J.-M. Using Tunability of
Ionic Liquids to Remove Methylene Blue from Aqueous Solution. J. Environ. Chem. Eng. 2016, 4, 2327-2332. [CrossRef]

41. Talbi, Z.; Haddou, B.; Ghouas, H.; Kameche, M.; Derriche, Z.; Gourdon, C. Cationic Dye Removal from Aqueous Solutions Using
Ionic Liquid and Nonionic Surfactant-Ionic Liquid Systems: A Comparative Study Based upon Experimental Design. Chem. Eng.
Commun. 2014, 201, 41-52. [CrossRef]


http://doi.org/10.1016/j.jece.2016.04.008
http://doi.org/10.1080/00986445.2012.759563

	Introduction 
	Materials and Methods 
	DES Synthesis 
	Instrumentation 

	Methods 
	MB Extraction 
	Single Parameter Optimizations 
	Cell Viability Assays 

	Results and Discussion 
	DES Selection 
	Effect of Initial pH 
	Effect of Vortex Mixing Time 
	Effect of Phase Ratio 
	Effect of Initial MB Concentration 
	Effect of Temperature 
	Effect of the Ionic Strength of Aqueous Solution 
	Effect of Molar Ratio 
	Thermodynamic study 
	FTIR Spectra 
	Cell Viability Assays 
	Comparison with Other DES and ILs 

	Conclusions 
	References

