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Abstract: Textile industries release dangerous wastewater that contain dyes into the environment.
Due to their toxic, carcinogenic and mutagenic nature, they must be removed before the discharge.
Liquid–liquid extraction has proven to be an efficient method for the removal of these dyes. As extrac-
tants, deep eutectic solvents (DESs) have shown excellent results in recent years, as well as presenting
several green properties. Therefore, four different hydrophobic DESs based on natural components
were prepared thymol:decanoic acid (T:D (1:1)), thymol:DL-menthol (T:M (1:1)), thymol:DL-menthol
(T:M (1:2)) and thymol:coumarin (T:C (2:1)) for the extraction of Malachite Green (MG), Brilliant Blue
G (BBG), Acid Yellow 73 (AY73), Reactive Red 29 (RR29), Acid Blue 113 (AB113), Reactive Black 5
(RB5), Remazol Brilliant Blue (RBB), Direct Yellow 27 (DY27), Acid Blue 80 (AB80), Direct Blue 15
(DB15) and Acid Violet 43 (AV43) dyes from water. The operational parameters of the liquid–liquid
extraction were selected in order to save time and materials, resulting in 30 min of stirring, 15 min
of centrifugation and an aqueous:organic ratio of 5:1. In these conditions, the highest values of
extraction obtained were 99% for MG, 89% for BBG and 94% for AY73. Based on these results, the
influence of the aqueous:organic phase ratio and the number of necessary stages to achieve water
decolorization was studied.

Keywords: liquid–liquid extraction; deep eutectic solvent; textile dyes

1. Introduction

The treatment of wastewaters has become a major problem as the growing world
population implies an increase in the demand for water, while water resources are becoming
scarce. This environmental problem constitutes one of the main threats to the environment
at a global scale [1]. Industrial activity from different sectors such as the textile, food, leather
or cosmetics industries is one of the main generators of these dangerous effluents [2]. In
the case of textile wastewaters, they contain dyes that give them a strong color. From the
point of view of the consumer, it must be assured that dyes give clothes a bright color that
is maintained over time. This requires the production of dyes that are highly stable under a
wide set of conditions, which ultimately hampers their treatment and removal [3].

There are currently more than 10,000 types of dyes available on the market, and around
2.8 × 105 tons of wastewater from the textile industry are discharged every year [4]. For instance,
in the leather industry, about 10–15% of the dye used during the manufacturing process ends
up in the wastewater. This huge ecological impact [5] has compelled the European Union to
legislate for wastewater quality, particularly regarding the regulation of the levels of color. These
colorants show a low biodegradability, strong color and a high chemical and biological oxygen
demand, which can cause harmful effects on aquatic ecosystems [6] and even on human health
due to their carcinogenic, mutagenic and toxic nature [3].

Effluents from the textile industry that contain dyes are usually treated by means
of physical, biological and chemical methods. Among the most common methods are
activated carbon adsorption, biological oxidation, flocculation, coagulation, ion exchange,
neutralization, electrochemical methods, microbial degradation and photocatalysis [3–5,7,8].
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Methods based on microbial and enzymatic degradation processes have gained relevance
lately. However, these strategies involve large processing times (ranging from 24 h to
6 days), minimal capacity to absorb contaminants and the release of metabolites sometimes
even more toxic than the original dye [4].

Focusing on physical separation techniques, liquid–liquid extraction has shown high
efficiency for dye removal while having a broad range of applicability [2]. It allows for
the separation of compounds based on their different solubility between two immiscible
liquids [9]. The selection of the extractant is relevant given that it will define the mass
transfer rate of the dye and, therefore, its extraction efficiency. This technique is simple in
terms of operation and offers the possibility of scaling it up [3].

Recently, a new type of solvent has been proposed and studied as extracting media for
liquid–liquid extraction: deep eutectic solvents (DESs). DESs consist of two components: a
hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD). They form a liquid
mixture with a lower melting point than the starting materials, so they are liquid in a wider
range of temperatures, while showing green properties such as non-toxicity, biodegradabil-
ity and biocompatibility [2]. In addition, they have been recently used in metal processing,
green sorption technology, nanomaterials and catalysis.

In order to test the applicability of these solvents for a diverse set of dyes, eleven
different dyes were selected: Malachite Green (MG), Brilliant Blue G (BBG), Acid Yellow
73 (AY73), Reactive Red 29 (RR29), Acid Blue 113 (AB113), Reactive Black 5 (RB5), Re-
mazol Brilliant Blue (RBB), Direct Yellow 27 (DY27), Acid Blue 80 (AB80), Direct Blue 15
(DB15) and Acid Violet 43 (AV43). MG is an organic dye derived from triphenylmethane,
that in the solid state exists as green crystals with a metallic sheen. In the human body,
apart from its mutagenic properties, it can cause tumor growth [10]. BBG is a derivative
of triphenyl methane that is used both in the textile industry and in analytical biochem-
istry for protein staining [11]. AY73, also known as fluorescent disodium salt, is used
as a fluorescent tracer in some medical applications, in the cosmetic industry and for
detergents, soaps, silk and wool [12]. RR29 is a reactive dye with an azo chromophore
group that contains a triazinyl (Procion) anchor group, used for the dyeing of cellulosic
fibers [13]. AB113 is an acid dye with two azo chromophore groups (disazo) important in
the dyeing of wool and polyamide [14]. RB5 is a reactive dye with two azo chromophore
groups and two 2-sulfooxyethylsulfonyl anchor groups (Remazol), used for dyeing cel-
lulosic fibers [15]. RBB is a reactive dye with an anthraquinone chromophore group,
and a 2-sulfooxyethylsulfonyl (Remazol) anchor group, also used for dyeing cellulosic
fibers [13]. DY27 is a direct dye containing a chromophore azo group (monoazo), a deriva-
tive of dehydrothio-p-toluidinesulfonic acid, and is used for dyeing cellulosic fibers [15].
AB80, an acid dye containing one anthraquinone chromophore group, a derivative of
1,4-diaminoanthraquinone, is used for dyeing polyamide fibers [16]. DB15 is a direct dye
with two azo chromophore groups, is derived from o-dianisidine and used for dyeing cel-
lulosic fibers. [15]. Finally, AV43 is an acid dye containing an anthraquinone chromophore
group, a derivative of 1-amino-4-hydroxy-2-phenoxyanthraquinone, used for the dyeing of
polyamide fibers [16]. The structures of all of these compounds are shown in Table S1.

In this work, a wide selection of dyes, solvents and various operative conditions were
screened in order to determine potential uses of these natural sourced solvents aiming to
reduce the negative impact of the textile industry on the environment. Thymol, DL-menthol,
decanoic acid and coumarin were chosen for the preparation of hydrophobic DESs with the
aim of testing their ability to eliminate dyes from water. The following five DESs were pre-
pared: thymol:decanoic acid (1:1) (T:D (1:1)), thymol:decanoic acid (2:1) (T:D (2:1)), thymol:DL-
menthol (1:1) (T:M (1:1)), thymol:DL-menthol (1:2) (T:M(1:2)) and thymol:coumarin (2:1)
(T:C (2:1)). After testing their stability at room temperature and in contact with water, their
extractive properties were investigated. The assays conducted included studying the influence
of dye concentration, the volumetric ratio between phases and the number of extraction cycles
necessary for the complete decoloration of the aqueous phase.
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2. Materials and Methods
2.1. Chemicals

Reagents for DES preparation: thymol (CAS 89-83-9, purity 99%) and coumarin (CAS
91-64-5, purity 99%) were purchased from Acros Organic (Geel, Belgium), DL-menthol (CAS
89-78-1, purity 98%) was purchased from Alfa Aesar (Kandel, Germany) and decanoic acid
(CAS 334-48-5, purity 99%) was supplied by Thermo Scientific (Waltham, MA, USA). Dyes: RBB
(CAS 2580-78-1) and BBG (CAS 6140-58-1) were purchased from Acros Organic (Geel, Belgium);
AB80 (CAS 4474-24-4) was supplied by Glentham Life Sciences (Corsham, United Kingdom);
DY27 (CAS 10190-68-8), DB15 (CAS 2429-74-5), RR29 (CAS 12226-09-4), AB113 (CAS 3351-05-1),
RB5 (CAS 17095-24-8) and MG (CAS 2437-29-8) were purchased from Sigma Aldrich (San Luis,
MO, USA); AV43 (4430-18-6) was supplied by TCI (Zwijndrecht, Bélgica) and AY73(518-47-8)
was purchased from Alfa Aesar (Kandel, Germany). The structures of all chemicals are shown
in Table S1 of the Supplementary Materials.

2.2. Preparation of DES

The DES were prepared by mixing the HBA and the HBD components following the
methodology described in the literature [17,18]. The components were weighed in a range
balance (AX-205 DeltaRange, Mettler Toledo, Columbus, OH, USA) with an uncertainty
of ±3 × 10−4 g and heated to 343.15 K under magnetic stirring, using an temperature con-
troller (ETS-D5, IKA, Staufen, Germany) with an uncertainty of ±0.1 K. The DES is formed
once a homogeneous liquid phase is obtained. Then, it is cooled down to room temperature.

To perform an extraction of the dye from an aqueous phase with a DES, it is important
to know the behavior of the solvent in water. Therefore, each DES was put into contact
with water in a volumetric ratio of 1:1 for 8 h and then left to settle overnight [19]. This
guarantees the correct contact between phases and proves the stability of the DES in water.
Moreover, in this process, the DES is saturated with water, which implies that it will not
capture any more water molecules, only the desired synthetic dye in the liquid–liquid
extraction of interest, and that its water content will remain constant.

To determine the amount of water that the DES has absorbed, a sample is measured
with a Coulometric KF Titrator (C20, Mettler Toledo, Columbus, OH, USA) after the exposure
to water. All stable formed DES were then characterized by studying their density and
viscosity in temperatures ranging from 293.15 to 343.15 K. An digital vibrating tube densimeter
(DSA-5000M, Anton Paar, Graz, Austria) (uncertainty of ±3 × 10−4 g cm−3) and a ball
viscometer (Lovis 2000/ME, Anton Paar, Graz, Austria) (uncertainty of ±0.03 mPa s−1) were
used in this process. The temperature was controlled with an uncertainty of ±0.02 K.

The density was modeled as a function of temperature via a linear regression. The viscosity
was adjusted to a Vogel–Fulcher–Tammann model, whose Equation (1) is presented below.

µ = µ0 e
B

T−T0 (1)

2.3. Liquid–Liquid Extraction Procedure

In order to compare the capability of these DESs to extract each of the eleven dyes,
the same operational parameters of liquid–liquid extraction were selected: 30 min of
stirring, 15 min of centrifugation and an aqueous:organic phase ratio of 5:1 (v/v). Different
concentrations of dye solutions were studied (50, 100, 200 and 500 mg L−1) with the aim of
determining the influence of dye concentration.

Mixtures of DES and aqueous solution were prepared and stirred at 298.15 K in a
magnetic stirrer (RSM-08-10K, Phoenix, Garbsen, Germany) to ensure a proper mixture
between both phases. Afterwards, the solution was centrifugated at 7000× g rpm with a
centrifuge (Universal 320, Hettich, Tuttlingen, Germany). Following this, two different
layers can be observed: an aqueous phase with the residual dye and an organic phase
containing the dye extracted and the DES.

The concentration of the unextracted dye in the aqueous phase was determined
by absorbance using an UV-vis spectrophotometer (V-750 UV–Vis, Jasco, Tokyo, Japan)
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(uncertainty of ±0.002 abs from 0 to 0.5 abs and ±0.003 abs from 0.5 to 1 abs). The
wavelength used was 617 nm for MG, 591.5 nm for BBG, 487 nm for AY73, 532 nm for RR29,
566.5 nm for AB113, 597.5 nm for RB5, 591.5 nm for RBB, 397.5 nm for DY27, 626 nm for
AB80, 596 nm for DB15 and 569 nm for AV43.

Finally, the extraction efficiency (EE) can be calculated according to Equation (2):

EE(%) = 100
(C0 − Cf)

C0
(2)

where C0 and Cf correspond to the initial and the final concentration of dye in the aqueous
phase, respectively.

Depending on the obtained EE results, other ratios were tested as well as several
extraction cycles following the same procedure.

3. Results and Discussion
3.1. DES Formation and Characterization

After cooling down, all DESs remained liquid. Only the mixture T:D (2:1) solidified
after settling for some days, thus indicating the instability of the liquid formed and the
impossibility of a DES formation with these two components in this mentioned ratio.
Therefore, its use as a separation agent was discarded. The water content after saturation
of the solvents is listed in Table S2, and all values are low enough to ensure immiscibility.

Characterization in terms of density and viscosity is also presented in the Supplemen-
tary Materials in Tables S3–S6 and Figures S1 and S2.

3.2. Extraction Results

Table S7 shows the extraction values tested using the operational conditions mentioned
in Section 2.3. The reported values are the average of three extraction assays.

The best results were obtained for MG mainly using T:D (1:1), T:M (1:1) and T:C (2:1) and
also good results were obtained using T:M (1:2). Furthermore, the EE varies slightly when the
initial concentration of dye increases. Similarly, the results obtained using the four DES in the
extraction of BBG are good, although lower than for MG. The EE obtained using T:M (1:1) is
lower than when using the other DESs. In addition, the variation of EE with concentration is
pronounced when using T:M (1:1) and T:M (1:2). In the case of AY73, the best results were
achieved using T:D (1:1), while quite low EE results were obtained with the other three DES.
Worse results were obtained for AV43 with a maximum EE around 33% using T:D (1:1) and
22% with T:C (2:1) for a dye concentration of 50 ppm. Using T:M (1:1), the extraction was
less than 3%. The results obtained for the other dyes are lower: a maximum of 25% for the
extraction of RBB with T:C (2:1) and a maximum of 23% for DY27 with T:M (1:1). Values lower
than 3% using any of the four solvents were obtained for RB5 and AB80.

Figure 1 shows the results obtained for MG, BBG, AV43 and AY27 with a concentration
of 100 mg L−1.
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Dyes can form hydrogen bonds with water and with DES. Consequently, their hydro-
gen bonds acceptor (HBA) and hydrogen bonds donor (HBD) counts should be related
to the extraction efficiency, even though there are other contributing factors such as chain
flexibility and aromaticity. Menthol and thymol have a hydroxy group that serves both as
HBD and HBA. Decanoic acid has another -OH group with the same behavior, plus another
HBA count in the oxygen atom present in the carboxyl group. Coumarin has two HBA
counts in the two oxygen atoms present in the molecule, as seen in Table S1. According
to that, the DES constituted by thymol and decanoic acid still has one HBD and two HBA
available to form hydrogen bonds with dyes, facilitating dye extraction. This fact could
explain the better results obtained with T:D (1:1). However, the formation of hydrogen
bonds between the dye and water hampers the extraction, so it is expected that dyes with
higher HBA and HBD counts will be more difficult to extract. The HBD counts of these
dyes vary from zero for MG to four for DB15, while the HBA counts range from one for
MG to twenty-four for RB5, with MG being the most easily extracted, while the EE for RB5
is lower than 5%. In general, an increase in HBA counts in the dye (mainly due to oxygen
atoms) implies a decrease in EE. Figure 2 shows the EE obtained for all dyes using T:D (1:1)
as a solvent, with an initial dye concentration of 100 mg L−1.
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3.3. Influence of Aqueous:Organic Phase Ratio

In order to analyze the influence of aqueous:organic ratio, 1:1, 2:1 and 4:1 ratios were
tested using dye concentrations of 100 mg L−1 of BBG, AY73, MG and AV43 dyes, and
those solvents whose EE obtained with a 5:1 ratio was between 7% and 75%. The values
obtained are reported in Table 1.

Table 1. Influence of aqueous:organic phase in EE.

DES Ratio T:D (1:1) T:M (1:1) T:M (1:2) T:C (2:1)

BBG

1:1 - 72.9 62.8 -
2:1 - 84.6 56.2 -
4:1 - 76.9 54.4 -
5:1 87.7 78.5 53.5 84.2

AY73

1:1 - 39.9 95.2 67.5
2:1 - 22.9 63.6 40.9
4:1 - 13.0 33.2 19.7
5:1 94.3 7 20.3 19.9

MG

1:1 - - 84.9 -
2:1 - - 77.7 -
4:1 - - 68.6 -
5:1 99.9 89.3 70.0 99.6

AV43

1:1 68.8 - - 59.0
2:1 41.8 - - 35.8
4:1 28.6 - - 21.5
5:1 19.9 <3 <3 19.2
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As it can be seen, the ratio influence is different depending on the DES. However, a
general tendency can be observed: as the proportion of DES is increased, the EE grows
due to the fact that the dye becomes more available to the extractant. The greatest increase
is observed for AY73, varying the extraction from 20.3% to 95.2%. Increases of around
10% were obtained in the extraction of BBG with T:M (1:1) and T:M (1:2), similar to those
achieved in the extraction of MG with T:M (1:2). A similar increase of EE is obtained using
T:D (1:1) and T:C (2:1) to eliminate AV43, from around 19% to 68.8% and 59.0%, respectively.

3.4. Number of Cycles

For several selected DES and dye systems where one cycle extraction for an initial
concentration of 100 mg L−1 has an acceptable value, but yielded insufficient decolorization,
several extraction cycles with fresh solvent were performed on the same aqueous phase.
This way, the DES consumption could be reduced. Upon each cycle, the concentration,
extraction efficiency and color coordinates in the CIE L*a*b* color space determined are
shown in Tables S4–S6. The color coordinates measured for tap water were L = 99.97,
a = −0.02 and b = 0.13.

For each solvent, the influence of the dye is studied. For the T:D (1:1) solvent, at the
5:1 aqueous phase:DES ratio, the results are shown in Table S8. A very high EE is achieved
for MG, with full color removal in one extraction cycle. Meanwhile, AY73 requires two
extraction cycles for full decolorization. BBG reaches a stable concentration of 6.3 mg L−1

after the second extraction cycle, with the solvent being unable to achieve full decolorization
of the aqueous phase. For AV43, an aqueous phase:DES ratio of 1:1 was selected, with the
EE rising with the extraction cycles, achieving full decolorization after three cycles.

For the T:C (2:1) DES, the results are presented in Table S9. MG presents, once more, a
very high EE, with full decolorization in a single extraction cycle. BBG presents a gradual
decrease in EE, with the solvent unable to significantly reduce the concentration below
5 mg L−1, which was achieved after three extraction cycles. For AV43, again with an
aqueous phase:DES ratio of 1:1, the EE increases with the extraction cycles, attaining full
decolorization in three cycles.

Finally, for the T:M (1:1) DES applied to the extraction of BBG, a decline of EE from a
value of 72.9% to 39% can be seen, remaining constant for the second and third cycles. In
the fourth cycle, a sharp decrease to a marginal extraction of 1.5% was observed, resulting
in a concentration of around 10 mg L−1, which remains constant for further extraction
cycles, never achieving full decolorization.

Figures 3 and 4 show the variation of the concentration for BBG and AV43 depending
on the DES used and the cycle.
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3.5. Comparison Study with Bibliographical Precedents

In the field of dye extraction with DESs, there are some papers using liquid–liquid
extraction with different DESs for MG, while for the rest of the dyes, the literature mainly
relates to adsorption or biodegradation processes. Arcon and Franco [4] reported the
extraction of MG with DES formed by dodecanoic acid, combined with various carboxylic
acids with an alkyl chain from 8 to 10, with >99% EE, similar to those obtained in this
work using T:D (1:1) and T:C (2:1). Li et al. [20] used a thymol:camphor (1:1) DES, with
TMN-10 as an emulsifier, and the percentage of extraction efficiency obtained was 99.3%.
Moreover, Faraji et al. [21] showed high recovery results—97.5% of efficiency—using a
thymol and benzyltrimethylammonium chloride-based DES, in a 4:1 ratio, and adding
NaCl to cause the salting-out effect. Finally, Aydin et al. [22] used a choline chloride:phenol
(1:4) DES, with tetrahydrofuran, in an ultrasound microextraction method and obtained
more than 95% removal for MG with a ratio of 20:1. These studies, while showing positive
results in terms of efficiencies, also present the use of toxic and environmentally concerning
substances and functional groups, such as tetrahydrofuran or phenol.

Moreover, the most used method to study the elimination of dyes is adsorption, as in
the case of MG [23,24], AB113 [25–27], RB5 [27], RBB [28], DY27 [29,30] and AB80 [31,32] or
biodegradation for the elimination of AB113 [33], RB5 [34,35], DB15 [36–38] and BBG [39,40].

The extraction of RB5 using aqueous two-phase systems formed by non-ionic sur-
factants and choline chloride:urea (1:2) as a salting-out agent [4] reaching an extraction
efficiency > 89% was reported by Fernandez [41]. An aqueous two-phase system, formed
by Tween 80 or Tween 20, choline bitartrate and water, was also applied to eliminate RB5
from water [42]. The extraction efficiency of RBB from aqueous solutions reached ≥99.4%
applying aqueous two-phase systems based on the ionic liquid 1,3-dibutylimidazolium
dicyanamide [43].

4. Conclusions

The capability of T:D (1:1), T:M (1:1), T:M (1:2) and T:C (2:1) to extract RBB, BBG, AB80,
DY27, DB15, RR29, AB113, RB5, MG, AV43 and AY73 in aqueous concentrations of 50, 100,
200 and 500 mg L−1 was tested. The best results were obtained for T:D (1:1) following the
trend MG > AY73 > BBG > AV43 > RR29. Very good results were obtained in the extraction
of MG and BBG with T:C (2:1). T:M (1:1) gives better results than T:M (1:2), and in both
cases, the higher EE corresponds to the elimination of MG and BBG. None of the tested
DES is adequate to eliminate RB5, RBB, DY27, AB80, AB113 and DB15.

EE can be improved by decreasing the volumetric ratio of the aqueous and organic
phase, even though the results are quite different depending on the dye and the DES. Using
T:C (2:1) in a ratio of 1:1, the EE increases from 19.9 to 67.5 for AY73 and from 19.2 to 59.0 for
AV43. For AY73, in the case of T:M (1:2), the efficiency rose from 20.3 to 95.2 when reducing
the ratio from 5:1 to 1:1. The other remarkable effect is the increment of EE from 19.9 to
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68.8 in the extraction of AV43 with T:D (1:1). Even though some of the results achieved
showed limitations for these solvents, it has been demonstrated that they are capable of
substituting some of the toxic agents and environmentally impactful techniques reviewed
in Section 3.4. Finally, according to the results of the color coordinates in the CIE L*a*b*
color space obtained, water decolorization was achieved for MG in one cycle using T:D
(1:1) or T:C (2:1), for AY73 in two cycles using T:D (1:1) and for AV43 in three cycles using
T:D (1:1) or T:C (2:1).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations9120442/s1, Figure S1: Density measured values for:
T:D(1:1), (n); T:M(1:1), (N); T:M(1:2), (�) and T:C(2:1), (•); and linear regression (dashed lines) for the
stable DESs; Figure S2: Kinetic Viscosity measured values for: T:D(1:1), (n); T:M(1:1), (N); T:M(1:2),
(�) and T:C(2:1), (•); and VFT modelling (dashed lines) for the stable DESs; Table S1: Structures of
chemicals.; Table S2: Water content of the DES after saturation expressed as mass fraction; Table S3:
Density of the stable DES after hydration, at temperatures ranging from 293.15 K to 343.15 K. Results
are expressed as g cm−3; Table S4: Rate of change (g cm−3 K−1), y-intercept (g cm−3) and coefficient
of determination for the linear adjustement of the density data; Table S5: Kinetic viscosity of the stable
DES after hydration, at temperatures ranging from 293.15 K to 343.5 K. Results are expressed as mPa·s;
Table S6: Parameters for the adjustement of the kinetic viscosity data to a Volger-Fulcher-Tammann
equation (VFT equation); Table S7: Extraction efficiencies for all DESs and dyes under consideration
at 50, 100, 200 and 500 mg L−1, in aqueous:organic ratio of 1:1; Table S8: Cycle number, initial
concentration C0, final concentration Cf, extraction efficiency (%) and colour coordinates from the
CIE 1976 L*a*b* system, for the extraction with T:D (1:1) for BBG, AY and MG at aqueous:organic
ratio of 5:1, and AV aqueous:organic ratio of 1:1; Table S9: Cycle number, initial concentration C0,
final con-centration Cf, extraction efficiency (%) and colour coordinates from the CIE 1976 L*a*b*
system, for the extraction with T:Cu (1:1) for BBG and MG at aqueous:organic ratio of 5:1, and AV at
aque-ous:organic ratio of 1:1; Table S10: Cycle number, initial concentration C0, final concentration Cf,
extraction efficiency (%) and colour coordinates from the CIE 1976 L*a*b* system, for the extraction
with DES T:M (1:1) for BBG at DES:aqueous phase ratio 1:5.
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