Open Access Article. Published on 17 April 2024. Downloaded on 10/27/2025 4:18:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 12349

ROYAL SOCIETY
OF CHEMISTRY

(3

Harnessing the power of natural deep eutectic
solvents (choline chloride/sucrose) and
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biphasic systems and the application of these
systems in drug extractiony
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In recent times, there has been considerable interest in utilizing aqueous biphasic systems (ABSs) containing

natural deep eutectic solvents (NADESs) for the extraction of various substances. In this study, we focused

on investigating the phase behavior of ABSs composed of poly(propylene) glycol 400 and NADESs
(specifically, choline chloride/sucrose with molar ratios of 2:1 and 1:1). By analyzing the compositions
of tie-lines, it was observed that these ABSs, which consist of four components, exhibit characteristics
similar to ternary systems. To examine the influence of molar ratios on phase separation, the binodal

model was applied to the obtained binodal data. The NRTL and UNIQUAC models were employed to

establish correlations for the tie-lines. Moreover, we examined the extraction capabilities of the

aforementioned ABSs for three commonly used drugs: diclofenac potassium, acetaminophen, and
salicylic acid. To assess the efficiency of extraction, partition coefficients and extraction efficiencies were
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calculated for each drug. The results revealed that the extraction efficiency of these drugs into the

polymer-rich top phase is dependent on their hydrophobicity. Furthermore, we employed the Diamond-
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1. Introduction

Aqueous biphasic systems (ABSs) are widely used in various
biotechnological applications due to their ability to separate
biomolecules such as enzymes and proteins.”” ABSs offer
a cleaner and more sustainable alternative to traditional
organic-water solvent extraction systems. Recently, deep
eutectic solvents (DESs) have been employed to create ABSs for
biomolecule extraction.>® DESs are a type of liquid solvent that
was introduced in 2003.” They are formed by combining and
heating at least two starting chemicals, resulting in the forma-
tion of hydrogen bonds between a hydrogen-bond donor (HBD)
and a hydrogen-bond acceptor (HBA). These DESs exhibit
substantially lower melting points than their individual
constituents. Among DESs, natural deep eutectic solvents
(NADES) have gained attention as bio-based alternatives,
derived from plant compounds such as organic acids, sugars,
alcohols, amines, and amino acids.***° The application of DESs
as phase forming components in ABSs was pioneered by Xu and

Department of Physical Chemistry, University of Tabriz, Tabriz, Iran. E-mail:
zafarani4d7@yahoo.com; Fax: +98 4133340191; Tel: +98 4133393135
(ESI) DOIL:

+ Electronic  supplementary information available.  See

https://doi.org/10.1039/d3ra07066b

© 2024 The Author(s). Published by the Royal Society of Chemistry

Hsu equation, along with its modified version, to establish correlations between the experimental
partition coefficients of the drugs and NADES overall concentrations.

colleagues.*>'** Studies on these ABSs™ have provided
compelling evidence that the interactions between HBA and
HBD are disrupted in the presence of water, leading to the
complete breakdown of DES complexes at high water concen-
trations. Consequently, in DES-based ABSs, the molar ratio
between HBA and HBD is disrupted in the coexisting phases,
indicating that HBA and HBD function as separate phase
forming components in ABSs, resulting in a quaternary
mixture.” In the context of this research, Farias et al.® investi-
gated the capability of natural deep eutectic solvents to form
ternary-like ABSs. Their ABS system consisted of polypropylene
glycol with a molar mass of 400 g mol ™' (PPG400) and the
NADES, with choline chloride (ChCl) serving as the HBA and
glucose or urea as the HBD.

This study revealed that the combination of various factors,
such as the composition of the ABS components and the
hydrophobicity/hydrophilicity of the hydrogen bond donor
(HBD), enables the creation of ABS systems in which the stoi-
chiometry of the hydrogen bond acceptor (HBA) to HBD, as used
in the preparation of natural deep eutectic solvents (NADES), is
preserved in the equilibrium phases. As a result, these ABSs
exhibit behavior similar to ternary systems.® Similarly, investi-
gations have been conducted on the phase behavior of ABSs
consisting of PPG400 and NADES (choline chloride: fructose)
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with different molar ratios.* In our previous research on the
stability of natural deep eutectic solvents in aqueous solutions
using vapor-liquid equilibria (VLE), we discovered that the
hydrogen bonds between the initial components of the NADES
were weakened when diluted with water. Ultimately, at
approximately 75 wt% water content, the hydrogen bonds
completely vanished.*>*¢

In this work, we investigated an aqueous biphasic system
consisting of PPG400 and a natural deep eutectic solvent
(NADES) composed of choline chloride as the hydrogen bond
acceptor (HBA) and sucrose as the hydrogen bond donor (HBD)
with molar ratios of 2:1 and 1:1. The experiments were con-
ducted at a temperature of 298.15 K and atmospheric pressure
(approximately 85 kPa). The binodal data and tie-lines were
determined for these ABSs. Equations proposed by Merchuk'”
and Zafarani-Moattar et al.*® were employed to fit binodal data.
The binodal theory based on effective excluded volume (EEV)*
was utilized to describe the influence of the two different molar
ratios of NADES on the position of the binodal curves.

Tie-lines were also determined for the ABSs consisting of
PPG400, ChCl:sucrose (in 2:1 and 1:1 molar ratios), and
water. The purpose was to investigate whether the stoichiometry
of the initial components of NADES is maintained in the top
and bottom phases. Based on the obtained data, it was observed
that these studied ABSs behave as either ternary or quaternary
systems. The experimental tie-lines were fitted using two local
composition models, namely NRTL** and UNIQUAC.*"*?

In addition, our research delved into the use of these
aqueous biphasic systems to separate diclofenac potassium,
acetaminophen, and salicylic acid. We calculated partition
coefficients (K) and their corresponding extraction efficiencies
(EE%) at various tie-lines to explore how the ratio of natural
deep eutectic solvents (NADES) and the characteristics of the
drugs influenced their separation. To further analyze the
results, we applied the Diamond-Hsu model and its modified
version to fit the partition coefficient values.

2. Chemicals and methods

2.1. Chemicals

The choline chloride (>99 wt%) was provided from Daejung.
Merck provided sucrose with a purity greater than 99.5 wt%, as
well as PPG with a molar mass of 400 g mol~". Diclofenac
potassium, acetaminophen, and salicylic acid, each with
a purity exceeding 99.5 wt%, were sourced from Danna

Table 1 Descriptions of the used chemicals
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Pharmaceutical Company in Iran. These chemicals were used
without further purification. For solution preparation, double-
distilled deionized water with a conductivity of 0.055 pS cm ™"
was used. The Karl-Fischer technique was employed to deter-
mine the water content of the compounds, and additional
information about the chemicals is detailed in Table 1.

2.2. Preparation of NADES

In this research, a particular type of natural deep eutectic
solvent (NADES) was prepared using choline chloride as the
hydrogen bond acceptor (HBA) and sucrose as the hydrogen
bond donor (HBD) in different molar ratios of 2: 1 and 1: 1. The
preparation of NADES followed the procedure outlined in
previous studies.?*** Initially, choline chloride and sucrose were
combined in a 50 mL round-bottom flask. The flask was then
placed in a paraffin oil-bath heated by a hot plate stirrer. The
mixture was stirred for 2 hours at a temperature of 353.15 K
until a colorless and homogeneous liquid was obtained. The
temperature of the NADES was continuously monitored using
a thermometer with an accuracy of £0.01 K. Subsequently, all
samples were carefully stored in tightly sealed vials within
a controlled moisture environment.

To assess the water content in the prepared NADES, Karl-
Fischer analysis was conducted, revealing a mass fraction of
water content of 0.0008.

2.3. Methods

2.3.1. Determination of phase diagrams and tie-lines. To
construct the phase diagrams, the cloud point titration method
was employed, following established techniques described in
previous studies.”®* The experiments were conducted at
a temperature of 298 K and atmospheric pressure (85 kPa). The
method involved the gradual addition of NADES aqueous
solution dropwise to a PPG400 solution until the appearance of
a cloudy solution, indicating the presence of a biphasic region.
Subsequently, water was added dropwise until a clear and
monophasic region was observed. Aqueous solutions of PPG400
at a concentration of 60 wt% and NADES at a concentration of
60 wt% were utilized to determine the binodal curves.
Throughout the experiment, continuous stirring was main-
tained. During the preparation of the solutions, the water
contents of the chemicals were considered, and measurements
were conducted using a Karl Fischer coulometer (Metrohm 751
GPD). A Shimadzu analytical balance (321-34553, Shimadzu Co.,

Material Provenance CAS number  Purity (mass fraction)  Purification method Water content” (mass fraction)
Choline chloride Daejung 67-48-1 >0.99 Dried in vacuum over P,Os  0.0008
PPG.00 Fluka 25322-69-4 >0.99 None 0.0020
Sucrose Merck 57-50-1 >0.995 Dried in vacuum over P,O;  0.0007
Diclofenac potassium  Danna. Iran  — >0.995 None 0.0001
Salicylic acid Danna. Iran  — >0.995 None 0.0001
Acetaminophen Danna. Iran  — >0.995 None 0.0001

“ Determined by Karl-Fischer method.
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Japan) with a precision of =1 x 10”7 kg was used to determine
the mass fraction of the components. The maximum uncer-
tainty associated with determining the mass fraction of the
polymer and NADES was found to be 0.002.

To determine the tie-lines, a total of five solutions with
different compositions were prepared for each aqueous
biphasic system (ABS) comprising of {PPG400 + NADES (ChCl :
sucrose 2:1 and 1:1 molar ratios) + water}. For each tie-line,
a precise gravimetric preparation of the biphasic region was
carried out with an accuracy of +10~7 kg, involving the
combination of NADES, polymer, and water. These solutions
were vigorously stirred for 30 minutes, followed by centrifuga-
tion and placement in a water bath at 298 K until equilibrium
was reached. The compositions of the coexisting phases were
then determined through analytical methods.

The quantification of sucrose compositions was accom-
plished using the phenol-sulfuric acid method.”®* In this
procedure, a 2 mL aliquot of the carbohydrate solution was
mixed with 1 mL of a 5% aqueous solution of phenol in a test
tube. Subsequently, 5 mL of concentrated sulfuric acid was
rapidly added to the mixture. The test tubes were allowed to
stand for 10 minutes, followed by vortexing for 30 seconds
before being placed in a water bath at room temperature for 20
minutes to develop color. The light absorption at 490 nm was
then recorded using a spectrophotometer (model: SPECORD 40-
Series Analytik Jena AG-Germany).

For the preparation of reference solutions, the same proce-
dure as described above was followed, with the exception that
the 2 mL aliquot of carbohydrate solution was replaced with
double distilled deionized water.

To ascertain the polymer concentration in both phases, the
refractive index method introduced by Cheluget et al®*® was
employed. The refractive index of the solutions was measured
using a refractometer (ATAGO DR-A1, Japan) with a precision of
0.0001. The uncertainty associated with the refractive index
measurement was estimated to be 0.0002.

According to the refractive index method,* for dilute
aqueous solutions of each phase of an ABS, there is a relation
between the refractive index of solution, np, and the corre-
sponding components mass fractions. The relation between np
and mass fractions of polymer, wp, choline chloride, w. and
sucrose, Wg,, takes the following form:

np = ny + aywp + dWe + sy Weu (1)

here, n, is the refractive index of pure water for which the value
1.3325 at T'= 298.15 K was obtained. The values of constants a,
a. and as corresponding to polymer, choline chloride and
sucrose respectively were obtained from the linear calibration
plots of the corresponding refractive index of the solutions
diluted in mass fraction range (C range (w/w)) as showed in
Table 2. These constants together with the coefficient of deter-
mination values, R, are reported in Table 2. By knowing these
constants, we have four unknowns in eqn (1). The 7y, of diluted
solutions of each phase in the mass fraction range of Table 2,
was measured by a refractometer. The sucrose mass fraction wg,
was determined by phenol-sulfuric acid procedure outlined

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The parameter values of egn (1), a,, for ABS containing {ChCl
(c) : sucrose (f) +PPGy4q0 (p) + water (w)}

Material Constant Value C range (w/w) R*

PPGy00 a, 0.1323 0 to 0.10 0.9994
ChCl ac 0.1452 0 to 0.08 0.9987
Sucrose as 0.1486 0 to 1.80 0.9968

“ Where the coefficient of determination, R?, represents the respective
correlation coefficient value of the linear calibration plot of the
refractive index against the mass fraction of ChCl, polymer, and
sucrose within the mass fraction range (C range) of each material.

above. Now by inserting the measured np, and wy, in eqn (1), we
obtain an equation with only two unknowns wy, and w.. On the
other hand the sum of mass fractions in each phase is equal to
unity (wy, + wp + w, + Wy, = 1, here w,, is water mass fraction); so
that, by inserting the water contents w,, value of each phase,
measured by the Karl Fischer method, we will reach the second
equation again with two unknowns wy, and w,. By solving these
mentioned two equations for wp, and w, the mass fractions of
polymer and choline chloride were determined. The uncertainty
by this method was about 0.008 for each mass fraction of the
ABS components.

2.3.2. Drugs partition coefficient and the corresponding
extraction efficiency. To evaluate the effectiveness of the
investigated ABSs in terms of drug partitioning and extraction
efficiency, five mixture compositions (as presented in Table 5)
were selected based on the previously determined phase
diagrams for {NADES (ChCl : sucrose) + PPG400 + H,O} systems.

Table 3 Experimental binodal data of mass fraction (wt%) for the
systems containing {ChCl: sucrose (Wnapes) + PPGaoo (W) + HoO} at
298.15 K and atmospheric pressure (=85 kPa)*

Wnapes Molar Wnapgs Molar

ratio 2: 1 wp ratio1:1 wp
6.33 50.97 9.44 44.77
6.48 50.36 9.62 43.98
6.61 49.75 9.99 43.21
7.04 48.04 10.33 42.21
7.49 46.30 10.83 40.99
8.14 44.04 11.37 39.40
8.72 41.63 12.03 37.18
9.57 38.63 12.64 35.57
10.30 35.88 13.43 33.91
11.21 33.33 14.09 32.01
11.94 31.10 14.92 29.98
12.74 28.61 15.71 28.98
13.48 26.79 16.82 26.53
14.25 24.74 17.66 25.53
14.90 22.86 18.68 23.88
15.79 21.23 19.74 22.59
16.77 20.17 20.68 21.44
17.33 18.49 21.79 20.05
18.47 17.73

19.01 16.32

20.14 15.58

“ The standard uncertainties ¢ for temperature, pressure, and mass
fraction are: ¢(7) = 0.05 K; a(p) = 0.5 kPa; and a(w;) = 0.005, respectively.
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These mixtures were designed to have similar overall compo-
sitions to those used for obtaining the tie-lines. The prepared
mixtures were subjected to vigorous stirring for a duration of 30
minutes. Subsequently, they were carefully transferred to
a water bath, where they were maintained at the desired
temperature. Upon the observation of phase separation, 1 mL of
each phase was meticulously isolated. These separated phases
were then combined and further supplemented with a 0.002
mass fraction of the drugs (diclofenac potassium, salicylic acid,
and acetaminophen) under investigation.

The samples were then subjected to centrifugation at
2000 rpm for 10 minutes and kept in a water bath for 24 hours
to ensure complete phase separation and reach equilibrium.
After the establishment of equilibrium, the concentrations of
diclofenac potassium, salicylic acid, and acetaminophen in
both phases were determined using UV spectroscopy with
a spectrophotometer mentioned earlier at specific wavelengths:
284 nm for diclofenac potassium, 261 nm for salicylic acid, and
303 nm for acetaminophen. In order to mitigate interference
from the components present in the phases, the samples were
appropriately diluted and analyzed alongside blanks containing
the same phase components but without the drugs.*

The partitioning coefficient, K, and extraction efficiency,
EE%, were calculated respectively by eqn (2) and (3) as below:

Wto
K = 1OPdrug (2)
Whotgrug
K
EE% = 100 3
0 K+1 X ( )

here, Weop,,, and Whot,,, are the mass fractions of drug in the top
and bottom phases respectively.

3. Results and discussion

3.1. Phase diagram

The phase diagrams of studied ABS composed of PPG400,
NADES (obtained at two molar ratios of ChCl: sucrose (2:1 and
1:1)), and water at 298.15 K are plotted in Fig. 1, and the
experimental mass fraction data are also listed in Table 3.

The binodal data presented in Table 3 were fitted to the
equations presented by Merchuk,” eqn (4), and Zafarani-
Moattar et al.,”® eqn (5) using a nonlinear least-square regres-
sion method.

0.5 3
Wwp = aexp(bwnaDpes ~ — CWNADES ) (4)
wp = a + B1In(WnaDpES) + YWNADES (5)

In above equations w, and wnapgs are mass fractions of
polymer and NADES, respectively. The adjustable parameters of
eqn (4) and (5) {(a, b, and c¢) and (e, 8 and 7)} together with the
corresponding standard deviation, sd, are presented in Table 4.
The obtained sd values indicate a good performance of both
equations in regeneration of binodal data.

3.1.1. The effect of molar ratio of NADES on the phase
formation. The impact of the molar ratio of NADES on the
biphasic region in the (PPG400 + NADES + water) system can be
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Fig. 1 Experimental binodal data of ABS composed of mixtures of
ChlICL: sucrose at different molar ratio, PPG4q0, and water at 298.15 K:
2:1(#);1:1(M); PPGyoo + ChCl + water (A);*2 (—) line is calculated
binodal data from eqgn (4).

Table4 The parameters values of egn (4), (a, b, ¢), egn (5), («, 8, v), and
eqn (6) (v yapes-ws ). for {PPGago + ChCL (HBA) + sucrose (HBD) +
H,0} systems at 298.15 K

Merchuk (eqn (4))

HBA:HBD a b c 100 sd“

1:1 1.9800 —4.8015 5.3315 0.27

2:1 1.7492 —4.8182 40.0377 0.53
Zafarani-Moattar et al. (eqn (5))

HBA: HBD « B8 ¥ 100 sd

1:1 —0.5674 —0.4034 0.6976 0.21

2:1 —0.4509 —0.3453 0.2146 0.49

Effective excluded volume theory, binodal
model (eqn (6))

HBA:HBD Y, NADESw f 100 sd
1:1 4.2672 9.9934 1.56
2:1 5.0020 10.7063 1.29
ChCl + PPG + water*> 5.2765 13.6546 0.84

N 05
2sd= () (wfal — w?"p)2 /N) where N and w, represented number of

i=1

binodal data and mass fraction of PPG,,, respectively.

examined by referring to Fig. 1. The figure illustrates that the
biphasic region for NADES expands as the molar ratio increases,
suggesting that an elevated concentration of ChCl promotes
phase separation. In order to assess the influence of ChCl on the
phase separation, the binodal curve for the ternary (PPG400 +
ChCl + water) system® is also depicted in Fig. 1. It is evident that
the biphasic region for the ABS comprising PPG400 and ChCl is
larger when compared to the ABS involving the (PPG400 +

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NADES + water) system, indicating a more pronounced salting-
out effect when pure ChCl is employed.

A similar trend was observed in the comparison of ABSs
containing NADES (ChCl: glucose) and PPG400 with various
molar ratios, as well as ABSs consisting of ChCl and PPG400, as
reported by Farias et al.® It has been postulated®>* that in these
types of ABSs, the formation of ABS is driven by a salting-out
mechanism induced by ChCl, which exhibits salt-like behavior
and possesses a higher capacity for forming hydration
complexes. Consequently, ChCl acts as a potent salting-out
agent.

In order to assess the impact of the molar ratio of NADES on
the stability of the salting-out phenomenon, the binodal model
developed by Guan and colleagues' was employed. This model
enabled the correlation of the experimental binodal data pre-
sented in Table 3 with eqn (6). By utilizing this correlation, the
effective excluded volume (EEV), which serves as an indicator of
salting-out strength, could be determined:**

WNADES . * Wp
In(v' _NADES | 4 +y “2—0 (6)
-NADES- NADES -NADES-
P Y MNaDES p Y M,
N
Vo-NADES-w = PVaVp-NADES-w (7)

Here, v;_NADES_W denotes the polymer's effective excluded volume
(EEV) in an aqueous solution containing NADES. This param-
eter shows the spacing of the nearest polymer molecular
centers. fuapgs is the volume fraction of the unfilled effective
available volume after tight packing of NADES molecules into
the network of the polymer molecules in the polymer aqueous
solution. v, Napes-w i the volume of polymer species at constant
solution density, p, in presence of NADES. M}, Myapgs, Wp and
Wnapes are molar masses and mass fractions of polymer and
NADES, respectively.

The EEV values, v;,NADES_W, presented in Table 4 and binodal
curves depicted in Fig. 1 indicate that the larger EEV values are
obtained for system with greater salting-out strength. These
values are increased by increasing molar ratio of HBA: HBD
from (1:1) to (2:1) indicating that choline chloride plays an
important role as the salting-out effect.

3.2. Analysis of tie-lines

The tie-lines and binodal curves for the ABSs composed of
PPG400 and NADES (ChCl: sucrose) with two molar ratios (2:1
and 1:1) are presented in Fig. 2. The experimental tie-lines and
their corresponding tie-line lengths (TLL) for the investigated
systems are summarized in Table 5. The results demonstrate
a consistent pattern, with the top phase consistently enriched in
PPG400 (>79 wt%) across different molar ratios of NADES and
tie-line lengths. The majority of the bottom phase composed of
water (>50 wt%), as well as higher concentrations of ChCl and
sucrose compared to the polymer, thus indicating a ChCl-rich
phase. This behavior aligns with previous findings for ABSs
containing NADES (ChCl: glucose or urea) and PPG400 with
varying molar ratios.®

Fig. 2 further reveals that, among ABSs with different molar
ratios, the ChCl-rich phase is more influenced by variations in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Phases diagram for the ABS composed of {NADES [ChCl:
sucrose] + PPGyo0 + H,O} at 298 K and different ChCl: sucrose molar
ratios: (A) 2:1; (B) 1:1; tie-line overall composition (A), binodal curve
(@), tie-line phase composition ().l — M, experimental tie-lines;
[....0, calculated tie-lines using the NRTL model.

the TLL compared to the PPG400-rich phase. Increasing the TLL
leads to a significant reduction in the water content of the
bottom phase, resulting in higher concentrations of ChCl and
sucrose. However, the composition of the PPG-rich phase only
undergoes slight changes in response to variations in the TLL or
overall compositions. To investigate the final stoichiometry of
the hydrogen bond acceptor to hydrogen bond donor (HBA:
HBD) in the coexisting phases, the ChCl: sucrose molar ratios
were calculated for both phases of the studied tie-lines, and the
results are presented in Table 6 and Fig. 3. This comparison
allows us to assess the agreement between the initially selected
molar ratios (2 : 1and 1: 1) and the calculated final molar ratios.
The fairly good agreement observed suggests that the initial
molar ratios are approximately maintained, supporting the
characterization of the studied ABS as a ternary-like system.

RSC Adv, 2024, 14,12349-12359 | 12353
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Table5 Experimental tie-line values of {ChCl (HBA) + sucrose (HBD) +
PPGyo0 + H>O} systems at 298.15 K and atmospheric pressure (=85
kPa)*

HBA: Overall

HBD  composition/wt%  HBA:HBD (mol : mol)

molar

ratio  [HBA:HBD] [PPG] PPG-rich phase ChCl-rich phase TLL
2:1 14.56 36.07 2.491 £+ 0.13 1.931 £ 0.09 63.10
1:1 1.194 + 017 0.982 £ 0.20 61.12
2:1 15.9 35.92 2.351 + 0.10 2.119 £ 0.10 66.50
1:1 1.231 £ 0.18 1.242 £ 0.19 65.10
2:1 17.38 35.98 2.799 £ 0.12 2.035 £ 0.08 66.81
1:1 1.090 + 0.21 1.157 £ 0.20 65.89
2:1 18.91 36.07 2.489 + 0.12 2.091 £ 0.08 67.52
1:1 1.225 £ 0.12 1.178 £ 0.20 68.51
2:1 20.43 36.1 2.598 +0.14 2.033 £ 0.09 68.21
1:1 1.295 £+ 0.12 1.173 £ 0.20 71.76

“ The standard uncertainty of mass percent for each component is 0.8.

Table 6 The HBA (ChCl) and the HBD (sucrose) molar ratios in the ABS
coexisting phases composed of mixtures of ChCland sucrose, PPGyqo,
and water

HBA: Overall

HBD  composition/wt%  HBA:HBD (mol : mol)

molar

ratio [HBA:HBD] [PPG] PPG-rich phase ChCl-rich phase TLL
2:1 14.56 36.07 2.491 £+ 0.13 1.931 £ 0.09 63.10
1:1 1.194 £ 017 0.982 £ 0.20 61.12
2:1 15.9 35.92 2.351 £ 0.10 2.119 + 0.10 66.50
1:1 1.231 £ 0.18 1.242 £ 0.19 65.10
2:1 17.38 35.98 2.799 £ 0.12 2.035 £+ 0.08 66.81
1:1 1.090 £ 0.21 1.157 £ 0.20 65.89
2:1 1891 36.07 2.489 £+ 0.12 2.091 + 0.08 67.52
1:1 1.225 £ 0.12 1.178 £ 0.20 68.51
2:1 20.43 36.1 2.598 +0.14 2.033 £+ 0.09 68.21
1:1 1.295 £ 0.12 1.173 £ 0.20 71.76

Similar behaviors have been reported for ternary-like ABSs
comprising PPG400 and deep eutectic solvents (ChCl: glucose
or urea),® demonstrating consistency with our findings. This
behavior arises when both the HBA and HBD possess highly
hydrophilic properties and exhibit poor solubility in the PPG-
rich phase, which serves as a hydrophobic ABS former.®

The findings presented in Table 6 demonstrate that the PPG-
rich phase, regardless of the molar ratio (2:1 and 1:1),
contains only trace amounts of NADES components. This
behavior can be attributed to the highly hydrophilic nature of
choline chloride and sucrose, as indicated by their log Ko,
values of —0.325 and —3.70, respectively.** Due to their hydro-
philicity, these components exhibit low solubility in the
extremely hydrophobic polymer-rich phase, favoring their
retention in the NADES-rich phase. Similar observations have
been reported for ABSs consisting of PPG400 and NADES
(ChCl: glucose) with various molar ratios,® supporting this
rationale.
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Fig. 3 Stoichiometry of the HBA (ChCl) and the HBD (sucrose) molar
ratio in the coexisting phases of ABS composed of {NADES [ChCl:
sucrose] + PPGyoo + H;O}: 2:1(#); 1:1 (M). (A) Molar ratio in the top
phase; (B) molar ratio in the bottom phase. Dashed lines represent
initial molar ratios.

From vapor liquid equilibrium studies on the aqueous
NADESs (ChCl: sucrose, ChCl: fructose and ChCl: urea) solu-
tions'>*® it was concluded that by diluting these NADESs the
interaction between HBD and HBA is almost retained when the
water content is less than 75 wt%. On the basis of data pre-
sented in Table 5, in the studied ABS the water contents of both
phases are much lower than 75 wt% (i.e., about 6-19 wt% and
55-62 wt% in polymer-rich and NADES-rich phases, respec-
tively), therefore NADESs are most likely stable in both phases
and maintained their HBD: HBA ratio making the ABS to
behave as a ternary-like mixture.

3.2.1. Local composition models for estimating the tie-line
compositions. For representing the tie-line compositions two
commonly used local composition models, the Nonrandom
Two-Liquid (NRTL)* and Universal Quasi-Chemical theory
(UNIQUAC)** which usually give satisfactory results in fitting
LLE data, were applied.

3.2.1.1 NRTL model. Renon and Prausnitz*®* used the
concept of local composition in the derivation of NRTL
(Nonrandom Two-Liquid) equation. This equation is appli-
cable to partially miscible as well as completely miscible
systems. The activity coefficient in NRTL model is defined as
follows:**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where Gy‘ = exp(—aij‘cﬁ), oy = Qi and Ty = T = 0.

In this equation «; is a non-randomness parameter and
usually set between 0.01-0.4 values. In this study, «;; was fixed at
0.1. Also t; is the binary interaction parameter which is
expressed by the following equation:*
8ij — Sii

RT ©)

where g;; is an energy parameter characteristic of the i~ inter-
action. The adjustable interaction parameter, Agy, for this
model is defined with Agy; = g;; — gis.

3.2.1.2 UNIQUAC model. UNIQUAC (the Universal Quasi-
Chemical theory) for Inv; consists of two parts: on the one
hand, a combinatorial part, In v{, which describes the entropic
contribution, and on the other hand a residual part, In y¥,-
which accounts for the intermolecular forces that are respon-
sible for the enthalpy of mixing. The combinatorial part
depends on the composition, the size and the shape of the
molecules. The residual part depends on intermolecular forces.
The UNIQUAC equation® contains adjustable interaction
parameters and is defined as:

'C/',' =

Iny,=Inyf +Iny} (10)
(D 9 ; m
In v = ln( ) 2(1,1( )+z— i;x,-l,- (11)
z
ll-:i(r qi) — (ri—1) (12)
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m m 0 ;
In 7[1.{ =—q| 1l+In < Z 0,-‘cjl-> Z iTji (13)
J=1 J=1 Z O iy
qiXi TiX;i
0,‘ = i — 14
24X 2 %; (14)
j J

The variables 0;, ®;, and t;; are the volume fraction, area
fraction, and interaction parameter between molecules i and j,
respectively. The coordination number, denoted as Z, repre-
sents the count of molecules that surround the central mole-
cule. In this context, Z is assigned a value of 10. Additionally, the
parameters r and ¢ serve as pure component molecular-
structure constants, which are contingent upon the molecular
size and the external surface areas. The mentioned parameters
for NADES are calculated by:

A; = x141 + xA45 (15)
Here the mole fractions of choline chloride and fructose are
denoted by x; and x,, respectively. The related adjustable
interaction parameter to an energy parameter characteristic of
the i interaction (Auy) for this model is:

Auﬁ
Tj,‘ =eXp| — ﬁ

The interaction parameters of the NRTL and UNIQUAC
models were determined by minimizing the objective function
eqn (17).

(16)

Table 7 The parameters values of NRTL and UNIQUAC models for systems containing {NADES [ChCLl (HBA) : sucrose (HBD)] + PPGygo + H,O} at

T=29815K

Molar ratio of 2:1

NRTL

TNADESw TwNADES Tpw Twp TNADESp TpNADES 100 Dev”
814.8449 —136.9850 38.5273 —27.8779 —14.8109 —105.7515 0.04
UNIQUAC

AUnaDESw AUwNaDES Attpy, Aty AUnapEsp AupnapEs 100 Dev
—565.892 —801.410 —289.023 301.543 —1436.431 1632.871 0.41
Molar ratio of 1:1

NRTL

TNADESw TwNADES Tpw Twp TNADESp TpNADES 100 Dev
40.8927 —12.5615 6.3442 —2.5538 —3.0350 —10.2793 0.03
UNIQUAC

AunapEsw AuyNaDES Aup,y Auyyp Aunapesp AupnapEs 100 Dev
413.301 —512.325 —211.765 143.572 —1736.245 —2005.231 0.39

exp
100wp/ T

“ Dev = (%:Z[:Zl:;( 10011;;31:]_;

number of tie-line data.

© 2024 The Author(s). Published by the Royal Society of Chemistry

) /6N> where w,, ;; r is the mass fraction of the component j (i.e. DES, polymer or water) and N is the
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OF(X) = <ZZZZ (x/c:i,/,r - x;xfir)z) (17)
T p n j

In eqn (17), x, ;7 is the mol fraction of the component j in
the phase p for n tie-line at working temperature. The super-
scripts “cal” and “exp” refer to the calculated and experimental
values, respectively. LLE data of Table 5 were correlated using
eqn (17) and the equilibrium condition:

(xpy f)mp = (xpy i)bm (18)

The tabulated outcomes of tie-line data fitting for ABS
comprising (PPG400 + NADES (with two different molar ratios of
HBA : HBD, namely 2: 1 and 1:1) + water) employing the NRTL
and UNIQUAC models have been compiled in Table 7. The
negligible standard deviations exhibited in Table 7 signify that
both models adequately correlate the tie-line data. Further-
more, it is observed that the NRTL model demonstrates slightly
superior performance in representing tie-lines compared to the
UNIQUAC model.

3.3. The performance of NADES-PPG ABS in the partition
behavior of drugs

Table 8 displays the experimental partition coefficients, K, and the
percentage extraction efficiencies, EE%, for the drugs under
investigation, namely diclofenac potassium, salicylic acid, and
acetaminophen. The variation of these coefficients concerning the
Tie-Line Length (TLL) is illustrated in Fig. 4 and 5, respectively.
For both molar ratios of Natural Deep Eutectic Solvents (NADES),
the observed trend is consistently as follows: K (diclofenac
potassium) > K (salicylic acid) > K (acetaminophen). The data in
Table 8 evidently indicates that the drugs predominantly partition
into the more hydrophobic phase, which is the PPG-rich phase.

3.3.1. The effect of NADES molar ratio on the drug parti-
tioning behavior. The data presented in Table 8 at 298.15 K for
each drug within the ABS system {NADES [choline chloride:
sucrose] + PPG400 + H,0}, employing different molar ratios of
hydrogen bond acceptor (HBA) to hydrogen bond donor (HBD)
(2:1 and 1:1), reveals distinct values of partition coefficients
(K) and extraction efficiencies (EE%). Notably, the K values
exhibit the following order: choline chloride: sucrose (HBA:
HBD molar ratio of 2 : 1) > choline chloride : sucrose (HBA : HBD
molar ratio of 1:1). This observation suggests that with an
increase in choline chloride concentration, the studied drugs
preferentially transfer to the PPG400 top phase. Similar results
regarding drug partitioning into the top polymer-phase have
been previously reported in the literature for other ABS systems,
such as {NADES [choline chloride : glucose] + PPG400 + H,0},°
and {NADES [choline chloride : sucrose] + polyethylene glycol
dimethyl ether + H,0}.>¢

3.3.2. The effect of drug structure on the drug partitioning
behavior. The observed trend of the partition coefficients (K)
and extraction efficiencies (EE%) values for the drugs, as pre-
sented in Table 8, can be attributed to the chemical structures
and polarities of the drugs. All of the drugs under investigation
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Table 8 Partitioning coefficients, K, and extraction efficiency, EE%,
values of studied drugs for the system composed of {NADES [ChCl
(HBA) : sucrose (HBD)] + PPGyg0 + H>O} at 298.15 K and atmospheric
pressure (=85 kPa)*

Overall composition/

wt%

HBA : HD molar ratio [HBA : HBD] [PPG] K EE%

Diclofenac potassium

2:1 14.56 36.07 12.96 92.84
17.90 36.09 10.91 91.60
17.38 35.98 9.92 90.84
18.91 36.07 8.67 89.66
20.43 36.10 7.97 88.85

1:1 14.56 36.07 10.25 91.11
17.90 36.09 9.79 89.78
17.38 35.98 8.62 88.58
18.91 36.07 7.81 86.85
20.43 36.10 7.20 86.15

Salicylic acid

2:1 14.56 36.07 11.95 92.28
17.90 36.09 9.89 90.82
17.38 35.98 8.81 89.81
18.91 36.07 7.68 88.48
20.43 36.10 6.56 86.77

1:1 14.56 36.07 9.85 90.78
17.90 36.09 8.78 89.78
17.38 35.98 7.73 88.55
18.91 36.07 6.63 86.59
20.43 36.10 6.22 86.15

Acetaminophen

2:1 14.56 36.07 8.91 89.91
17.90 36.09 7.16 87.75
17.38 35.98 3.49 77.73
18.91 36.07 2.14 68.15
20.43 36.10 1.12 52.83

1:1 14.56 36.07 7.88 88.74
17.90 36.09 4.36 81.34
17.38 35.98 1.71 63.10
18.91 36.07 0.92 47.92
20.43 36.10 0.45 31.03

¢ The standard uncertainties ¢ for partitioning coefficient, temperature
and pressure are: o(K) = 0.15, ¢(7) = 0.05 K and o(p) = 0.5 kPa
respectively.

are characterized as non-polar, leading to favorable interactions
with the hydrophobic constituents in the top phase. Conse-
quently, drug partitioning to the choline chloride (ChCl)-rich
phase occurs to a lesser extent. Notably, the presence of non-
polar functional groups in the drug structures enhances their
affinity for the PPG-rich top phase. The high values of EE%
obtained, as compiled in Table 8, indicate that a significant
portion of all studied drugs is predominantly partitioned into
the polymer top phase. Furthermore, the trend observed for the
Kvalues aligns well with the hydrophobicity of the drugs, which
is represented by the logarithm of the octanol/water partition
coefficient (log Kyy)- A higher log K., value indicates a higher
degree of hydrophobicity for the solute, resulting in a lower

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tendency to associate with water molecules.”® For the drugs
diclofenac potassium, salicylic acid, and acetaminophen, the
log Ko values are reported as 4.50,*¢ 2.34 (ref. 37) and 0.46,*
respectively. Thus, the order of drug extraction efficiency is as
follows: diclofenac potassium > salicylic acid > acetaminophen.
This study, along with a previous investigation,*® underscores
the significance of drug hydrophobicity as a useful criterion in
predicting drug partitioning between the two phases of an
Aqueous Biphasic System (ABS).

3.3.3. Correlations of the partition coefficients. In order to
regenerate the partition coefficient data, a model is necessary.
In this study, the equation suggested by Diamond-Hsu** (eqn
(19)) was used for correlation of experimental partition coeffi-
cients values of the studied drugs. We also attempted to
improve the quality of the Diamond-Hsu model by adding one
extra term to the right hand side of eqn (19) and refitting the K
values to the modified polynomial equation (eqn (20)). Also, the
relation between partition coefficient and NADES overall
composition was established using a similar polynomial equa-
tion as eqn (21):

In K = AAW(PPGyo) + BAW(PPGuqp)* (19)
In K = Ay + BiAwW(PPGuop) + CiAW(PPGuagp)? (20)
InK = 4> + Bbw(NADES) + Cow(NADES)? (21)

In above relations, (A and B), (44, By, and C;) and (4,, B,, and
C,) are respectively the adjustable parameters of eqn (19)-(21).
The symbols Aw(PPG,q) and w(NADES) are used for the mass
fraction difference of PPG,, in the top and bottom phase and
the overall composition of NADES, respectively.

For each drug the results of fitting experimental partition
coefficients values to eqn (19)-(21) are reported in Table S1.} To
evaluate the ability of eqn (19)—(21) in representing the partition
coefficient values, the variation of experimental and calculated
K values by these equations are plotted in Fig. S1 to S3,f
respectively. According to the sd values in Table S1 and Fig. S1-
S3,7 it can be concluded that the correlation with all of the eqn
(19)—(21) is satisfactory; and excellent performance is obtained
with the eqn (21) in which variation of K with NADES overall
concentrations is considered.

4. Conclusion

Phase diagrams of an Aqueous Biphasic System (ABS) were
investigated at 298.15 K and under atmospheric pressure
(approximately 85 kPa). The ABS was comprised of poly-
propylene glycol with a molar mass of 400 g mol ™", and Natural
Deep Eutectic Solvents (NADES) derived from mixtures of
choline chloride (ChCl) and sucrose at molar ratios of 2: 1 and
1:1, acting as the hydrogen bond acceptor (HBA) and hydrogen
bond donor (HBD), respectively. Through a meticulous exami-
nation of tie-lines, it was determined that the original HBA:
HBD stoichiometry of the NADES was approximately main-
tained in the equilibrium phases, suggesting that the ABS
exhibits ternary-like system behavior. This finding confirms the
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retention of hydrogen bonding interactions between the
components of NADES in the ABS. Similar results were reported
in previous studies, which investigated the stability of NADES in
water via vapor-liquid equilibrium experiments, proposing that
the hydrogen bonds between the initial components of NADES
remain mostly preserved when the water content of the NADES
solution is below 75 wt%. Both the NRTL and UNIQUAC local
composition activity coefficient models yielded satisfactory
outcomes in representing the experimental tie-lines. Addition-
ally, the observed stronger salting-out effect of the natural deep
eutectic solvent at higher molar ratios was confirmed by
employing the effective excluded volume theory, which
demonstrated an expansion of the biphasic region with an
increase in the HBA:HBD molar ratio. Furthermore, parti-
tioning studies of drugs within these ABSs revealed an extrac-
tion efficiency trend of diclofenac potassium > salicylic acid >
acetaminophen, indicating that the drugs exhibited a prefer-
ence for extraction into the polymer-rich top phase.
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