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Salbutamol is a drug used to treat the pulmonary diseases by ameliorate the medium and large
airways in the lungs. Partitioning of salbutamol drug on the aqueous two-phase systems (ATPSs)
of PEG00,1500,2000,4000,6000 * trilithium citrate + water was determined at T=298.15 K. The effect of
molecular mass of polymer (MMP) on the binodal and tie-line compositions were studied. Results
showed that the biphasic area was extended as the MMP was increased. The salting-out ability
were quantified using the Setschenow model, and the binodal curves were modeled by a nonlinear
3-parameter equation. Furthermore, electrolyte Wilson along with the osmotic virial models

have adequately been implemented to fit the tie-line compositions. Also, the studied ATPSs were
implemented to study the partitioning of salbutamol drug on the salt-affluent and polymer-affluent
phases. It is observed that, ATPSs of PEG,, is premium to extract the salbutamol to the polymer-
affluent phase, where, the ATPSs of PEGg,, is more favorable to extract the drug to the salt-affluent
phase.

Considering the significant capabilities of aqueous two-phase systems (ATPSs) in chemical and especially bio-
logical studies, they have been used frequently in partitioning, separation and purification of the proteins!,
biomolecules?, chemical, and pharmaceutical materials®. ATPSs can be composed by mixing appropriate amounts
of aqueous solution of two polymers, or one polymer and a salt, which has been separated into two-phases. Due
to numerous features such as being economical?, easy to scale up’, selectivity®, fast separation ability’, and high
resolution®, ATPSs obtained from the mixing of a hydrophilic polymer and a kosmotropic salts are more favorable
than the aqueous solutions of two polymers.

The most favorable polymer used in ATPS studies is the hydrophobic polyethylene glycol (PEG). Generally,
PEG and Dextran are used in small scale separation; however, PEG + salt systems are more desirable in industrial
scales’. There are many scientific reports on the ATPSs of polymer-salt-water systems, which affiliate to the PEG
and inorganic salts such as, phosphates'’, sulfates'!, or nitrates'?. However, citrate salts are proper substitute to
inorganic salts in the extraction of biological, and food materials, due to low toxicity and high solubility'*.

ATPS of PEG 99 40006000 + cesium chloride (CsCl) + water at T'=288.15 and 308.15 K were studied by Wang
et al.’® They found that, an increase in the temperature and molecular mass of polymer (MMP), enhanced the
liquid-liquid two-phase formation tendency'®. Barani et al.'® studied the efficiency of PEG, 4 and PEGg, in
the presence of C;H,K,Oq at various pH and temperatures, and the biphasic diagrams and tie-line compositions
were determined experimentally. Graber et al.!” studied the ATPSs of PEG00,6000,10000 + NaNO; + water at the
room temperature, and found that, the two-phase area was extended with raising the MMP. In a similar work,
Hey and colleagues'® used PEGg, in combination with different electrolytes such as hydroxide, carbonate,
sulphate, hydrogen phosphate, and phosphate anions with Na, Mg, and Zn cations to attain the thermodynamic
equilibria, and to study the salting-out capability.

The solvation of PEG in aqueous solution is principally controlled by intermolecular hydrogen-bonding of
solute-solvent type. Nemethy et al.' studied the distribution of ethylene glycol molecules by examining the
relationship between the temperature and some physical properties, and concluded that, the three-dimensional
structures of the intermolecular solute-solvent hydrogen-bonding in the liquid mixture is principally possible'.
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In another work, Kaulgud?® and coworkers showed that the intramolecular hydrogen-bonding is independent
of temperature, whereas inversely, the number of intermolecular hydrogen-bonds decreases significantly with
temperature enhancement, which indicates the breakdown of the intermolecular hydrogen bonds with increas-
ing the temperature®.

Zafarani-Moattar et al.”! measured phase equilibrium of PEG + K;Cit + water at T=293.15 to 318.15 K. They
also, studied the two-phase forming capability of this system, and reported that, as the temperature enhanced,
the salting-out capability of the ATPS were increased. Shahrokhi et al.?? investigated the biphasic system of
PEG; 50+ ZnSO, + water at the room temperature. Ketabi and coworkers* reported the binodal curves of the
system including PEGs, + tripotassium citrate + water at various pHs. The phase equilibria of the ternary systems
of PEGy0.1500,3000,6000 + S0dium and potassium formate + water at different temperatures and pHs was studied
experimentally by Pirdashti et al.** In a similar work, they studied the two-phase equilibria for PVP + potas-
sium hydrogen phosphate + water ATPS at T=298.15 K and pH =7.54, 8.05, and 9.47. They applied a nonlinear
equation® to fit the experimental binodal data. The tie-line concentration have also been fitted to the by Othmer-
Tobias and Bancroft models®.

Polymer-salt ATPSs are accomplished for partitioning of chemical and pharmaceutical materials. Polymers
with high MMBP, are appropriate to separate the biphasic systems?, whereas, several factors such as MMP, tem-
perature, concentration of components, and the surface, shape and compositions of the material are affecting
the partitioning phenomenon?®®. Shiran and coworkers® studied the effect of polymer and salt mass fraction, the
cation types, temperature, and volume factor on the curcumin partitioning by using salt + polymer + water ATPS.
The results for phase equilibrium of ATPSs composed of PEG,409 ¢000.5000 it the presence of potassium citrate
and potassium sodium tartrate have been reported by Wysoczanska and coworkers®’. Wang et al.'® reported the
effect of temperature, MMP, and the concentration of PEG and Na,SO, on the partition of molybdenum. Kalai-
vani and Regupathi®! studied the partitioning of a-lactalbumin on the ATPSs consist of different MMP of PEG
(i.e., MMP =1000, 2000 3000, 4000, and 6000) and citrate salts such as C¢H1,N;0,, C;H;K;0,, Li;CsH;O,, and
Na;C¢H;0,". Iyyaswami et al.*? used the aqueous solutions of PEGgg 60008000 201d lithium citrate to study the
phase equilibria at T=298.15 K, and used the studied ATPSs in the partitioning of the proteins of fish industry
affluent. Just recently, our group® investigated the phase equilibrium of PEG,, + trilithium citrate + water ATPSs
at several temperatures, and the results of the curcumin partitioning have also been presented.

Moreover, polyethylene glycol is a water-soluble polymer, and due to flexibility, non-toxicity, low cost, and
environmentally friendly properties is often used to study liquid-liquid extraction in the chemical and food
industries. Also, due to the high-toxicity of sulfates, phosphates, nitrates***, and carbonate salts, they can be
replaced with non-toxic citrate salts. The half-lethal dose factor (LDs) for lithium carbonate, lithium sulfate,
and lithium citrate salts were reported to be 1590, 1959, and 2993, respectively'®. The more the amount of the
LDs, factor, the lower the toxicity of the salt; so, the lithium citrate is less-toxic than carbonate and sulfate salts.
Therefore, the ATPSs composed of PEG and lithium citrate is a non-toxic and environmentally friendly medium
for extraction and purification of different chemicals and especially drugs, which was encouraged our group to
study the ATPSs of PEG + lithium citrate + water systems.

Salbutamol is a drug with commercial name of albuterol and chemical formula of C,;H,;NO; was first discov-
ered in the laboratory by David Jack in 1966; afterwards, became available to public in 1969 in UK. Salbutamol
generally used as treatment of pulmonary diseases®, and control of the blood potassium level by increasing the
transfer of potassium ions to the intracellular space®.

In this work, the partitioning of salbutamol in ATPSs of PEGig0,1500,2000.4000,6000 + lithium citrate + water has
been investigated, and the effect of MMP on the binodal data and tie-line composition were studied. Also, a
3-parameter relation was utilized to fit the experimental binodal composition. The salting-out ability was quanti-
fied using the Setschenow-type model'®. In addition, Osmotic virial® and the e-Wilson* thermodynamic models
were applied to correlate the phase-equilibrium conditions.

Methods

Materials. Trilithium citrate and polyethylene glycol (PEG), with the MMP of 1000, 1500, 2000, 4000 and
6000 g mol™ were purchased from Merck. Similar to the previous work®, trilithium citrate was heated in a labo-
ratory oven at T = 378.15 K under Ar atmosphere for about two hours to achieve the anhydrous form. Moreover,
double distilled deionized water with the conductivity of 0.7 uS-cm™ was used in all experiments. The chemical
names, purifications methods, and other information of the utilized materials were summarized in Table 1.

Apparatus and procedure. The experimental procedure contains three main parts, i.e., measurement of
the binodal curves from the cloud-point titration, estimation of the tie-line compositions, and finally, study of
the partitioning of the salbutamol drug in the proposed tie-lines.

The apparatus used to measure the binodal curves is like our previous works**!. A glass-cell with the volume
of ~100 ml was inserted in a one-liter volumetric flask, and the temperature of the double-wall glass container
was controlled by circulation the thermostated water between the walls of the container. The aqueous PEG
stock solutions (~ 40 to 60% w/w) and trilithium citrate (~ 35% w/w) were prepared for binodal measurements.
About 2-4 g of PEG or salt stock solution were used to fill in the double-wall glass cell, while, the solution was
mixed by a magnetic stirrer. The titrant solution was added into the cell dropwise, by a normal syringe, until the
appearance of the turbidity of the solution. This determine that the solution is in the two-phase region of the
LLE phase-diagram. Water droplets, with a mass of ~3.5x 107 g per drop, then was added dropwise until the
solution swiftly became transparent, which locate a point on the binodal curve. This procedure was repeated to
measure more points on the binodal curve, and at each step, using an analytical balance (A&D Company, model
No. GH-320, Japan with the precision of 1 x 107 g) the mass of the syringes containing the titrant (i.e., polymer
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Purification Purity® (mass

Chemical method Chemical formula | Source fraction) M, (g-mol™) | CAS no
Trilithium citrate | Thermal Li;C¢H;0, Merck (Germany) | 98% 209.923 6080-58-6
PEG 000 - H(OCH,CH,),0H | Merck (Germany) | >99% ~1000 25322-68-3
PEGi 500 - H(OCH,CH,),0H | Merck (Germany) | >99% ~1500 25322-68-3
PEG,00 - H(OCH,CH,),OH | Merck (Germany) >99% ~2000 25322-68-3
PEG 000 - H(OCH,CH,),0H | Merck (Germany) | >99% ~ 4000 25322-68-3
PEGgg00 - H(OCH,CH,),OH | Merck (Germany) >99% ~6000 25322-68-3
Salbutamol - C,;H,NO, E’(‘)‘ré’é‘raor‘;’:;f(‘l‘;‘aﬁ)l 298% 239.31 18559-94-9
Water dDe‘i’EEi;iiS“Hed H20° Ghatreh (Iran) >99.9% 18.015 7732-18-5

Table 1. Chemicals used in this work. *Purity as provided by suppliers. "Double-distilled deionized water with
the conductivity of 0.7 pS-cm™ was used.

or salt solution), and water were determined, and the binodal curve compositions were calculated. During this
process, the water circulator-thermostat (Fanavaran Sahand Azar Co., model No.12 uc5000s, Iran) was set at
T'=298.15 K. The temperature of the double-wall glass cell was further controlled using a normal thermometer
with the precision of 0.1 K. The repetitive experiments were continued for 5 times for each desired mass of the
polymer, and the mean standard uncertainty (u) of the mass fractions (w) was found to be u(w)=0.0009.

The tie-line samples were prepared by mixing appropriate amounts of PEG stock solution (40 to 60% w/w),
and salt solution (~35% w/w), and double-distilled deionized water in the closed glass containers to obtain the
total solution of ~ 30 g. The PEG total mass fraction in the stock solutions was fixed at ~ 15% w/w for PEG 9_4000»
and 25% w/w for PEGgq,. Also, the mass fractions of the salt were selected such that the final solution be in the
biphasic region. The thermostat was set to the temperature of T=298.15 K, the closed containers were immersed
in the thermostated water for at least 72 h, and the mixture was allowed to achieve the thermodynamic equilib-
rium. Then, the polymer-affluent phase was separated by a long-needle syringe from the salt-affluent phase. Also,
the remaining solution of the bottom-phase was depleted into separate vessels, and the mass of the top and bot-
tom phases were measured to calculate the composition of each component in each phase from the gravimetric
analysis method proposed in our previous work".

Following our previous work"?, the mass-fractions (w) of the components in both phases were determined
by numerical solution of the subsequent set of equations:

to to
w,F = f(w,T) (1)
bot bot
Wit = f (w3 (2)
N
mix ot mix
wih = e (Wi —wi) +w (3)
Wrot
top lemt i bot i
— mix 0 mix
Wy = top (WZ - Wy )+ wy (4)
Wrot
t t t
wit A w,t A wy =1 (5)
Wllsot + leaot + Wls)ot =1 (6)

In these relations, w,, w,, and w; are the mass fractions of PEG, salt, and water, respectively. Also, “top”, “bot”, and
“mix” superscripts referred to the polymer-aftluent, salt affluent, and the stock solutions of the primary solution,
respectively. Equations (1) and (2) are the mathematical representation of the binodal curves, which is presented
for polymer-affluent region (i.e., Eq. (1)), and the salt-aftfluent region (i.e., Eq. (2)). Moreover, Egs. (3) and (4)
are derived from the thermodynamical lever-rule, and the remaining equations shows the mass balance of the
coexisting phases. For each stock solution, the tie-line compositions repeated at least 3 times, and the reported
data are the arithmetic average of the obtained results. The mean of the standard uncertainty (u) for the calculated
mass fractions (w) of the tie-lines was estimated to be u(w)=0.0014. The separated top and bottom phase samples
were kept in closed glass containers to be used as blanks in determination of the concentration of salbutamol.
The designed tie-lines were also used to study the salbutamol partitioning in two-phases of the PEG + tri-
lithium citrate + water ATPSs. For this purpose, the tie-lines with concentrations equal to the previous step
were prepared and ~ 0.003 g of salbutamol was added into each sample. The samples then were settled in the
thermostated bath at the temperature of T=298.15 K for at least 48 h, and then, the two phases were separated.
Consequently, the UV-visible absorption spectrophotometry was implemented to determine the salbutamol
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concentration in top and bottom phases. Different chemicals with different concentrations of polymer or salt have
different wavelengths in UV-visible spectra. So, different standard calibration curves of salbutamol (0-10 ppm)
were prepared for each drug-containing-phase using the remaining values of each individual phase samples
kept from the previous section. To measure the absorbance of salbutamol in each sample, a quartz cell with the
cell-length of 1 cm was used in UV-visible spectroscopy (Biochrom company, model no. Libra S12, U.K). The
measurement was made at A, =428 nm. Each sample was diluted to be in the range of the calibrations curve,
and the polymer and salt affluent salbutamol-free solutions, remaining from previous step, were diluted with the
same dilution factor, and used to prepare the blank solution.

The partitioning coefficient, D, the extraction efficiency percent, E%, and the separation coefficient, R, were
calculated from the following equations:

D= Ctop/chot (7)
E% = 100Ctopmtop/ (Ctopmtop + Cbotmbot) (8)
R= mtop/mbot €)

where C refers to the salbutamol concentration (ppm), and m is the total mass of the salbutamol-free polymer-
and salt-affluent phases.

Results and discussion

The measured binodal and tie-line concentration. The measured binodal curves of the ternary sys-
tem composed of PEGi9,1500,2000.4000,6000 T trilithium citrate + water at T=298.15 K were given in Table 2, and
were shown in Fig. 1. The expansion of the biphasic area resulting from the increase of the MMP is obvious from
Fig. 1. The mass fractions of the PEG and salt for the measured tie-lines were reported in Table 3. Moreover, the
tie-line length (TLL) and slope (TLS) were computed using Eqs. (10) and (11):

0.5
TLL = [ — )2 4wy — wh")?] (10)

TLS = (W;OP - w?m)/ (WEOP — wgm) (11)

In these equations, 1 and 2 subscripts refer to the PEG and trilithium citrate, and, the “top” and “bot” superscripts
show the polymer and salt-aftfluent regions, respectively. The estimated values of the TLL and TLS of the tie-lines
were reported in Table 3. The raising of the biphasic area was clearly observed from TLL values; however, there
is not a clear trend for TLS.

The TLL and TLS of the studied tie-line were graphically shown as a function of the mass fraction of the salt
in stock-solution in Fig. 2a, and b, respectively. It is obvious from Fig. 2a that, as the MMP was increased, the
TLL was increased, which confirms that the surface area of the biphasic area was enlarged.

In other words, by increasing MMP, and therefore the chain length of the polymer, the hydrophobic interac-
tions between the polymer chains were increased, and therefore, the tendency of the polymer chains to sepa-
rate from the aqueous solution as an independent phase was increased. So, the tendency of the PEG + trilith-
ium + water system to form a biphasic system was increased.

Correlation of the binodal and tie-line composition. One of the major parts of any thermodynamics
study is the modeling of the measured data. In fact, a desirable model can provide a mathematical description of
the experimental results, which can be used in further studies more precisely. So, several acceptable models have
been applied in this work to correlate the experimental tie-line data, Indeed, Setschenow!®, osmotic virial*?, and
the electrolyte-Wilson* models were applied to model the thermodynamics of the studied ATPSs.

The experimental binodal curves were fitted with a 3-parameter non-linear Merchuk equation®:

wy = aexp(bwy> — cw3) (12)

The parameters of this equation (i.e., g, b, and c) were obtained from the non-linear least-square fitting of the
mass fraction of PEG (w,) and trilithium citrate (w,).

The experimental binodal data were fitted with Eq. (12) by minimizing the least squares errors of the follow-
ing objective function (OF),

OF(a,b,c) = Z { [a exp (bwg'5 — cwg)} — wl,exp,i}z (13)

In which, w,, .y, ; is the i’th experimental mass fraction of the PEG at desired binodal curve. In minimization of
Eq. (13) the nonlinear Levenberg-Marquardt optimization algorithm was used. The fitting results, together with
the statical analysis of the goodness of fit (i.e., average absolute deviation (AAD%), standard deviation SD, and
the coefficient of determination R?) were presented in Table 4. The adequate consistency between the correlated
the measured binodal data can be inferred from the results reported in Table 4.

The solute-solvent interactions may change the structure of the solvent. The hydrogen-bonding between
the solute and water is the principal interaction impress the solvent structure. Some solutes can increase the
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100w, \ 100w, \ 100w, 100w, 100w, 100w,
PEG, o (w;) + Trilithium citrate (w,) + water

64.93 0.78 29.96 14.22 391 29.18
62.39 1.20 28.79 14.87 2.88 30.68
59.75 1.74 27.10 15.59 2.05 32.01
57.11 2.42 25.73 16.22 1.25 33.67
54.38 3.22 24.41 16.85

52.19 4.02 21.99 17.93

50.27 4.85 20.41 18.64

48.68 5.44 18.33 19.63

46.63 6.35 16.07 20.86

45.11 7.05 14.54 21.69

42.95 7.95 13.53 22.17

41.31 8.87 12.02 23.09

39.20 9.91 10.31 2391

37.79 10.58 9.45 24.69

36.31 11.13 8.49 25.29

34.79 12.06 7.43 26.14

32.76 12.92 6.74 26.75

31.37 13.63 5.16 28.02

PEG; (w,) + Trilithium citrate (w,) + water

65.23 0.581 33.63 7.87 7.69 21.54
62.31 0.631 31.81 8.65 6.71 22.39
59.55 1.01 30.21 9.42 5.84 23.09
57.77 1.12 28.50 10.15 4.95 24.10
55.16 1.53 27.26 10.79 3.99 24.93
534 1.79 25.61 11.45 3.29 25.81
51.73 2.19 24.47 12.15 2.45 27.11
50.08 2.55 22.87 12.65 1.89 28.43
48.23 2.93 21.19 13.57 1.39 29.37
47.29 3.11 19.95 14.10 1.20 30.29
45.81 3.59 18.53 1491 0.61 31.74
44.53 3.97 16.93 15.82 0.44 32.77
42.35 4.52 15.13 16.57 0.72 33.60
41.26 4.97 14.14 17.43

39.99 553 12.57 18.22

38.43 5.98 11.64 18.92

37.09 6.41 10.51 19.49

35.57 7.05 9.10 20.51

PEG,o (w,) + Trilithium citrate (w,) + water

63.38 0.56 25.45 11.16 1.65 26.28
60.48 0.84 23.13 12.15 1.19 27.46
58.29 1.10 20.91 13.13 0.66 28.85
56.51 1.36 18.71 14.14 0.33 30.16
55.04 1.59 16.73 15.06 0.26 32.12
53.03 1.93 15.13 15.84

51.29 2.28 13.58 16.57

49.86 2.59 12.17 17.29

48.01 3.01 10.83 18.04

45.88 3.54 9.58 18.77

43.76 4.20 8.42 19.56

42.26 4.67 7.21 20.27

41.27 4.94 6.76 20.70

39.91 5.44 5.96 21.28

37.44 6.30 4.83 2231

3491 7.31 3.96 23.15

32.16 8.37 3.23 23.82

Continued
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100w, \ 100w, \ 100w, 100w, 100w, 100w,
PEG g (w;) + Trilithium citrate (w,) + water

56.89 | 1.60 25.01 8.62 3.29 18.49
5519 | 1.81 2341 9.14 2.42 19.37
5323 | 2.08 21.72 9.62 121 21.36
5224|227 20.15 10.18 1.58 20.59
5003 | 2.60 18.74 10.66 0.55 23.08
4798 | 2.88 17.41 11.15 0.33 24.11
4604 | 328 1625 11.61 0.16 25.47
4431 | 356 15.14 12.04 0.09 26.53
4429 | 356 14.17 1245 0.06 27.26
4207 | 4.00 1323 12.84 0.06 27.30
4011 | 4.49 12.59 13.13 0.03 28.12
3899 | 476 1123 13.77 0.01 30.32
3754 | 5.07 9.96 14.38

3559 | 5.49 8.75 14.92

3409 | 5.97 7.56 15.49

3278 | 626 6.46 16.04

3036 | 6.97 5.59 16.55

PEGggqo (W) + Trilithium citrate (w,) + water

46.38 2.56 17.89 10.29 0.32 25.89
45.25 2.84 16.43 10.67 0.26 27.13
43.82 3.03 15.23 11.16 0.18 28.40
41.68 3.49 13.94 11.55 0.11 30.01
39.73 3.98 12.21 12.25
38.63 4.22 10.16 13.20
37.2 4.58 9.46 13.62
35.56 4.96 8.15 14.22
34.56 5.25 6.51 15.04
32.35 5.84 5.59 15.68
30.99 6.18 4.69 16.36
29.63 6.55 3.62 16.84
28.06 6.95 2.69 18.11
26.24 7.57 1.95 18.89
24.76 7.97 1.49 19.80
23.35 8.47 1.29 20.46
21.84 8.82 0.81 21.98
20.27 9.38 0.54 23.64
19.01 9.74 0.43 24.55

Table 2. Mass fractions of the PEG and trilithium citrate on binodal binodal curves of the studied ATPSs at
T=298.15 K and P=101 KP. Standard uncertainties, u, are u(7)=0.1 K, u(w) =0.0009, and u(P) =5 kPa.

intermolecular interaction between the water molecules, and therefore, water molecules are aligned next to each
other in a more regular structure; these solutes are kosmotropic salts*’. The dissolution of some other solutes may
also result in a disordered hydrogen-bonding structure of the water network. The second class of the solutes are
Chaotropic salts**. Moreover, the dissolution of kosmotropic salts in aqueous solution at a critical concentration
can salting-out the other compounds form the aqueous solution.

The salting-out capability of PEG + salt + water ATPS has been investigated in the present work using the
Setschenow-type model'**:

clor
| =ko+k(ch - ) (14)
81

where k, and k are fitting parameters, and the C,; and C, refers to the molarity of PEG and tri-lithium citrate,
respectively. Moreover, top and bot superscripts refer to the PEG and trilithium citrate-affluent regions, respec-
tively. Furthermore, k; is a constant repeatedly used in the literature'? to quantify the salting-out capability of the
ATPSs. So that, the more the k, the more the two-phase formation tendency of the ATPS. Calculated k, values
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Figure 1. Effect of the molecular mass of PEG on binodal curves of PEG;y,1500.2000.40006000 (1) + trilithium
citrate (2) + water (3) system at T=298.15 K and P=101 kPa.

were reported in Table 5. The enhancement of the salting-out coefficient, k;, with increasing the MMP, and the
salting-out ability of the studied ATPSs is obvious from the Table 5.

Liquid-liquid equilibria of PEG;g,1500,2000,4000,6000 + trilithium citrate + water was also modeled using the virial
expansion of the chemical potential ()*2. The following relations were applied to estimate the y of the PEG (4,)
and trilithium citrate (y,):

u1 = uf + RT(Inmy + Brimy + Bramy) (15)

M2 = 5 + RT(nmy + Bramy + Promi) (16)

In these relations, the standard state of i displayed as iy, i = 1,2, whereas, 1 and 2 subscripts refer to the PEG
and electrolyte. Also, B; represented the interaction of i and j component. The chemical potential of water (i)
can also be derived from the Gibbs-Duhem relation as follows:

ﬂn B2 )

s = pg — RTV;p (m1 +my+ mm? 4 —mz + Bramymy (17)

The fitting parameters (i.e., B; with i, j=1, 2, and 3) were obtained by minimizing the following objective func-
tion, and are reported in Table 6.

OF = Z IOO(WEXP ;%)2 (18)

In Eq. (18), subscribes of “exp” and “cal” are experimental and calculated mass fractions, respectively; p indicates
a phase (top-phase or bottom), of I'th tie-line, and j refers toe the PEG, salt, or water. Also, the condition of equal
chemical potential for all components (i.e., uf P = Lo, where i=1, 2 and 3) has been applied to establish the
thermodynamic equilibria, and to correlate the tie- hne data with the model“.

The experimental compositions of the measured tie-line lines are compared with the calculated concentration
from the osmotic virial model in Fig. 3. The estimated parameters of the model were also reported in Table 6.
An acceptable fitting results can be inferred from Fig. 3 and Table 6.

The hydrophobic interactions and the solvent can control the properties like virial coefficients and volume
of solute in solution phase. Zafarani-Moattar et al.*’ showed that the infinite dilution apparent molal volume
(vo5,) of PEG is independent of the molecular mass of the polymer, and the value of V5, >~ 37.0 cm*/mol was
reported for PEG,g99 and PEGygq at T=298.15 K. The limiting V%, = 149.35at T=298.15 K for trilithium citrate
in aqueous solution was reported by Devi and coworkers*. However, they also found that, the V%, values were
decreased in aqueous solution by increasing the concentration of the [Emim][HSO,] ionic liquid. They also
concluded that, the hydrophobic-hydrophobic and ion-hydrophobic interactions are more dominant than the
hydrophilic-hydrophilic and ion-hydrophilic interactions in aqueous solutions. The increasing behavior of the
polymer—polymer (f8,,) and polymer-salt (j3,,) virial coefficients with increasing the molecular mass of polymer
(MMP) can be seen from Table 6, which is more obvious for ;. Whereas, the salt-salt (,,) virial coefficient is
almost independent of molecular mass of PEG. In other words, it seems that, by increasing the MMP, especially
in the case of PEG,y and PEGgq, the polymer—polymer interactions were increased more substantially than
the PEG-salt interactions, which motivated the PEG particles to exclude from the rest of the solution as an
independent phase. In other words, this simple model provides a microscopic view of the molecular interaction.
By increasing the MMP, and therefore, increasing the number of the monomers of the PEG, the probability of
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Stock solution Top phase Bott phase

100w, | 100w, | 100w, ‘ 100w, ‘ 100w, | 100w, -TLS |TLL |D,, |R |E%
PEG 499 (w,) + Trilithium citrate (w,) + water

15.20 2295 46.13 6.58 4.65 28.53 1.89 0.47 |2.67 |0.30 |44.13
14.94 23.79 51.75 4.19 347 29.90 1.88 055 |2.54 |0.34 | 4643
14.96 24.65 55.97 2.74 2.50 31.30 1.87 0.61 |251 |0.31 |43.90
14.98 25.50 59.14 1.88 1.84 32.53 1.87 0.65 |2.46 |0.30 |42.76
14.84 26.09 61.06 1.46 1.55 33.17 1.87 0.67 |2.37 |0.30 |41.35
PEG 50 (w,) + Trilithium citrate (w,) + water

15.02 17.94 35.25 7.19 6.42 22.51 1.88 033 |1.79 |0.42 |43.20
14.97 19.28 43.64 4.16 3.73 25.21 1.9 0.45 |1.82 |0.39 |41.63
14.95 20.64 51.12 227 247 26.97 1.97 0.55 |1.64 |0.34 |36.12
14.10 21.89 55.76 1.45 1.98 27.83 2.04 0.60 |1.47 |0.31 |31.62
14.99 219 57.23 1.24 1.71 28.40 2.05 0.62 |1.48 |0.29 |30.09
14.90 24.39 64.78 0.46 0.75 31.18 2.09 071 |1.83 |0.28 |34.16
PEG 9 (W) + Trilithium citrate (w,) + water

15.57 17.34 35.70 6.98 3.50 23.56 1.94 036 |1.12 |0.60 |40.18
15.57 19.17 44.8 3.86 1.53 26.52 191 049 |1.15 |0.48 |3559
15.10 20.55 51.57 221 1.08 27.60 1.99 0.57 |1.18 |0.38 |31.21
15.56 21.82 53.12 1.91 0.49 29.80 1.89 0.60 |1.11 |0.40 |30.81
15.57 24.38 57.24 1.25 0.13 32.96 1.80 0.65 |1.21 |0.37 |30.96

PEG 9 (W) + Trilithium citrate (w,) + water

14.91 1572 | 41.67 |4.10 1.00 21.76 2.30 0.44 |1.06 |0.52 |3553
14.75 17.09 | 43.59 3.70 0.41 23.74 2.15 0.48 | 1.04 |0.50 | 34.09
14.96 19.05 | 47.51 2.96 0.10 26.40 2.02 0.53 091 |0.46 |29.35
15.41 2047 | 52,66 |2.17 0.04 28.02 2.04 0.59 |0.81 |0.41 |25.05
14.88 21.89 56.01 1.74 0.02 29.17 2.04 0.62 |1.01 |0.36 |26.74

PEGyq, (w;) + Trilithium citrate (w,) + water

25.04 9.15 33.37 | 549 145 19.52 2.28 0.35 |0.50 |5.19 |72.18
25.04 10.48 | 3643 |4.71 0.27 23.06 1.97 0.41 |0.47 |2.83 |57.09
25.01 11.57 | 3846 |4.22 0.07 25.21 1.83 044 |0.48 |2.18 |51.09
25.02 12.78 | 42.03 3.44 0.03 26.51 1.82 048 [0.49 |1.85 |47.61
25.01 13.82 | 45.05 |2.86 0.01 27.51 1.83 0.51 |0.55 |1.47 |44.68
25.06 15.05 |47.96 |2.36 0.00 28.93 1.81 055 [0.47 |1.25 |36.97

Table 3. Experimental tie-line mass factions (w) for PEG09.1500.2000.4000,6000 (1) + trilithium citrate (2) + water
(3) system at T=298.15 K, and P=101 KP, along with the tie-line length (TLL), and tie-line slop (TLS). The
measured partitioning coefficient (D,,), the extraction efficiency percent (E%), and the separation coeflicient
(R) of the salbutamol in the studied tie-lines were also reported. Standard uncertainties, u, are u(T)=0.1 K,
u(w)=0.0013, and u(P) =5 kPa.

monomer—monomer interactions was more likely, compared to the water-monomer and ion-monomer interac-
tions. Therefore, the system is more favorable to form a biphasic ATPS. This conclusion agrees with the experi-
mental results of this work, whereas, the two-phase formation affinity of the studied ATPSs were increased by
increasing the molecular mass of PEG.

Electrolyte-Wilson model was extended for the aqueous systems of polymer + electrolyte + water systems
by Sadeghi et al.** All equations, definitions and information about chemical potential, activity coeflicients and
phase equilibrium condition of this model were demonstrated in our previous works'>*!, and only the results
of the tie-line correlation for ATPSs composed of PEGgg,1500.2000.4000.6000 + trilithium citrate + water of data were
reported in this work. Furthermore, the dielectric constant, D,, molar volume, V, and the estimated number of
the segments for each polymer (i.e., r;) were reported in Table 7.

The calculated parameters of the e-Wilson model were reported in Table 8, and the experimental and corre-
lated results were compared in Figs. 4, 5, 6, 7 and 8. The excellent concurrence of the modeled and experimental
tie-lines is obvious from Table 8 and Figs. 5, 6, 7 and 8 for all cases. Therefore, e-Wilson model can fit the tie-lines
compositions, satisfactorily.

The effect of molecular mass of PEG on salbutamol partitioning. Partitioning of salbutamol in
tie-line solutions were measured at T=298.15 K, and the pressure of p=1.0 atm. The values of the partitioning
coefficient, D, separation coeflicient, R, and extraction efficiency percent, E%, were reported in Table 3, and were
shown graphically in Fig. 9.
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Figure 2. (a) The tie-line length (TLL) as a function of the mass fraction of the salt in the stock solution
(w5); (b) the slope of the tie lines (|TLS|) as a function of the mass of the salt in the stock solution (w,) for
PEG 00,1500.2000.4000,6000 (1) + trilithium citrate (2) + water (3) two-phase system at T=298.15 K.

MM a b 102 100SD 100AAD
1000 0.7687 ~1.9063 0.769 10.8729 7.9204
1500 0.7867 -2.8535 1.0091 19.4625 153267
Equation (12) 2000 0.7829 ~2.8003 1.337 63627 57621
4000 0.9451 ~3.955 2.6249 14.9469 10.8386
6000 0.8759 ~3.8895 32074 21.513 19.2917

Table 4. Values of parameters of Eq. 12 for PEG4.15002000.4000,6000 (1) + trilithium citrate (2) + water (3) system
2

at T=298.15K. AAD% = YN | 100‘ij1’ —wil| /N, andsD% = SN, 100(wy™® — wiel)” / N. AAD%

and SD% are the average absolute deviation percent and standard deviation percent between the experimental

(exp) and calculated (cal) values, and w is the mass fraction of the PEG;y,1500.2000,4000,6000- Als0, N is the number
of the points in the binodal curves.

Different MMPs (i.e., MMP = 1000, 1500, 2000, 4000, and 6000) were used in the investigated ATPS for
salbutamol partitioning. According to Fig. 9a, the salbutamol concentration in the polymer-affluent phase was
superior than the bottom phase for PEG, o, and PEG,5y,. So that, the maximum value of D=2.67 was observed
in PEG, . This value is approximately equal in both phases for PEG,, and PEG,, and the average of the D
is 1.15 and 0.96 for PEG,p, and PEG PEG,, respectively. In PEGg,, the drug was concentrated in the salt-
affluent phase, i.e., D is ~0.5. Therefore, at T=298.15 K the lower MMP of PEG resulted in the higher partition-
ing coefficient, and polymers with higher molecular mass have more acceptable outcomes for drug extraction
in aqueous solvents. Also, the standard deviations of the obtained D values are 0.1, 0.15, 0.04, 0.09, and 0.03 for
ATPSs composed of PEGs with MMP = 1000, 1500, 2000, 4000, and 6000, respectively, which, confirm that D is
independent of TLL. More precisely, only in the case of PEG,y, the D was slightly decreased by increasing the
TLL, and inversely, for PEG,, an almost increasing behavior of D with an increase of the TLL was observed.
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100w,

35

30

25

100w,

MMPy P k, 100DEV R?

1000 0.1139 1.8175 1.1724 0.9966
1500 ~0.6161 2.6255 3.4685 0.9873
2000 ~0.6768 32027 5.8175 0.9873
4000 ~3.0357 6.8817 1.4139 0.9507
6000 ~2.7436 7.6304 1.9655 0.9646

Table 5. Results of the fitting of the experimental tie-line compositions with the Seteschenow-type model (i.e.,
Eq. 14) for PEG000,1500,2000,4000,6000 (1) + trilithium citrate &72 +water (3) system at 7; 298.15 K. R? is the
coefficient of determination for linear relation of In ( C b”’; with (C o — C, ) As well,

DEV% = Zp,l ;100 (wex}j ;"l’ j> / 6N, where w,,; is the mass fraction of component j (i.e. polymer, salt, or

water) for Ith tie-line composition in the phase p, and N is the number of experimental (exp) or calculated(cal)
tie-line compositions.

Mpge Pu Pz B 100DEV
1000 1.2906 2.7838 1.0427 19.9900
1500 —1.5422 1.5204 —0.4539 11.5130
2000 3.2112 3.6025 0.0013 22.263
4000 —34.9002 -1.2723 -1.5677 27.208
6000 30.6107 8.4560 —0.4381 24.616

Table 6. Results of the correlation of the experimental tie-line compositions using the osmotic virial equation

for PEG 00,1500.2000, 400(600% (1)+ trlhsly /n citrate (2) + water (3) system at T=298.15 K.
6

)
DEV% = _,;;100( w7 — weel, N.
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Figures 3. Comparison of the experimental and calculated tie-line compositions using osmotic virial model at
T=298.15K.

The efficiency (E%) as function of separation coefficient, R, and TLL were shown in Fig. 9b, and d, respectively.
In all cases, other than PEGg, the E% values are lower than 50%, and the efficiency was decreased by increasing
the MMP until 4000. The separation ability as function of TLL, as shown in Fig. 9c¢, also demonstrate that, other
than PEGyy, the R values are lower than 1.0, which is almost increased by increasing the MMP.

The inconsistence behavior of PEGg, is due to the more tendency of PEGg, to form a biphasic system.
Indeed, from Fig. 9c it can be inferred that, the mass of the polymer-affluent phase is higher than the salt-affluent
phase. In other words, PEGg, can catch more water molecules from the stock solution in competition with the
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Figures 4. Experimental (Exp) and calculated (Cal) binodal curves using Merchuk equation, and tie-line
composition using e-Wilson model for PEG,, (1) + trilithium citrate (2) + water (3) ATPSs at T=298.15 K, and

P=101 kPa.
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Figures 5. Like Fig. 5 for PEG50(1) + trilithium citrate (2) + water (3) ATPSs.
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Figures 6. Like Fig. 5 for PEGy (1) + trilithium citrate (2) +water (3) ATPSs.
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Figures 7. Like Fig. 5 for PEG (1) + trilithium citrate (2) + water (3) ATPSs.
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Figures 8. Like Fig. 5 for PEGg(1) + trilithium citrate (2) + water (3) ATPSs.

ionic components, compared to the other polymers. However, in all other cases the mass of salt-affluent phase
is more than the top-phase, due to the more water molecules cached with the ionic components when contest
with the polymer chains.

Conclusion

In this paper, LLE phase diagrams for the systems of PEG)gq.1500,2000.4000,6000 + trilithium citrate + water at
T=298.15 K were reported. The binodal curves were collected and fitted susccesfully by the Merchuk equation.
Setschenow-type model were applied to study the salting-out capability. It was found that, salting-out parameter
(k) was boosted with enhancement of MMP. In other words, the tendency of the salt-affluent phase was intensi-
fied to adopt the H,0O moleculs with increasing the length of the polymer chain. Furthermore, osmotic virial
and electrolyte-Wilson models were implemented for thermodynamical modeling of the phase equilibrium. It
was found that, there is a direct relationship between the MMP, binodal curves extent, and the tie-line length. So
that, the more the MMP the more the two-phase extent of the phase diagram. Besides, partitioning coefficient
(D) of salbutamol was measured in the studied ATPSs. According to the obtained data, it can be claimed that, the
partioning coeffeicnet (D) of salbutamol was decreased with increasing the MMP. PEG,, with minimum amount
of D=0.47, and high efficiency parcentage of 72% was appropriate for drug dissolution in the salt-affluent phase,
and PEG , is better to transfer the salbutamol molecules to the polymer-affluent phase. Therfore, partitioning
of salbutamol can be controlled by changing the MMP in PEG + trilithium citrate + water ATPS.
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Figures 9. (a) Partitioning coefficient (D) as a function of tie-line length (TLL); (b) Extraction efficiency
percent (E%) as a function of separation coefficient (R); (c) R as a function of TLL; (d) E% as a function of TLL;
for partitioning of salbutamol in the top and bottom phases of PEG;,1500.2000.4000,6000 (1) + trilithium citrate

(2) +water (3) at T=298.15 K, and P=101 kPa. In these figures, (O) is for ATPSs of PEG g9, (0)PEG 50, (A)
PEG00> (X) PEGyg00, and (0) PEGego-

MM D,, D,; (m*/kg) 10° V5 10°V,, rl

1000 22 841.7 46.5832
1500 22 845 70.1488
2000 22 997.045 1.8068735 1877 103.88
4000 22 3551 196.53
6000 22 83,161 276.15

Table 7. Dielectric constant (D,) and molar volume (V) of different molecular mass of PEG 0 1500.2000.4000,6000
(1) and water (3) at desired temperature in modeling of the e-Wilson model. Dielectric constant (D) were
given from Madelung et al.*’, Also, Molar volume of PEG 44,1500 Were obtained from>**!, for PEG, g 4900 Were
from*’, and for PEGg, was from®2. The molar volume of water was calculated from the equation presented by

Robinson an

d Stocks>.

Mpge H,, H,, H;, H,; Hy; H;, DEV%
1000 —-0.7147 0.4898 0.6365 0.6631 -1.2372 0.3364 0.2304
1500 -0.4289 0.2453 0.6723 0.3799 -1.4913 0.2378 0.2793
2000 0.0601 0.4234 0.0193 7.7171 0.2585 0.2576 1.1183
4000 —-0.0092 —-3.2099 0.0191 -7.5011 3.9599 0.1195 0.2106
6000 -0.0488 14.6031 0.0323 6.9646 0.9022 1.7227 0.0246

Table 8. Results of the modelling of the experimental tie-line compositions with e-Wilson model for
PEG 00,1500,2000.4000,6000 (1) + trilithium citrate (2) +water (3) system at T=298.15 K.

Scientific Reports|  (2023) 13:1045 |

https://doi.org/10.1038/s41598-023-28046-9

nature portfolio



www.nature.com/scientificreports/

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 5 December 2022; Accepted: 11 January 2023
Published online: 19 January 2023

References

1.

2.
3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Asenjo, J. A. & Andrews, B. A. Aqueous two-phase systems for protein separation: A perspective. J. Chromatogr. A 1218, 8826-8835
(2011).

Diamond, A. & Hsu, J. Aqueous two-phase systems for biomolecule separation. Bioseparation 66, 89-135 (1992).

Pourebrahimi, F, Shahriari, S., Salehifar, M. & Mozafari, H. Partitioning of vanillin in aqueous two-phase systems formed by
cholinium chloride and K;PO,. Bull. Chem. Soc. Jpn. 88, 1494-1499 (2015).

. Rodrigues, G. D. et al. Phase diagrams of aqueous two-phase systems with organic salts and F68 triblock copolymer at different

temperatures. J. Chem. Eng. Data 55, 1158-1165 (2010).

. Lu, Y.-M,, Yang, Y.-Z., Zhao, X.-D. & Xia, C.-B. Bovine serum albumin partitioning in polyethylene glycol (PEG)/potassium citrate

aqueous two-phase systems. Food Bioprod. Process. 88, 40-46 (2010).

. Rodrigues, G. D., de Lemos, L. R., da Silva, L. H. M. & da Silva, M. C. H. Application of hydrophobic extractant in aqueous two-

phase systems for selective extraction of cobalt, nickel and cadmium. J. Chromatogr. A 1279, 13-19 (2013).

. Hu, R. et al. Rapid, highly efficient extraction and purification of membrane proteins using a microfluidic continuous-flow based

aqueous two-phase system. J. Chromatogr. A 1218, 171-177 (2011).

. Bradoo, S., Saxena, R. & Gupta, R. Partitioning and resolution of mixture of two lipases from Bacillus stearothermophilus SB-1 in

aqueous two-phase system. Process Biochem. 35, 57-62 (1999).

. Zafarani-Moattar, M. T., Hamzehzadeh, S. & Hosseinzadeh, S. Phase diagrams for liquid-liquid equilibrium of ternary poly

(ethylene glycol) + di-sodium tartrate aqueous system and vapor-liquid equilibrium of constituting binary aqueous systems at
T =(298.15, 308.15, and 318.15) K: Experiment and correlation. Fluid Phase Equilib. 268, 142-152 (2008).

Wang, P. et al. Partitioning performance of molybdenum in poly (ethylene glycol) + sodium sulphate + water aqueous two-phase
systems. J. Mol. Lig. 260, 180-185 (2018).

Sun, T, Pan, Y., Sun, X. & Zhang, Y. Recovery of vanadium using an aqueous two-phase system consisting of poly (ethylene glycol)
2000 and sodium sulfate. Hydrometallurgy 189, 105135 (2019).

Jimenez, Y. P. & Galleguillos, H. R. (Liquid+ liquid) equilibrium of (NaNO; + PEG 4000 + H,O) ternary system at different tem-
peratures. J. Chem. Thermodyn. 43, 1573-1578 (2011).

Mokarizadeh, M. & Nemati-Kande, E. Temperature effect on the phase equilibrium of polyethylene glycol 2000 + trilithium
citrate + water aqueous two-phase systems at T = 288.15, 298.15, 308.15, and 318.15 K. J. Chem. Eng. Data 6, 66 (2022).

Vernau, J. & Kula, M.-R. Extraction of proteins from biological raw material using aqueous polyethylene glycol-citrate phase
systems. Biotechnol. Appl. Biochem. 12, 397-404 (1990).

Wang, L. et al. Solid-liquid and liquid-liquid equilibria for the system composed of cesium chloride, polyethylene glycol
(PEG1000/4000/6000) and water at 288.15 and 308.15 K. J. Sol. Chem. 49, 1382-1401 (2020).

Barani, A., Pirdashti, M., Heidari, Z. & Dragoi, E.-N. Influence of the molecular weight of polymer, temperature and pH on phase
diagrams of poly (ethylene glycol) + di-potassium tartrate aqueous two-phase systems. Fluid Phase Equilib. 459, 1-9 (2018).
Graber, T. A., Taboada, M. E., Cartén, A. & Bolado, S. Liquid-liquid equilibrium of the poly (ethylene glycol) + sodium
nitrate + water system at 298.15 K. . Chem. Eng. Data 45, 182-184 (2000).

Hey, M. ], Jackson, D. P. & Yan, H. The salting-out effect and phase separation in aqueous solutions of electrolytes and poly (eth-
ylene glycol). Polymer 46, 2567-2572 (2005).

Podo, E, Némethy, G., Indovina, P. L., Radics, L. & Viti, V. Conformational studies of ethylene glycol and its two methyl ether
derivatives: I. Theoretical analysis of intramolecular interactions. Mol. Phys. 27, 521-539 (1974).

Kaulgud, M. & Patil, K. Sound propagation in some mono-and disubstituted derivatives of benzene. Acta Acust. Acust. 26, 292-296
(1972).

Zafarani-Moattar, M. T., Emamian, S. & Hamzehzadeh, S. Effect of temperature on the phase equilibrium of the aqueous two-phase
poly (propylene glycol) + tripotassium citrate system. J. Chem. Eng. Data 53, 456-461 (2008).

Shahrokhi, B., Pirdashti, M., Mobalegholeslam, P. & Rostami, A. A. Liquid-liquid equilibrium and physical properties of aqueous
mixtures of poly (ethylene glycol) with zinc sulfate at different pH values: experiment, correlation, and thermodynamic modeling.
J. Chem. Eng. Data 62, 1106-1118 (2017).

Ketabi, M., Pirdashti, M. & Mobalegholeslam, P. Liquid-liquid equilibrium and physical properties of aqueous mixtures of poly
(ethylene glycol) 3000 with tri-potassium citrate at different pH: Experiment, correlation and thermodynamic modeling. J. Korean
Chem. Soc. 63, 12-23 (2019).

Pirdashti, M., Bozorgzadeh, A., Ketabi, M. & Khoiroh, I. Phase equilibria of aqueous mixtures of PEG with formate salt: Effects of
pH, type of cation, polymer molecular weight and temperature. Fluid Phase Equilib. 485, 158-167 (2019).

Merchuk, J. C., Andrews, B. A. & Asenjo, J. A. Aqueous two-phase systems for protein separation: Studies on phase inversion. J.
Chromatogr. B Biomed. Sci. Appl. 711, 285-293 (1998).

Rahmani, A., Rostami, A. A., Pirdashti, M. & Mobalegholeslam, P. Liquid-liquid equilibrium and physical properties of aqueous
mixtures of poly (vinyl pyrrolidone) with potassium phosphate at different pH: Experiments and modeling. Korean J. Chem. Eng.
34, 1149-1158 (2017).

Hatti-Kaul, R. Aqueous two-phase systems. Mol. Biotechnol. 19, 269-277 (2001).

Eiteman, M. A. & Gainer, J. L. Peptide hydrophobicity and partitioning in poly (ethylene glycol)/magnesium sulfate aqueous two-
phase systems. Biotechnol. Prog. 6, 479-484 (1990).

Shiran, H. S., Baghbanbashi, M., Ahsaie, F. G. & Pazuki, G. Study of curcumin partitioning in polymer-salt aqueous two phase
systems. J. Mol. Lig. 303, 112629 (2020).

Wysoczanska, K., Do, H. T., Held, C., Sadowski, G. & Macedo, E. A. Effect of different organic salts on amino acids partition
behaviour in PEG-salt ATPS. Fluid Phase Equilib. 456, 84-91 (2018).

Kalaivani, S. & Regupathi, I. Partitioning studies of a-lactalbumin in environmental friendly poly (ethylene glycol)—citrate salt
aqueous two phase systems. Bioprocess. Biosyst. Eng. 36, 1475-1483 (2013).

Iyyaswami, R., Belur, P. D., Girish, B. & Nagaraj, V. H. Development and evaluation of PEG-lithium citrate salt based aqueous two
phase system and its application in partitioning of proteins from fish industry effluent. Sep. Sci. Technol. 47, 591-598 (2012).
Hosseinpour Hashemi, V., Nemati-Kande, E. & Azizi, Z. Effect of temperature on the phase equilibria of poly (vinylpyrrolidone)
10000 + trilithium citrate + water aqueous two-phase system and partitioning of curcumin at T = 298.15, 308.15, and 318.15 K. J.
Chem. Eng. Data (2022).

Zakhodyaeva, Y. A., Rudakov, D. G., Solovev, V. O., Voshkin, A. A. & Timoshenko, A. V. Liquid-liquid equilibrium of aqueous
two-phase system composed of poly(ethylene oxide) 1500 and sodium nitrate. J. Chem. Eng. Data 64, 1250-1255. https://doi.org/
10.1021/acs.jced.8b01138 (2019).

Scientific Reports |

(2023) 13:1045 | https://doi.org/10.1038/s41598-023-28046-9 nature portfolio


https://doi.org/10.1021/acs.jced.8b01138
https://doi.org/10.1021/acs.jced.8b01138

www.nature.com/scientificreports/

35. Solovev, V. O., Zakhodyaeva, Y. A. & Voshkin, A. A. On the influence of additives of polymer, sodium nitrate, and 1-methyl-
2-pyrrolidone on the extraction of thiophene in an n-hexan-water system. Theor. Found. Chem. Eng. 54, 894-899. https://doi.org/
10.1134/50040579520050437 (2020).

36. Tantucci, C. et al. Effect of salbutamol on dynamic hyperinflation in chronic obstructive pulmonary disease patients. Eur. Respir.
J. 12, 799-804 (1998).

37. Greenough, A., Emery, E., Brooker, R. & Gamsu, H. R. Salbutamol Infusion to Treat Neonatal Hyperkalaemia (1992).

38. Zafarani-Moattar, M. T. & Nemati-Kande, E. Study of liquid-liquid and liquid-solid equilibria of the ternary aqueous system
containing poly ethylene glycol dimethyl ether 2000 and tri-potassium phosphate at different temperatures: experiment and cor-
relation. Calphad 34, 478-486 (2010).

39. Sadeghi, R. A modified Wilson model for the calculation of vapour + liquid equilibrium of aqueous polymer + salt solutions. J.
Chem. Thermodyn. 37, 323-329 (2005).

40. Tobon-Zapata, G., Ferrer, E., Etcheverry, S. & Baran, E. Thermal behaviour of pharmacologically active lithium compounds. J.
Therm. Anal. Calorim. 61, 29-35 (2000).

41. Mokarizadeh, M., Nemati-Kande, E. & Azizi Adeh, R. Temperature effect on the liquid-liquid equilibrium of isopropanol + triso-
dium citrate + water aqueous two-phase systems at T = 288.15, 298.15, 308.15, and 318.15 K. J. Chem. Eng. Data 66, 2050-2060
(2021).

42. Edmond, E. & Ogston, A. An approach to the study of phase separation in ternary aqueous systems. Biochem. J. 109, 569-576
(1968).

43. Zafarani-Moattar, M. T. & Hamzehzadeh, S. Effect of pH on the phase separation in the ternary aqueous system containing the
hydrophilic ionic liquid 1-butyl-3-methylimidazolium bromide and the kosmotropic salt potassium citrate at T = 298.15 K. Fluid
Phase Equilib. 304, 110-120 (2011).

44. Zafarani-Moattar, M. T. & Hamzehzadeh, S. Salting-out effect, preferential exclusion, and phase separation in aqueous solutions
of chaotropic water-miscible ionic liquids and kosmotropic salts: Effects of temperature, anions, and cations. . Chem. Eng. Data
55, 1598-1610 (2010).

45. Li, Z., Tang, Y, Liu, Y. & Li, Y. Salting effect in partially miscible systems of n-butanol water and butanone water 1. Determination
and correlation of liquid-liquid equilibrium data. Fluid Phase Equilib. 103, 143-153 (1995).

46. Acrivos, J. (ACS Publications, 1988).

47. Zafarani-Moattar, M. T. & Mehrdad, A. Measurement and correlation of density for PEG + H,0 + NaHSO,, NaH,PO,, and
Na,HPO, at three temperatures. J. Chem. Eng. Data 45, 386-390 (2000).

48. Devi, S. et al. Volumetric, acoustic and viscometric studies of trilithium and triammonium citrate in aqueous solutions of [Emim]
[HSO,] at different temperatures. J. Mol. Liq. 354, 118842 (2022).

49. Madelung, O. (Springer, 1976).

50. Kushare, S., Terdale, S., Dagade, D. & Patil, K. Compressibility and volumetric studies of polyethylene-glycols in aqueous, metha-
nolic, and benzene solutions at T = 298.15 K. . Chem. Thermodyn. 39, 1125-1131 (2007).

51. de Sa Costa, B., Garcia-Rojas, E. E., Coimbra, J. S. L. d. R,, Teixeira, J. A. n. & Telis-Romero, J. Density, refractive index, apparent
specific volume, and electrical conductivity of aqueous solutions of poly (ethylene glycol) 1500 at different temperatures. J. Chem.
Eng. Data 59, 339-345 (2014).

52. Cruz, R. d. C,, Martins, R. ], Cardoso, M. J. d. M. & Barcia, O. E. Volumetric study of aqueous solutions of polyethylene glycol as
a function of the polymer molar mass in the temperature range 283.15 to 313.15 K and 0.1 MPa. J. Sol. Chem. 38, 957-981 (2009).

53. Zhao, E., Yu, M., Sauvé, R. E. & Khoshkbarchi, M. K. Extension of the Wilson model to electrolyte solutions. Fluid Phase Equilib.
173, 161-175 (2000).

Acknowledgements
Financial support of Urmia University was acknowledged.

Author contributions

All authors contributed to the study, conception, and design. Material preparation, data collection, and analysis
were performed by EN.K., Z.A., and M.M. The first draft of the manuscript was written by E.N.K. and M.M.,
and all authors commented on previous versions of the manuscript. All authors read and approved the final
manuscript.

Funding
The authors declare that no funds, grants, or other support were received during the preparation of this
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.N.-K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:1045 | https://doi.org/10.1038/s41598-023-28046-9 nature portfolio


https://doi.org/10.1134/s0040579520050437
https://doi.org/10.1134/s0040579520050437
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Phase diagrams of PEG1000,1500,2000,4000,6000 + lithium citrate + water ATPSs, and the partitioning of salbutamol at T = 298.15 K
	Methods
	Materials. 
	Apparatus and procedure. 

	Results and discussion
	The measured binodal and tie-line concentration. 
	Correlation of the binodal and tie-line composition. 
	The effect of molecular mass of PEG on salbutamol partitioning. 

	Conclusion
	References
	Acknowledgements


