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In order to obtain a better understanding of the interaction between acetonitrile and secondary plant metabo-
lites, partition behavior of quercetin as a biomolecule model was investigated in systems composed of acetoni-
trile, salt [NaCl/KCl/NaBr/KBr], and water at different temperatures. The salting-out ability of the constituent
anions and cations of these salts followed the well-known Hofmeister series and the effect of anion was more
pronounced than the effect of cation. The Setschenow-type equation is applied to study the slating-out effects
on the selected systems. The effect of temperature on the cloud-points as a function of acetonitrile mole fraction
was studied in the temperature range of 293.15–328.15 K at 5 K intervals in aqueous solution of acetonitrile. The
results showed that the concentration of acetonitrile in equilibrium with a certain concentration of salts signifi-
cantly increased by the increasing of temperature. The free energy, enthalpy and entropy changes of clouding
point (CP) was estimated by using a simple method and the driving force of formation of two phases may be
the decrease of enthalpy. Investigation of the distribution behavior of quercetin showed that with increasing
the salting-out ability of salt, IC50 values (the concentration necessary for 50% reduction of DPPH) of bottom
phases, partition coefficient and recovery of quercetin significantly increased. The effect of temperature on the
recovery of quercetin showed that the recovery decreased with the increasing of temperature in total systems
under investigation and the decreasemore significantly for bromide salts. The change in Gibbs energy (ΔGt), en-
thalpy (ΔHt) and entropy (ΔSt) of quercetin transfer process was calculated from the partition data. The results
confirmed that under the same conditionswith increasing the salting-out ability of salt, the calculatedΔGt values
were more negative.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Secondary metabolites such as quercetin (3, 3′, 4′, 5, 7-
pentahydroxy flavone) as a biomolecule are organic compounds pro-
duced by plants. Due to the antioxidant activity, secondary metabolites
are essential components in a variety of nutraceutical, pharmaceutical,
medicinal and cosmetic applications [1]. High Performance Liquid Chro-
matography (HPLC) is used in a variety of industrial and scientific appli-
cations, such as pharmaceutical, chemicals and environmental.
Quantitative and qualitative analysis of secondary plant metabolites
often is carried out in the pharmaceutical industry by HPLC. Acetonitrile
(ACN) is solvent that is commonly used in reversed-phase HPLC for sec-
ondary metabolites analysis [2]. In order to obtain a better understand-
ing of the interaction between acetonitrile and secondary metabolites,
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partition behavior of quercetin as amodel biomoleculewas investigated
in systems composed of acetonitrile, salt, andwater at different temper-
atures. Quercetin with specific structure acts as a powerful antioxidant.
It is a bioactive flavonoid compound and is found abundantly in vegeta-
bles and fruits. There is growing evidence suggesting that quercetin has
therapeutic potential for the prevention and treatment of different dis-
eases [3]. Quercetin bioavailability depends on the type of glycosides
present in different food sources. Studies have demonstrated that the
adsorption of quercetin glycosides almost twice as much as its corre-
sponding aglycon [4].

As it mentioned, ACN is a key solvent in the chemical industries, par-
ticularly the pharmaceutical industry [5], where the global demand ac-
counts for over 70% of the total market. ACN Market size was valued at
United States Dollar (USD) 209.1Million in 2016 and projected to reach
USD 277.1 Million by 2022, at a compound annual growth rate of 4.8%
during the forecast period. The high popularity of ACN is due to its excel-
lent solvation abilitywith respect to awide range of polar andnon-polar
solutes, and favorable properties such as low freezing/boiling points,
low viscosity and relatively low toxicity. Therefore, shortage of ACN in
ater systems: Hofmeister effects and partition of quercetin, Journal of
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the future combined with environmental challenges requires recovery
of ACN from aqueous waste. “Salting out” is an innovative technique
for recovery of ACN from aqueous waste.

More than 100 years ago, Hofmeister measured the concentrations
of various salts needed to precipitate proteins from whole egg white
[6,7]. Nowadays this effect is known as the Hofmeister effect. It is very
general and can be used to alter the solubility of a wide range of organic
compounds miscible with water in mixed solvent systems.

The mixed solvent system in the presence of an added electrolyte is
an attractive technology to study. When the concentration of the added
salt exceeds from a critical value, the one-phase mixed solvent system
becomes an immiscible biphasic system. In this biphasic system, the
concentration of the constituents of the phases is different. If one of
the phases is water, the system is known as an aqueous two-phase sys-
tem (ATPS) [8].

Liquid-liquid equilibria (LLE) in ATPSS are the result of intermolecu-
lar forces, predominantly hydrogen bonding [9]. Addition of a salt to
such a system introduces ionic forces that alter the structure of the liq-
uids in equilibrium. Thewatermolecules that surround the ions become
unavailable for the organic solvent and it becomes “salted out” from the
aqueous phase. On the other hand, the salting out effect is utilized for fa-
cilitating the separation of organic compounds from aqueous solutions.

ATPS composed of an organic solvent and a salt solution have been
used to isolate pharmaceutical ingredients [10–13]. Advantages of
using this system are lower viscosity, lower cost of chemicals and
shorter phase separation time. Therefore, in this work, the use of ACN-
salt-based ATPSwas investigated as an alternative platform for recovery
of quercetin.

Phase equilibria in an aqueous biphasic system containing ACN have
been investigated by several researchers. For example, salting-out effect
of sodium, potassium, carbonate, sulfite, tartrate and thiosulfate ions
was studied in aqueous mixtures of ACN [14], and novel ATPSS com-
posed of ACN and polyols [15]. As far as we know, there is no report
that systematically investigate LLE along with its application for ACN
and aqueous solution of sodium chloride, potassium chloride, sodium
bromide and potassium bromide salts. In this work, first, LLE for ACN
and aqueous solution of different salts was investigated. Then, quercetin
was used as a model biomolecule for partitioning in ATPS. In order to
propose a potential strategy for the extraction and purification of quer-
cetin biomolecule, investigation was carried out on the partitioning be-
havior of quercetin. The main effective parameters such as kind of salt
and temperature on the ATPS were studied to obtain a higher partition
coefficient and higher extraction efficiency of quercetin. Finally, in order
to confirm the results, salt effect was investigated on the antioxidant ca-
pacity of both phases in the systems (quercetin solution (1.0 g·kg−1

ACN) + salt + water).

2. Material and methods

2.1. Materials

ACN (GR, 99.5%) was obtained from Sumchun, NaCl (GR, 99.5%),
NaBr (GR, 99.5%), and KBr (GR, min 99.5%) were obtained from
Merck. KCl (GR, 99%) from Fluka, aluminum chloride hexa-
hydrated (98%), sodium nitrite (min 99.99%), quercetin (min 95%),
and 2, 2-diphenyl-1-picrylhydrazyl (DPPH; 97%) were purchased
from Sigma-Aldrich. These reagents were used without further puri-
fication and doubly distilled deionized water was used in all
experiments.

2.2. Phase diagrams and tie lines

The experimental apparatus employed in this work is essentially
similar to the one used before [16]. A double wall glass vessel is
used for carrying out the binodal curve measurements on a mag-
netic stirrer plate. It was provided with an external jacket in
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which water at constant temperature (±0.1 °C) is circulated from
a refrigerated bath circulator (DAIHAN model WCR\\P22, Korea).
The binodal curves were determined by the cloud point method.
An aqueous salt solution of know concentration was titrated with
ACN, until the solution turned turbid, which indicated the forma-
tion of two liquid phases. The solution was back titrated by adding
water until the turbidity was vanished. The composition before
the addition of the last drop before clearing was a point on the
binodal curve. The composition of the mixture was followed by
mass using an analytical balance (Sartorius model TE214S,
Switzerland) with a precision of ±1 × 10−4 g. This procedure con-
tinued for other binodal points too.

The tie-lines (TLs) were obtained through a gravimetric method
originally described by Merchuk and co-workers [17]. The feed sam-
ples (about 10 g) were prepared by mixing appropriate amounts of
ACN, salt, and water in the conical vessel that are in the biphasic re-
gion. These samples were stirred (1500 cycles·min−1) using a stirrer
(RCTB, IKA) for 10 min. Feed samples were immersed in a
thermostated water bath at constant temperature 25 °C. Based on
the thermodynamics, under equilibrium conditions, any macro-
scopic property of the systems is stable, and therefore to ensure the
occurrence of the thermodynamic equilibrium. The refractive index
and mass of some samples of the both phases (i.e. salt-rich and
ACN-rich) of several feed samples were measured using a refractom-
eter (CARL ZEISS, Germany) with an uncertainty of the ±0.0002 and
analytical balance. The periodic measurements showed that the nec-
essary rest time to ensure the thermodynamic equilibrium is about
20 min. However, the feed samples were immersed in the water
bath for about 2 to 3 h to enrich the equilibrium condition. After
equilibrium was achieved, samples were carefully withdrawn using
long needle syringes. For withdrawing bottom phase, a tiny bubble
of air was retained at the needle tip and expelled in the bottom
phase to prevent contamination from upper phase material. After
the separation of two phases, the mass of both phases was deter-
mined by analytical balance. The mass of both phases for determina-
tion of phase compositions was given in supplementary file
(Table S1). Each individual TL was determined by the application of
the lever-arm rule, which describes the relationship between the
weight of the top phase and the overall system weight and composi-
tion. For that purpose, the binodal curves were fitted to the obtained
experimental data according to Eq. (1).

W1 ¼ Exp U0 þ U1 W2ð Þ0:5 þ U2 W2ð Þ3
� �

ð1Þ

where, W1 andW2 are the weight fraction percentages of ACN and salt,
respectively; and U0, U1, U2 are the fit coefficients of Eq. (1). Then, the
determination of the tie lines was accomplished by solving the follow-
ing equations (Eqs. (2)–(5)) simultaneously, for the four unknown
values W1bp, W1tp,W2bp and W2tp.

W1tp ¼ Exp U0 þ U1 W2tp
� �0:5 þ U2 W2tp

� �3� �
ð2Þ

W1bp ¼ Exp U0 þ U1 W2bp
� �0:5 þ U2 W2bp

� �3� �
ð3Þ

W1tp ¼ W1tc

α
−

1−αð ÞW1bp

α
ð4Þ

W2tp ¼ W2tc

α
−

1−αð ÞW2bp

α
ð5Þ

where the subscripts tp, bp and tc denote, the top phase, bottom phase
and total composition, respectively. The value of α is the ratio between
themass of the top phase and the total weight of the system. The simul-
taneous solution of the Eqs. (2)–(5) led to the ACN and salt weight frac-
tion percentages in the top and bottom phases. Thus, TLs can simply
ater systems: Hofmeister effects and partition of quercetin, Journal of
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Table 1
Tie line data and tie line length (TLL) for the ACN (1) + Salt (2) + Water (3) systems as
mole fraction percent at 25 °C.

Total composition Top phase Bottom phase TLL

100x1 100x2 100x1 100x2 100x1 100x2

ACN (1) + NaCl (2) + Water (3)
26.97 1.50 59.88 0.19 15.49 1.95 44.43
29.99 1.75 65.49 0.15 12.86 2.52 52.68
31.86 1.93 67.96 0.13 11.65 2.94 56.38
36.03 2.26 70.29 0.12 10.27 3.86 60.14
38.93 2.50 72.69 0.10 10.07 4.54 62.77

ACN (1) + KCl (2) + Water (3)
29.95 1.75 64.12 0.18 14.62 2.46 49.55
32.46 1.97 67.05 0.16 12.80 3.00 54.32
35.82 2.23 71.82 0.13 11.44 3.66 60.48
38.98 2.54 72.78 0.12 11.07 4.58 61.86
40.86 2.68 74.15 0.11 10.44 5.03 63.90

ACN (1) + NaBr (2) + Water (3)
30.03 1.75 52.06 0.82 24.59 1.98 27.49
33.04 2.01 61.27 0.67 19.64 2.64 41.68
35.98 2.25 66.70 0.60 17.12 3.26 49.65
39.03 2.50 70.68 0.56 15.65 3.94 55.13
41.99 2.75 72.54 0.54 15.07 4.69 57.61

ACN (1) + KBr (2) + Water (3)
33.85 2.08 54.54 0.87 23.90 2.66 30.69
36.01 2.25 60.11 0.76 21.18 3.17 39.00
39.00 2.50 65.44 0.67 18.54 3.91 47.01
41.97 2.75 69.05 0.62 16.82 4.73 52.39
44.94 3.00 74.53 0.55 15.99 5.39 58.74
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represent and the respective tie-line lengths (TLLs) can be determined
through the application of Eq. (6).

TLL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X1tp−X1bp
� �2 þ X2tp−X2bp

� �2q
ð6Þ

where X1 and X2 are the mole fraction percentages of ACN and salt,
respectively. The simple gravimetric method used in this work is
the basis of determination of tie lines and binodal that are mass mea-
surements. Therefore, the accuracy and repeatability of this method
is very high.

For the effects of temperature on the cloud-point, an aqueous salt so-
lution of know concentration was titrated with ACN, until the solution
turned turbid. Then, temperature increased at 5 K intervals until the tur-
bidity vanished, and the addition of ACNwas repeated until the solution
turned turbid again. In this work, the relative mole fraction of two com-
ponents remained constant and the mole fraction of the third compo-
nent (ACN) was changed.

2.3. Quercetin concentration

After systematic studies on the liquid−liquid equilibrium behavior
of aqueous solutions shown in Fig. 9A, the partition behavior of querce-
tin was followed in these systems. Biphasic systems (quercetin solution
(1.0 g·kg−1 ACN)+ salt +water) were prepared in the vessel with the
same previous total composition. The samples were stirred
(1500 cycles·min−1) for 10 min. and then immersed in a water bath
(thermostat) at constant temperature for about 20 min to reach an
equilibrium. When an equilibrium was achieved, samples were care-
fully withdrawn using long needle syringes. After the separation of the
two phases, the mass of both phases was determined by analytical bal-
ance within ±10−4 g. The method described by Zhishen et al. with
minor modifications applied in this work to determine quercetin con-
centration in both phases [18]. The amount of 50 mg of quercetin was
dissolved in ACN and then diluted to 100–1000 ppm. To 0.50 g of the
suitably diluted sample, 0.30 g of a 5%NaNO2 solution, 0.30 g of a freshly
prepared 10% AlCl3 solution, and 1 g of 1 M NaOH solution were added.
The final mass was adjusted to 4 g with ethanol (50%). After incubation
at room temperature for 30 min and complexation with AlCl3, the ab-
sorbance of the reaction mixture was measured at 465 nm using a UV-
VIS spectrophotometer (UV-2800, Unico, USA). The same sample with-
out AlCl3 was used as a blank solution. Similarly, the certain mass of
phases was reacted with aluminum chloride for determination of quer-
cetin concentration as was described above. The quercetin concentra-
tion was calculated using the following linear equation based on the
calibration curve:

A ¼ 0:007Cþ 0:016 R2 ¼ 0:998 ð7Þ

where A is the absorbance and C is the quercetin concentration in
μg·g−1. In the determination of quercetin concentration by above pro-
cedure, percentage of average quercetin recovery in both phases under
investigation was 96.84% of initial quercetin content. Therefore, the ac-
curacy and repeatability of this method is high.

2.4. Antioxidant capacity of phases

The antioxidant capacity of phases was assessed using DPPH radical
according to the literature with moderate modification [19]. A certain
mass of both phases solution was diluted with DPPHmethanol solution
(0.10 mM) until ultimate mass of 3 g. Acetonitrile solutions 80% for top
phase and 20% for bottomphasewere used instead of phase solutions in
the blank system. The most concentrated phase solution (0.30 g) was
added into 2.70 g DPPH methanol solution as control sample. The mix-
ture was shaken vigorously and left to stand for 60min at ambient tem-
perature in darkness. Absorbance was determined at 517 nm. The
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results were expressed as percentage inhibition of the DPPH radical
and calculated using the following equation.

Antioxidant capacity ¼ 1−
As−AC

Ab

� �
� 100 ð8Þ

where Ac, As and Ab represent the absorbance of control, sample and
blank, respectively. The antioxidant capacity of phases was expressed
as IC50 that calculated from the plots of percent inhibition versus phase
solution concentration.

3. Results and discussion

3.1. Phase diagrams

The experimental binodal curves data for (ACN) + Salt (NaCl, KCl,
NaBr, KBr) + Water ternary systems at 25 °C are reported in Table S2
and tie-line compositionswith TLL are reported in Table 1. Furthermore,
the phase diagrams for these systems are shown in Figs. 1–4. The com-
parison of binodal curves is depicted in Fig. 5 at 25 °C.

3.2. Effect of different salts on the phase diagram

From Fig. 5 it is obvious that, the two-phase formation ability of
the systems composed of ACN follows the ordering
NaCl N KCl N NaBr N KBr. This observation is discussed based on the
changes in the intermolecular interactions between the components
of the system when an electrolyte and an organic solvent is mixed in
an aqueous solution. The “hydration theories” can describe a simple
representation of the salting-out phenomenon. Based on these theo-
ries [20], when the electrolyte is solved in a solvent the stronger ion-
solvent interactions overcome the ion-ion interactions. Then, the
distance between the ions increases and consequently, each of the
constitutive ions of the electrolyte is surrounded by a layer of sol-
vent. The stronger solvation interactions immobilize the solvent
molecules and suppress their role as solvent. In an organic solvent
and aqueous electrolyte system, the organic solvent molecules and
ater systems: Hofmeister effects and partition of quercetin, Journal of
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Fig. 1. Binodal curve and tie lines for ACN (1) + NaCl(2) + Water (3) at 25 °C: ○,
experimental data of the binodal curve; −, calculated from Eq. (1); △, tie line data; ▲,
initial total composition.

Fig. 2. Binodal curve and tie lines for ACN (1) + KCl(2) + Water (3) at 25 °C: ,
experimental data of the binodal curve; , calculated from Eq. (1); , tie line data; ,
initial total composition.

Fig. 3. Binodal curve and tie lines for ACN (1) + NaBr (2) + Water (3) at 25 °C: ,
experimental data of the binodal curve; , calculated from Eq. (1); , tie line data; ,
initial total composition.

Fig. 4. Binodal curve and tie lines for ACN (1) + KBr (2) + Water (3) at 25 °C: ,
experimental data of the binodal curve; , calculated from Eq. (1); , tie line data; ,
initial total composition.
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dissolved ions compete with each other to detain more solvent (i.e.
water) molecules around their respective hydration shells. In this
challenge, the ionic species have more interactions with water mol-
ecules. They can achieve more water molecules and proportionally
the other component enforced to decrease the interactions with
water molecules and therefore its self-intermolecular interactions
increased. Subsequently, the organic solvent is “salted out” and
when the amount of electrolyte increased from the specific threshold
concentration, the organic solvent molecules excluded from the
remained solution as a separated phase. Therefore, from Fig. 5 can
be concluded that, the salting-out ability of the constituent anions
and cations of these salts is as follows: Na+ N K+ and Cl− N Br−. In-
deed, the cation and anion influence in the salting-out of the ACN fol-
lows the well-known Hofmeister series [7,21,22]. Fig. 5 also shows
that the difference between the effects of Cl− and Br− anions on
the salting-out of the ACN in the presence of a fixed cation is more
pronounced than the effects of Na+ and K+ cations in the presence
of a fixed anion. This difference has been attributed to the higher
Please cite this article as: S.A. Jafari and M.H. Entezari, Salting out in ACN/w
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polarizability, relatively larger size and different hydration charac-
teristics of anions compared to those of cations [23].

The salting out ability of different salts is attributed to the Gibbs free
energy of hydration, ΔGhyd, of the constituent ions. ΔGhyd is the change
in the free energy from an isolated naked ion in the gas phase to the
aqueous hydrated ion in solution. Therefore, the ions with higher
kosmotropicity have a more negative ΔGhyd, due to the resulting more
structured water ‘lattice’ around the ion [24]. Marcus [25] reported the
experimental values of −365, −295,-340 and −315 kJ·mol−1 for
ΔGhyd of Na+, K+, Cl− and Br−, respectively. Comparison of ΔGhyd

values and the salting-out abilities represented above, shows that the
more negative value of ΔGhyd of the cation or anion results in the
more salting-out ability of the ion.
ater systems: Hofmeister effects and partition of quercetin, Journal of
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Fig. 5. Comparison of binodal curves for the ACN (1) + Salt (2) + Water (3) systems at
25 °C: –, calculated from Eq. (1).
3.3. Cloud-point (CP) data and thermodynamic parameters

The temperature behavior of the investigated aqueous two-phase
systems can further illustrated if we consider the diagram of cloud-
point temperature as a function of ACN mole fraction. The CP tempera-
ture as a function of ACN mole fractions measured in the temperature
range of 293.15–328.15 K at 5 K intervals on the investigated systems.
The experimental CP data were reported in Table S3 and plotted in
Fig. 6. It shows that the concentration of acetonitrile that is in equilib-
rium with a certain concentration of salts significantly increases by in-
creasing temperature. In other words, the phase-separation ability of
all studied ATPSs in the temperature range of 293.15–328.15 K de-
creases with increasing the temperature. In another point of view, in
these systems by the increasing temperature, the electrostatic interac-
tions between ionic species and water molecules decrease and thus,
more ACN mole fraction is required for phase separation. As shown in
Fig. 6, the bromide salts are more sensitive to higher temperatures so
that for potassium bromide salt, with the lowest salting-out abilities at
temperatures of 313.15 K or above, phase separation does not occur.
Fig. 6. Effect of temperature on cloud point, CP, as ACN mole fraction, in the presence of
aqueous solution of salts. –, calculated from Eq. (12).
Recently, Dan et al. [26], considering CP as the point of phase separa-
tion (or the solubility limit) estimated the free energy, ΔGc, enthalpy,
ΔHc, and entropy, ΔSc, of phase-separation to obtain some information
about the driving force of the aqueous two phase formation process.
Dan et al., the free energy of phase separation or clouding (ΔGc) calcu-
lated from the following equation:

ΔGc ¼ RTlnX1 ð9Þ

where X1 is themole fraction of the ACN at CP. TheΔGc values are calcu-
lated using the experimental CP values of ACN for the same salt to water
mole fraction ratios and reported in Table 2. The ΔGc values at different
CP (or T) are processed according to the equation given below to get
ΔHc from the slope of the linear (least squares) plot of (ΔGcT ) against
(1T) for each of the studied ATPSs:

ΔHc ¼ d ΔG
T

� �
d 1

T

� � ð10Þ

The calculated ΔHc values presented in Table 2 are negative for all
studied ATPSs. The negative values of ΔHc for these systems demon-
strate that the phase-separation process is an exothermic process.

Moreover, the following equation was used to calculate the entropy
changes of phase-separation:

ΔGc ¼ ΔHc−TΔSc ð11Þ

The calculated values of ΔHc and TΔSc from Eqs. (10) and (11) were
reported in Table 2, which are negative. Therefore the driving force of
two phase formation process may be the decrease of enthalpy.

In this work, the following simple empirical equation was used to
represent the studied cloud point temperatures:

X1 ¼ S0 þ S1Tc ð12Þ

where Tc, and X1 represent the cloud point temperature and mole frac-
tion percent of ACN, respectively. The coefficients of Eq. (12) alongwith
the corresponding standard deviations for the investigated systems are
given in Table S4. The standard deviations calculated using the follow-
ing equation, where N is the number of data.

σ Xð Þ ¼ ∑
N

i¼1

Xi,cal−Xi, exp
� �2

N

 !0:5

ð13Þ

3.4. Modeling of the phase diagrams

3.4.1. Correlation of the binodal curves
The experimental binodal pointes were correlated using Eq. (1), and

the obtained parameters along with the corresponding standard devia-
tions were reported in Table 3. Figs. 1–4 compare the experimental
points and calculated binodal curves for the studied ATPSs. Base on the
standard deviations reported in Table 3 and the results shown in
Figs. 1–4, it is concluded that, Eq. (1) successfully correlates the binodal
curves of the investigated systems with experimental points. The stan-
dard deviations were calculated using the following equation, where N
is the number of binodal data.

σ Xð Þ ¼ ∑
N

i¼1

Xi,1,cal−Xi,1, exp
� �2

N

 !0:5

ð14Þ

3.4.2. Correlation of the tie-lines data
Over a century ago, Setschenowderived an empirical equation to de-

scribe salting out ability of different salts [27]. Since then, considerable
efforts have made to modify this empirical equation [28,29]. Currently,



Table 2
Cloud-point (CP) data along with the calculated ΔG, ΔH and ΔS for the ACN (1) + salt (2) + Water (3) systems as a function of mole fraction of the ACN at different temperatures.

T/K 293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15

System ACN (1) + NaCl (2) + Water (3) X2
X3

= 0.02383

XACN 0.147 0.160 0.176 0.205 0.228 0.263 0.291 0.317
ΔG(kJ·mol−1) −4.67 −4.55 −4.38 −4.06 −3.84 −3.53 −3.32 −3.13
ΔH(kJ·mol−1) −18.46
TΔS(kJ·mol−1) −13.79 −13.91 −14.08 −14.39 −14.61 −14.93 −15.14 −15.33

System ACN (1) + KCl (2) + Water (3) X2
X3

= 0.02411

XACN 0.161 0.182 0.196 0.217 0.235 0.279 0.302 0.326
ΔG(kJ·mol−1) −4.46 −4.22 −4.11 −3.91 −3.77 −3.37 −3.22 −3.06
ΔH(kJ·mol−1) −16.41
TΔS(kJ·mol−1) −11.95 −12.19 −12.30 −12.50 −12.65 −13.04 −13.19 −13.36

System ACN (1) + NaBr (2) + Water (3) X2
X3

= 0.02376

XACN 0.241 0.301 0.409 0.461 0.524 0.585 0.678
ΔG(kJ·mol−1) −3.47 −2.98 −2.25 −1.98 −1.68 −1.42 −1.05
ΔH(kJ·mol−1) −26.41
TΔS(kJ·mol−1) −22.94 −23.43 −24.16 −24.42 −24.73 −24.99 −25.36

System ACN (1) + KBr (2) + Water (3) X2
X3

= 0.02381

XACN 0.291 0.409 0.493 0.605
ΔG(kJ·mol−1) −3.01 −2.22 −1.78 −1.29
ΔH(kJ·mol−1) −35.92
TΔS(kJ·mol−1) −32.91 −33.70 −34.14 −34.63

Table 3
Coefficients of Eq. (1) at 25 °C.

System U0 U1 U2 σ

ACN (1) + NaCl (2) + Water (3) 4.70836 −0.61437 0.00020 0.39
ACN (1) + KCl (2) + Water (3) 4.7176 −0.52239 0.00007 0.58
ACN (1) + NaBr (2) + Water (3) 5.05542 −0.49097 0.00004 0.58
ACN (1) + KBr (2) + Water (3) 4.98828 −0.39795 0.00001 0.70
Setschenow-type equation that has often used for the correlation of the
tie-line data [30–34] has the following form.

ln
X1tp

X1bp

� �
¼ β2 þ Κ3 X2bp−X2tp

� � ð15Þ

where Κ3 is the salting-out coefficient, β2 is a constant and X1, X2 repre-
sent the mole fraction of organic solvent and salt in the top and bottom
phases, respectively.

In our previouswork [35], it was confirmed that the salting out effect
of the studied systems cannot be described based on the Setschenow-
type Eq. (15). The slating-out coefficient of Eq. (15) cannot be used as
a criterion for the salting-out ability of different salts. It seems that
Eq. (15) canbe suitable for theATPSs composedof polymer+salt+wa-
ter. For the ATPSs composed of [alcohol or ACN] + salt + water, a dis-
placement in organic solvent and salt mole fractions can be
performed. Therefore, the Eq. (16)was used for the correlation of exper-
imental tie-line data.

ln
X2bp

X2tp

� �
¼ β2 þ Κ3 X1tp−X1bp

� � ð16Þ

The values of the parameters for the investigated systems have been
shown in Table 4. Based on the obtained standard deviations and
Table 4
Coefficients of Eq. (16) at 25 °C.

System β2 Κ3 100σ1 100σ2

ACN (1) + NaCl (2) + Water (3) −1.24 7.88 0.88 0.16
ACN (1) + KCl (2) + Water (3) −1.51 8.24 0.72 0.17
ACN (1) + NaBr (2) + Water (3) −0.29 4.12 1.39 0.15
ACN (1) + KBr (2) + Water (3) −0.21 4.25 0.44 0.05
presented in Table 4, it is concluded that Eq. (16) can be satisfactory
used to correlate the tie-line data of the investigated systems. The stan-
dard deviations are calculated using the following equation:

σ j ¼
1
2N

∑
N

i¼1
Xtop
i,j,cal−Xtop

i,j, exp

� �
þ Xbot

i,j,cal−Xbot
i,j, exp

� �h i" #0:5
ð17Þ

where σj standard deviation of component j and N is the number of tie-
lines.

Fig. 7 shows the linear relationship between ln X2bp
X2tp

� �
values and

(X1tp − X1bp) in the ternary systems (ACN + Salt [NaCl, KCl, NaBr, and
KBr] +Water) at 25 °C. It is observed that the slope of lines for chloride
salts is more than bromide and the slope of lines increases with increas-
ing salting-out ability of salt. Therefore, by using Eq. (16) in ATPSs with
almost the same total composition based on mole fraction, salting out
ability of different salts can be evaluated quantitatively based on
slating-out coefficient (k3).
Fig. 7. Setschenow-type plots for the tie-lines data of the [ACN (1)+ Salt (2)+Water (3)]
system at 25 °C: –, calculated from Eq. (16).



3.5. Salt effects

3.5.1. On absorbance of quercetin
Fig. 8A shows the quercetin structure. Themost important structural

elements of quercetin are C-3, C-5 and C-7 hydroxyl groups of C and A
rings, respectively as scavengers of free radicals. An o-dihydroxy
group in the B ring as a radical target and a double bond between posi-
tions 2 and 3 of the C-ring conjugated with keto group in position 4 due
to its capacity to delocalize the uncoupled electron of a quercetin radical
[36]. The absorption spectra of quercetin consist of two distinctive
bands in a broad range of 240–400 nm. Band I, covering the range of
240–280 nm (with λmax around 255 nm) attributed to the A–C benzoyl
system. Band II, covering the range 300–380 nm is attributed to the B-
ring (with λmax around 370 nm) and a weak band with an absorption
Fig. 8. (A) Quercetin structure. (B) UV–Vis spectra of 100 fold diluted top phases by ACN 80% (s
solution (1.0 g·kg−1 ACN) + Salt + Water systems at 25 °C. (C) and (D) Antioxidant capacit
systems in 0.10 mM DPPH solution at 25 °C. (E) Comparison of IC50 values of top and bottom p
maximum around 300 nm was also detected which is attributed to
the C-ring only [37]. Fig. 8B shows the absorption spectrum of solutions
of 100 fold dilution top phases by ACN 80% and 20 fold dilution of bot-
tom phases by ACN 20%. As can be seen, in contrast to the top phase,
there is a significant difference in the absorption values of the bottom
phase in λmax 255 and 370 nm. On the other hand, with increasing
salting-out ability of salt, quercetin migrates along with the acetonitrile
into the top phase and concentration of quercetin in bottom phase sig-
nificantly decreases.

3.5.2. On antioxidant capacity of phases
In Fig. 8C and D, the antioxidant capacity of phases versus mg of

phase in g of 0.10 mM DPPH solution are plotted for the top and
bottom phases, respectively. In contrast to the top phases, there is
olid lines) and 20 fold diluted bottom phases by ACN 20% (dashed lines) for the quercetin
y of top and bottom phases for the quercetin solution (1.0 g·kg−1 ACN) + Salt + Water
hases for the same systems at 25 °C. *Phase mg/g 0.10 mM DPPH solution.



a significant difference in the antioxidant capacity of bottom
phases, as with increasing salting-out ability of salt, concentration
of quercetin and antioxidant capacity in bottom phases decreases.
As well as, Fig. 8E represents that in contrast to the top phases,
there is a significant difference in the IC50 values of bottom phases,
as with increasing salting-out ability of salt, IC50 values of bottom
phase increase.

3.5.3. On tie-line and recovery of quercetin
Recovery percent of quercetin (R) in top phase calculated using the

following equation:

R ¼ CQ tp

CQ initial
� 100 ð18Þ

where CQ tp and CQ initial aremg of quercetin in top phase and totalmg of
quercetin in primary solution, respectively.

Fig. 9A compares the tie lines of the ATPSs studied in this work. The
total composition is almost identical for all four systems, but tie-line
length for chloride salts is more than bromide. In other words, with in-
creasing the salting-out ability of salt, ACN mole fraction in top phase
and salt mole fraction in bottom phase increases. Fig. 9B represents
that with increasing the salting-out ability of salt, tie-line length and re-
covery of quercetin increases. The obtained results indicate that querce-
tin preferentially is enriched into the ACN-rich top phase for all the
systems studied. Therefore, an increase in salting-out ability of salt
Fig. 9. (A) Comparison of tie lines for the ACN (1) + Salt (2) +Water (3) systems at 25 °C.●,
same systems at 25 °C. (C) Comparison of quercetin recovery for same systems at different tem
and tie line length decreases quercetin content in bottom phase, and
consequently, an increase in the migration of quercetin into the ACN-
rich phase.

3.6. Effect of temperature on recovery of quercetin

In Fig. 9C, the effect of temperature has shown on recovery of quer-
cetin in ACN + salt [NaCl/KCl/NaBr/KBr] + water systems. As can be
seen, recovery of quercetin decreases with increasing temperature in
all systems under investigation and it decrease more significantly for
bromide salts. In other words, with decreasing salting-out ability of
salt, increasing temperature, the electrostatic interactions between
ionic species and water molecules more significantly decreases. Conse-
quently, an increase occurs more significantly in the migration of ACN
and quercetin into the salt-rich phase.

3.7. Thermodynamic calculation of quercetin partition

At a given temperature, the change in Gibbs energy (ΔGt), enthalpy
(ΔHt) and entropy (ΔSt) of quercetin transfer process can be calculated
from the partition data through the following equations [38]:

Κ ¼ Q½ �tp
Q½ �bp

ð19Þ

ΔGt ¼ −RTLnΚ ð20Þ
initial total composition. (B) Comparison of tie lines length and quercetin recovery (R) for
peratures.



Table 5
The partition coefficient of quercetin (Κ) with the calculated ΔGt, ΔHt and ΔSt for the ACN
(1) + salt (2) + Water (3) systems at different temperatures.

T/K 278.15 288.15 298.15 308.15

System ACN (1) + NaCl (2) + Water (3)
Κ 119.64 49.95 50.78 32.25
ΔG(kJ·mol−1) −11.06 −9.37 −9.74 −8.9
ΔH(kJ·mol−1) −28.1
TΔS(kJ·mol−1) −17.04 −18.73 −18.36 −19.2

System ACN (1) + KCl (2) + Water (3)
Κ 57.29 23.95 24.80 12.35
ΔG(kJ·mol−1) −9.36 −7.61 −7.96 −6.44
ΔH(kJ·mol−1) −32.63
TΔS(kJ·mol−1) −23.27 −25.02 −24.67 −26.19

System ACN (1) + NaBr (2) + Water (3)
Κ 52.42 15.17 11.64 5.59
ΔG(kJ·mol−1) −9.16 −6.51 −6.08 −4.41
ΔH(kJ·mol−1) −49.95
TΔS(kJ·mol−1) −40.79 −43.43 −43.86 −45.54

System ACN (1) + KBr (2) + Water (3)
Κ 17.34 7.95 5.16 3.04
ΔG(kJ·mol−1) −6.60 −4.97 −4.07 −2.85
ΔH(kJ·mol−1) −40.39
TΔS(kJ·mol−1) −33.79 −35.42 −36.32 −37.54
LnΚ ¼ −
ΔHt

R
� 1

T
þ ΔSt

R
ð21Þ

where Κ is partition coefficient of quercetin, R is the gas constant and T
is the absolute temperature.

The effect of temperature on the partition behavior of quercetin in
ACN (1) + Salt (NaCl, KCl, NaBr, KBr) + water systems was evaluated
at different temperatures (5, 15, 25 and 35 °C) and the results were
displayed in Fig. 10. and Table 5. From the Eqs. (20) and (21), it is obvi-
ous that values of ΔHt and ΔSt, can be directly obtained from the slope
and intercept of the linear equation between lnΚ and 1

T, respectively.
The calculated ΔGt values are negative, which reflect the spontaneous
and preferential partitioning of quercetin for the ACN-rich phase. The
calculated ΔHt values are negative, which indicated that the transfer-
ence of quercetin from the salt-rich phase to the ACN-rich top phase is
an exothermic process. Fig. 10 compares the partition coefficient of
quercetin in ATPSs studied in this work. The total composition is almost
identical for all four systems, but in the same temperature, partition co-
efficient for chloride salts ismore than bromide. In otherwords, with in-
creasing the salting-out ability of salt, the concentration of quercetin in
bottom phase decreases. Based on Fig. 10, it is clear that in the same
temperaturewith increasing the salting-out ability of salt, the calculated
ΔGt values were more negative.

4. Conclusion

Phase diagrams of ternary systems (ACN + salt[NaCl/KCl/NaBr/
KBr] + water) along with its application have been studied at 25 °C
for biomolecule quercetin recovery. The binodal and tie-line data were
Fig. 10. Effect of temperature on the partition coefficient (Κ) and ΔGt of qu
obtained precisely with simple methods for all selected systems. The
salting-out ability of the constituent anions and cations of these salts
was in agreement with Hofmeister series. Quercetin was used as a
model compound and its distribution behavior was investigated in
ercetin transfer process in ACN (1) + Salt (2) + Water (3) systems.



aqueous two-phase systems. The CP temperatures data for the investi-
gated systems had shown that the concentration of acetonitrile in equi-
librium with a certain concentration of salts significantly increases by
increasing temperature. The free energy, enthalpy and entropy of CP
were estimated using a simple method. The change in Gibbs energy
(ΔGt), enthalpy (ΔHt) and entropy (ΔSt) of quercetin transfer process
was calculated from the partition data. The results showed that under
the same conditions, with increasing the salting-out ability of salt, IC50
values of bottom phases, partition coefficient and recovery of quercetin
significantly increased and the calculated ΔGt values were more nega-
tive. It concluded that the driving force of formation of two-phase pro-
cess may be related to the decrease of enthalpy. The effect of
temperature on the recovery of quercetin showed that the efficiency
has decreasedwith increasing temperature in all systems under investi-
gation and the decrease more significantly for bromide salts.
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