
Anthocyanin Partition in Aqueous
Two-Phase Systems Based on Isopropanol
and Sodium/Ammonium Sulfate

Partitioning of anthocyanins contained in the crude extract of Syzygium cumini
fruit was investigated in aqueous two-phase systems (ATPS) made up of isopropa-
nol and Na2SO4/(NH4)2SO4. Na2SO4 induced ATPS formation more effectively
than (NH4)2SO4. The increase in temperature enhanced phase separation in the
(NH4)2SO4 ATPS, while the opposite occurred in the Na2SO4 ATPS. The higher
the overall mixture concentration or temperature, the higher the values of tie-line
length and slope. In all systems and conditions, anthocyanins preferentially parti-
tioned to the top phase. The partition coefficient and theoretical recovery yield in
the top phase varied in the ranges 1.14–1.77 and 53.31–63.87 % in the (NH4)2SO4

ATPS, and in the ranges 1.94–21.50 and 65.90–95.55 % in the Na2SO4 ATPS.
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1 Introduction

Aqueous two-phase systems (ATPS) have been widely used in
separations of biomolecules such as proteins, polypeptides,
enzymes [1–6], bioactive compounds [7, 8], and natural dyes
[9–15], among others. Since both phases are mainly made up
of water, they provide mild favorable conditions needed to pre-
serve activities of biomolecules [16]. For this reason, they are
increasingly used as an alternative to other extraction methods
[11].

Traditionally, ATPS are based on polymer-salt or polymer-
polymer [16, 17] mixtures, which leads to spontaneous two-
phase formation at appropriate concentrations. In recent years,
however, other pairs of phase-forming agents have been stud-
ied such as alcohol-sugar [18], surfactant-polymer [1], surfac-
tant-ionic liquid [19, 20], salt-ionic liquid [14, 21], and short-
length chain alcohol-salt [22–24]. Systems composed of alco-
hol-inorganic salt have several advantages over traditional
ATPS, among which are lower cost, interfacial tension and vis-
cosity, better resolution, higher yield, simpler scale-up, eco-
friendliness [12, 14], easy recovery of the target biomolecule
from the alcohol-rich phase, and possibility of recycling the
phase-forming components [11, 25].

Knowledge of ATPS liquid-liquid equilibrium data is essen-
tial to design cost-effective processes [26], identify the main
factors influencing biomolecule partition, understand the phase
behavior of systems, and improve their performance [23].

In the present study, liquid-liquid equilibrium data were
obtained for ATPS composed of isopropanol and sodium or
ammonium sulfate, and the applicability of these systems to
anthocyanin partitioning was investigated. The effects of type

of salt, tie-line length, and temperature on the liquid-liquid
phase behavior and black plum (Syzygium cumini) anthocyanin
partitioning were investigated. Anthocyanins, which are con-
sidered the most important water-soluble natural pigments
[27–29] belonging to the flavonoid group, were chosen as the
target biomolecules due to the growing interest of consumers
for foods made with healthier and ecofriendly natural ingre-
dients/additives.

2 Materials and Methods

2.1 Preparation of Anthocyanin-Rich Crude Extract

The anthocyanins-rich crude extract was obtained from mature
black plum (Syzygium cumini) fruits according to Caldeira
et al. [9]. After washing and rinsing the fruits, peel (~ 140 g)
was manually recovered and added to 280 mL of HCl solution
(pH 2.0) in a 500-mL glass flask protected from light, which
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was then placed in an orbital shaking incubator (Lucadema,
São Paulo, Brazil) under 200 rpm stirring for 24 h at 298 K. The
extract was filtered through qualitative paper (0.8mm) and
concentrated by lyophilization (Alpha 2-4, Martin Christ,
Osterode am Harz, Germany). Aliquots (1.5 mL) of the con-
centrated extract were kept under freezing (250 K), protected
from light, until use.

2.2 Aqueous Two-Phase System Experiments

Binodal curves of systems composed of isopropanol, ammoni-
um or sodium sulfate and water were obtained by the turbidi-
metric titration method [16] at atmospheric pressure. A
25 wt % stock solution aliquot of the selected salt (~ 1.6 g) was
transferred into a glass vial, which was kept in a thermostatic
bath at the selected temperature (288, 298 or 308 K). Then, iso-
propanol was added dropwise (50 mL), followed by fully blend-
ing until the clear solution became turbid and separated into
two phases spontaneously. Finally, water was added dropwise
(50 mL) until the turbidity disappeared. The above procedure
was repeated many times to obtain enough data to construct
the phase diagrams for either salt. Each phase diagram was
obtained in triplicate.

The following equations, which were successful in correlat-
ing binodal data of ionic liquid-salt [30, 31], polymer-salt
[32, 33], polymer-polymer [4], and alcohol-salt [24, 34] ATPS,
were used to fit the ATPS experimental data:

w1½ � ¼ A exp B w2½ �0:5 � C w2½ �3
� �

(1)

w1½ � ¼ Aþ B w2½ �0:5 þ C w2½ � (2)

w1½ � ¼ Aþ B w2½ �0:5 þ C w2½ � þ D w2½ �2 (3)

w1½ � ¼ exp Aþ B w2½ �0:5 þ C w2½ � þ D w2½ �2
� �

(4)

where [w1]1) and [w2] are the total concentrations (wt %) of
alcohol and salt, respectively, while A, B, C, and D are the
regression coefficients.

The correlation with the less root-mean-square error
(RMSE) and the highest adjusted determination coefficient
(R2 adj) was chosen to determine each tie-line.

Three different compositions were chosen within the bipha-
sic region of each phase diagram. These systems were prepared
by mixing adequate amounts of water, isopropanol, and salt
stock solution (25 wt %) to yield a total mass of 10 g. After
shaking for 1–2 min, tubes were allowed to settle at the selected
temperature for 24 h in a thermostatic water bath to reach
equilibrium. The bottom phase was withdrawn using a long
needle syringe, and the mass of the top phase was determined
gravimetrically, while that of the bottom phase was calculated
by mass balance.

Tie-lines were determined applying the lever-arm rule to the
relationship between the mass composition of phases and the
total system composition [32]. Based on the best correlation
equation and lever rule, the phase composition at equilibrium
was determined as:

w1½ �m ¼ a w1½ �b � w1½ �m
� �

þ w1½ �t (5)

w2½ �m ¼ a w2½ �b � w2½ �m
� �

þ w2½ �t (6)

where the subscripts m, b, and t indicate the mixture, bottom
phase, and top phase, while a is the ratio between bottom
phase and top phase masses.

After the compositions at equilibrium had been determined,
the tie-line length (TLL) and slope (TLS) of the different ATPS
were calculated as:

TLL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w1½ �t � w1½ �b
� �2 þ w2½ �t � w2½ �b

� �2
q

(7)

TLS ¼ w1½ �t � w1½ �b
w2½ �t � w2½ �b

(8)

2.3 Partitioning of Anthocyanins

ATPS were prepared by using the three tie-lines with a volume
ratio of the top phase to the bottom phase equal to 1.0 by add-
ing 3 mL of previous equilibrium phases in a glass tube with
cap. Thereafter, 100 mL of anthocyanins-rich crude extract were
added. Mixtures were shaken vigorously for about 1 min and
then placed in a thermostatic water bath at the selected temper-
ature for 15 h. Top and bottom phases were recovered, while
the residue at the interface was discarded. Anthocyanin con-
centration in the collected phases was determined spectropho-
tometrically as described in Sect. 2.4. Each experiment was car-
ried out in duplicate, and ATPS without anthocyanin were used
as controls.

The partition coefficient (k) and theoretical recovery yield in
the top phase (Yt) were calculated by the following equations
[11, 22]:

k ¼ ACt

ACb
(9)

Yt %ð Þ ¼ kVR
1þ kVRð Þ · 100 (10)

where ACt and ACb are the total anthocyanin concentrations in
the top and bottom phases, respectively, and VR is the top
phase-to-bottom phase volume ratio.

Being in this case VR = 1.0, Eq. (10) simplifies to:

Yt %ð Þ ¼ k
1þ k

· 100 (11)
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2.4 Determination of Anthocyanin Content

The total monomeric anthocyanin contents of the top and bot-
tom phases were determined by the pH differential method
[35] with some modifications. Briefly, samples were separately
diluted in 30 mM KCl buffer (pH 1.0) or 400 mM CH3COONa
buffer (pH 4.5), and let to rest for 30 min. The absorbance
(ABS) of diluted solutions was read at 520 and 700 nm with a
spectrophotometer (UV-1280, Shimadzu, Kyoto, Japan), and
the total anthocyanin concentration (AC), expressed as cyani-
din-3-glucoside, was calculated according to Eq. (12):

AC g L�1� �
¼ DABS · MM · FD · 1000

e · L
(12)

where DABS = (ABS520 – ABS700)pH1.0 – (ABS520 – ABS700)pH4.5,
MM is the molar mass of cyanidin-3-glucoside (449.2 g mol–1),
FD is the dilution factor, e is the cyanidin-3-glucoside molar
extinction coefficient (26 900 L cm–1mol–1) and L is the cuvette
light path (1 cm).

The corresponding phases of ATPS without pigment were
used as blanks.

3 Results and Discussion

3.1 Binodal Data and Correlation

The binodal curves of the ATPS composed of isopropanol-
sodium sulfate and isopropanol-ammonium sulfate at 288, 298,
and 308 K are illustrated in Fig. 1. Two regions can be identi-
fied: the biphasic region above the curve and the single-phase
region below the curve. The closer the binodal curve is to the
origin, the larger the biphasic region, the easier the formation
of ATPS, and the lower the concentrations of components to
get phase separation. Regardless of temperature, the system
composed of sodium sulfate showed a larger biphasic region
than the other, which implies a greater ability to form ATPS
likely due to a higher salting-out effect. The salting-out effect
has been related to either cation or anion ionic charge and

hydration radius [36]. However, since the salts used in this
study share a common anion (SO2�

4 ), their different ability to
induce salting-out can only be ascribed to the different cations,
which are well known to influence electrostatic attractions and,
consequently, ion solvation.

Khayati and Shahriari [21], who reported for Na+ and NHþ4
ion radii of 102 and 148 pm, respectively, observed an increase
in salting-out effect with decreasing the cation size. The salt-
ing-out effect has also been related to the Gibbs free energy of
ion hydration (DGhyd), in that, the more negative is DGhyd, the
more kosmotropic the ion. Since DGhyd of Na+ and NHþ4 are
–365 and –285 kJ mol–1 [37], respectively, both ion radius and
DGhyd values corroborate the stronger salting-out effect of
sodium sulfate compared to ammonium sulfate. Likewise,
Wang et al. [36] reported a phase-forming ability of Na2SO4

with isopropanol higher than that of (NH4)2SO4.
Fig. 1 shows a different influence of temperature on binodal

curves of the two ATPS within the investigated range
(288–308 K), i.e., a decrease in temperature led to a slight
expansion in the two-phase region of the isopropanol-sodium
sulfate system, whereas the opposite happened with the other,
thus confirming literature findings [23].

The regression coefficients of Eqs. (1)–(4) are listed in Tab. 1
together with the adjusted coefficient of determination (R2 adj)
and root-mean-square error (RMSE). The low values of RMSE
(< 0.5095 for (NH4)2SO4 ATPS and < 1.3790 for Na2SO4 ATPS)
and the high values of R2 adj (> 0.9959 for (NH4)2SO4 ATPS
and > 0.9777 for Na2SO4 ATPS) indicate that all the equations
were successful. Therefore, Eqs. (2) and (4) that provided the
best fitting for the isopropanol-ammonium sulfate and iso-
propanol-sodium sulfate systems, respectively, were selected to
determine tie-line data.

3.2 Tie-Line Data

Three tie-lines of each system were determined to evaluate the
effect of tie-line length (TLL) on anthocyanin partition. Phase
compositions at equilibrium were obtained by solving Eqs. (5)
and (6), along with the following empirical equations corre-
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Figure 1. Binodal curves of isopropanol-Na2SO4 (a) and isopropanol-(NH4)2SO4 (b) aqueous two-phase systems at atmo-
spheric pressure and different temperatures (K): 288 (*), 298 (£), and 308 (~).
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sponding to Eqs. (2) and (4) applied to ammonium sulfate and
sodium sulfate systems, respectively:

w1½ �t ¼ f w2½ �t
� �

(13)

w1½ �b ¼ f w2½ �b
� �

(14)

This methodology was already successful in obtaining
liquid-liquid equilibrium data for alcohol, ionic liquid, and
polymer-based ATPS [2, 14, 24]. The compositions of overall
mixtures and each phase in equilibrium as well as the values of

TLL and tie-line slope (TLS) are listed in Tab. 2 for both ATPS,
while the corresponding tie-lines are shown in Fig. 2 as func-
tion of temperature.

In all ATPS the alcohol concentration in the top phase was
higher than in the bottom one, whereas the opposite occurred
with the salt concentration, with the exception of the system
consisting of 25 wt % isopropanol and 11.5 wt % ammonium
sulfate (Tab. 2). Similar results were obtained for a system com-
posed of 23 wt % isopropanol and 12 wt % ammonium sulfate
[26] and for another composed of 25 wt % isopropanol and
8 wt % sodium phosphate dibasic at pH 5 and 298 K [15].

Chem. Eng. Technol. 2022, 45, No. 9, 1605–1613 ª 2022 Wiley-VCH GmbH www.cet-journal.com

Table 1. Coefficients in Eqs. (1)–(4) estimated by regression of the experimental binodal data of ATPS at different temperatures and
pressure of 0.1 MPa, and corresponding values of adjusted determination coefficient (R2

adj) and root-mean-square error (RMSE).

Eq. Temp. [K] A B C D R2
adj RMSEa)

Isopropanol-ammonium sulfate

1 288 129.0971 –0.47604 0.000022 – 0.9965 0.4641

2 288 99.83535 –30.53331 2.483616 – 0.9966 0.4554

3 288 101.5455 –31.911 2.788135 –0.00411 0.9965 0.4617

4 288 4.667693 –0.34283 –0.02093 –0.00039 0.9965 0.4621

1 298 127.3346 127.3346 0.000026 – 0.9959 0.5095

2 298 98.50025 –30.8074 2.54716 – 0.9965 0.4694

3 298 95.9597 –28.7189 2.078564 0.006419 0.9965 0.4716

4 298 4.226313 0.012871 –0.10627 0.000757 0.9966 0.4636

1 308 133.0247 –0.52237 0.000014 – 0.9959 0.4797

2 308 100.7882 –33.5079 3.038173 – 0.9964 0.4483

3 308 97.87771 –31.0854 2.486641 0.007817 0.9964 0.4501

4 308 4.56582 –0.25652 –0.05743 0.000459 0.9961 0.4666

Isopropanol-sodium sulfate

1 288 87.72201 –0.52441 3.31 ·10–6 – 0.9876 1.0302

2 288 70.28326 –24.3396 2.338454 – 0.9777 1.3790

3 288 96.99097 –50.7667 9.136862 –0.11073 0.9950 0.6553

4 288 5.383235 –1.50417 0.273733 –0.00520 0.9980 0.4085

1 298 123.1574 –0.59995 9.896 ·10–6 – 0.9901 0.9475

2 298 86.51372 –30.8591 2.954518 – 0.9841 1.2014

3 298 120.9847 –61.3164 10.15097 –0.10430 0.9915 0.8788

4 298 6.510887 –2.20557 0.408369 –0.00703 0.9961 0.5920

1 308 1.111 –0.57363 7.337 ·10–7 – 0.9827 1.1112

2 308 83.14599 –29.7807 2.928411 – 0.9798 1.1991

3 308 99.79112 –44.7255 6.528956 –0.05423 0.9817 1.1423

4 308 5.521843 –1.33700 0.194931 –0.00330 0.9842 1.0599

a)RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Pn
i¼1

Yi � Ŷ i
� �2

s
, where Yi is the ith experimental concentration of isopropanol, Ŷi is the ith predicted concentration of iso-

propanol, and n is the number of binodal data.
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The lower hydrophilicity of alcohol compared to salts may
have resulted in a lower solubility in water and its transfer to
the top phase [15, 34]. In addition, the higher the isopropanol
concentration in the top phase, the higher the water content
and ions solvation in the bottom one [35]. This result is in
good agreement with literature values for isopropanol-salt
ATPS [15, 21, 23, 24, 34, 38].

As for other alcohol-salt ATPS [21, 23, 24, 34], higher alcohol
and salt concentrations not only led to a TLL increase, with
improved partition efficiency, but also made the compositions
of top and bottom phases more different from each other. The
alcohol concentration in the top phase and that of salt in the
bottom one incremented with the increase in the amounts of
solutes forming ATPS, resulting in divergent hydrophobicity of
the phases in equilibrium. Considering systems with relatively
close overall compositions, the values in Tab. 2 also show that
the isopropanol concentration in the bottom phase of sodium
sulfate ATPS was lower than in that of ammonium sulfate
ATPS. This result points to a greater exclusion of alcohol mole-
cules from the salt-rich bottom phase due to the stronger salt-
ing-out effect of sodium sulfate.

Higher absolute values of TLS were observed for systems
containing ammonium sulfate (from –2.42 to –2.19) when
compared to those containing sodium sulfate (from –2.16 to
–1.66). Taken together, these values are close to those observed
for isopropanol-sodium sulfate ATPS at 293 and 303 K [34].
On the other hand, the TLS values reported for isopropanol-
sodium sulfate ATPS at 298 K [21] were more negative than
those obtained in this study, likely due to different system com-
positions, while those for isopropanol-ammonium sulfate were
close.

In general, the higher the TLL, the more negative the TLS at
a given temperature (Tab. 2). TLS increased in absolute value
with rising temperature up to 298 K and decreased above this
threshold value, the only exception being the first tie-line of
ammonium sulfate ATPS, in which TLS grew within the entire
temperature range. Feng et al. [23] reported that a temperature
raise from 303 to 333 K resulted in a more negative TLS value
of isopropanol-ammonium sulfate system, likely due to transfer
of water molecules from the top to the bottom phase, with con-
sequent alcohol concentration in the former.

Chem. Eng. Technol. 2022, 45, No. 9, 1605–1613 ª 2022 Wiley-VCH GmbH www.cet-journal.com

Table 2. Experimental tie-line concentrations (w), together with their respective tie-line length (TLL) and slope (TLS) for isopropanol (1) +
ammonium sulfate/sodium sulfate (2) + water systems at different temperatures and pressure of 0.1 MPa.

Temp. [K] Overall composition Top phase Bottom phase TLL [wt %] TLS [–]

w1 [wt %] w2 [wt %] w1 [wt %] w2 [wt %] w1 [wt %] w2 [wt %]

Isopropanol-ammonium sulfate

288 25.00 13.00 40.82 5.77 16.06 17.09 27.22 –2.19

288 27.00 13.50 47.49 4.24 13.21 19.73 37.62 –2.21

288 29.00 14.00 52.79 3.26 11.25 22.01 45.58 –2.22

298 25.00 11.50 37.08 6.34 18.39 14.32 20.32 –2.34

298 27.00 12.00 45.65 4.28 14.65 17.11 33.55 –2.42

298 29.00 12.50 50.82 3.32 11.98 19.66 42.14 –2.38

308 24.50 12.00 40.99 5.01 15.67 15.74 27.50 –2.36

308 26.50 12.50 46.80 3.84 13.13 18.21 36.61 –2.34

308 28.50 13.00 51.22 3.1 11.38 20.46 43.46 –2.29

Isopropanol-sodium sulfate

288 21.00 11.00 34.06 3.13 9.48 17.94 28.70 –1.66

288 23.00 13.00 42.92 2.09 6.05 22.29 42.04 –1.83

288 25.00 15.00 51.84 1.48 3.94 25.61 53.63 –1.99

298 23.00 11.00 35.50 4.27 8.48 18.82 30.69 –1.86

298 25.00 13.00 45.75 3.11 5.52 22.29 44.57 –2.10

298 27.00 15.00 53.95 2.54 3.06 26.07 56.07 –2.16

308 23.00 11.00 35.66 4.00 9.50 18.46 29.89 –1.81

308 25.00 13.00 45.17 2.77 6.84 22.21 42.98 –1.97

308 27.00 15.00 53.54 2.10 4.77 25.81 54.23 –2.06
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3.3 Partitioning of Anthocyanins

Anthocyanins are colored water-soluble pigments belonging
to the phenolic group. Besides their use as dyes as well as
natural food and beverage colorants, they are also poten-
tial pharmaceutical ingredients because of their health ben-
efits such as antioxidant and antimicrobial activities and
prevention of chronic diseases [39, 40]. These pigments are

commonly found in flowers, vegetables, and fruits, and are
extracted as a crude mixture. However, the low extraction
yield and high production cost are the main obstacles to
their use in the food industry, which has stimulated the
search for new sources and extraction/purification meth-
ods.

Since partitioning of biomolecules between two phases is in-
fluenced by the type of phase-forming compounds, tie-line
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Figure 2. Tie-lines data at different temperatures and atmospheric pressure. Isopropanol-(NH4)2SO4 ATPS at 288 K (a),
298 K (b), and 308 K (c). Isopropanol-Na2SO4 aqueous two-phase systems at 288 K (d), 298 K (e), and 308 K (f). Tie-line
overall composition (¢); compositions of actual phases in equilibrium (~).
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length, and temperature [34, 41–43], anthocyanin partition in
ATPS was performed at different mixture compositions (TLL)
of each ATPS and different temperatures, whose results are
listed in Tab. 3.

All systems showed partition coefficients (k) > 1, which
indicates that anthocyanins migrated preferentially to the alco-
hol-rich top phase. This result, which may be ascribed to the
salting-out effect of salt on anthocyanin molecules, agrees with
the partitioning preference of anthocyanins for the alcohol
phase observed in ethanol-based ATPS [9, 11, 13, 44]. More-
over, it should not be forgotten that the phenolic structure of
anthocyanins is responsible for their hydrophobic nature,
which makes them soluble in most of the organic solvents [39].
In other words, partitioning of the pigment to the top phase
may have been promoted by a combination of salting-out
effect, affinity for alcohol, and attractive hydrophobic forces.

The results of Tab. 3 also indicate that an increase in TLL
favored such a migration. It is known that the higher the TLL
value, the more the compositions of phases in equilibrium and
their intensive properties differ [18]. Particularly, the solubility
of biomolecules in the salt-rich bottom phase decreases with
increasing salt concentration [3] because the ion-dipole forces
between salt ions and water molecules become stronger, thus
reducing the amount of free water and promoting the expul-
sion of both alcohol and biomolecule to the top phase. In addi-
tion, as expected by the affinity of anthocyanins for organic sol-
vents [11], the increase in isopropanol concentration in the top
phase exalted their partitioning to this phase. Similar results on
anthocyanin partition have been reported recently [10, 12, 14].

A raise in temperature from 288 to 308 K led to a k increase
in sodium sulfate ATPS from 1.94–3.89 to 7.22–21.50, i.e.,
favored anthocyanin partitioning to the top phase. On the
other hand, temperature had little influence on k in the ammo-
nium sulfate ATPS (1.14–1.77). This trend agrees with the
results reported for mulberry anthocyanin partition in ATPS
composed of 30 wt % ethanol and 20 wt % ammonium sulfate
(2.0–2.3) [27]. In general, the lower k values in the ammonium
sulfate ATPS may be ascribed to the acidifying effect of this salt
(pH 5.10–5.36) [11], which may have been responsible for pro-

tonation of anthocyanins and increased their water solubility
[39].

The theoretical recovery yield in the top phase (Yt) was influ-
enced only by k because the volume ratio of phases was equal
to 1 in this study. In general, Yt increased in both isopropanol-
ammonium sulfate and isopropanol-sodium sulfate ATPS with
increasing either TLL or temperature; however, as for k, the lat-
ter ATPS ensured higher Yt values (65.90–95.55 %) than the
former (53.31–63.87 %) and comparable with those (60–80 %)
recently reported for anthocyanin recover from Peristrophe
bivalvis (L.) Merr. leaf using ATPS made up of ethanol and
ammonium sulfate [45].

Based on these results, the sodium sulfate ATPS was found
to be more suitable than the other for anthocyanin partition-
ing, ensuring a k value as high as 21.50 with TLL of 54.23 wt %
at 308 K, which corresponds to a Yt value of no less than
95.55 %.

4 Conclusions

Liquid-liquid equilibrium data for ATPS formed by isopropa-
nol and sodium sulfate or ammonium sulfate were obtained at
288, 298, and 308 K and atmospheric pressure. Sodium sulfate
was more performant than ammonium sulfate to form ATPS
under the investigated conditions. A temperature raise favored
phase separation in the isopropanol-ammonium sulfate ATPS,
whereas the opposite took place in the other. The increased
concentration of phase-forming compounds resulted in longer
tie-line lengths (TLL) and a slightly higher absolute value of
tie-line slope. All tested systems and conditions resulted in
partition coefficients (k) > 1, indicating that anthocyanins
migrated preferentially to the alcohol-rich top phase. The lon-
ger the TLL or higher the temperature, the higher k and the
theoretical recovery yield in the top phase (Yt), especially in the
sodium sulfate-containing ATPS.

The stronger salting-out effect of sodium sulfate over ammo-
nium sulfate significantly favored anthocyanin partitioning and
increased the recovery yield. The highest values of k (21.50)

Chem. Eng. Technol. 2022, 45, No. 9, 1605–1613 ª 2022 Wiley-VCH GmbH www.cet-journal.com

Table 3. Effect of tie-line length (TLL) and temperature on anthocyanin partition coefficient (k) and theoretical recovery yield in the top
phase (Yt) at different temperatures and pressure of 0.1 MPa.

Temp. [K] TLL [wt %] k [–] Yt [%] TLL [wt %] k [–] Yt [%]

Isopropanol-ammonium sulfate Isopropanol-sodium sulfate

288 27.22 1.32 ± 0.02 56.86 ± 0.04 28.70 1.94 ± 0.13 65.90 ± 1.53

288 37.62 1.41 ± 0.02 58.47 ± 0.37 42.04 3.82 ± 0.32 79.19 ± 1.40

288 45.58 1.41 ± 0.00 58.56 ± 0.04 52.63 3.89 ± 0.15 79.55 ± 0.64

298 20.32 1.14 ± 0.04 53.31 ± 0.86 30.69 2.25 ± 0.15 69.19 ± 1.40

298 33.55 1.17 ± 0.07 58.83 ± 1.45 44.57 3.06 ± 0.09 75.36 ± 0.52

298 42.14 1.36 ± 0.02 57.60 ± 0.30 56.07 5.07 ± 0.08 83.52 ± 0.21

308 27.50 1.34 ± 0.01 57.28 ± 0.25 29.89 7.22 ± 0.28 87.83 ± 0.41

308 36.61 1.62 ± 0.00 61.82 ± 0.01 42.98 11.81 ± 1.68 92.13 ± 1.03

308 43.46 1.77 ± 0.04 63.87 ± 0.56 54.23 21.50 ± 0.71 95.55 ± 0.14
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and Yt (95.55%) were obtained in the isopropanol-sodium sul-
fate ATPS with TLL of 54.23 wt % at 308 K. The promising ten-
dency of anthocyanins to preferentially partition to the isopro-
panol-rich top phase suggests that such a system may be
industrially used as a preliminary step to recover these thermo-
sensitive pigments by low-pressure evaporation.
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Symbols used

A, B, C, D [–] regression coefficients in
Eqs. (1)–(4)

ABS [–] absorbance
DABS [–] absorbance difference in Eq. (12)
AC [g L–1] total concentration of anthocyanins
FD [–] dilution factor
DGhyd [kJ mol–1] Gibbs free energy of ion hydration
k [–] partition coefficient
L [cm] cuvette light path
MM [g mol–1] molar mass of cyanidin-3-glucoside
R2 [–] coefficient of determination
R2 adj [–] adjusted coefficient of

determination
RMSE [–] less root-mean-square error
TLL [wt %] tie-line length
TLS [–] tie-line slope
w [wt %] total concentration
Y [%] theoretical recovery yield

Greek letters

a [–] ratio between bottom phase and top
phase masses

e [L cm–1mol–1] cyanidin-3-glucoside molar
extinction coefficient

Subscripts

1 alcohol
2 salt
b bottom phase
m mixture
t top phase

Abbreviation

ATPS aqueous two-phase system(s)
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