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ABSTRACT: The valorization of lignocellulosic biomass is
essential for developing sustainable bioprocesses and producing
high-value compounds such as phenolics. However, the efficient
separation of these compounds remains challenging due to their
structural diversity. This study explored the use of aqueous
biphasic systems (ABS) composed of poly(propylene glycol)-block-
poly(ethylene glycol)-block-poly(propylene glycol), Pluronic 10RS,
and different biodegradable ammonium salts (acetate, tartrate, and
citrate) for the extraction of phenolic compounds. Phase diagrams
were constructed at three temperatures (289.2, 298.2, and 313.2K) :
and characterized by the binodal curve, tie-line length, and slope of § " =
the tie-line, with phase inversion phenomena observed for the first

time in reverse Pluronic-based systems. The system with ammonium citrate exhibited the best performance in terms of extraction
efficiency, biodegradability, and pH compatibility, resulting in stable phenolic compound stability. Five model compounds were
evaluated, yielding partition coeflicients ranging from 3.5 to 6.5 and extractions exceeding 80% in the polymer-rich phase. These
findings demonstrate the potential of sustainable ABS as an effective platform for selective recovery processes in lignocellulosic
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1. INTRODUCTION

Aqueous biphasic systems (ABSs) are liquid—liquid extraction
platforms formed by the phase separation of two water-soluble
components, such as polymers, salts, and ionic liquids, among
others,'™” under specific concentration and temperature
conditions. Each phase is enriched in one of the constituents
and exhibits distinct physicochemical properties,”® making
ABS a versatile media for separation, purification, and
preconcentration processes.(”9 Due to their high water content,
low volatility, and biocompatible components, ABSs are widely
regarded as more sustainable alternatives to conventional
organic solvent-based extraction systems, generally resulting in
reduced environmental impact.

The versatility of ABSs lies in the tunability of their phase
properties through variation in the type and concentration of
phase-forming components. The most extensively reported
systems combine polymers and salts, with polyethylene glycol
(PEG) being one of the most commonly used polymers.”'*~**
Although these systems exhibit good separation efficiencies
and several applications, they are limited to analytes with a
more hydrophilic character,”™** as this polymer possesses
high hydrophilicity.

© XXXX The Authors. Published by
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To modulate the hydrophilic/hydrophobic character of
biphasic systems more effectively, triblock copolymers have
begun to be used as forming components of these

1,3,20,29-31
systems. "7

Triblock copolymer, prominently exempli-
fied by Pluronic, constitutes a material produced by the
arrangement of hydrophilic and hydrophobic segments. The
poly(propylene oxide) (PO) units impart more hydrophobic
characteristics to the copolymer, as they have one more methyl
group than the poly(ethylene oxide) (EO) units. Thus, the
amount and proportion of EO and PO units, as well as the
order of these units in the organization of the copolymer, help
shape its hydrophobicity.”> When the structural organization of
the blocks follows the order (EO)x—(PO)y—(EO)x, the
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Table 1. List of Chemicals and of Their Suppliers, Purities, CAS Numbers and Abbreviations

chemical

oly(propylene glycol)-block-poly(ethylene glycol)-block-poly(propylene glycol),
poly(propy! gy poly(ethy gly poly(propy gly:

~2000 g-mol™
ammonium tartrate dibasic ((NH,),C,H,O¢)

ammonium acetate (NH,C,H;0,)

ammonium citrate dibasic ((NH,),HCsH;O-)
vanillin (CgHgO;)

vanillic acid (CgHgO,)

syringaldehyde (C,H,,0,)

caffeic acid (CoHgO,)

gallic acid (C,H0s.H,0)

mass fraction

supplier purity” CAS abbreviation”

Sigma-Aldrich >0.990 9003-11-6  Pluronic 10RS

Sigma-Aldrich >0.980 3164-29-2 ammonium
tartrate

Vetec >0.970 631-61-8 ammonium
acetate

Synth >0.980 3012-65-5  ammonium citrate

Sigma-Aldrich >0.990 121-33-5 VN

Sigma-Aldrich >0.970 121-34-6 VA

Sigma-Aldrich >0.980 134-96-3 SA

Sigma-Aldrich >0.980 331-39-5 CA

Riedel-deHaen >0.980 5995-86-8 GA

“Purities are reported as provided by the suppliers. “Names correspond to the names used in the text.

copolymer is called normal, and when the order is (PO),—
(EO),~(PO),, the copolymer is known as reversed.*

While triblock copolymers of the Pluronic normal family
have been widely studied for ABS formation due to their
biocompatibility and negligible toxicity,"*”*"**7** their
applications extend beyond extraction to fields such as
controlled drug delivery,38 nanotechnology,39 bioengineer-
ing,"" and metallurgy."** However, a less explored subset of
this family, known as reverse Pluronic or Pluronic-R, exhibits
unique properties that have not been extensively studied,
suggesting significant potential for novel applications To the
best of our knowledge, the use of reverse Pluronic (Pluronic-
R) in the formation of ABSs remains limited,””*>**** and their
influence on the partitioning behavior of strategic compounds
has been scarcely explored. No studies have specifically
examined how phenolic compounds are distributed in these
systems. In addition, liquid—liquid equilibrium data with
organic ammonium electrolytes are rare despite these salts
being environmentally safe and compatible with different
analytical techniques.

To address the identified knowledge gap, this study
investigates the formation and phase behavior of ABSs
composed of the reverse triblock copolymer Pluronic 10RS
and three organic ammonium salts—acetate, citrate, and
tartrate—at 283.15, 298.15, and 313.15 K. Phase diagrams
were constructed to elucidate the binodal curves and tie-line
compositions, providing comprehensive equilibrium data for
these underexplored systems. To assess the separation
potential of these systems, five phenolic compounds—gallic
acid, caffeic acid, vanillin, vanillic acid, and syringaldehyde—
were selected as model solutes. These molecules are
structurally diverse and have been identified as key products
in biomass,™™** coal liquefaction 0il,**%% a5 well as coal tar
and petroleum.””” Furthermore, liquid—liquid equilibrium
(LLE) modeling was performed using the NRTL equation to
assess the scalability of these systems for industrial
implementation. These insights contribute to the rational
design of sustainable and efficient separation processes,
addressing current limitations in biorefinery strategies.

2. EXPERIMENTAL AND/OR COMPUTATIONAL
METHODS

2.1. Chemicals. The reagents used in this study are listed
in Table 1, along with their suppliers, purity levels, CAS
numbers, and abbreviations. All reagents were of analytical
grade and were used without further purification or pretreat-

ment. The construction of the aqueous systems involved the
use of Pluronic 10RS copolymer—a poly(propylene glycol)-
block-poly(ethylene glycol)-block-poly(propylene glycol) tri-
block with an average molar mass of approximately 2000 and
an ethylene oxide content of 50% (w/w)—as well as
ammonium tartrate, ammonium acetate, and ammonium
citrate dibasic. Vanillin, vanillic acid, syringaldehyde, caffeic
acid, and gallic acid were used as target analytes in the partition
experiments. All solutions were prepared using ultrapure water
with a resistivity of 18.25 MQ-cm at 298 K, obtained from a
Milli-Q Gradient purification system (Millipore). All chemicals
were used as received without additional purification.

2.2. Binodal Curve. The turbidimetric titration method"’
was employed to determine the binodal curve at 283.2, 298.2,
and 313.2 K. For this purpose, aqueous stock solutions of 50%
(w/w) ammonium acetate, 46% (w/w) ammonium citrate,
15% (w/w) ammonium tartrate, and 86% (w/w) Pluronic
10RS were initially prepared. At each studied temperature,
0.500 g of the Pluronic 10RS solution was introduced into a
glass tube, followed by the gradual addition of the ammonium
salt solution (acetate, citrate, or tartrate) until phase separation
was visually detected, indicating the onset of biphasic system
formation. Subsequently, water was added to the tube until the
solution regained transparency. The masses of salt and water
required to induce and reverse turbidity were recorded, and
this procedure was repeated multiple times to ensure sufficient
data for constructing the binodal curve.

The experimental data were then plotted and fitted using the
empirical model proposed by Merchuk et al.** described by the
following equation

Y = A exp(BX%® — CX%) (1)

where X and Y represent the mass fractions of salt and
macromolecule, respectively, while A, B, and C are adjustable
parameters obtained through nonlinear regression of the
experimental data.

All measurements were conducted using a high-precision
analytical balance (Shimadzu AG 220, accuracy + 0.0001 g)
and a thermostatic water bath (Microquimica MQBTC 99-20,
uncertainty + 0.1 K) to ensure reliable and reproducible
results.

2.3. Determination of Phase Diagrams. Merchuk et
al.** proposed the gravimetric method to determine the phase
diagrams of the systems investigated in this study. Ternary
mixtures were prepared in syringes by accurately weighing
appropriate masses of Pluronic 10RS, ammonium salt (acetate,
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Figure 1. Chemical structure and molecular formula of the phenolic compounds analyzed in this study.

Table 2. Liquid—Liquid Equilibrium Data and TLL, in % (w/w), for the Pluronic 10RS (w;) + Ammonium Citrate Dibasic
(w,) + H,O (w;) System at Different Temperatures and Pressure of 0.10 MPa“”

overall macromolecule-rich phase electrolyte-rich phase

100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100TLL STL
2832 K

2543 22.14 52.43 60.49 7.00 32.51 10.44 28.61 60.95 54.51 —2.32

29.13 23.84 47.03 79.17 2.88 17.95 4.34 34.22 61.44 81.14 —2.39

31.28 24.77 43.95 86.53 1.88 11.59 2.77 36.57 60.66 90.66 —2.41

32.79 2542 41.79 92.12 1.29 6.59 2.11 37.90 59.99 97.17 —2.46

33.84 25.92 40.24 93.80 1.26 4.94 143 39.26 59.31 99.89 243
2982 K

25.43 22.15 52.42 64.95 5.88 29.17 9.22 28.83 61.95 60.27 —243

29.18 23.87 46.95 75.13 4.52 20.35 5.24 33.94 60.82 75.83 —2.38

3348 25.07 4145 89.38 3.12 7.50 3.66 36.79 59.55 92.09 —-2.55

35.60 25.82 38.58 92.27 291 4.82 3.03 38.99 57.98 96.26 —2.47

37.57 26.56 35.87 94.92 2.72 2.36 2.45 41.16 56.39 100.1 —2.41
3132 K

26.00 21.44 52.56 60.00 4.72 35.28 0.01 34.22 65.77 66.85 —2.03

29.18 23.86 46.96 68.31 3.19 28.50 0.01 39.32 60.67 77.26 —1.89

32.82 25.44 41.74 75.26 2.13 22.61 0.01 43.46 56.53 85.85 —-1.82

36.20 27.00 36.80 86.37 1.07 12.56 0.01 45.60 54.39 97.17 —1.94

37.51 28.14 34.35 89.26 1.07 9.67 0.01 47.76 52.23 100.73 —191

“Standard errors (u): u(T) = 0.1 K; u(p) = 0.20 kPa; u(wi®?) = 0.01; u(w}™®®) = 0.19; u(wit") = 0.42; u(wh™) = 0.32; u(wi*?) = 0.32; u(wi™") =

0.57; u(TLL) = 0.22; u(STL) = 0.1S.

citrate, or tartrate), and water to achieve a final system mass of
4.00 g with a predetermined global composition. The syringes
were then sealed, thoroughly mixed, and left to equilibrate in a
thermostatic bath at a fixed temperature of 283.2, 298.2, or
3132 K for 72 h to ensure thermodynamic equilibrium
between the phases. For each ABS, four different global
compositions were prepared in duplicate.

After the 72 h equilibration period, the electrolyte-rich phase
(m™?) was carefully collected by slowly depressing the plunger
of the syringe and weighed. The mass of the macromolecule-
rich phase (m™*F) was determined using a mass balance
approach, given that the total system mass (1,o,;) was known,
as shown in eq 2

mM = Miotal — m™ (2)

The phase compositions were determined by solving four

eqs (eqs 3—6) using Wolfram Mathematica 8.

Yyme = A X [(B X X%5p) — (C X Xip)] 3)
Yere = A X [(B X X{5p) — (C X Xigp)] ©
Yu l1-a
Yoy = — — Y
MRe = o ERP ()

Xum l-«a

a a

Xurp = Xgrp (6)

In this system, Yygp, Ygrp, and Yy represent the mass
fractions of the macromolecule (Pluronic 10RS) in the
macromolecule-rich phase (MRP), the electrolyte-rich phase
(ERP), and the total ABS mass, respectively. Likewise, Xyp,
Xgrpy and Xy denote the mass fractions of ammonium salt in
the MRP, ERP, and the total ABS mass, respectively. The
parameter o corresponds to the ratio between the MRP and
total system mass. A, B, and C are regression parameters
derived from fitting the experimental data.

Tie-line length (TLL) and tie-line length slope (STL) for
the different ABS were determined according to eqs 7 and 8,
respectively

TLL = [(Cy = i) + (™ = ™)1 (7)

MRP ERP

oL = S~ Cm

MRP ERP
Ce —Cg (8)

where CMRF and Cif’ represent the concentrations of the
macromolecule in the macromolecule-rich phase (MRP) and
electrolyte-rich phase (ERP), respectively, while C¥Y"* and
CERP denote the concentrations of salt in the MRP and ERP,
respectively.
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Table 3. Liquid—Liquid Equilibrium Data and TLL, in % (w/w), for the Pluronic 10RS (w,;) + Ammonium Acetate (w,) + H,O
(w;) System at Different Temperatures and Pressure of 0.10 MPa“

overall macromolecule-rich phase electrolyte-rich phase

100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100TLL STL
2832 K

30.86 23.11 46.03 50.83 16.40 32.77 S.10 31.76 63.14 48.24 —2.98

32.53 23.86 43.61 58.40 14.13 27.47 1.84 35.45 62.71 60.45 —2.65
298.2 K

25.82 18.93 55.25 41.58 12.61 45.81 0.24 29.29 70.47 44.58 —2.48

28.43 20.62 50.95 53.22 10.34 36.44 0.03 32.40 67.57 57.58 —2.41

30.81 22.22 46.97 5491 9.99 35.10 0.01 37.87 62.12 61.57 —-1.97

32.51 23.86 43.63 61.56 8.60 29.84 0.01 40.94 59.05 69.53 —1.90

37.28 27.06 35.66 62.77 8.33 28.90 0.01 54.49 45.50 77.91 —1.36
3132 K

30.54 21.85 47.61 49.48 7.87 42.65 0.01 44.40 55.59 61.50 -1.35

32.84 23.28 43.88 51.23 7.70 41.07 0.01 S1.13 48.86 67.15 -1.18

33.82 24.24 41.94 51.29 7.39 41.32 0.01 51.92 48.07 70.31 —-1.22

35.35 25.32 39.33 56.65 7.17 36.18 0.01 55.46 44.53 7443 -1.77

36.39 26.16 37.45 59.59 6.87 33.54 0.01 56.43 43.56 77.49 —1.20

“Standard errors (u): u(T) = 0.1 K; u(p) = 0.20 kPa; u(wi®?) = 0.11; u(w}™F) = 0.47; u(wi™") = 0.42; u(wy™®) = 0.37; u(wi*®) = 0.42; u(wi™") =

0.67; u(TLL) = 0.18; u(STL) = 0.11.

Table 4. Liquid—Liquid Equilibrium Data and TLL, in % (w/w), for the Pluronic 10RS (w;) + Ammonium Tartrate (w,) +
H,O (w;) System at Different Temperatures and Pressure of 0.10 MPa“”

overall macromolecule-rich phase electrolyte-rich phase

100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100TLL STL
2832 K

25.47 16.02 58.51 42.79 6.01 51.20 8.80 25.65 65.55 39.26 -1.73

26.55 17.01 56.44 46.27 5.32 48.41 7.01 28.61 64.38 45.65 —1.69

27.40 17.88 54.72 48.19 4.98 46.83 5.60 31.41 62.99 50.13 —1.61

28.02 18.47 53.51 49.60 4.74 45.66 4.80 33.25 61.95 53.11 —1.57

29.16 19.29 S1.55 52.27 4.32 43.41 3.89 35.67 60.44 57.65 —1.54
2982 K

18.39 9.40 72.21 28.67 6.20 65.13 10.56 11.85 77.59 18.97 =321

18.79 9.84 71.37 33.70 4.88 61.42 5.18 14.37 80.45 30.06 —3.01

18.97 10.21 70.82 34.38 4.71 60.91 2.99 15.92 81.09 33.33 —2.80

19.54 10.64 69.82 36.85 4.13 59.02 1.62 17.39 80.99 37.64 —2.66

19.97 11.14 68.89 37.36 4.01 58.63 0.73 19.04 80.23 39.59 —2.44
3132 K

22.95 13.59 63.46 37.03 4.99 57.98 0.01 27.62 72.38 43.39 —1.64

24.69 15.13 60.18 39.81 4.64 58.58 0.01 32.28 67.72 48.46 —1.44

26.28 16.71 57.01 42.39 4.33 53.28 0.01 36.92 63.08 53.46 —1.30

29.68 1991 50.41 48.07 3.66 48.27 0.01 45.70 54.30 63.85 —-1.14

32.40 21.82 45.78 53.74 3.03 43.23 0.01 50.34 49.66 71.59 -1.14

“Standard errors (u): u(T) = 0.1 K; u(p) = 0.20 kPa; u(wt®?) = 0.16; u(w}™F) = 0.37; u(wi™") = 0.42; u(wy™®) = 0.45; u(wi*¥) = 0.57; u(wi™") =

0.50; u(TLL) = 0.37; u(STL) = 0.35.

2.4. Modeling Using the NRTL. The liquid—liquid
equilibrium (LLE) data of all ABS were correlated using the
non-random two-liquid (NRTL) model, which accounts for
local composition effects and is suitable for partially miscible
systems. In this work, the NRTL model was employed in its
mass fraction-based form with temperature-dependent inter-
action parameters to calculate activity coefficients, as
previously reported in the literature.”” The model parameters
were estimated using the Fortran-based TML-LLE 2.0 code,
which applies the Simplex optimization method in conjunction
with the maximum likelihood principle.”® The correlation
quality was evaluated through the root-mean-square deviation
(RMSD) between the experimental and calculated composi-
tions.

2.5. Partition of Phenolic Compounds. In this study,
vanillin (VN), vanillic acid (VA), syringaldehyde (SA), gallic
acid (GA), and caffeic acid (CA) were selected as model
molecules to evaluate the partitioning of phenolic compounds
(Figure 1).

Biphasic systems were prepared by combining Pluronic
10RS, ammonium citrate dibasic, water, and an aqueous
solution of each analyte in defined proportions. The mixtures
were assembled in 4.5 mL polypropylene tubes with screw
caps, ensuring that each system contained 2 g of the top phase
and 2 g of the bottom phase. The overall system composition
corresponded to the first tie-line (60.27), as indicated by the
equilibrium data presented in Table 2.

https://doi.org/10.1021/acs.jced.5c00298
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After preparation, the systems were stirred until they became
turbid and then incubated in a thermostatic bath at 298.2 K for
at least 24 h, allowing the formation of well-defined phases
with a limpid interface. Once thermodynamic equilibrium was
reached, the top and bottom phases were carefully separated
and collected. Finally, the pH of both phases was determined
using pH indicator strips.

Final concentrations were varied from 25 to 100 mg kg™' to
assess potential differences in the partitioning or extraction
behavior of each analyte in the biphasic system consisting of
Pluronic 10RS, ammonium acetate, and water at 298.2 K. The
analyte concentration in the bottom phase was determined
using ultraviolet—visible (UV—vis) spectrophotometry with a
UV—vis spectrometer (Shimadzu UV-2550 digital double
beam spectrometer).

An individual calibration curve was constructed for each
analyte using an external standard, with solutions prepared in
deionized water at concentrations ranging from 2.5 to 40 mg
kg™!. Spectrophotometric measurements were performed at a
specific wavelength for each compound: 279 nm for vanillin,
252 nm for vanillic acid, 306 nm for syringaldehyde, 263 nm
for gallic acid, and 286 nm for caffeic acid.

Two parameters were determined to evaluate the partition-
ing performance of each phenolic compound: the partition
coefficient (Kp) and the extraction percentage to Pluronic
10RS-rich phase (%Eygp). Specific abbreviations were used to
differentiate the partition coefficients of each phenol
compound (Figure 1): KcaKypaKynKcaKsa: The concen-
tration of each compound in the electrolyte-rich phase (Cggp)
was determined using UV—vis spectrophotometry. Meanwhile,
the concentration in the macromolecule-rich phase (Cygp) was
estimated by mass balance. Based on these data, the
distribution coefficient (Kp) and the %Eygp were calculated
according to eqs 9 and 10, respectively. Each experiment was
performed in triplicate to ensure data accuracy and
reproducibility.

C
KD — MRP
Cerp (9)
n
% Eypp = —RP % 100
Miotal (10)

where nypp represents the mass of each phenolic compound in
the macromolecule-rich phase, and n, is the total mass of
each compound in the system.

3. RESULTS AND DISCUSSION

3.1. Equilibrium Data of Aqueous Biphasic Systems.
Tables 2—4 show the phase composition, tie-line length, and
slope of biphasic systems formed by Pluronic 10RS +
(NH,),C¢HsO, + H,O, Pluronic 10RS + NH,C,H;0, +
H,0, and Pluronic 10RS + (NH,),C,H,O4 + H,O,
respectively, at 283.2, 298.2, and 3132 K. The standard
uncertainties were determined based on a quantitative
characterization of phase distribution, considering the
composition of the macromolecule-rich phase and the
electrolyte-rich phase at all three temperatures. The phase
composition data were expressed in mass percent—% (w/w).
Table S1 summarizes the parameters obtained from fitting the
experimental data using the empirical equation proposed by
Merchuk to describe the behavior of aqueous two-phase
systems.

The knowledge of equilibrium data in liquid—liquid systems
designed for extracting, separating, or partitioning strategic
solutes is essential for optimizing experimental conditions and
maximizing process efficiency. It also supports the develop-
ment of predictive models that generalize the behavior of
similar systems. However, inverse Pluronic-based systems, suck
us Pluronic 10RS, have been less extensively studied*™*
compared to conventional Pluronic systems, resulting in a
limited understanding of phase partitioning mechanisms in
these systems and their potential application in selective
separation processes. This study aims to expand the
equilibrium data available for inverse Pluronic-based systems,
enhancing understanding of their phase partitioning behavior
and potential for selective separation processes.

The tie-line length defines the equilibrium phase composi-
tions in ABSs at constant temperature, pressure, and
concentration, quantifying the compositional contrast between
the electrolyte-rich and macromolecule-rich phases. This
parameter is essential for modeling solute partitioning and
evaluating phase separation efficiency. The experimentally
determined TLL and STL values are summarized in Tables
2—4 Results show that TLL increases with global composition,
consistent with polymer-salt ABS trends. The phase behavior
of Pluronic 10RS closely follows reported equilibrium data,
indicating that its higher hydrophobicity does not significantly
alter its phase formation relative to less hydrophobic
copolymers or conventional polymers in aqueous saline
systems.46

3.2. Influence of the Nature of Anion on the Binodal
Curve. The influence of anion nature on the binodal curve
position was analyzed in ABS formed by Pluronic 10RS at the
three studied temperatures with three different ammonium
salts. The mass fractions of the electrolytes ((NH,)C,H;0,,
(NH,),C,H,0, (NH,),C¢H;O,) and Pluronic 10RS were
normalized by dividing by their respective molar masses (w,/
M,) to enable a consistent comparison among salts with
different molecular weights. Since molar masses (M;) were
expressed in kg mol™!, the values of w,/M; were reported in
mol kg™". Since all the salts employed shared the same cation
(NH,"), the differences observed in the behavior of the
biphasic systems are attributed solely to the nature of the
anion.

Figure 2 illustrates the variation in the binodal curve
position for the three electrolytes with different anionic
structures (C,H,04>~, CH40,%~, C,H;0,7) at 298.2 K. The
binodal curves at 283.2 and 313.2 K are shown in Figure SI.
All experimental data corresponding to the binodal curves
obtained in this study are provided in Tables S3—SS.

Experimental results reveal that the biphasic region expands
in the following order: C,H,0s~ > CcHyO,~ > C,H;0,
suggesting that lower concentrations of divalent anions are
sufficient to induce phase separation. This trend aligns with the
kosmotropic nature of multivalent organic anions, as predicted
by the extended Hofmeister series,”"””> anions such as tartrate
and citrate, characterized by their high hydration capacity and
polyfunctional structures, facilitate micellar dehydration and
promote the establishment of two-phase systems.>® Interest-
ingly, although the Hofmeister series predicts a greater salting-
out effect for citrate than for tartrate, our data show a larger
biphasic region for tartrate. This discrepancy may be attributed
to the more complex molecular architecture of citrate, which
could hinder its interaction with the hydrophobic domains of
the copolymer due to steric and conformational constraints.>*
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Figure 2. Influence of nature of anion on the binodal curve Pluronic
10RS + ammonium electrolyte + H,O at 2982 K. NH,C,H;0,:
ammonium acetate; (NH,),C,H,O4: ammonium tartrate;
(NH,),HC(¢H;0,: ammonium citrate dibasic.

These observations are in agreement with previous reports
involving ammonium-based salts in ABS formed with hydro-
phobic polymers such as PPG425>° as well as with Pluronic
L3S, a block copolymer with similar molecular weight and
poly(ethylene oxide) (PEO) content.”’ Comparable phase
behavior has also been reported for these ammonium-based
salts in aqueous systems containing Pluronic L64, a less
hydrophobic block copolymer composed of approximately 40
wt % poly(ethylene oxide) (PEO).® Despite extensive
investigations, a unified mechanistic understanding of phase
separation in polymer—salt ABS remains elusive.”’ " This lack
of consensus highlights the complexity of the interactions
governing liquid—liquid phase separation. Given the analogous
phase behavior observed in copolymer—salt systems, it is
plausible that similar entropic and ion-specific mechanisms—
particularly those involving preferential hydration and polymer
conformation—also play a dominant role. Nonetheless,
additional experimental data involving block copolymers with
varying hydrophobicity, coupled with calorimetric and
spectroscopic characterization, are essential to test this
hypothesis rigorously.

3.3. Effect of the Temperature on ABS Composition.
Figure 3 presents the experimental binodal curve for all the
systems at the three studied temperatures. In all investigations,
experimental results indicate that in ABS composed of Pluronic
10RS and ammonium organic salts, the biphasic area increases
when the temperature increases from 283.2 to 313.2 K
Previous studies have shown that the phase separation critical
temperature (T.) of Pluronic 10RS decreases with structural
and chemical modifications, suggesting that heat-induced
dehydration of hgfdrophobic segments plays a key role in
phase formation.””®® Increasing the temperature alone could
drive the expansion of the biphasic domain in these systems.
Similar results have been reported for systems composed of
Pluronic 10RS with sodium or potassium citrate and water,*
as well as for Pluronic 10RS—DES systems."* However,
additional thermodynamic studies are necessary, as similar
behavior is observed in systems with less hydrophobic
copolymers.***

Although the binodal curves partially overlap in some
regions, a closer inspection—particularly of the ammonium
acetate system—reveals that the curve at 313.2 K is notably
more concave, reflecting a larger biphasic region than at 283.2
K. In the cases of ammonium tartrate and citrate, the
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Figure 3. Effect of temperature on the binodal curves of the Pluronic
10RS + H,0 + ammonium electrolyte systems: (A) ammonium
citrate, (B) ammonium tartrate, and (C) ammonium acetate.
Experimental data were obtained at 283.2 K (pink H), 2982 K
(blue @), and 313.2 K (orange A).

expansion of the biphasic area is less visually apparent due to
the superposition of experimental points; however, the data
points corresponding to 313.2 K (orange markers) consistently
shift to the left of those at 283.2 K (pink markers), indicating
that phase separation occurs at lower salt concentrations as
temperature increases. This behavior supports the inference
that temperature promotes biphasic domain expansion in all
systems studied.

3.4. Phase Inversion Behavior in ABS Formed with
Pluronic 10R5. The phenomenon of phase inversion has been
previously r%ported in ABS, which is composed of copolymers
and salts.”*® This inversion typically results in the upper
phase being enriched in the electrolyte while the lower phase
becomes enriched in the macromolecule. However, this
phenomenon is often overlooked or not explicitly addressed
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in the literature.” likely because most equilibrium diagrams
have been studied at salt concentrations already high enough
to promote phase inversion. Only a few studies involving
copolymers®®®® have described how, at low concentrations of
salt and copolymer, the macromolecule-rich phase initially
forms the bottom phase, and the salt-rich phase appears at the
top. As the salt concentration increases beyond a certain
threshold, a reversal in partitioning occurs: the copolymer
migrates to the lower phase, and the salt accumulates in the
upper phase—this is known as the phase inversion process.
This phenomenon has been scarcely explored in ABS formed
with Pluronic, and, to the best of our knowledge, no previous
reports exist on Pluronic 10RS-based systems showing
noninverted phase behavior. Interestingly, our experimental
results revealed that phase inversion only was observed in the
Pluronic 10RS + ammonium acetate + water system.

Figure 4 presents the tie-line length in the system Pluronic
10RS + NH,C,H,0, + H,O at 283.2, 2982, and 3132 K.
While Figures S2 and S3 present the TLL curve for the
Pluronic 10RS + (NH,),C,H,O4 + H,0 and Pluronic 10RS +
(NH,),C¢HcO, + H,O systems at all three temperatures,
respectively. To enhance reader comprehension, compositions
with phase inversion are highlighted in symbol open and black
line, whereas those exhibiting no phase inversion are color-
coded according to temperature. As shown in Figure 4, all
TLLs for the biphasic systems at 289.2 K exhibited phase
inversion. At 298.2 K, phase inversion occurred in the first four
TLLs. In contrast, at 313.2 K, only the first TLL showed phase
inversion, while the subsequent ones did not. Overall, phase
inversion was observed primarily at lower salt concentrations
and became progressively less frequent as the salt concen-
tration increased, especially at higher temperatures.

The few studies that have explored phase inversion suggest
that it is driven by an increase in the density of the electrolyte-
rich phase as the salt concentration increases.””°® The phase
densities of the Pluronic 10RS + NH,C,H;0, + H,O system at
283.2, 2982, and 313.2 K are presented in Table S2. Figure
SA—C display the variation in phase density as a function of
total salt concentration for the systems at 283.2, 298.2, and
313.2 K, respectively.

In Figure SA, it is evident that, for the only two tie-line
compositions that formed biphasic systems at 283.2 K, phase
inversion occurred—both at electrolyte concentrations below
24% (w/w). Similarly, at 298.2 K, phase inversion was
observed in the first four tie-lines, which also corresponded
to electrolyte overall concentrations below 24% (w/w). At
313.2 K, phase inversion occurred only in the first tie-line,
which was associated with a salt concentration below 23% (w/
w).

These results indicate that as the salt concentration
increases, the system progressively transitions to typical
biphasic behavior, where the top phase is rich in macro-
molecule, and the bottom phase is rich in electrolyte. This
transition point is marked by the intersection of the density
curves shown clearly in Figure 5B,C.

In contrast, at 283.2 K (Figure SA), biphasic systems could
not be obtained at higher salt concentrations, which prevented
the observation of a phase density crossover.

It is the first time such behavior has been reported for ABSs
formed with Pluronic 10RS and inorganic ammonium salts.
These findings support the hypothesis that phase inversion is
driven by relative density differences between the coexisting

Pluronic 10R5 / % (w/w)
[ (7] - n [=a)

> = =) > >
i]_
S
N 4

-
=)
T
!

(A)

10 20 30
Ammonium Acetate / % (w/w)

=

=]

T T
{ 298.2K |

n =2}
=] =l
T T

L

S
=
T
L

Pluronic10R5 / % (w/w)
s 2

—
=l
T
L

=

0 10 20 30 40 50
Ammonium Acetate / % (W/w)

313.2K

n (=)
= =
T T

N
=
T

Pluronic10R5 / % (w/w)
s 2

[y
=
T

0 10 20 30 40 50

=]

Ammonium Acetate / % (W/w)

Figure 4. Tie-line length for the Pluronic 10RS + NH,C,H;0, + H,0
at 283.2 K (), 298.2 K (blue @), 313.2 K (orangeA ). Black tie-lines
represent systems with phase inversion, while colored tie-lines
indicate compositions without phase inversion.

phases, in line with previous observations in systems involving
other copolymers.®®

The different behavior observed in Figure S between 298.2
and 3132 K arises from the thermoresponsive nature of
Pluronic 10RS.”” At higher temperature (3132 K), dehy-
dration of the PPO blocks leads to stronger micellization and
phase separation, resulting in a slightly lower or stable density
of the polymer-rich phase due to reduced water and salt
content. At 2982 K, the polymer remains more hydrated,
allowing for greater salt and water retention, which initially
increases the density before decreasing to higher salt
concentrations. The salt-rich phase consistently exhibits an
increasing density with increasing salt concentration, as
expected due to the accumulation of electrolytes. In contrast,
the systems composed of (NH,),C,H,O4 and (NH,),CsH;O,
exhibited typical behavior reported for most copolymer—salt
ABS, where phase inversion is not consistently observed. The
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H,O system at 283.2 K (A), 298.2 K (B), and 313.2 K (C).

Table S. Binary Interaction Parameters of the NRTL Equation and Correlation Performance for the Studied System”

i/j Agi/K Agi/K
NH,C,H;0,—Pluronic 10RS 3191.8 70.2
NH,C,H,0,—water 97.0 —2539.9
Pluronic 10RS—water —94.8 8999.1
(NH,),C¢H40,—Pluronic 10RS —1502.0 2739.2
(NH,),C¢H,0,—water 1092.8 —11952
Pluronic 10R55—water —1235.7 9025.2
(NH,),C,H,04—Pluronic 10RS 1417.0 6757.4
(NH,),C,H,04—water —545.3 5253.4
Pluronic 10RS—water —577.6 7817.1

Ay = Ag; + Ay Tand Ay = Ay, + Ay, T

Ay Aji ; = aj RMSD/%
—2.7588 0.7556 0.4700 1.96
—2.0058 13.0750 0.2000
—0.2094 0.0029 0.4072

9.1796 —1.3646 0.3199 3.70

1.1018 30.5150 0.4366

5.7497 —0.0898 0.4299

2.0328 —2.8318 0.2258 3.19

0.2048 8.8999 0.3135
—2.8295 1.3352 0.4700

corresponding TLL graphics are provided in Figures S2 and
S3.

3.5. Modeling Experimental Liquid—Liquid Equili-
brium Using NRTL. The modeling of experimental LLE data
is an initial step toward applying these systems on an industrial
scale. The application of ABS for partitioning biomolecules in
the context of biorefineries requires models that may be able to
describe the systems for using simulation software to optimize
new processes and unit operations. The LLE modeling involves
the activity coeflicient calculation, which in this study was
calculated using the nonrandom two-liquid model (NRTL)
proposed by Renon and Prausnitz.’”

Liquid—liquid equilibrium correlation was performed using
the estimated molecular energy interaction parameters using
the Fortran TML-LLE 2.0 Code’’ as described by Sosa et al.*
Mean squared deviations (RMSD) were calculated according
to the following equation

5, = 100

'NM N /L cal } .cal
“‘Zi zj (x; exp _ x; c C)Z + (xl;I exp _ x;l cal C)Z

* \/ 2MN
(11)

As seen in Table S and Figure S4, the NRTL model was able
to represent the phase division across the entire range of
compositions and temperatures for all systems studied,
presenting an RMSD value < 3.70%. These results show that
the NRTL model is suitable to represent the phase behavior of
the ABS addressed in this work in all temperature ranges
283.2-313.2 K.

3.6. Evaluation of Partition of Phenolic Compounds.
The initial screening of the three developed ABSs indicated
that the combination of Pluronic 10RS, ammonium citrate
dibasic, and water showed the highest potential for recovering
phenolic compounds. This system was selected as the most
promising candidate because citrate is more cost-effective than
other commonly used salts, such as tartrate and acetate, and is
biodegradable and nontoxic.”® These attributes have led to its
selection in previous studies for ABS formation, and it has also
proven effective in the extraction of phenolic compounds.®®®’

Previous studies have shown that the stability of phenolic
compounds is highly dependent on their chemical structure
and the pH of the medium, among other factors. Friedman and
Jirgens® demonstrated that pH-induced alterations in
phenolic compounds are irreversible. Similarly, Lapidot’'
showed that the antioxidant activity of phenolic compounds
is maintained across a pH range of 1—8. Based on these
findings, the pH values of the equilibrium phases in the tested
systems were determined. The systems based on acetate and
tartrate exhibited near-neutral pH values (6.5—7.0 and S5.0—
7.0, respectively). In contrast, the citrate-based system showed
values of 3.3 and 5.3 in the salt-rich and polymer-rich phases,
respectively. These results indicate that, even without buffering
agents, this system can potentially preserve the chemical
integrity of the target phenolic compounds and their
bioactivity.

Partition and extraction assays in the polymer-rich phase
were conducted using the Pluronic 10RS + (NH,),C.H0, +
H,O system, with a global composition of 25.43% Pluronic
10RS, 22.15% ammonium citrate dibasic, and 52.42% water
(corresponding to first tie-line length). Concentrations ranging
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Figure 6. (A) Extraction percentage (%Eygp)of phenolic compounds and (B) partition coefficient (Kp) of the phenolic compounds in the system
Pluronic 10RS + (NH,),C¢H;O; + H,O at 298.2 K. Gallic acid (GA), vanillin (VN), syringaldehyde (SA), vanillic acid (VA), and caffeic acid

(CA).

from 25 to 100 mg kg™' of each of the five model phenolic
compounds were added to evaluate potential changes in
extraction capacity due to phase saturation and alterations in
the partition coefficient caused by interactions among the
analytes at higher concentrations.

Figure 6 displays the extraction percentage in the polymer-
rich phase and the partition coefficients of the phenolic
compounds under the conditions investigated. All phenolic
compounds evaluated exhibited %Eyyp close to 80% in the
polymer-rich phase, with partition coefficients ranging from 3.5
to 6.5, indicating a clear preferential affinity for this phase.
Although no prior data exist on the partition behavior of
phenolic compounds in inverted Pluronic systems, their
preference for polymer-rich phases—particularly those com-
posed of PEG—has been extensively reported.'***9%6%7273

This behavior in polymer-based systems can be explained by
a combination of factors, such as hydrophobic interactions and
hydrogen bonding between phenolic compounds and the
phase-forming polymers, as well as the influence of excluded
volume effects, salting-out mechanisms, and the polarity
contrast between coexisting phases.”®”*~"*

Similarly, micellar systems formed by Pluronic copolymers
in water or other solvents have been used successfully to
recover phenolic and other bioactive compounds with greater
hydrophobicity, and similar partitioning mechanisms have
been proposed to describe their behavior.””*" Nevertheless,
further studies are needed using copolymer-based systems—
particularly those incorporating more hydrophobic Pluronic
types such as Pluronic-R—to determine whether structural
differences among copolymers significantly influence separa-
tion performance.

4. CONCLUSIONS

Reverse Pluronic-based ABS composed of Pluronic 10RS and
ammonium organic salts (acetate, tartrate, and citrate) were
investigated for their ability to extract phenolic compounds. A
systematic study of their phase behavior, including binodal
curves, tie-line lengths, and densities, demonstrated that the
nature of the anion significantly influences the biphasic region
and phase inversion phenomena. The tartrate anion induced a
larger biphasic region, while the acetate anion induced phase
inversion. The phase inversion phenomena for Pluronic 10RS-
ammonium acetate ABS further enhances understanding of
reverse Pluronic-based systems, providing novel insights. The
influence of temperature on micellization and phase separation

was also confirmed, revealing the thermoresponsive behavior of
the system.

The partitioning of five structurally related phenolic
compounds (vanillin, vanillic acid, syringaldehyde, gallic acid,
and caffeic acid) was evaluated in all ABS proposed. The
Pluronic 10RS + ammonium citrate + water system exhibited
the most favorable extraction performance. These results
highlight the crucial role of electrolyte composition and pH in
determining the phase affinity of phenolic compounds. In
particular, the acidic pH of the citrate-based system
contributed to maintaining the chemical integrity and potential
bioactivity of the target compounds.

Finally, the liquid—liquid equilibrium data of the studied
systems were successfully modeled using the NRTL
thermodynamic approach, with low deviation values, reinforc-
ing the applicability of this model for the design and
optimization of polymer—salt-based ABS. This study expands
the understanding of phase behavior in inverse Pluronic-based
systems and supports their use as effective extraction platforms
for phenolic compounds.
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