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A B S T R A C T

Ferulic (FA) and gallic (GA) acids stand as crucial antioxidants in the cosmetics, ood and pharmaceutical in-

dustries, playing a key role in the prevention o diabetes, cancer and cardiovascular diseases. The extraction o

these antioxidants rom by-products o the ood industry, such as sweet corn residues, contributes to a more

circular economy, reducing the environmental ootprint associated with their extraction processes.

In this work, these phenolic compounds were successully extracted in the Aqueous Two-Phase Systems

(ATPSs) {Ethyl lactate (1) + Potassium Sodium Tartrate or Disodium Succinate (2) + Water (3)} at 298.2 K and

0.1 MPa. In general, the ATPSs achieved partition coecients (K) larger than unity, indicating a preerence

towards the top phase (ethyl lactate-rich), hinting a successul extraction o the phenolic compounds. Moreover,

larger tie-lines generally led to higher partition coecients and extraction eciencies (E), promoting solute

migration to the top phase. The most promising results reerred to the partition o erulic acid in Potassium

Sodium Tartrate, with K = 12± 3 and E = 93�3± 0�4 % or the longest tie-line (TLL = 70�73 % in mass). Finally,

tie-line compositions were eectively described using a generalised version o the electrolyte non-random two-

liquid (eNRTL) model or double salts, presenting low standard deviations (σx) rom experimental data while

considering the non-randomness actor (zij) equal to 0.2 (σx < 8�47”10�3) and 0.3 (σx < 4�78”10�3).

1. Introduction

Although Aqueous Two-Phase Systems (ATPSs) provide a sustainable

alternative or the ecient recovery o biomolecules, the experimental

data related to these systems is relatively scarce in literature, in

particular or systems involving environmentally benign solvents, such

as ethyl lactate (EL) [1–3]. ATPSs have a good scale-up potential, pro-
vide non-toxic and biocompatible extractive media and are considered

eco-riendly due to their high water content [4–10]. The application o
ATPSs based on organic salts, such as tartrates, succinates and citrates,

has a proven lower impact on the environment than inorganic salts since

the ormer are biodegradable and can be used as ood additives [11].

Antioxidants are substances that, when present at low concentrations,

delay or prevent the oxidative damage o the substrate by donating

hydrogen radicals (D•
), neutralizing the reactive oxygen species (ROS) by

breaking the chain o reactions and balancing their generation and

depletion [12–14]. The most abundant and widely distributed group o
antioxidants are polyphenols, which play a key role in the prevention o

diabetes, cancer, and neurodegenerative diseases [15,16]. Moreover, they

present strong antimicrobial, anti-infammatory and antimutagenic

properties [17].

Ferulic acid ((2E)�3-(4‑hydroxy-3-methoxyphenyl)prop‑2-enoic
acid) is a phenolic acid o low toxicity that can be ound in ruits and

vegetables, such as sweet corn, tomatoes, beans, oats, coee seeds, nuts

and rice bran [18]. Moreover, it is used in photoprotective cosmetic

lotions given its radical scavenging capacity, which allows to suppress

radiation-induced oxidative reactions, protecting cells exposed to ul-

traviolet (UV) radiation [18–20]. Enzymatic, alkaline or acidic extrac-
tions are oten applied in the recovery o this antioxidant, but they

generally ail to preserve its bioactivity, or which new approaches must

be developed [21–23].
Gallic acid (3,4,5-trihydroxybenzoic acid) is a polyphenol ound in
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gallnuts, berries, grapes, mangos, hazelnuts, tea and wine, and is used in

the cosmetics, pharmaceutical, leather (as chelating agent) and ood (as

preservative) industries [24,25]. This benzoic acid has been successully

extracted using, or example, ethanol and ionic liquids [26], and the

most common methods or its quantication include ultraviolet-visible

(UV–Vis) spectroscopy, chromatography, mass spectrometry and capil-
lary electrophoresis [26,27].

During the last years, there have been numerous studies, both

experimental and theoretical, on the thermodynamic properties o

electrolyte solutions. Accurate thermodynamic models and process

simulations o electrolyte systems are now being actively pursued to

reduce the need or expensive experimental procedures, which could

help the design o industrial processes aimed at the extraction o anti-

oxidants [28–30]. For example, the recovery o electrolytes such as

erulic and gallic acids rom by-products o the ood sector is a promising

approach to the circular economy model, and a deep knowledge on

electrolyte behaviour would be advantageous or a more sustainable use

o resources and to reduce the environmental impact o industrial pro-

cesses [31].

Electrolyte non-random two-liquid (eNRTL) [32] is one o the most

extensively applied model in the description o electrolyte-containing

systems [32]. It couples the Pitzer–Debye–Hückel [33] equation or

long-range ion-ion electrostatic interactions with the NRTL [34] theory,

describing three types o short-range interactions: molecule-molecule,

molecule-ion and ion-ion [32]. The eNRTL model is simple and

capable o correctly describing the short- and long-range interactions

over the entire range o concentrations and temperatures [29]. There-

ore, this model provides a strong basis or reliable extrapolation,

decreasing the chances o overtting a specic data set [35]. Moreover,

eNRTL can be easily extended to mixtures with multiple electrolytes and

mixed solvents.

In this work, the liquid-liquid extractions o erulic (FA) and gallic

(GA) acids were perormed in Aqueous Two-Phase Systems (ATPSs) o

the type {ethyl lactate (1)+ organic salt (2) + water (3)} at 298.2 K and

0.1 MPa, and the tie-line compositions o these systems were described

using the electrolyte non-random two-liquid (eNRTL) model.

2. Experimental

2.1. Chemicals

Table 1 shows the chemicals employed in this study, along with their

corresponding commercial suppliers, purities, Chemical Abstracts Ser-

vice (CAS) numbers, and abbreviations. No additional pre-treatments or

purication steps were undertaken.

2.2. Apparatus and experimental procedure

Regarding the employed apparatus, the preparation o aqueous so-

lutions involved weighing using an ADAM AAA 250 L balance with

standard measurement uncertainty o 10
�4
g. pH was assessed using a

VWR pH 1100 L pH meter with standard measurement uncertainties o

0�001 and 0�1 H, and the equipment was calibrated beore experimental
determinations with pH standard solutions o pH = 4�00, 7.00 and

10.00 ollowing the technical manual. Additionally, the equilibrium

temperature (T) was maintained at 298.2 K with a thermoregulated bath

OvanThermMultiMix BHM5Ewith a standard measurement uncertainty

o 0.1 K. Liquid volume was measured with an Eppendor Multipipette

E3x electronic pipette with an uncertainty o 2 μL (when using the 200
μL tips) and liquid density (ρ) was determined using an Anton Paar DSA-
4500 M densimeter with standard measurement uncertainties o 5”�
10

�5 f”bl�3 and 0.01 K. The Anton Paar DSA-4500 M densimeter was

calibrated prior to use with pure water according to the technical

manual. Finally, an UV–Vis Thermo Scientic Varioskan Flash spectro-
photometer with standard measurement uncertainty o 10

�4
was used to

determine UV–Vis absorbance (A), and, when needed, a VWR VV3

vortex and an IKA RO 10 Pmagnetic stirrer were used to stir the samples.

2.2.1. Infuence o pH on the UV–Vis absorbance spectrum
To minimize errors in solute quantication, it is vital to study the

eect o pH on the UV–Vis absorbance spectra or the target antioxi-
dants. Moreover, pH also aects the mean electrical charge (q) and
surace properties o these biomolecules and, consequently, their

partition [4]. The mean electrical charge o these biomolecules is

directly related to the oKT� values, which are linked to the release o
hydrogen protons, leading to the creation o chemically distinct struc-

tures. These structures, oten reerred to as biomolecule or antioxidant

stages, exert a signicant infuence on the UV–Vis absorbance spectra.
Thereore, the same procedure was ollowed as in other works [36,37]

by calculating the relative abundance o a certain acidic stage with

respect to its conjugate base, ollowing Eq. (1) [36]. This equation is

only valid or very dilute antioxidant solutions.


5n%�g+0



5n%�g

 = 0%oDogTrd�oIgT (1)

where q0 represents the initial electrical charge at pH = 0, i the number

o the dissociation constant (oKiT) under observation, oDphase the pH o

the phase, and [5q0�i+1] and [5q0�i] indicate the concentrations o the
antioxidant species with electrical charges o (q0�i+1) d�and (q0 � i) d,
respectively. d�stands or the elementary charge (1�602”10�19 A).

Following the determination o the relative abundances or each

conjugate acid-base pair, the raction o each antioxidant species pos-

sessing an electrical charge o (q0 �i+1) d�was calculated using Eq. (2)
[36].
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(2)

where i represents the number o the dissociation constant under

observation and imax the maximum number o protons the acid can

donate.

The mean electrical charge o the antioxidant in solution (q) was

determined by applying the weighted arithmetic mean o Eq. (3) [37].

Table 1

- List o chemicals used and their respective suppliers, purities, CAS numbers and

abbreviations.

Chemical Supplier Purity

/%
a

CAS Abbreviation
b

(-)-ethyl L-lactate

(C5H10O3)

Sigma-

Aldrich

> 98 97–64–3 EL

Acetic Acid

(CH3COOH)

Merck > 99 64–19–7 AcOH

Disodium succinate

hexahydrate

(C4H4Na2O4·6H2O)

Tokyo

Chemical

Industry

> 95 6106–24–7 Na2Succinate

Ethanol

(CH3CH2OH)

Sigma-

Aldrich

> 99 64–17–5 EtOH

Ferulic acid

(C10H10O4)

Sigma-

Aldrich

> 99 537–98–4 FA

Gallic acid

(C7H6O5)

Sigma-

Aldrich

> 98 149–91–7 GA

Potassium sodium

tartrate

tetrahydrate

(C4H4O6KNa”4H2O)

Sigma-

Aldrich

> 99 6381–59–5 NaKTartrate

Puried water

(H2O)

VWR

Chemicals

–� 7732–18–5 W

Sodium hydroxide

(NaOH)

Merck > 99 1310–73–2 NaOH

a
Provided by the supplier in mass percentage.

b
In organic salts, abbreviations reer to anhydrous moieties.

C.S. Rebelo et al.
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n =
∑glTw

g=0
[q5n%�g+0 ”(n%� g+ 0)] +

[
∑glTw

g=0
(q5n%�g+0 )

]

”(n% � glTw) (3)

2.2.2. Partition o antioxidants

To determine the concentration o erulic or gallic acids in a sample

with unknown composition, an UV–Vis absorbance calibration curve
was determined or each antioxidant. To do so, aqueous solutions with

known concentrations were prepared at a pH value o approximately 7,

and their UV–Vis absorbance was measured rom 200 to 600 nm. A-

terwards, the absorbances o the blanks (water and plate) were sub-

tracted rom the experimental data and tted to a rst-degree equation,

as shown in Eq. (4).

 = zA + β (4)

where 5�is UV–Vis absorbance, z�the slope o the calibration curve, C the
antioxidant concentration (in f”lK�1) and β�is the y-intercept.

Nevertheless, it was necessary to know the phase compositions o the

used ATPSs (blanks), but these were already determined in other works,

or which the solubility curves and tie-line compositions were available.

Hence, the partitioning o the phenolic compounds was carried out at

298.2 K and 0.1 MPa using the liquid-liquid equilibria (LLE) data rom

other works [38,39], as Table 2 shows.

To determine the UV–Vis absorbance o the blanks o each tie-line
(TL), ternary mixtures were prepared with 10 g by pipetting pure

water and ethyl lactate and aqueous solutions o the used salts (NaK-

Tartrate: 33.01 % in mass; Na2Succinate: 23.83 % in mass). These

mixtures were let to settle overnight (approximately 12 h) ater stirring

or 6 h, at 298.2 K and 0.1 MPa, and their mass, pH, UV–Vis absorbance
and liquid density were measured ater phase separation. In this process,

triplicate measurements were conducted.

Subsequently, in the partition assays, eed compositions or the tie-

lines o each ternary system were prepared with 10 g in glass vials. To

maintain consistent tie-line compositions, 1 mL o water was replaced

with 1 mL o aqueous solutions o erulic acid or gallic acid (FA:

2.59”10�4 g”mL�1; GA: 5.88”10�4 g”mL�1). Then, vials were sealed with
paralm, capped and stirred or at least 6 h, ollowed by overnight

settling (approximately 12 h) in a temperature-regulated bath at 298.2

K, to achieve phase equilibrium. Once again, ater phase separation, the

top and bottom phases were collected, and their mass, pH, UV–Vis
absorbance and liquid density were measured.

Quantication o antioxidant concentrations in each phase was

achieved through UV–Vis spectroscopy, leveraging the previously

established calibration curves. To account or potential distortions in

UV–Vis absorbance values arising rom salt or ethyl lactate (EL), samples

underwent analysis against their corresponding blanks. These blanks

mirrored the phases o each tie-line but lacked the presence o the

antioxidant under examination. Notably, intererence rom other sample

components was ound to be negligible.

To assess the separation o the top and bottom phases, the phase mass

losses (Ll) were determined using Eq. (5).

Kl

 =

logTrdr � leddc
leddc

”0%% (5)

where meed is the eed mass and mphases is the sum o masses o the two

separated phases.

Partition coecients (K), which describe the concentration ratio o

the antioxidant between the two phases in equilibrium, and extraction

eciencies (E), which reer to the percentage o antioxidant recovered

in the top phase, were calculated or each tie-line using Eqs. (6) and (7),

respectively [20,40].

I = [TmshnwhcTms]sno
/
[TmshnwhcTms]ans (6)

where [antioxidant] is the concentration o antioxidant in g”mL�1. The
subscripts top and bot reer to the top and bottom phases, respectively.

C = lTmshnwhcTmssno

/
lTmshnwhcTmseddc ”0%% (7)

wheremantioxidant reers to the mass o antioxidant in the indicated phase.

In Eq. (6), the antioxidant concentration is expressed in f”lK�1.
Thereore, to calculate the mass o antioxidant in each phase, it is

necessary to know the volume o each phase. Since both phases were

weighed, the total volume o each phase can be determined using Eq.

(8).

Tg =
lg

ρg
(8)

where i is the tie-line number, V reers to the phase volume, m to the

phase mass and ρ�to the liquid density.
Furthermore, to validate the obtained perormance indicators (K and

E), mass balance calculations were conducted based on Eq. (9).

Kr,g =
lr1,g � lr0,g

lr0,g
”0%% (9)

where Lr,i is the mass loss in quantication, mr1,i reers to the mass o

antioxidant present in the added 1 mL o antioxidant solution andmr2,i is

the quantied experimental mass o antioxidant, calculated using Eq.

(10).

lr1,g =
∑

Ac
g T

c
g (10)

where  reers to the top or bottom phase, C

to the antioxidant con-

centration and V

to the phase volume.

2.2.3. eNRTL modelling o tie-line data

To model tie-line compositions o the studied ATPSs, the electrolyte-

Non-Random Two-Liquid (eNRTL) model was used. eNRTL takes into

account the non-randomness (zij) o the interactions and assumes that

Table 2

- Tie-line composition, pH and tie-line length (TLL) or the ATPSs {Ethyl lactate (1) + NaKTartrate [38] or Na2Succinate [39] (2) + Water (3)}, at 298.15 K and 0.1

MPa.

No. TL Feed Top phase Bottom phase TLL

/%
m E, eddb� mpTgs, eddb� m E, smo� mpTgs, smo� pH m E, ams� mpTgs, ams� pH

{EL (1) � NaKTartrate (2) � Water (3)} [38]

1 0.320 0.130 0.538 0.042 6.62 0.137 0.200 6.61 43.10

2 0.343 0.133 0.590 0.031 6.71 0.108 0.229 6.56 52.13

3 0.365 0.137 0.637 0.023 6.64 0.082 0.255 6.56 60.15

4 0.385 0.139 0.662 0.020 6.65 0.069 0.277 6.56 64.59

5 0.414 0.142 0.700 0.016 6.61 0.054 0.305 6.56 70.73

{EL (1) � Na2Succinate (2) � Water (3)} [39]

1 0.280 0.126 0.602 0.030 7.25 0.189 0.153 7.25 43.10

2 0.300 0.130 0.687 0.019 7.45 0.145 0.174 7.37 56.40

3 0.320 0.135 0.742 0.014 7.37 0.106 0.196 7.34 66.20

C.S. Rebelo et al.
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they can be modelled as a combination o interactions between mole-

cules o the same type and the ones between molecules o dierent types

[28,41]. Given that it combines the NRTL model (or short-range in-

teractions) with the Pitzer-Debye-Hückel equation (or long-range

orces), the activity coecient o species i (γ
i
) is calculated using Eq.

(11).

im γg = imγgMPRK + imγgNCD (11)

where γ
i

NRTL
and γ

i

PDH
reer to the activity coecients rom the NRTL

model and rom the PDH equation, respectively.

The activity coecients rom the NRTLmodel were calculated by Eq.

(12) [42].

imγg =
m

i qiτigEigm
jqjEjg

+
∑m

j

qiEgim
jqjEji


τgi�

m
k qkτkgEkgm
jqjEjg


(12)

where γ
i
is the activity coecient o component i and x reers to the

mole raction. τij and τli are the binary interaction parameters, calculated
by Eq. (13). Gij, Gji, Gki and Gli are the excess Gibbs ree energies, which

are calculated by Eq. (14).

τgi =
fgi � fgg
LfR

(13)

Egi = dwo
�
� zgi”τgi


(14)

where gij and gii are the interaction energy parameters, which reer to the

binary i� j and i� i interactions, and zij is an adjustable parameter
which describes non-randomness and is determined by tting to

experimental data (e.g., liquid-liquid equilibria data) [43,44].

The activity coecient rom the Pitzer-Debye-Hückel equation,

already converted to the symmetrical convention to match the NRTL

model, is given by [33]:

imγgNCD = �x1g ” CD,q

⎡

⎢⎢⎣
1
ρ im

⎛

⎜⎝
0+ ρ

̅̅̅̅
Gq

√

0+ ρ
̅̅̅̅
G%q

√

⎞

⎟⎠+
̅̅̅̅
Gq

 0� 1 Gq
x1g

0+ ρ
̅̅̅̅
Gq

√

⎤

⎥⎥⎦ (15)

where z is the electronic charge, ADH,x the Debye-Hückel parameter, ρ�
the closest approach parameter, Ix the ionic strength (in a mole basis)

and I
0

x
the ionic strength o pure electrolyte (in a mole basis).

However, Eq. (15) is not valid or salts o the types 1:2 and 2:1,

known as double salts. According to Pitzer [33], in these cases, γ
i

PDH
can

be calculated or each cation or anion M using Eq. (16).

where ’a“�stands or the anion and ’c“�or the cation. M is equal to ’a“�in
1:2 salts and to ’c“�in 2:1 salts. Moreover, in the case o M being equal to

’a“, the other ’a“� subscripts change to ’c“� and vice-versa. In the

particular case o the electronic charges, zb� changes to |zT| and
vice-versa.

The ionic strength on a mole raction basis (Ix) is calculated by Eq.

(17) [33].

Gq =
∑

b

∑

T
qbxbqT|xT|(xb + |xT|)


∑

g
qg|xg| (17)

In Eq. (16), Y is a unction o ρ�and Ix, and is calculated according to
[33]:

V =
0
ρ im

[
0+ ρGq%�4

0+ ρG%q
%�4

]

(18)

where the ionic strength o pure electrolyte (I
0

x
) is calculated using Eq.

(19).

G%q =
YT

YT + Yb
xb1 +

Yb
YT + Yb

xT1 (19)

where cT� and cb� are the stoichiometric coecients o the anion and

cation, respectively.

Besides the salt ions, two neutral species (ethyl lactate and water)

exist, or which these ATPSs constitute mixed solvent (ms) media.

Thereore, some other equations were required to properly compute

mixed solvent properties, which can be ound in the Supplementary

Materials [33,45–49].

Table 3

- Experimental phase mass (m), phase mass losses (Ll), antioxidant concentra-

tion (C), liquid density (ρ) and pH or the top and bottom phases in the extraction

o erulic and gallic and acids in the ATPSs {Ethyl lactate (1) + NaKTartrate or

Na2Succinate (2) + Water (3)}, at 298.2 K and 0.1 MPa
a
.

Tie-line Phase L / f� Kl /%  / f”lE�1 w / f”lE�1 pH

Gallic acid in {EL (1) � Na2Succinate (2) � Water (3)}

1 Top 2.5343 �0.59 7.94 ” 10�6 1.05331 7.43

Bottom 7.4560 8.80 ” 10�5 1.13187 7.09

2 Top 2.7734 �0.88 3.89 ” 10�6 1.05094 7.18

Bottom 7.1883 9.20 ” 10�5 1.13823 7.08

3 Top 3.3147 �0.78 2.66 ” 10�6 1.04685 7.23

Bottom 6.7511 1.01 ” 10�4 1.14673 7.10

Ferulic acid in {EL (1) � Na2Succinate (2) � Water (3)}

1 Top 2.3664 �0.51 6.91 ” 10�5 1.05065 7.13

Bottom 7.6460 1.65 ” 10�5 1.12142 7.17

2 Top 2.7637 �0.54 6.62 ” 10�5 1.04976 7.13

Bottom 7.2318 1.36 ” 10�5 1.11646 7.13

3 Top 3.3355 �0.80 6.13 ” 10�5 1.04637 7.18

Bottom 6.6332 1.17 ” 10�5 1.14317 7.22

Gallic acid in {EL (1) � NaKTartrate (2) � Water (3)}

1 Top 4.5732 �0.56 6.49 ” 10�5 1.10251 6.42

Bottom 5.3971 7.16 ” 10�5 1.12078 6.62

2 Top 4.9212 �0.49 6.83 ” 10�5 1.09480 6.40

Bottom 5.0654 6.80 ” 10�5 1.13146 6.75

3 Top 5.3427 �0.39 7.12 ” 10�5 1.07553 6.71

Bottom 4.6558 6.42 ” 10�5 1.14649 6.95

4 Top 5.5257 �0.85 7.33 ” 10�5 1.06218 6.49

Bottom 4.4420 6.19 ” 10�5 1.16764 7.04

5 Top 5.7553 �0.60 7.55 ” 10�5 1.05683 6.84

Bottom 4.2334 6.04 ” 10�5 1.19553 7.06

Ferulic acid in {EL (1) � NaKTartrate (2) � Water (3)}

1 Top 4.8238 �0.72 4.02 ” 10�5 1.06950 6.28

Bottom 5.1533 1.87 ” 10�5 1.11754 6.77

2 Top 5.0839 �0.82 4.32 ” 10�5 1.06436 6.38

Bottom 4.8760 1.47 ” 10�5 1.13020 6.70

3 Top 5.2756 �0.79 4.60 ” 10�5 1.05445 6.47

Bottom 4.6844 8.75 ” 10�6 1.14582 6.85

4 Top 5.4829 �0.68 4.65 ” 10�5 1.05114 6.60

Bottom 4.4941 6.30 ” 10�6 1.15990 6.84

5 Top 5.8762 �0.67 4.54 ” 10�5 1.04784 6.70

Bottom 4.0933 3.84 ” 10�6 1.18348 6.86

a
The standard measurement uncertainties (u) are: u(m) = 1”10�4 f, u(pH) =

0�001, u(pH) = 0�001, u(T) = 0�1 H�and u(ρ) = 5”10�5 f”bl�3.

imγL
NCD = �

1 CD,q
qg|xg|

∑

T
qT|xT|

{

xL(xL + |xT|)VLT+
∑

b
qbxb(xb+ |xT|)

[
xL1 � 1Gq

2Gq0/1
�
0+ ρGq0/1

�
xLV
qg|xg|

]}

(16)
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2.3. Experimental results

All experimental results are given in Table 3.

3. Results and discussion

3.1. Infuence o pH on the UV–Vis absorbance spectrum

With the reported oKT� values or erulic (4.50 and 8.92 [50]) and
gallic (4.38, 8.62, 11.90 and > 13 [51,52]) acids, and using Eq. (4), the

mean electrical charges (q) o the antioxidants were calculated as a

unction o pH, as illustrated by Fig. 1. The calculated values o mean

electrical charge and relative abundance o each antioxidant stage can

be ound in Tables S1 and S2, in the Supplementary Materials, or erulic

acid and gallic acid, respectively.

Both erulic acid and gallic acid contain a carboxyl group, which is

more acidic than the phenolic –OH groups, so these protons are donated
rst [53]. Moreover, given that the oKT� values o erulic acid and gallic
acid are similar, their mean electrical charges are alike until pH = 10.

However, gallic acid presents two more phenolic groups (3 instead o 1),

resulting in two additional oKT� values, i.e., in the possible donation o
two more protons (H

+
). The eect o the existence o dierent charges

due to pH dierences on the UV–Vis absorbance spectra o these anti-
oxidants was studied in the previous work [36], and their UV–Vis
absorbance spectra were ound to be stable at the characteristic pH o

these ATPSs (pH ≅ 7), validating the chosen analytical technique.

3.2. Liquid-liquid extraction

Perorming partition studies rom real antioxidant-rich eedstock is

the ultimate goal or the valorisation o biowaste and can be achieved by

combining, or example, solid-liquid and liquid-liquid extraction.

However, beore doing so, it is vital to perorm preliminary studies to

nd out the most promising systems or each target antioxidant (e.g.,

erulic and gallic acids). Ater having a strong experimental background,

larger scale approaches can be applied with higher success rates.

Moreover, these experimental data are also very important to tune the

thermodynamic models and develop more predictive approaches o so-

lute partitioning, which could be used either to reduce the number o

experiments and to optimise the most eective ones.

To assess the potential o the studied ATPSs in the extraction o

erulic and gallic acids, eed mixtures were prepared to match the

literature-based tie-line compositions and a known amount o antioxi-

dant was added. Once equilibriumwas achieved, measurements o mass,

pH, density and UV–Vis absorbance were conducted, as Table 3 shows.
The mass concentrations o antioxidants were then determined using

UV–Vis absorbance calibration curves, which were determined at the
wavelengths o 310 and 260 nm or erulic and gallic acids, respectively.

Moreover, very small losses were observed while separating the liquid

phases with syringes, as shown by the low values o the phase mass

losses (|Ll| < 0�9%), as dened by Eq. (5). These mass losses, mainly
located in residues in the used vials, were ound to be equally distributed

by the two phases and not to change the overall compositions o the

ATPSs, as shown in Table 2.

As Table 3 shows, the pH values o both phases across all systems

were similar, ranging rom 6.5 to 7.5, suggesting comparable distribu-

tion o antioxidant charges in both phases. Besides, the mass losses

during phase separation were negligible and the higher densities

observed in the bottom phases were consistent with their expected

relative positions.

At the pH o the systems, which is close to 7, the chemical structures

o the antioxidants in more abundancy in solution are the ones presented

in Fig. 2, in which both erulic and gallic acids present a deprotonated

carboxyl group, while ethyl lactate has a neutral orm. Both the anti-

oxidants have a deprotonated carboxyl group at pH close to 7, so the

anity to ethyl lactate is lower than it would be i these were in the

neutral orm. Comparing the two antioxidants, gallic acid is more polar

because it is composed o three phenolic and one carboxylic hydroxyl

groups (-OH) capable o establishing hydrogen bonds with water, con-

trary to FA that only has one o each. Besides, FA has an ether group

(OCH3–) which coners less polarity to the molecule than the phenolic
groups.

As Table 3 shows, the concentration o erulic acid in the top phases

was ound to lie between 4.02”10�5 and 6.91”10�5 g”mL�1, while gallic
acid was quantied between 2.66”10�6 and 7.55”10�5 g”mL�1. Inter-
estingly, even though these concentrations were limited by the useul

measurement range o the UV–Vis spectrophotometer, they are still close
to the ones reported or erulic and gallic acids in, or example, aqueous

Fig. 1. - Calculated mean electrical charge (q) or erulic and gallic acids, expressed in terms o the elementary charge (e), i.e., 1�602”10�19 C.
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extracts o coee silverskins (62.65 ± 4.01 and 38.16 ± 1.58 xg”g � 1

[54], respectively) and aqueous extracts o spent coee grounds (65.31

± 5.36 and 53.42 ± 4.10 xg”g � 1
[54], respectively). This means that

these ATPSs could provide mass recoveries o erulic and gallic acids

close to 100 %.

Moreover, except or the partition o gallic acid in the system con-

taining Na2Succinate, the ATPSs presented higher antioxidant concen-

trations in the top phases, which suggests that the antioxidants tended to

diuse to this phase. This caused partition coecients (K) to be,

generally, higher than unity, as shown in Table 4. The partition co-

ecients, determined by Eq. (10), are used to describe how a solute is

distributed between two immiscible phases, and reer to the concen-

tration ratio, whose study is essential or the optimisation o extraction

processes. Usually, the natural logarithm o the partition coecients

presents an approximately linear relation with the tie-line lengths (TLL),

as Fig. 3 shows.

As Fig. 3 shows, the partitions o these antioxidants, also at 298.2 K

and 0.1 MPa, in the ATPSs {Ethyl lactate (1) + trisodium citrate

(Na3Citrate) or tripotassium citrate (K3Citrate) (2) + Water (3)}, con-

ducted in a previous work [36], obtained signicantly higher partition

coecients than the ones rom this work. This is probably due to the

presence o three carboxylate groups (deprotonated carboxyl groups) in

citrate salts, which coner a more polar structure. This way, their

salting-out potential is stronger, urther orienting less polar molecules

such as FA and GA to the least polar phase (ethyl lactate-rich, top phase).

Moreover, it was ound that the partition coecients were larger in

the systems based on NaKTartrate rather than Na2Succinate. As Fig. 4

shows, NaKTartrate presents two carboxylate groups (deprotonated

carboxyl groups) and two hydroxyl groups, so it has a more polar

structure than Na2Succinate. Thereore, NaKTartrate has a stronger

salting-out potential than Na2Succinate, or which it more intensely

repels less polar molecules such as erulic acid (FA).

Concerning the extraction eciencies (E), as Fig. 5 shows, they

generally increased with longer tie-line lengths, hinting that more

distinct phase compositions promoted the migration o the solute to the

top phase. Furthermore, similarly to the partition coecients, the

extraction eciencies were larger or Na3Citrate and K3Citrate than

NaKTartrate and Na2Succinate, with NaKTartrate outperorming

Na2Succinate. As previously stated, this is mostly due to more polar salts

more eectively repelling less polar molecules, and also explains why

the partitions o gallic acid (more polar) were always less successul than

the ones o erulic acid (less polar). The most promising result obtained

in this work reers to the extraction o erulic acid in NaKTartrate, with

K = 12± 3 and E = 93�3± 0�4% or the longest tie-line (TLL =
70�73 %), as seen in Table 4.

The analysis o the n-octanol/water partition coecients (infKow) or
both antioxidants aligns with these ndings. This parameter measures a

compound–s solubility in n-octanol compared to water and serves as an

Fig. 2. - Chemical structures o erulic acid (FA), gallic acid (GA) and ethyl lactate (EL) at the characteristic pH o the studied ATPSs (pH ≅ 7).

Table 4

- Calculated solute losses (Lr), extraction eciencies (E), partition coecients
(K) and literature-based tie-line lengths (TLL) or the extraction o erulic and
gallic acids in the ATPSs {Ethyl lactate (1) + Na2Succinate or NaKTartrate (2) +
Water (3)}, at 298.2 K and 0.1 MPa.

TL Kp�
/%

C /% E� LEE /% [38,39,55]

Gallic acid in {EL (1) � Na2Succinate (2) � Water (3)}

1 �3.62 3.182 ± 0.004 0.09 ± 0.02 43.10

2 �2.33 2.179 ± 0.003 0.05 ± 0.02 56.40

3 �3.52 1.352 ± 0.002 0.03 ± 0.02 66.20

Ferulic acid in {EL (1) � Na2Succinate (2) � Water (3)}

1 �1.44 57.2 ± 0.3 4.2 ± 0.3 43.10

2 �3.52 64.0 ± 0.3 4.9 ± 0.4 56.40

3 �3.38 71.7 ± 0.3 5.3 ± 0.5 66.20

Gallic acid in {EL (1) � NaKTartrate (2) � Water (3)}

1 �3.81 41.74 ± 0.06 0.91 ± 0.03 43.10

2 �3.41 48.50 ± 0.07 1.00 ± 0.04 52.13

3 �2.92 55.88 ± 0.08 1.11 ± 0.04 60.15

4 �2.72 60.14 ± 0.08 1.18 ± 0.04 64.59

5 �1.09 65.06 ± 0.09 1.25 ± 0.05 70.73

Ferulic acid in {EL (1) � NaKTartrate (2) � Water (3)}

1 �1.94 66.5 ± 0.3 2.2 ± 0.2 43.10

2 �1.08 75.7 ± 0.3 2.9 ± 0.2 52.13

3 �2.34 84.5 ± 0.4 5.3 ± 0.6 60.15

4 �2.03 89.0 ± 0.4 7 ± 2 64.59

5 �1.83 93.3 ± 0.4 12 ± 3 70.73

Fig. 3. - Relation between the tie-line lengths (TLL) and the natural logarithms o the experimental partition coecients (K) or gallic acid (let) and erulic acid

(right) in the ATPSs {Ethyl lactate (1) + NaKTartrate or Na2Succinate or Na3Citrate [36] or K3Citrate [36] (2) + Water (3)}, at 298.2 K and 0.1 MPa.
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indicator o its hydrophobicity or lipophilicity [56]. A high infKow
suggests greater solubility in octanol than water, indicating a lipophilic

nature. Consequently, substances with high infKow values tend to adsorb
more readily to organic matter due to their lower anity or water [57].

Ferulic acid and gallic acid exhibit infKow values o 1.58 [58] and 0.89
[59], respectively, or which FA has a higher anity or phases with

lower water content, as veried in this work.

Moreover, distinct pH values were obtained depending on tie-line

composition. Consequently, the distribution o antioxidant stages may

not be equal in all tie-lines, so it is crucial to assess their distribution. As

Fig. 6 shows, similar distributions o the studied antioxidants were

observed across the tested ATPSs. Since gallic acid is more reactive

(chemically unstable), small variances in the pH resulted in disparities in

the raction o the antioxidant stages. This antioxidant was signicantly

more aected since it has a oKT�near the systems–�pH. For erulic acid, it
was concluded that the tested tie-line compositions yielded the same

distribution o electrical charges.

Given its superior stability and larger perormance indicators

(partition coecients and extraction eciencies), particularly to what

concerns the {EL (1) + NaKTartrate (2) + Water (3)} system, the re-

covery o erulic acid in the studied ATPSs was considered more prom-

ising than the one o gallic acid. Moreover, the tested ATPSs are either

based on NaKTartrate or Na3Citrate, which are considered non-toxic

organic salts with wide application in the ood industry (NaKTartrate:

production o pectins and jellies; Na3Citrate: buering and emulsiying

agent). Thereore, these salting out agents could be microencapsulated

Fig. 4. - Chemical structure o the organic salts Na2Succinate (let) and NaKTartrate (right).

Fig. 5. - Relation between the tie-line lengths (TLL) and experimental extraction eciencies (E) or gallic acid (let) and erulic acid (right) in the ATPSs {Ethyl

lactate (1) + NaKTartrate or Na2Succinate or Na3Citrate [36] or K3Citrate [36] (2) + Water (3)}, at 298.2 K and 0.1 MPa.

Fig. 6. - Eect o the tie-line compositions in the ractions o the antioxidant stages o gallic (GA) and erulic (FA) acids in the ATPSs {Ethyl lactate (1) + NaKTartrate

or Na2Succinate (2) + Water (3)}, at 298.2 K and 0.1 MPa. GA
0
, GA

�1
, GA

�2
and GA

�3
reer, respectively, to the antioxidant stages o gallic acid with electrical

charges equal to 0, �1, �2 and �3 e. FA0, FA�1 and FA�2 reer, respectively, to the antioxidant stages o erulic acid with electrical charges equal to 0, �1 and �2 e.
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together with the extracted antioxidants and used as, or example, ood

supplements. On the other hand, i the antioxidants are directly

extracted rom bio residues, the environmental ootprint o these pro-

cesses could be decreased, and a more circular economy would be

promoted.

3.3. eNRTL modelling o tie-line data

In the thermodynamic modelling o the tie-line compositions o the

ATPSs {Ethyl lactate (1) + NaKTartrate [38] or Na2Succinate [39] or

Na3Citrate [55] or K3Citrate [55] (2) + Water (3)}, organic salts were

considered as strong salts (ully dissociated), or which a specic term

had to be used to account or long-range interactions (caused by the

existence o charged species). Thereore, two solvents (ethyl lactate and

water) and two ions (salt-cation and salt-anion) were considered in the

modelled ATPSs, apart rom the system containing NaKTartrate, which

contains three ions (two salt-cations and one salt-anion). The existence

o this double salt required the generalisation o the eNRTL model, as

seen in Eqs. (16) to (19), and the consideration o a mixed solvent (ms)

by the application o equations (S1) to (S9), in the Supplementary

Materials.

In the electrolyte non-random two-liquid (eNRTL) [32] model,

short-range electrostatic interactions between ions and solvents are

described by the NRTL model, while the long-range electrostatic orces,

which are dominant, are represented by the Pitzer-Debye-Hückel

equation (PDH) [28,60]. Nevertheless, eNRTL is based on the same as-

sumptions as the NRTL [34] model, which considers that the

non-ideality o the mixture arises rom the dierences in the molecular

size, shapes, and polarity o the components.

To conduct the thermodynamic modelling, an algorithm was devel-

oped in this work. In each system, two dierent values o the non-

randomness parameter (zij = 0.2 and 0.3) were tested to evaluate the

best approach, and the binary interaction parameters (τij) were opti-
mised until the standard deviation to experimental data (σx) was mini-
mised and the isoactivity criterion (IC) was achieved. Moreover, the van

der Waals volume (Vt) o each species was calculated ollowing the
Bondi–s group contributionmethod [48] and can be ound in Table S3, in
the Supplementary Materials. The obtained parameters in the modelling

o the studied ATPSs, together with the respective standard deviations,

can be observed in Tables S4-S7, in the Supplementary Materials.

As Fig. 7 shows, most systems presented better results when

considering zij = 0.3, or which modelling accuracy was generally av-

oured by considering larger non-randomness actors, i.e., more dened

spatial orientations o the molecules (higher polarity). The only excep-

tion is trisodium citrate (Na3Citrate), in which zij = 0.2 achieved

signicantly better results (σx= 1�57”10�3) than zij = 0.3 (σx =
4�78”10�3). Even though it is risky to attribute a specic physical

justication to this exception, trisodium citrate is known to present

stronger ion pairing than tripotassium citrate, or which dipoles become

less intense in the ormer salt. Consequently, its spatial distribution is

more random and its non-randomness actor is closer to zero [44].

Furthermore, considering the obtained values o standard deviations

(σx < 8�47”10�3), as shown in Tables S4-S7, in the Supplementary Ma-
terials, it can be concluded that the modelling results were in good

agreement with the liquid-liquid equilibria data. Thereore, the eNRTL

model accurately predicted the phase diagrams o the studied ATPSs and

an almost complete overlap between the experimental and the model-

ling data was achieved, or example, or the ATPS containing NaKTar-

trate. In Fig. 8, the best modelling results or each system are shown and

compared with the respective experimental liquid-liquid equilibria data.

4. Conclusions

The primary purpose o this work was to study the eciency o

extraction o erulic (FA) and gallic (GA) acids in green Aqueous Two-

Phase Systems (ATPSs) containing ethyl lactate, water and an organic

salt (disodium succinate or potassium sodium tartrate), at 298.2 K and

0.1 MPa. In general, the studied ATPSs exhibited partition coecients

(K) higher than unity, indicating a propensity or antioxidants to diuse

into the ethyl lactate-rich phase (top phase). This observation suggests

the success o ATPSs in extracting these species, and the obtained results

revealed that larger tie-lines generally promoted higher perormance

indicators, avouring the migration o solutes to the top phase. The

largest values o these parameters were obtained or erulic acid in

NaKTartrate (K = 12± 3 and E = 93�3± 0�4%) or the longest tie-line

(TLL = 70�73 %). Additionally, the studied ternary systems were

satisactorily described using a generalised version o the electrolyte

non-random two-liquid (eNRTL) model or double salts. This approach

consists o the NRTLmodel coupled with the Pitzer-Debye-Hückel (PDH)

equation and successully predicted the behaviour o the studied ATPSs,

obtaining low standard deviations (σx < 8�47”10�3) rom experimental

liquid-liquid equilibria data.

Hence, the studied ATPSs provided promising alternatives or the

separation o erulic and gallic acids, which could accelerate a more

sustainable valorisation o agricultural by-products, contributing to a

Fig. 7. - Standard deviations (σx) rom experimental data obtained in the modelling o the tie-line compositions o the ATPSs {Ethyl lactate (1) + NaKTartrate or

Na2Succinate or Na3Citrate or K3Citrate (2) + Water (3)}, at 298.2 K and 0.1 MPa, using eNRTL.
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more circular economy. Moreover, the application o the eNRTL model

to the liquid-liquid equilibria data o these systems could help develop

more predictive methodologies.

CRediT authorship contribution statement

Catarina S. Rebelo: Writing –�review & editing, Writing –�original
drat, Visualization, Investigation, Formal analysis. Pedro Velho:

Writing –� review & editing, Writing –� original drat, Methodology,
Investigation, Formal analysis, Conceptualization. Eug�enia A. Macedo:

Writing –�review & editing, Supervision, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing nancial

interests or personal relationships that could have appeared to infuence

the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This work was supported by national unds through FCT/MCTES

(PIDDAC): LSRE-LCM, UIDB/50020/2020 (DOI: 10.54499/UIDB/

50020/2020) and UIDP/50020/2020 (DOI: 10.54499/UIDP/50020/

2020); and ALiCE, LA/P/0045/2020 (DOI: 10.54499/LA/P/0045/

2020). Catarina S. Rebelo acknowledges unding rom Project 2SMART –�
Engineered Smart Materials or Smart Citizens (NORTE-01-0145-

FEDER-000054), supported by Norte Portugal Regional Operational

Programme (NORTE 2020), under the PORTUGAL 2020 Partnership

Agreement, through the European Regional Development Fund (ERDF).

Pedro Velho is grateul or the unding support rom FCT, Portugal

[2021.06626.BD].

Supplementary Materials

In the Supplementary Materials, the equations used to describe the

properties o the mixed solvent in the eNRTL model are shown, together

with the obtained parameters and standard deviations (σx) rom

experimental data. Moreover, the calculated mean electrical charges (q)
o the antioxidants at dierent pH values are presented.

Supplementary materials

Supplementary material associated with this article can be ound, in

the online version, at doi:10.1016/j.fuid.2024.114087.

References

[1] F.H.B. Sosa, F.O. Farias, L. Igarashi-Mara, M.R. Mara, Measurement and

correlation o aqueous two-phase systems o polyvinylpyrrolidone (PVP) and

Fig. 8. - Experimental tie-line composition data, at 298.2 K and 0.1 MPa, or the ATPSs {Ethyl lactate (1) + NaKTartrate or Na2Succinate or Na3Citrate or K3Citrate

(2) + Water (3)}, and respective prediction using eNRTL. Only the best approach (z = 0�2 np z = 0�3) is shown or each system.

C.S. Rebelo et al.



Fluid Phase Equilibria 582 (2024) 114087

10

manganese sulate: eects o molecular weight and temperature, Fluid Phase

Equilib. 472 (2018) 204–211, https://doi.org/10.1016/j.fuid.2018.05.021.
[2] N. Fedicheva, L. Ninni, G. Maurer, Aqueous two-phase systems o poly(vinyl

pyrrolidone) and sodium sulate: experimental results and correlation/prediction,

J. Chem. Eng. Data 52 (2007), https://doi.org/10.1021/je7002012.

[3] P. Velho, L. Marques, E.A. Macedo, Extraction o polyphenols and vitamins using

biodegradable ATPS based on ethyl lactate, Molecules 27 (2022) 7838, https://doi.

org/10.3390/molecules27227838.

[4] M. Iqbal, Y. Tao, S. Xie, Y. Zhu, D. Chen, X. Wang, L. Huang, D. Peng, A. Sattar, M.

A.B. Shabbir, H.I. Hussain, S. Ahmed, Z. Yuan, Aqueous two-phase system (ATPS):

an overview and advances in its applications, Biol. Proced. Online 18 (2016) 18,

https://doi.org/10.1186/s12575-016-0048-8.

[5] A.R. Titus, P.P. Madeira, L.A. Ferreira, V.Y. Chernyak, V.N. Uversky, B.

Y. Zaslavsky, Mechanism o phase separation in aqueous two-phase systems, Int. J.

Mol. Sci. 23 (2022), https://doi.org/10.3390/ijms232214366.

[6] J. Benavides, M. Rito-Palomares, J.A. Asenjo, Aqueous two-phase systems,

Academic Press (2011), https://doi.org/10.1016/B978-0-08-088504-9.00124-0.

[7] M. Gonz�alez-Amado, O. Rodríguez, A. Soto, P. Carbonell-Hermida, M.d.M. Olaya,

A. Marcilla, Aqueous two-phase systems: a correlation analysis, Ind. Eng. Chem.

Res. 59 (2020) 6318–6328, https://doi.org/10.1021/acs.iecr.9b06078.
[8] D.R. Baughman, Y.A. Liu, Development o expert networks: a hybrid system o

expert systems and neural networks, Academic Press (1995), https://doi.org/

10.1016/B978-0-12-083030-5.50012-6.

[9] Y.K. Yau, C.W. Ooi, E.-P. Ng, J.C.-W. Lan, T.C. Ling, P.L. Show, Current

applications o dierent type o aqueous two-phase systems, BIOB 2 (2015) 49,

https://doi.org/10.1186/s40643-015-0078-0.

[10] Y. Chao, H.C. Shum, Emerging aqueous two-phase systems: rom undamentals o

interaces to biomedical applications, Chem. Soc. Rev. 49 (2019) 114–142, https://
doi.org/10.1039/C9CS00466A.

[11] M.T. Zaarani-Moattar, P. Sei-Aghjekohal, Liquid–liquid equilibria o aqueous
two-phase systems containing polyvinylpyrrolidone and tripotassium phosphate or

dipotassium hydrogen phosphate: experiment and correlation, Calphad 31 (2007)

553–559, https://doi.org/10.1016/j.calphad.2007.02.001.
[12] A.M. Pisoschi, A. Pop, The role o antioxidants in the chemistry o oxidative stress:

a review, Eur. J. Med. Chem. 97 (2015) 55–74, https://doi.org/10.1016/j.
ejmech.2015.04.040.
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