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A B S T R A C T

Aqueous Two-Phase Systems (ATPSs) constitute extractive media with applicability or the removal o a wide

range o solutes, such as antioxidants or pharmaceuticals, and can be designed in a non-toxic and environ-

mentally riendly manner. Nevertheless, prior to their general use at large scale, their liquid-liquid equilibria

(solubility curves and tie-line compositions) need to be thoroughly determined.

In this work, 6 solubility curves were obtained or novel aqueous ternary systems containing choline salts

(choline chloride, choline bicarbonate, choline (2R,3R)-bitartrate and choline di-hydrogen citrate) and either

ethyl lactate (EL) or polyethylene glycol (PEG), at 298.15 K and 0.1 MPa. Moreover, 3 tie-line compositions were

successully determined or the system {ethyl lactate (1) + choline (2R,3R)-bitartrate (2) + water (3)}. Then, this

novel ATPS was applied in the removal o three common pharmaceutical pollutants rom aqueous media

(acetaminophen, amoxicillin and salicylic acid). In these partition studies, salicylic acid and acetaminophen were

eectively extracted to the top phase, with the highest partition coecients (K = 9 ± 2) being obtained or
salicylic acid in the longest tie-line (length o 0.8816). Acetaminophen achieved the most promising results (K =
2�2 ± 0�1) in the shortest tie-line (length o 0.6192).

1. Introduction

The widespread intake and subsequent disposal o pharmaceuticals,

along with their associated packaging, have caused the contamination o

both soil and water bodies by active pharmaceutical ingredients (APIs).

Thereore, the development o ecient and eco-riendly approaches is

vital to remove these pollutants rom water and replace currently used

techniques, such as adsorption, advanced oxidation processes (AOPs)

and membrane processes [1].

Amongst the emerging alternatives are Aqueous Two-Phase Systems

(ATPSs), also reerred to as Aqueous Biphasic Systems (ABSs), which are

known or the extraction o bioactive compounds [2] (e.g., pigments [3,

4], amino acids or proteins [5]), polyphenolic compounds [6,7], and

active pharmaceutical ingredients [8-13]. ATPSs are generally

composed o two phases with high water content, are ecient or a wide

range o applications, especially or the concentration and purication

o biomolecules [14], and are considered cost-eective.

Furthermore, ATPSs are generally ternary systems composed by two

species with a considerable solubility in water, such as two polymers,

two salts, a salt and a polymer, or a salt and a solvent [15]. Concerning

polymers, polyethylene glycol (PEG) with various molecular masses is

oten used, due to its low environmental impact and high phase sepa-

ration ability [16,17]. Additionally, since the 1980s, ionic liquid-based

ATPSs have been studied as promising extraction media [18], with a

more recent ocus on green ionic liquids (ILs), including, or example,

Choline-Amino Acid Ionic Liquids (CAAILs). As opposed to imidazolium-

and pyridinium-based ILs, CAAILs are biodegradable, non-toxic and

highly biocompatible [18,19], with past applications in liquid-liquid

extractions o bioactive molecules such as amino-acid derivatives [18]

or pharmaceuticals [15]. Both organic and inorganic salts have been

studied so ar in the literature [17,18,20-22].

Even though a notable attention has been paid to ionic liquid-based

ATPSs in recent years, several studies have delved into ATPSs containing

ethyl lactate (EL) [6,9,20,23,24]. EL is an environmentally riendly

solvent derived rom lactic acid and can be generated rom biomass raw

materials through ermentation [25]. Furthermore, this solvent has

attracted growing attention due to its low viscosity, high biodegrad-

ability, and high non-toxicity [25].
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More particularly, ethyl lactate-based ATPSs have been successully

applied in the extraction o polyphenols and vitamins. For instance,

Kamalanathan, et al. [26] have extracted catechin and caeine using

{EL (1) + trisodium citrate or disodium tartrate or disodium succinate

(2) + water (3)}. EL-based systems have also been applied in the

partition o polyphenols and vitamins, such as rutin, quercetin, ribo-

favin, epicatechin, cyanocobalamin and nicotinic acid [6,20,21,23]. In

the last year, Velho and Macedo [27] have applied the ternary system

{EL (1) + sodium potassium tartrate (2) + water (3)} in the partition o

epicatechin, cyanocobalamin, syringic acid, and vitamin B9, whilst

several ATPSs containing EL and organic salts been used in the extrac-

tion o antioxidants such as resveratrol [28], erulic acid, and gallic acid

[7,29].

These biphasic systems have also been used with other classes o

solutes, such as APIs. Zakrzewska, et al. [9] have successully extracted

antibiotics, namely chloramphenicol and tetracycline, rom aqueous

samples using ATPSs containing EL and inorganic salts (thiosulate salts

Na2S2O3, K2S2O3 and (NH4)2S2O3). Salicylic acid was partitioned using

ve dierent EL-based ternary systems, containing organic salts [30].

Finally, ATPSs composed o EL and inorganic salts (K3PO4, K2HPO4 and

K2CO3) were used or the separation o amino acids (L-phenylalanine,

L-tryptophan and L-tyrosine) by Kamalanathan, et al. [31].

There are several reports in literature o liquid-liquid equilibria (LLE)

o ternary systems containing ethyl lactate and salts (either organic or

inorganic), but ew LLE reports regarding EL- or polymer-based ATPSs

with choline salts were ound ( [32-35]). The cation in choline salts is

the cholinium ion, commonly called choline (an essential micronutrient

that belongs to the class o B vitamins, ound in eggs, peanuts, meat and

vegetables [36]), whereas the anion in these salts can be either organic

(such as tartrate or citrate ions) or inorganic (such as bicarbonate or

chloride ions).

This work aimed to determine the liquid-liquid equilibria o new eco-

riendly ATPSs based on biocompatible phase-orming components

(choline salts and either ethyl lactate or green polymers) and use them in

the removal o pharmaceutical pollutants rom water, at 298.15 K and

0.1 MPa, in the search or a more sustainable approach to water

treatment.

2. Experimental

2.1. Chemicals

In Table 1, the list o chemicals used can be ound, as well as their

respective molar masses, commercial suppliers, purities, Chemical Ab-

stracts Service (CAS) numbers and abbreviations. All chemicals used in

this study were recently purchased, or which they were not urther

puried. Prior to experiments, the water content o hygroscopic

components was conrmed to be the one provided by the suppliers using

Karl-Fischer titration, and this contamination was taken into account

during solution preparation.

2.2. Apparatus

In this work, mass (m) was quantied using an Adam Equipment

balance model AAA250L with a standard measurement uncertainty o

1”10�4 g. pH values were measured with a VWR pH 1100 L pH meter

with standard measurement uncertainties o 0�01 in pH and 0�1 K in

temperature. Liquid densities (ρ) were assessed using an Anton Paar DSA
4500 M densimeter, with standard measurement uncertainties o 1”
10

�5
g”cm�3

and 0�01 K. Electrical conductivity was measured using a

Hanna EDGE EC conductivity meter, coupled with a platinum conduc-

tivity cell HI763100, with a relative measurement uncertainty o 1 %.

Temperature (T) was kept constant in a thermoregulated bath (Bath
OvanTherm MultiMix BHM5E) with a standard measurement uncer-

tainty o 0�01 K. Samples were stirred either on a VWR vortex VV3 or on

an IKA RO 10P magnetic stirrer.

Moreover, the Ultraviolet-Visible (UV–Vis) absorbance spectra were
determined at 298.15 K, on a Greiner bio-one polystyrene fat bottom

plate with 96 wells, with the Thermo Scientic Varioskan Flash UV–Vis
spectrophotometer, rom 200 to 600 nm, by pipetting 200 �L on the
plate with an Eppendor Multipipette E3x. UV–Vis absorbance (A)

measurements had a standard measurement uncertainty o 10
�4
. When

pipetting with the Eppendor Multipipette E3x using the 200 �L tips,
volumes had a relative measurement uncertainty o 0�01.

2.3. Liquid-liquid equilibria (LLE) determination

2.3.1. Determination o solubility curves

The solubility curves o several ternary aqueous systems containing a

choline salt were studied in this work. Besides water, the ternary systems

also contained ethyl lactate (EL) or a green polymer, either polyethylene

glycol (PEG) or polyvinylpyrrolidone (PVP).

Thereore, the cloud-point method, a visual method widely described

in literature [17,20], was employed to determine the solubility curve o

each system at 298.15 K and 0.1 MPa. Briefy, this method consists o

titrating EL or a close to saturated polymer solution (component 1) using

a close to saturated salt stock solution (component 2). First, droplets o a

close to saturated salt solution (component 2) were added to a known

mass o component 1 until turbidity was achieved (cloud-point). Then,

droplets o ultrapure water were added until the solution became clear

and homogeneous again. Composition o the cloudy and clear solutions

were determined by mass quantication, obtaining the mass ractions

(wi) o all components. Finally, plotting compositions allowed to obtain

the solubility curve o each system.

Table 1

List o chemicals used, with molar masses (M), chemical ormula, suppliers, purities, CAS numbers and abbreviations.

Chemical M / g”mol�1 CAS Supplier Purity
a
/% Abbreviation

b

(-)-Ethyl L-lactate (C5H10O3) 118.13 687–47–8 Aldrich 98 EL

Acetaminophen (C8H9NO2) 151.16 103–90–2 Cayman Chemical Europe 98 Acet

Acetic acid (CH3CO2H) 60.05 64–19–7 Merck 99.8 –
Amoxicillin trihydrate (C16H19N3O5S•3H2O) 419.5 61,336–70–7 Tokyo Chemical Industry 98 Amox

Choline bicarbonate, in solution (80 % in water) (C6H15NO4) 165.19 78–73–9 Sigma 98 [Ch][Bic]

Choline (2R,3R)-bitartrate (C9H19NO7) 253.25 87–67–2 abcr GmbH 98 [Ch][Bit]

Choline chloride (C5H14NOCl) 139.62 67–48–1 VWR Chemicals 99 [Ch]Cl

Choline di-hydrogen citrate (C11H21NO8) 295.29 77–91–8 Tokyo Chemical Industry 99 [Ch][DHCit]

Polyethylene glycol 1500 (C2nH4n+2On+1) ~ 1500 25,322–68–3 Merck – PEG1500

Polyethylene glycol 4000 (C2nH4n+2On+1) ~ 400 25,322–68–3 Merck – PEG4000

Polyvinylpyrrolidone 29 000 (C6nH9n+2NnOn) ~ 29 000 9003–39–8 Aldrich – PVP29000

Salicylic acid (C7H6O3) 138.12 69–72–7 Sigma-Aldrich 99 SA

Sodium hydroxide (NaOH) 40.00 1310–73–2 Merck 99 –
Water (H2O) 18.02 7732–18–5 VWR Chemicals – –

a
Provided by the supplier in mass percentage.

b
In hydrates, abbreviations reer to the anhydrous components.

L.R. Barroca et al. Fluid Phase Equilibria 586 (2024) 114193

2



In literature, there are several empirical correlations reported or the

description o solubility curve data, such as the Merchuk equation [37]

(Eq. (1)), the Li equation [38] (Eq. (2)), and the Yu equation [39] (Eq.

(3)):

w1 = A1”e(B1 w
0�5
2
�C1 w

3

2
)

(1)

w1 = A1 + B1 w2
0�5 + C1 w2 + D1 w

2

2
(2)

w1 = e
(A1+B1 w

0�5
2

+C1 w2+D1 w
2

2
)

(3)

where wi are the mass ractions o component i, and A1, B1, C1 and D1
are adjustable parameters.

2.3.2. Determination o tie-line compositions

Following the determination o the solubility curves, the geometry

(area and shape) o the obtained curves was assessed. I the area above

the solubility curve (heterogeneous zone) was considered sucient,

then that system was selected or urther studies.

The composition o two phases in equilibrium was determined by

intersecting third-degree polynomials o two independent thermophys-

ical properties: in this work, liquid density (ρ) and electrical conduc-
tivity (�) were chosen. For this, binary and ternary mixtures with known
composition were prepared in the homogeneous region (below the sol-

ubility curve). Ater being stirred in a vortex or 30 s to ensure homo-

geneity, liquid density and electrical conductivity were measured in

triplicate. Then, the data were tted to third-degree polynomials with

respect to composition, as Eq. (4) shows.

Q =
∑3

i=1

∑nspecies

j=1
kijw

i

j
(4)

where Q stands or either liquid density (ρ) or electrical conductivity (�),
nspecies or the number o species in the system, kij or the adjustable

parameters, and w
i

j
or the mass raction o component j to the power o i

(which ranges rom 1 to 3).

The kij parameters were obtained by minimizing the Root Mean

Squared Error (RMSE), as it is common in literature and in the research

group [15,40]. The degree o the polynomial was veried by perorming

an F-test and the validity o the ttings was evaluated by assessing two

perormance indicators: the RMSE and the determination coecient�
R
2

.

The next step was to determine tie-line compositions, or which

initial mixture compositions were selected in the biphasic region and

prepared in triplicate. Vials containing 10 g o the initial mixture were

prepared by pipetting and measuring the mass o each compound. The

vials were capped and sealed, and the initial ternary mixtures were

stirred or 6 h at 298.15 K, then settled overnight (approximately 12 h)

at the same temperature. This ensured that the mixtures split into a top

and a bottom phase, which were separated using an Eppendor Multi-

pipette E3x. Mass, UV–Vis absorbance rom 200 to 600 nm, pH, elec-

trical conductivity, and liquid density o each phase were measured as

described in Section 2.2.

The compositions o the top and bottom phases were determined by

simultaneously minimizing the dierence between the experimental

(exp) and calculated (calc) physical properties (liquid density (ρ) and
electrical conductivity (�), Eqs. (5) and (6), respectively) and veriying
that the sum o all mass ractions relative to the same phase (wi) cor-

responded to unity (Eq. (7)).

ρ
exp
� ρ

calc
= 0 (5)

�exp � �calc = 0 (6)

∑
wi � 1 = 0 (7)

where wi is the mass raction o component i in each phase (top or

bottom) or in the initial mixture, and exp and calc reer to the experi-

mental and calculated physical properties, respectively. The calculated

properties, ρ or �, were determined by applying the polynomials

resulting rom Eq. (4).

Lastly, the tie-line length (TLL, Eq. (8)) and slope (STL, Eq. (9)) were

calculated as ollow:

TLL =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(wT

1
� wB

1
)2 + (wT

2
� wB

2
)2

√
(8)

STL =
w
T

2
� wB

2

w
T

1
� wB

1

(9)

Several empirical correlations are oten used to establish relations

between the mass ractions o the dierent components, being the most

widely used the ones proposed by Othmer-Tobias [41], Eq. (10), and by

Bancrot-Hubard [42], Eq. (11). However, it must be noted that these

equations should not be used to evaluate the ’quality“ nor the ’reli-
ability“ o the LLE data since they have an empirical basis [43].

ln


1� wT

1

w
T

1


= SOT + nOTln


1� wB

2

w
B

2


(10)

ln


w
B

3

w
B

2


= SBH + nBHln


w
T

3

w
T

1


(11)

where SOT, nOT, SBH and nBH are adjustable parameters, wi is the mass

raction o component i, and ln is the natural logarithm. Superscripts T

and B reer to the top (rich in EL, component 1) and bottom (rich in salt,

component 2) phases, respectively.

2.4. Partitions in the selected ATPS

In the liquid-liquid extractions (partitions) o the pharmaceuticals

acetaminophen, amoxicillin, and salicylic acid, the methodology o

recent works rom the research group [7,23,44] was ollowed, involving:

study o the eect o pH on UV–Vis absorbance; stability study o UV–Vis
absorbance spectra with time; UV–Vis calibration curve determination;
blank assessment and partition assays.

2.4.1. pH eect on UV–Vis absorbance
To determine the mean charge o a solute as a unction o pH, the

values o the negative base-10 logarithm o each acid dissociation con-

stant (pKa) were ound in literature. Then, the ratio between two suc-

cessive stages o the solute was calculated, or a given pH, using Eq. (12)

[7,23,44]:


S
q0�(i�1)



S
q0�i

 = 10
pHφ�pKia (12)

where S stands or the solute, q0 is the initial electrical charge at pH = 0,

pHφ denotes the pH o phase φ and pKi
a
is the pKa relative to the stage i.

The value o i varies rom 0 to the maximum number o protons the

species can donate (which is the number o dissociation constants).[
S
q0�(i�1)

]
and


S
q0�i


are the mole concentrations o the solute with

electrical charges equal to q0 � (i�1) e and q0 � i elementary charges
(also denoted e, 1�602”10�19 C).

The mean electrical charge q o a solution can be calculated as shown

in Eqs. (13) and (14) [7,23,44]. These connect the relative abundances

o each charged solute stage and their respective charge.

q =
∑imax

i=1


x
S
q
0
�(i�1) ”(q0 � (i�1))


+



1�
∑imax

i=1

�
x
S
q
0
�(i�1)




”(q0 � imax) (13)
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x
S
q
0
�(i�1) =


S
q0�(i�1)



S
q0�i




[Sq0 ]
S
q0�1

+ 1+
∑imax

j=2

(
∏j

k=2


S
q0�k



S
q0�(k�1)



)

(14)

where x
S
q
0
�(i�1) is the raction o molecules o species S with an electrical

charge o q0 � (i�1) e and imax is the maximum number o protons the

species can donate.

2.4.2. Stability study o UV–Vis absorbance with time
The next step was to assess the stability over time o the UV–Vis

absorbance spectrum at dierent pH values. This was conducted or

solutions o the pharmaceutical at pH values near integer values o the

mean charge q or near the known pH values o the selected ATPS. The

ormer allows to determine the UV-Vis absorbance spectrum o each

dierently charged antioxidant species, whereas the latter allows to

analyze a distribution o antioxidant species similar to the uture

extractive conditions.

For this, an aqueous stock solution was prepared at the maximum

measurable concentration (i.e., the maximum concentration at which

the UV–Vis spectrophotometer did not saturate). In this case, a con-
centration o 1�5”10�4 g”mL�1 or acetaminophen was chosen, whereas
1�8”10�3 g”mL�1 were selected or both amoxicillin and salicylic acid.
Then, the pH was adjusted using either a 0.5 M aqueous solution o

acetic acid or sodium hydroxide, and the ultraviolet-visible (UV-Vis)

absorbance spectra were determined at 298.15 K, both at the day the

solutions were prepared and 3 days ater, to veriy whether the absor-

bance spectrum and intensity were maintained.

2.4.3. UV–Vis absorbance calibration curve
For each o the studied pharmaceuticals, a UV–Vis absorbance cali-

bration curve was determined at the system–s pH at its optimal con-

centration: either at the solute–s solubility in water or at the maximum
measurable concentration.

For this, a stock solution o each solute was adjusted to the ATPS–s pH
and let to settle or roughly 24 h. Solutions o known concentrations

were prepared by diluting the stock solution to a total volume o 2 mL.

The vials were capped, sealed, and stirred, and an UV–Vis absorbance
scanning, rom 200 to 600 nm, was carried out by pipetting 200 �L into a
96-well polystyrene fat bottom plate. Ater subtracting the water and

plate absorbance, a rst-degree tting o the resulting absorbance at the

wavelength o a local maximum o the UV–Vis spectrum (λmax) was
perormed.

2.4.4. Determination o the blanks o the ATPSs and partitions

The blanks o the ATPS must be determined beore perorming the

solute partitioning, so 10 g o initial mixture were prepared in vials,

according to the known tie-lines, by pipetting and measuring the mass o

the compounds. Then, vials were capped and sealed to avoid mass losses

by evaporation. The initial ternary mixtures were stirred using a VWR

VV3 vortex or 1 min and in an IKA RO 10 P magnetic stirrer or 6 h at

298.15 K, then settled overnight (around 12 h) at the same temperature,

allowing to reach equilibrium. Then, phases were separated using an

Eppendor Multipipette E3x, and mass, UV-Vis absorbance spectra rom

200 to 600 nm, pH and liquid density o each phase were measured.

The partition o the solute was carried out analogously to the prep-

aration o the ATPS blanks, the dierence being that 1 mL o the water

content was replaced with the solute–s stock solution. The remaining
procedure was carried out identically to the one described above.

Then, an analysis o the results was perormed so as to quantiy the

carried-out extractions. Mass losses (Lm) in phase separation were

calculated as:

Lm =
m
T +m

B �mM

mM
”100% (15)

where m
M, mT

and m
B
are the masses o initial mixture, top phase, and

bottom phase, respectively. Mass losses allow to quantiy the mass losses

in the physical separation o the two phases.

The UV–Vis absorbance o the corresponding blank was subtracted
rom the one o each phase, allowing to determine the solute concen-

tration o each phase using the calibration curve. Next, the partition

coecients (K) were calculated as the ratio between the solute con-

centration (in g/mL) the in top and bottom phases (C
T

i
and C

B

i
, respec-

tively), as Eq. (16) shows.

Ki =
C
T

i

C
B

i

(16)

The volume o each phase was calculated by dividing the phase mass

by the respective liquid density and, subsequently, were employed in the

calculation o the solute losses (Ls,i, Eq. (17)):

Ls,i =
C
T

i
V
T

i
+ C

B

i
V
B

i
�ms,M

i

m
s,M
i

”100% (17)

where Vi is the volume o phase and m
s,M
i

is the mass o solute present in

1 mL o added stock solution. T and B reer to the top and bottom phases,

respectively. As opposed to the mass losses (Lm), the solute losses reer to

the losses during quantication and translate a deviation rom the mass

balance o the system.

The extraction eciency (E), a useul indicator o each tie-line–s
perormance, can also be calculated rom the phase concentrations and

volumes, as shown in Eq. (18).

Ei =
C
T

i
V
T

i

m
s,M
i

”100% (18)

Extraction eciencies allow to quantiy the mass percentage o each

solute recovered in the top phase o each tie-line. Nonetheless, as the

solute losses calculated by Eq. (17) could be in the top phase, a

maximum value o the extraction eciency can be estimated by adding

the solute losses Ls to the calculated extraction eciency E, whereas E is

the lower bound o this interval. The maximum value o E can be

calculated according to Eq. (19):

Ei,max = Ei + Ls,i (19)

3. Experimental results and discussion

3.1. Liquid-liquid equilibria (LLE) data

3.1.1. Demixing tests and solubility curves

In this work, 11 systems were tested regarding their immiscibility.

Table 2 presents the tested ranges o compositions or each system, and

the obtained number o points. It is worth noting that, or systems where

immiscibility was observed, the range o tested compositions was

limited by the concentrations o the saturated salt or polymer solutions

employed (namely mass ractions o wPEG1500 = 0�66, wPEG4000 = 0�50,

wPVP29000 = 0�39 or the polymers, and w[Ch][Bic] = 0�80, w[Ch][Bit] = 0�62,

w[Ch]Cl = 0�36 and w[Ch][DHCit] = 0�78 or the choline salts). On the other

hand, i demixing was not observed in a large range o composition, the

remaining concentrations were not tested, as the systemwould likely not

produce suciently long tie-lines, which would not be promising or

liquid-liquid extraction.

The LLE data or the system {PEG4000 (1) + [Ch][DHCit] (2) +
water (3)} has been reported by Mourão, et al. [34]. In parallel to this

work, Souza, et al. [35] studied ternary systems containing polyethylene

o average molecular masses 400 and 1500 g”mol�1 and choline salts,
namely [Ch]Cl, [Ch][Bit] and [Ch][DHCit] and presented the binodal

curve o these ATPSs (which can be obtained by joining tie-line com-

positions, thus diering rom solubility curves). Finally, as best o the

authors– knowledge, there are no reports o other EL-based systems

containing choline salts, so these systems were studied rst-hand in this

work. The experimental mass ractions o the points in the solubility

curves can be ound in the Supplementary Materials (Table S1).
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Furthermore, the data o the solubility curves were then tted to the

Merchuk [37], Li [38], and Yu [39] correlations (Eqs. (1) to (3)), by

minimization o the Root Mean Squared Error. For each system, the

optimized parameters are shown in Table 3.

The Merchuk equation presented suitable results or systems con-

taining EL and organic salts [20], but the same was not veried or

systems comprising inorganic salts [24]. Nevertheless, or the systems

{EL (1) + [Ch][Bit] or [Ch][Bic] (2) + water (3)}, ttings ollowing Li–s
correlation showed a smaller error and larger R

2
, while the model pro-

posed by Merchuk resulted in the best tting or {EL (1) + [Ch][DHCit]

(2) + water (3)}. For the system based on PEG4000 and [Ch][Bit] and

or the two ATPSs containing PEG1500, Li–s correlation had the best
perormance.

Fig. 1 presents the solubility curves o the six novel ATPSs. The data

were adjusted to the model which produced the best results.

Furthermore, several systems based on PEG with dierent average

molar masses and choline bitartrate were ound in literature [32]. A

comparison between the new solubility curve or the system {PEG4000

(1) + [Ch][Bit] (2) + water (3)} and the ones previously reported in

literature [32], or PEGwith average molar masses o 400, 600 and 1000

g”mol�1, can be seen in Fig 2.
Fig. 2 hints that the higher the molar mass o PEG, the closer the

solubility curve is to the origin o the phase diagram, which means that

lower concentrations o each component are required to attain the

immiscible region and orm the ATPS. This is due to the act that PEG

polymers with longer alkyl chains are more hydrophobic, thereore

more non-polar, resulting in lower solubilities in water and larger

immiscible zones. On the other hand, polymers with lower molar masses

have shorter alkyl chain lengths and higher solubilities in water.

3.1.2. Determination o tie-line compositions

Due to its suitable solubility curve (i.e., the longest), the ATPS {EL (1)

+ [Ch][Bit] (2) + water (3)} was selected or urther studies. So, mix-

tures were prepared on the homogenous zone (under the solubility

curve) to correlate composition with liquid density (ρ) and electrical
conductivity (�), using third-degree polynomials. The measured values
o these thermophysical properties can be ound in Tables S2 and S3 in

the Supplementary Materials, respectively. Table 4 shows the obtained

correlations.

The proposed regressions were validated by means o F-tests and the

results can be ound in Table S4, in the Supplementary Materials. In

Fig. 3, the plots or the measured thermophysical properties can be

observed.

With these correlations, Eqs. (4) to (7) were applied to determine

phase equilibrium compositions, yielding the experimental mass rac-

tions, tie-line lengths (TLLs) and slopes (STL) shown in Table 5. The

numbering o tie-lines was conducted so as that the shortest tie-line

(with the lowest TLL) corresponded to the one with the lowest index.

As Fig. 4 illustrates, the three tie-lines presented similar slope (STL)

and were nearly parallel. Moreover, the critical point was determined by

calculating the compositions at which the tie-line length was equal to 0.

For this, the compositions o the two phases in equilibrium (w1,T and

w2,B) were extrapolated in each tie-line until a sole point o the solubility

curve was obtained, as reported in literature [2]. Compositions o points

in the solubility curve were estimated using the best tting or this ATPS

(Li–s equation), as previously shown in Table 3. Hence, the composition
o the critical point o this ATPS was ound to be wEL =
0�3944 and w[Ch]Bit = 0�2443, and the complete ternary diagram can be

observed in Fig. 4.

Finally, as it is common in literature, tie-line compositions were

tted to the Othmer-Tobias [41] and Bancrot-Hubard [42] correlations

(Eqs. (10) and (11), respectively). The optimized parameters are pre-

sented in Table 6.

A satisactory linearization was obtained in both cases, although the

Othmer-Tobias tting displayed a R
2
closer to unity (0.9689) than

Bancrot-Hubard (0.9969).

In summary, the novel ternary system {EL (1) + [Ch][Bit] (2) +
water (3)} determined in this work presented three tie-lines, all with a

considerable length (> 0.6192). In this system, the top phase is rich in EL

Table 2

List o the tested systems and respective range o compositions.

System Number o

points

Range o tested

compositions

Demixing

veried?
a

w1 w2

{EL (1) � [Ch]Cl (2) �
water (3)}

0 0.00 –
1.00

0.00 –
0.32

no

{EL (1)� [Ch][Bit] (2)�
water (3)}

22 0.00 –
1.00

0.00 –
0.57

yes

{EL (1) � [Ch][DHCit]

(2) � water (3)}

9 0.00 –
1.00

0.00 –
0.71

yes

{EL (1)� [Ch][Bic] (2)�
water (3)}

5 0.00 –
1.00

0.00 –
0.80

yes

{PEG1500 (1) � [Ch]

[DHCit] (2) � water

(3)}

6 0.00 –
0.55

0.00 –
0.78

yes

{PEG1500 (1) � [Ch]

[Bit] (2) � water (3)}

5 0.00 –
0.66

0.00 –
0.45

yes

{PEG4000 (1) � [Ch]Cl

(2) � water (3)}

0 0.05 –
0.25

0.26 –
0.36

no

{PEG4000 (1) � [Ch]

[Bit] (2) � water (3)}

13 0.00 –
0.48

0.00 –
0.60

yes

{PVP29000 (1) � [Ch]Cl

(2) � water (3)}

0 0.02 –
0.12

0.00 –
0.30

no

{PVP29000 (1) � [Ch]

[Bit] (2) � water (3)}

0 0.09 –
0.39

0.00 –
0.48

no

{PVP29000 (1) � [Ch]

[DHCit] (2) � water

(3)}

0 0.09 –
0.39

0.00 –
0.62

no

a
‘yes– indicates that demixing occurred and that a biphasic mixture was ob-

tained, while ‘no– means that the components were miscible in the tested range
o compositions.

Table 3

Parameters o the Merchuk [37], Li [38], and Yu [39] correlations, or the new

ternary systems, at 298.15 K and 0.1 MPa.

Parameters Perormance

Indicators

{EL (1) � [Ch][Bit] (2) � Water (3)}

Model A1 B1 C1 D1 R
2 ERMSE /%

Merchuk 1.074 �1.612 9.917 – 0.9926 2.22

Li 0.973 �0.491 �1.737 �0.850 0.9996 0.524

Yu 0.0299 �1.279 0.01389 �370.9 0.9984 1.02

{EL (1) � [Ch][Bic] (2) � Water (3)}

Model A1 B1 C1 D1 R
2 ERMSE /%

Merchuk 3.458 �4.362 �1.128 – 0.9944 1.13

Li 1.334 �1.826 �0.3157 �3.6056 0.9986 0.572

Yu 1.333 �4.642 �0.00277 �370.8 0.9933 1.23

{EL (1) � [Ch][DHCit] (2) � Water (3)}

Model A1 B1 C1 D1 R
2 ERMSE /%

Merchuk 1.313 �1.609 3.915 – 0.9994 0.609

Li 1.209 �1.310 �0.0342 0.1367 0.9988 0.849

Yu 0.0836 �0.937 0.00874 �370.9 0.9992 0.726

{PEG4000 (1) � [Ch][Bit] (2) � Water (3)}

Model A1 B1 C1 D1 R
2 ERMSE /%

Merchuk 0.501 �0.463 21.6 – 0.9994 0.233

Li 1.243 �2.061 0.0746 10.85 0.9949 0.668

Yu �2.358 4.395 0.0475 �370.6 0.9988 0.333

{PEG1500 (1) � [Ch][DHCit] (2) � water (3)}

Model A1 B1 C1 D1 R
2 ERMSE /%

Merchuk 0.398 0.399 7.682 – 0.9975 0.793

Li 1.292 �1.590 �0.0972 �3.221 0.99993 0.121

Yu �3.198 5.750 0.0267 �370.9 0.9968 0.897

{PEG1500 (1) � [Ch][Bit] (2) � water (3)}

Model A1 B1 C1 D1 R
2 ERMSE /%

Merchuk 1.069 �2.113 4.368 – 0.9977 0.674

Li 0.220 2.986 �6.584 �0.683 0.9995 0.301

Yu �2.031 10.25 18.94 �0.493 0.9992 0.366
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Fig. 1. Experimental solubility curves at 298.15 K and 0.1 MPa. Fittings (–) were carried out ollowing the Merchuk equation (or {EL (1) + [Ch][DHCit] (2) + water

(3)}) [37] and the Li equation (or {EL (1) + [Ch][Bit] or [Ch][Bic] (2) + water (3)}, {PEG4000 (1) + [Ch][Bit] (2) + water (3)} and {PEG1500 (1) + [Ch][DHCit] or

[Ch][Bit] (2) + water (3)}) [38]. Data are expressed in mass raction.

Fig. 2. Comparison between solubility curves o ternary systems containing PEG with dierent molar masses and choline bitartrate, at 298.15 K and 0.1 MPa:

{PEG400 [32] or PEG600 [32] or PEG1000 [32] or PEG1500 (this work) or PEG4000 (this work) (1) + [Ch][Bit] (2) + water (3)}. Data are expressed in

mass raction.

Table 4

Polynomial expressions or liquid density (ρ) and electric conductivity (�), as unction o composition, or the ternary system {EL (1) + [Ch][Bit] (2) + water (3)}, at

298.15 K and 0.1 MPa, and respective relative errors and determination coecients (R
2
).

Liquid density (ρ, in kg”m�3
) Electrical conductivity (�, in S”m�1

)

A1 B1 C1 relative error
a

R
2 A1 B1 C1 relative error R

2

EL 1071 �156.7 122.2 6.69•10–4
0.9995 �9.922 16.38 �6.461 0.229 0.9859

Salt 1247 12.04 62.87 9.092 �21.06 11.12

Water 1134 �237.8 99.51 3.452 3.037 �6.488
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and water and contains less than 10 % in salt. The solvents used (ethyl

lactate and water) can be easily evaporated at reduced pressure,

allowing the extracted solute to be obtained in its solid state without the

need or high-temperature processing. This could be particularly useul

to extract phenolic compounds, such as vitamins or antioxidants, which

easily degrade at high temperatures [45]. The solute would be obtained

in an extract also containing a small percentage o choline (2R,

3R)-bitartrate – an organic salt, requently used as a ood additive,

which is known to possess lipotropic and nootropic properties [36].

Lipotropic properties reer to its ability to increase the transport o lipids

in the organism, while nootropic properties denote its ability to acilitate

memory and learning and to prevent dementia. Hence, the obtained

Fig. 3. Three-dimensional ternary plot o liquid density (ρ, let) and electrical conductivity (�, right) as a unction o the mass raction o ethyl lactate (EL) and
choline (2R,3R)-bitartrate ([Ch][Bit]).

Table 5

Phase equilibrium compositions (mass ractions), tie-line lengths (TLL) and slopes (STL) or the system {EL (1) + [Ch][Bit] (2) + water (3)}, at 298.15 K and 0.1 MPa.

TL w1,M
a,b

w2,M w1,T w2,T w1,B w2,B STL TLL

1 0.2940 0.3536 0.6829 0.0886 0.1788 0.4482 �1.40 0.6192

2 0.5039 0.2488 0.7869 0.0494 0.1267 0.5098 �1.43 0.8050

3 0.6899 0.1505 0.8391 0.0409 0.1250 0.5578 �1.38 0.8816

a
Indices F, T and B stand or the initial mixture, top and bottom phases, respectively.

b
The standard measurement uncertainties (u) are: u(w) = 0�0001, u(T) = 0�01 K and u(P) = 2 kPa.

Fig. 4. Solubility curve (tted by Li–s equation [38]) and tie-lines or the novel system {EL (1) + [Ch][Bit] (2) + water (3)}, at 298.15 K and 0.1 MPa. C denotes the

critical point, with w1 = 0�3944 and w2 = 0�2443. Data are expressed in mass raction.
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extracts could saely be applied in ood supplementation, or example.

3.2. Partitions

Besides their use in biomolecule extraction, another especially

important eld o application or this ATPS would be the removal o

contaminants rom polluted water streams [9,10,15,30,31], or which

three pharmaceuticals (acetaminophen, amoxicillin and salicylic acid)

were selected or partition studies.

3.2.1. Eect o pH on the mean electrical charge

The pKa values o the three APIs were ound in literature: or acet-

aminophen pKa = 9�55 [46], or amoxicillin pKa,1 = 2�60, pKa,2 = 7�31

and pKa,3 = 9�53 [47], and or salicylic acid pKa,1 = 2�78 and pKa,2 =
13�77 [48].

Using these values, equations (29) to (31) were applied, and the

mean electrical charges (q) were obtained as a unction o pH or each

pharmaceutical, as Fig. 5 shows. Due to the proximity to the rst pKa o

salicylic acid and amoxicillin, the mean electrical charge distributions o

these two species are similar or pH values below 5. The calculated mean

charges and relative abundances o the distinct stages o the amoxicillin

and salicylic acid are presented, respectively, in Tables S5 and S6, in the

Supplementary Materials. Concerning acetaminophen, these data were

obtained rom a previous work o the research group [15].

As can be seen in Fig. 5, at the characteristic pH o the ATPS,

amoxicillin and salicylic acid are predominantly ound at their stage

with charge �1 e, while acetaminophen is present in its neutral orm (0

e).

3.2.2. Eect o pH on the UV–Vis absorbance spectra
The eect o pH on the UV–Vis absorbance spectra or acetamino-

phen was carried out in a previous study [15], while, or amoxicillin and

salicylic acid, solutions with a known concentration o each

pharmaceutical were prepared, and their pH values were adjusted.

Then, the UV–Vis absorbance spectra were measured and normalized
using a ratio o concentrations. Table 7 shows the stability o the UV–Vis
absorbance spectra o acetaminophen, amoxicillin and salicylic acid,

while Figs. S1-S9, in the Supplementary Materials, illustrate the UV–Vis
spectra o the solutions at the day o preparation and ater 3 days.

Given that the studied ternary system exhibited a pH o 3 - 4 and that

the UV–Vis spectra were stable within this range, UV–Vis spectroscopy
could be used as a quantication method o these APIs.

3.2.3. UV–Vis calibration curves
Since the ATPS {EL (1) + [Ch][Bit] (2) + water (3)} presented pH

values close to 4, the calibration curves o the three solutes (acetamin-

ophen, amoxicillin and salicylic acid) were determined at this pH.

Following the measurement o UV–Vis absorbance spectra (200–600
nm) o the prepared solutions, maximum wavelengths, corresponding to

relative maxima in UV–Vis absorbance, were determined or each API
(259 nm or acetaminophen, 272 nm or amoxicillin and 322 nm or

salicylic acid). Then, calibration curves were determined at that wave-

length, as Fig. 6 shows. The UV–Vis absorbance spectra o aqueous so-
lutions o the pharmaceutical components can be observed in Fig. S10,

in the Supplementary Materials, and the concentration and absorbance

values used in the calibration curves can be ound in Table S7, in the

Supplementary Materials.

The obtained UV–Vis calibration curves showed a determination

coecient superior to 0.995 and respected all other validation criteria,

or which were considered appropriate. In addition, the limits o

detection and quantication were calculated or each curve, which can

Table 6

Parameters obtained using Othmer–Tobias (OT) and Bancrot-Hubard (BH)

equations and respective determination coecients (R
2
) or the system {EL (1)

+ [Ch][Bit] (2) + water (3)}, at 298.15 K and 0.1 MPa.

Othmer-Tobias Bancrot-Hubard

SOT nOT R
2 SBH nBH R

2

Parameters �1.1990 2.0183 0.9969 0.3173 0.4421 0.9689

Fig. 5. Calculated mean electrical charge (q) or acetaminophen [15], amoxicillin and salicylic acid, expressed in terms o the elementary charge (e, i.

e., 1�602 ” 10�19 C).

Table 7

Stability o the UV–Vis absorbance spectra o acetaminophen [15] (Acet),

amoxicillin (Amox) and salicylic acid (SA) ater settling or 3 days at 298.15 K

and 0.1 MPa.

pH = 3 pH =
5

pH =
6

pH =
7

pH =
9

pH =
10

pH =
12

Acet

[15]

mostly

stable

a
stable stable stable � stable

Amox stable stable � stable � � stable

SA mostly

stable

� � � � stable stable

a
This stability was not assessed.
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be ound in Table S8, in the Supplementary Materials.

Additionally, as can be seen in Fig. S11, in the Supplementary Ma-

terials, ethyl lactate, water and choline (2R,3R)-bitartrate do not have a

signicant UV–Vis absorbance at the wavelengths o the used absor-
bance maxima, thereore indicating that the chosen wavelength could

allow or an accurate quantication o the solutes at this pH using the

determined calibration curves.

3.2.4. Partition coefcients and extraction efciencies

Acetaminophen, amoxicillin and salicylic acid were recovered in the

novel ATPS determined in this work, ollowing the experimental pro-

cedure detailed in Section 2.4.4. The ternary mixtures were prepared

ollowing the overall compositions shown in Table 5 (w1,M and w2,M),

replacing 1 mL o water by 1 mL o aqueous solution o API, with no pH

adjustment, meaning that the value o pH presented in Table 8 is the

native pH o each mixture. Seeing that the added concentration o API is

very low (10
–4
- 10

–3
g/mL), it is considered that it does not alter the

composition o the phases, which is the same as shown in Table 5 (w1,T,

w1,B, w2,T and w2,B).

Then, ater stirring and overnight settling, the phases were careully

separated, and their mass (m), UV–Vis absorbance (A), pH, and liquid
density (ρ) were measured, or both top and bottom phases, yielding the

results presented in Table 8. Moreover, the mass losses during phase

separation (Lm), obtained using Eq. (15), and the calculated mass rac-
tions o the target APIs in each phase (wAPI) are also given in Table 8.

The perormance indicators o extraction (partition coecients (K)
and extraction eciencies (E)) were calculated, as Table 9 shows. It is
worth noting that, in the cases where the solute could not be quantied

in one o the phases (i.e. amoxicillin in the top phases o the tie-lines),

the perormance indicators were calculated using the limit o quanti-

cation o the calibration curve instead o the top phase concentration.

Table 9 also shows the solute losses in quantication (Ls), calculated
ollowing Eq. (17) and related to quantication errors, as well as the

respective tie-line lengths (TLLs).

The partitions o acetaminophen and salicylic acid were perormed

with mass losses in the phase separation inerior to 5 %. The extraction

o amoxicillin presents larger values o Ls, sometimes even positive. This

would apparently indicate that an excess o amoxicillin was quantied,

regarding what was rst introduced in the ATPS. Nonetheless, this can

be explained since this API was present in the top phase at a concen-

tration below the limit o quantication o the calibration curve, but K

and E were calculated using the quantication limit as the top phase

concentration. This was done so that the excess mass articially intro-

duced in the calculations outweighs the mass losses in phase separation,

hence Ls > 0. The partition coecients and extraction eciencies are

plotted as a unction o the tie-line length in Fig. 7.

Fig. 6. UV–Vis absorbance calibration curves or acetaminophen (Acet, 259 nm), amoxicillin (Amox, 272 nm) and salicylic acid (SA, 322 nm), at pH = 3. The rst-

degree ttings are: A = 16 525�5”CAcet + 0�00198 with R
2 = 0�9991, A = 1617�00”CAmox � 0�0347 with R

2 = 0�9989 and A = 3244�8”CSA + 0�0289 with R
2 =

0�9988.

Table 8

Experimental mass o each phase (m), mass losses in phase separation (Lm),
solute mass ractions (wAPI), phase density (ρ) and phase pH or the top and

bottom phases in the extraction o acetaminophen, amoxicillin and salicylic acid

in the ATPS {EL (1) + [Ch][Bit] (2) + water (3)}, at 298.15 K and 0.1 MPa
a
.

Tie-

line

Phase Mass o

phase / g

Mass

losses,

Lm /%

Solute mass

raction, wAPI

Phase

density, ρ /
g”cm-3

pH

Acetaminophen

TL1 top 2.1392 �0.6 8.065”10–5
1.05093 4.68

bottom 7.8248 3.296”10–5
1.14934 4.06

TL2 top 5.4209 �0.7 5.709”10–5
1.04972 4.76

bottom 4.3617 2.553”10–5
1.16867 3.98

TL3 top 7.8125 �1.0 4.810”10–5
1.04565 4.92

bottom 2.1214 2.510”10–5
1.18948 3.81

Amoxicillin

TL1 top 2.0776 �1.0 < 5.349”10–5

(n.q.)
b

1.05327 4.37

bottom 7.8334 1.326”10–4
1.14821 3.93

TL2 top 5.5814 �1.0 < 5.349”10–5

(n.q.)

1.04842 4.59

bottom 4.2201 2.312”10–4
1.16394 3.98

TL3 top 7.8186 �0.9 < 5.349”10–5

(n.q.)

1.04347 4.81

bottom 2.1025 4.205”10–4
1.18177 4.65

Salicylic acid

TL1 top 2.0441 �1.0 3.738”10–4
1.05367 4.46

bottom 7.9252 5.948”10–5
1.14836 4.33

TL2 top 5.4863 �0.9 1.957”10–4
1.04831 4.62

bottom 4.4861 2.763”10–5
1.16745 4.19

TL3 top 7.7359 �0.4 1.536”10–4
1.04473 4.74

bottom 2.2264 1.519”10–5
1.18352 4.24

a
The standard measurement uncertainties (u) are: u(m) = 10

�4
g, u(ρ) =

10
�5
g”cm�3, u(pH) = 0�01, u(T) = 0�01 K and u(P) = 2 kPa.

b
(n.q.) stands or not quantied.
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As illustrated by Fig 7, this novel ATPS is more selective towards the

extraction o salicylic acid and acetaminophen than towards amoxicillin,

as these partitions produced partition coecients above unity (or lnK

> 0). In act, values o the partition coecient inerior to unity were

obtained or amoxicillin, showing that the top phase had a lower con-

centration o amoxicillin than the top phase. For acetaminophen and

salicylic acid, larger values o K were obtained. Furthermore, their

extraction eciencies were higher or the longest tie-line, hinting at a

more avorable extraction with larger content o ethyl lactate.

Moreover, the partition coecients and extraction eciencies o

acetaminophen were compared to ones obtained in a previous study

[15], in which acetaminophen was partitioned in ve CAAIL-based

ATPSs at 298.15 K and 0.1 MPa. Four o these ATPSs {[Ch][Ala] or

[Ch][Gly] (1) + K2HPO4 (2) + water (3)} and {[Ch][Ala] or [Ch][Leu]

(1) + K3PO4 (2) + water (3)}) showed promising results or the

extraction o acetaminophen, allowing to obtain extraction eciencies

o > 97 % or the longest tie-lines, which are higher than the values

obtained using this ATPS. Partition coecients were also higher than

the ones ound in this work. Nonetheless, using an EL-based ATPS pro-

vides an easy recovery o the extracted solute by evaporation o the

solvents, and allows the urther application o the extracts. On the other

hand, the synthesis o ionic liquid is avoided, averting a consumption o

organic solvents (such as ethanol) [15]. On the particular case o

CAAILs, as these solvents lack scientic maturity, a complete assessment

o their toxicity according to criteria dened in the Registration, Eval-

uation, Authorisation and Restriction o CHemicals (REACH) regulation

is also needed [49].

Using the measured pH values, the relative abundances o each o the

various orms o the pharmaceuticals in solution were assessed, thus

veriying the eect o tie-line composition in the distribution o the

dierently charged stages. The obtained results can be observed in

Fig. 8, which shows, once again, that the studied ATPS allowed to

extract mostly the neutral stage o acetaminophen (q = 0 e) and the

negatively charged stages o amoxicillin and salicylic acid (q = � 1 e).
However, no relation was ound between stage distribution and solute

migration, which may be explained by attenuation in dipolar moments

due to changes in chemical conormation.

Fig. 8 shows that the tie-lines o the novel system {EL (1)+ [Ch][Bit]

(2) + water (3)} only allowed to extract the neutral orm o acetamin-

ophen, given that the pH o the phases was lower than its pKa (9.55).

Amoxicillin and salicylic acid are predominantly ound at their stage

with charge �1 e, as the pH o the phases was between their values o

pKa,1 and pKa,2. Since there was no signicant variation (< 5 %) in the

stages present in dierent tie-lines, the application o the same cali-

bration curve or both top and bottom phases o this ATPS was validated.

4. Conclusions

In this work, demixing tests were conducted or 11 aqueous ternary

systems containing choline salts (choline chloride, choline bicarbonate,

choline (2R,3R)-bitartrate and choline di-hydrogen citrate) and either

ethyl lactate, polyethylene glycol or polyvinylpyrrolidone or applica-

tion in ATPSs, at 298.15 K and 0.1 MPa. For 6 o these systems, the

solubility curves were obtained and tted to common correlations used

in literature.

Due to having the longest solubility curve, the system {ethyl lactate

(1)+ choline (2R,3R)-bitartrate (2)+water (3)} was selected or urther
studies, and a total o 3 nearly parallel tie-lines were determined by

measurements o thermophysical properties (electrical conductivity and

liquid density). Then, tie-line composition data were tted with Othmer-

Tobias and Bancrot-Hubard equations, attaining high determination

coecients.

Finally, the potential o this novel ATPS in the removal o three APIs

rom aqueous samples was assessed. Salicylic acid was successully

extracted to the top phase, with the highest partition coecients (K)
being obtained or the longest tie-line, which had a length o 0.8816

(K = 9 ± 2 and E ≥ 95 %). On the other hand, acetaminophen was

Table 9

Calculated solute losses (Ls), extraction eciency (E) intervals, partition co-

ecients (K) and values o tie-line lengths (TLL) or the partitions o acet-

aminophen, amoxicillin and salicylic acid in the ATPS {EL (1) + [Ch][Bit] (2) +
water (3)}, at 298.15 K and 0.1 MPa.

Tie-

line

Solute losses,

Ls /%

Partition

coecient, K

Extraction

eciencies, E /%

Tie-line

length,

TLL

Acetaminophen

TL1 �2.8 2.2 ± 0.1 (39.1 � 41.7) ± 0.1 0.6192

TL2 �4.9 2.0 ± 0.1 (70.0 � 74.8) ± 0.2 0.8050

TL3 �3.6 1.7 ± 0.1 (84.5 � 88.0) ± 0.2 0.8816

Amoxicillin

TL1 9.1 < 0.37 ± 0.09 < 9.60 ± 0.02 0.6192

TL2 9.8 < 0.21 ± 0.05 < 25.81 ± 0.03 0.8050

TL3 �0.68 < 0.11 ± 0.03 < 35.27 ± 0.04 0.8816

Salicylic acid

TL1 �2.9 5.6 ± 0.3 (59.42 � 62.33) ±
0.07

0.6192

TL2 �3.9 6.4 ± 0.7 (86.13 � 90.06) ±
0.09

0.8050

TL3 �2.2 9 ± 2 (95.1 � 97.3) ± 0.1 0.8816

Fig. 7. Relation o the tie-line length (TLL) with the natural logarithm o the experimental partition coecients (lnK, let) and with the extraction eciency (E, right)

or acetaminophen, amoxicillin and salicylic acid, and respective linear regressions in the ATPS {EL (1) + [Ch][Bit] (2) + water (3)}, at 298.15 K and 0.1 MPa.
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best extracted with the shortest tie-line, which had a length o 0.6192

(K = 2�2± 0�1) and amoxicillin showed no anity or the ethyl

lactate-rich phase (K ≤ 0�11 and E < 35%).

Due to the biocompatible properties o the components o the novel

ATPS, urther applications o this system are envisaged, namely in the

extraction o bioactive compounds rom bio-residues, leading to added-

value products.
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