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Diclofenac is a nonsteroidal anti-inflammatory drug (NSAID). Due to its extensive use, it has been detected
in various environmental compartments, where it has been shown to exert adverse effects on living
organisms. This underscores the need to develop efficient and environmentally benign removal
strategies. Aqueous Two-Phase Systems (ATPS) offer a promising alternative for liquid—liquid extraction
without the use of organic solvents, providing a sustainable separation technique. This study evaluated
the effectiveness of diclofenac extraction using ATPS. Results demonstrated that, at low drug
concentrations (10 ppm), extraction yields exceeded 95% across all systems tested, regardless of
whether the pH values were above or below the pK, of diclofenac. The ATPS composed of polyethylene

glycol (PEG) 1000 g mol™ at 25.5% w w™* and sodium citrate at 21.5% w w™" was identified as the most
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Accepted 7th June 2025 efficient, achieving an extraction efficiency of up to 99.9% and minimal mass transfer of PEG and salt

between phases. UV-Vis spectroscopy analysis suggests that the drug's phase transfer occurs via
hydrogen bond formation between diclofenac and PEG. The proposed method exhibits high efficiency
for diclofenac recovery and stands out for its low environmental impact.
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widespread use as one of the most commonly used anti-
inflammatory drugs worldwide. However, prolonged adminis-
tration of DFC has been associated with hepatotoxicity, neph-
rotoxicity, and an increased risk of myocardial infarction.*®

1 Introduction

Emerging pollutants are defined as compounds that are not
currently regulated by any environmental legislation. Due to the

lack of regulation, their potential harmful effects on the envi-
ronment and living organisms remain largely unknown.'
Among the pharmaceutical residues most frequently detected
in aquatic environments are carbamazepine and diclofenac,
with estimated global annual consumption of 1014 and 940
tons, respectively.?

Diclofenac (2-(2,6-dichloroanilino)phenylacetic acid) (DFC)
(Fig. 1), is a nonsteroidal anti-inflammatory drug (NSAID) with
a water solubility of 2.37 mg L' (25 °C) and a dissociation
constant (pK,) of 4.15.%

DFC is used therapeutically as an analgesic, antipyretic, and
anti-inflammatory agent* and it has also been shown to possess
angiogenic activity.”> The drug is available in oral, intramus-
cular, and topical formulations, most of which are over-the-
counter and relatively inexpensive,® contributing to its
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Moreover, DFC metabolites have been shown to exhibit greater
toxicity than the parent compound.”> Environmental compart-
ments in which these pollutants are most frequently detected
include surface water, groundwater, drinking water, seawater,
wastewater, soil, sediments, suspended solids, sludge from
wastewater treatment plants, and leachates.” These compounds
have also been detected in various species, including aquatic
animals, mammals, birds, fruits, and plant leaves.” Given their
potential adverse health effects® and environmental impact, the
development of new methods for detecting and evaluating
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Fig.1 Chemical structure of diclofenac.
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remediation or elimination strategies for DFC and other
pollutants is essential.

An efficient and environmentally friendly alternative for drug
recovery is the use of Aqueous Two-Phase Systems (ATPS), which
retain the advantages of conventional Liquid-Liquid Extraction
(LLE) while eliminating the use of organic solvents with high
vapor pressure. ATPS operate based on the differential parti-
tioning of solutes within a two-phase system composed
predominantly of water (70-90%, depending on the type of
system).® These systems are formed by mixing two water-soluble
components, which, upon reaching equilibrium, separate into
two immiscible aqueous phases.

A wide range of ATPS types is currently available, including
polymer/polymer (of different chemical nature), polymer/salt,
and systems incorporating ionic liquids, copolymers, or deep
eutectic solvents. ATPS are highly versatile and have been
successfully employed for the partitioning of metal ions, drugs,
nanomaterials, and metabolites, among other compounds.*>**
Specifically, this technique has been used for the recovery,
separation, and concentration of roxithromycin,"” sulfon-
amides,* and tetracycline™ from water samples, animal-derived
food products, and plant matrices. These systems are also being
explored for future applications in the manufacturing of bio-
pharmaceuticals® and the removal of pharmaceutical contam-
inants from water samples.’® Furthermore, due to their
concentration effect, ATPS can enhance the detection and
recovery of drug residues in water bodies, even at trace levels
(i.e., emerging pollutants).

Various applications of ATPS have been explored in the
pharmaceutical industry, owing to their high capacity to effi-
ciently and selectively separate, purify, and concentrate solutes
in a mild environment, facilitated by the use of low-toxicity
compounds and their predominantly aqueous composition.
Table 1 presents several examples of these applications. These
systems represent a key tool in drug development, pharma-
ceutical biotechnology, and biological therapies. Although this
review is not exhaustive, it provides a clear overview of the
potential applications of ATPS in this field.
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Despite the promising laboratory results, the industrial
application of ATPS faces technical, economic, and operational
limitations. Key challenges include process scalability, high
material costs, and the need for additional downstream treat-
ments to recover the target compound. The use of copolymers
or ionic liquids, while sometimes effective, may compromise
the sustainability of the process due to their toxicity and cost.

From a process engineering perspective, optimizing phase
stability, separation kinetics, and partitioning efficiency is
essential. Process design, variable control, and compliance with
stringent regulations—particularly in the pharmaceutical and
food industries—must also be carefully addressed.

Nevertheless, the advantages of ATPS—such as low energy
consumption, biocompatibility, high selectivity, and phase
reusability—support their development as a green technology.
Successful scale-up examples and potential long-term cost
savings further strengthen their promise for sustainable phar-
maceutical and environmental applications.

In the existing literature on DFC extraction using ATPS, only
two studies have explored this application, and none have
investigated the specific system evaluated in the present study.
Ahsaie et al.** reported the use of ATPS composed of various
copolymers and dextran, achieving extraction -efficiencies
between 39% and 99.6%, depending on the system composition
and operational conditions. The authors attributed the prefer-
ential partitioning of DFC into the top phase to its hydrophobic
nature and the higher hydrophobicity of the copolymer-rich
phase. Priyanka et al>* employed ATPS based on ionic
liquids—both mono- and dicationic species derived from imi-
dazolium, pyrrolidinium, morpholinium, and ammonium (with
bromide as the common anion) combined with potassium salts.
Reported extraction efficiencies ranged from 80% to 100%,
depending on the ATPS conformation. The authors concluded
that systems maintaining either acidic or alkaline conditions
achieved high extraction efficiencies regardless of pH, sug-
gesting that electrostatic interactions between the ionic liquid
species and the charged form of DFC play a negligible role. They
further highlighted the suitability of highly hydrophobic ionic

Table 1 Applications, advantages, and examples of ATPS in the pharmaceutical industry

Application Advantage Examples Reference
Purification of proteins and Efficient separation Purification of therapeutic proteins 17
enzymes High recovery such as insulin, interferons, or
Preservation of biological activity monoclonal antibodies
Extraction of antibiotics and Improved recovery of natural Penicillin separation 18
metabolites products from fermentation broths
Separation and isolation of cells Gentle process that maintains cell Separation of stem cells, 19
viability immunological cells, and bacteria
Design of controlled extraction ATPS can be designed for drug Hydrogels and polymersomes 20
systems, microencapsulation, and encapsulation or controlled release. Formulation of micro/nanoparticles
product stability Microencapsulation of
pharmaceutical compounds
improves stability and shelf life
Extraction and purification of DNA Useful for isolating genetic material Plasmid DNA 21

and RNA

in diagnostic or gene therapy
processes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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liquids for the extraction of hydrophobic pharmaceuticals such
as sodium diclofenac.

In contrast, the present study utilizes polyethylene glycol/
citrate/water and polyethylene glycol/sulfate/water systems,
which consist of more accessible and biodegradable compo-
nents. The selection of these materials enhances the environ-
mental compatibility of the process, supporting ongoing efforts
to develop greener and more sustainable extraction
methodologies.

This project aims to evaluate the extraction efficiency of
sodium diclofenac using ATPS composed of polyethylene glycol
(PEG) of different molecular weights (400 g mol™* and 1000 g
mol ') and two types of sodium salts, one inorganic (sodium
sulfate) and one organic (sodium citrate), which has the
advantage of being biodegradable, as a sustainable strategy for
its recovery from aqueous solutions. To achieve this, various
ATPS are formulated by combining PEGs of different molecular
weights with salts at varying concentrations (operating points),
assessing their influence on phase formation, drug partition-
ing, diclofenac concentration, and system pH. The extraction
efficiency under each condition is determined to identify those
that optimize recovery while minimizing environmental impact.
Additionally, an extraction mechanism is proposed based on
UV/Vis spectroscopy, and the potential of these systems is
evaluated as a green alternative for wastewater treatment and
their prospective application in the pharmaceutical industry.
The working hypothesis posits that PEG/salt/water ATPS
promote the partitioning of DFC into the polymer phase,
thereby facilitating its recovery and contributing to the devel-
opment of sustainable remediation technologies.

2 Material and methods
2.1. Materials

Polyethylene glycol (PEG) with molecular weights of 400 g mol
and 1000 g mol ', along with sodium citrate dihydrate and
anhydrous sodium sulfate, were used as phase-forming
components for the preparation of ATPS. Sodium diclofenac
(DFC) was selected as the model compound for the extraction
process. All solutions were prepared using deionized water.
Detailed information on the materials used, including supplier,
CAS number, and purity, is provided in Table 2.

2.2. Methods

2.2.1. Construction of binodal curves. The binodal curves
were determined using the cloud-point titration method™ at
298.15 K. A known amount of stock solution of component X
(see Table 3) was added to a 25 mL Erlenmeyer flask equipped
with a magnetic stirrer and weighed using an analytical balance
(OHAUS; Model: Explorer E1240). While stirring, the stock
solution of component Y (see Table 3) was added dropwise until
the first appearance of turbidity, corresponding to the cloud
point. This marked the first data point of the binodal curve.
Subsequently, a known amount of diluent (deionized water) was
added until the system became clear, indicating that it was
below the cloud point. This procedure was repeated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Concentrations (% w w™1) of stock solutions used for the
construction of each binodal curve of the ATPS at 298.15 K

Component X Component Y

ATPS (Y%ww™) (% ww™)
PEG-400/Sodium citrate 40 50
PEG-400/Sodium sulfate 20 50
PEG-1000/Sodium citrate 40 30
PEG-1000/Sodium sulfate 20 30

systematically until no further turbidity was observed, thereby
completing the binodal curve construction.™

2.2.2. Binodal curve modeling. The experimentally deter-
mined binodal curves do not capture all possible conditions
under which phase separation may occur. Therefore, the
development of theoretical binodal curves is useful for com-
plementing the experimental data. These theoretical curves
were fitted to the experimental data using the nonlinear
empirical equation proposed by Merchuk (eqn (1)).>***

wtPECG = 4 exp[(Bwt™"") — (Cwt*¥!)] (1)

where wt™ ¢ and wt*"* represent the concentrations, in
percentage by weight, of the polymer and the salt, respectively.
Subsequently, the Excel (Microsoft) Solver macro was used to fit
the calculated (wte') and experimental (wtey,') values by

minimizing the objective function U (eqn (2)).

N 2
U=> <wtf§G - wtgﬁf) )
i=1
where wtia® and wteg, represent the calculated and experi-
mental concentrations, in percentage by weight, of the polymer,
respectively. N denotes the number of data points on the
binodal curve. The standard deviation (sd) was calculated using
eqn (3).*
2\ 05
v (wrte - i)

sd=>" =

2 N (3)

2.2.3. Preparation of ATPS for DFC extraction. Two oper-
ating points within the biphasic region were selected for each
ATPS evaluated. One point, located near the binodal curve, was

i I I

Salt Polymer Sodium diclofenac @
% (w-w1) % (w-w) solution
(sodium citrate or (PEG-400 g-mol" or % (w-w1)

sodium sulfate) PEG-1000 g-mol")
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designated as the First Operating Point (FOP), while the other,
situated farther from the curve, was referred to as the Last
Operating Point (LOP). In all cases, the volume ratio (Vpp/Vsp)
between the polymer phase (PP) and the saline phase (SP) was
maintained at 1. Volumes were measured using a graduated
cylinder (Pyrex; Model: 2982). Once the total concentrations
were established, the procedure outlined in Fig. 2 was followed
for drug extraction at 298.15 K. According to the selected
system, the appropriate amounts of salt, polymer, and deion-
ized water containing DFC were added to a vial. The mixture was
stirred for 10 minutes to ensure complete dissolution of all
components. After stirring, the system was allowed to stand for
24 hours to ensure complete phase separation. Subsequently,
the drug concentrations in the PP were quantified using UV-Vis
spectroscopy.

2.2.4. Theoretical determination of tie-lines. Theoretical
tie-lines were used to determine the equilibrium concentrations
of polymer and salt in the top and bottom phases. These tie-
lines were established using the gravimetric method
described by Merchuk.”” Ternary mixtures were prepared at
each operating point of the respective ATPS. The samples were
stirred for 10 minutes and then left to stand for 24 hours to
allow complete phase separation. Subsequently, the phases
were carefully separated and weighed. The percentage by weight
of polymer (wt"®¢) and salt (wt**"") at the top (Top) and bottom
(Bot) corresponding phases were calculated using eqn (4)—(7). In
these equations, «a represents the mass ratio between the saline
phase (bottom) and polymer phase (top) phases, and F corre-
sponds to the total concentration of salt and polymer used in
the system.

W) 1o = A4 expl(BWE o) — (W™ )rop)]  (4)

(W) por = A expIBOWE 50" — (Wm0 (5)

(Wt™9),  1-a

(WtPEG ) Top = o o (WtPEG) Bot (6)
salt _
(Wtsah)Top - (Wta )F - 1 o - (Wtsall) Bot (7)

2.2.5. Characterization and quantification of DFC in both
phases. The concentration of DFC was determined using
ultraviolet-visible (UV-Vis) spectroscopy. Initially, the absorp-
tion spectrum of DFC in aqueous solution was obtained to

Polymer phase (PP)

Saline phase (SP)

Equilibrium

Fig. 2 Schematic diagram of the sodium diclofenac extraction process for each ATPS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enable quantification. A 10 mm quartz cell (PerkinElmer) was
used to analyze a 10 ppm DFC solution in deionized water with
a UV-Vis spectrophotometer (Varian; Model: Cary 5 Probe)
across a wavelength range of 200-400 nm. The maximum
absorption wavelength in the aqueous phase was identified at
276 nm.

A calibration curve was constructed using seven DFC solu-
tions of increasing concentrations, prepared in deionized
water (without salt). Deionized water served as the blank.
Absorbance at 276 nm was measured for each solution using
a 10 mm quartz cell. Based on this calibration curve, which
showed a correlation coefficient of R* = 0.998, the initial
concentrations of DFC were determined for subsequent
extraction experiments.

Following extraction, UV-Vis spectroscopy was employed to
quantify DFC in the polymer phase. The absorption spectrum
was recorded over the 200-400 nm range using a 10 mm quartz
cell. As reference, a blank solution was prepared containing the
same concentrations of PEG, salt, and water as the polymer
phase, depending on the ATPS composition. The maximum
absorption wavelength varied between 280 and 284 nm,
depending on the system.

A calibration curve was established using seven drug solu-
tions of increasing concentration, each prepared in the corre-
sponding PEG/salt/water matrix to match the polymer phase
conditions. The appropriate blank (polymer phase matrix) was
used for each ATPS. Absorbance measurements were taken at
the system-specific maximum wavelength, and the extracted
DFC concentrations in the polymer phase were calculated

accordingly.
The extraction efficiency was determined using eqn (8).
0 . mass DFCpp |
%0 extraction = “mass DFC, x 100 (8)

where mass DFC, represents the initial mass of DFC, and mass
DFCpp corresponds to the mass extracted into the polymer
phase.

Additionally, the absorption spectra of DFC in deionized
water (prior to extraction), as well as those of the PP and SP after
the extraction process, were recorded. These spectra were
compared with the corresponding blanks (polymer and saline
phases solutions containing the same PEG/salt/water concen-
trations as the selected ATPS). The resulting spectra were
subsequently analyzed to evaluate the behavior of DFC in the
polymer phase following extraction.

2.2.6. Determination of pH in ATPS without DFC and after
the extraction process. The pH of both phases (PP and SP) was
measured in the absence of DFC as well as after the extraction
process. Measurements were performed using a potentiometer
(Metrohm; Model: 913 pH Meter) at 298.15 K. All measurements
were performed in triplicate. The potentiometer was calibrated
daily using three standardized buffer solutions at 25 °C, trace-
able to NIST standards (pH 4: potassium biphthalate, pH 7:
sodium phosphate, pH 10: sodium borate; all obtained from
Karal), ensuring a calibration slope greater than 0.95 in each
case.

21172 | RSC Adv, 2025, 15, 21168-21182
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3 Results and discussion

3.1. Experimental binodal curves, their modeling, and
selection of operating points

It is generally recommended that binodal curves be constructed
experimentally, as the conditions under which phase separation
occurs are inherently variable and dependent on the specific
experimental setup and context."* As a result, the volumes and
concentrations at phase equilibrium may exhibit significant
variability. Fig. S1 in the ESIf compares the binodal curves
obtained in this study with those previously reported in the
literature. The observed differences are minimal, supporting
the conclusion that the methodology employed is robust and
reliable.

After constructing the binodal curves for the ATPS under
investigation, it was necessary to define the boundaries of the
two-phase region. This was achieved using the Merchuk
equation (eqn (1)).?>** The parameters A, B, and C, along with
their respective standard deviations, are provided in Table S1
(ESIt). The results demonstrate a strong correlation between
the experimental and calculated data.”® Operating points were
selected to ensure that the concentration of the phase-forming
components in each ATPS yielded a phase volume ratio (Vpp/
Vsp) of 1 (see Fig. 3). The conditions were defined such that the
first operating point (FOP) was located near the binodal curve,
while the last operating point (LOP) was positioned farther
from it. Based on the theoretical tie-lines, the equilibrium
concentrations of polymer and salt in both the polymer and
saline phases were determined. These data are summarized in
Table 4.

3.2. Sodium diclofenac extraction

The extraction of DFC was evaluated at an initial concentration
of 10 ppm for both selected operating points. Table 4 presents
the initial concentrations chosen for each operating point used
in the DFC recovery experiments, along with the corresponding
equilibrium concentrations derived from the theoretical tie-
lines calculated for each condition.

Table 5 presents the results of the extraction process per-
formed using a [DFC] = 10 ppm, along with the standard
deviations obtained from three independent replicates. The
ATPS composed of PEG-400/Sodium citrate, PEG-1000/Sodium
citrate, and PEG-1000/Sodium sulfate exhibited extraction effi-
ciencies exceeding 99.9%. In contrast, the PEG-400/Sodium
sulfate system showed slightly lower extraction efficiencies—
94.2% for the first operating point (FOP) and 97.7% for the last
operating point (LOP).

This reduced performance may be attributed to two main
factors. First, the lower molecular weight of PEG in the PEG-400/
Sodium sulfate system results in a polymer phase with
decreased hydrophobicity compared to that formed with PEG-
1000 (M,, = 1000 g mol ). Second, the lower concentration of
Na,SO,—relative to the PEG-400/Sodium citrate system—leads
to a weaker salting-out effect, thereby reducing the partitioning
of the drug into the polymer phase and slightly diminishing
extraction efficiency.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Operating points (Vpp/Vsp = 1) used in the study of DFC recovery for each ATPS: PEG-400/Sodium citrate (#), PEG-400/Sodium sulfate

(@), PEG-1000/Sodium citrate (A) PEG-1000/Sodium sulfate (M), at 2

The DFC extraction results confirm that the process is highly
efficient across all the ATPSs evaluated. Furthermore, an anal-
ysis of the total concentrations of the phase-forming compo-
nents indicates that the concentrations of both PEG and salt are
higher at the last operating point (LOP) compared to the first
operating point (FOP). As a result, the presence of PEG in the
saline phase (SP) and salt in the polymer phase (PP) at equi-
librium is significantly reduced at the LOP relative to the FOP.
This effect is further enhanced when using a higher molecular
weight polymer (PEG-1000 g mol ).

These observations suggest that the LOP provides a more
favorable environment for DFC extraction, and that PEG with
a molecular weight of 1000 g mol " is the most suitable polymer
for achieving maximum extraction efficiency.

3.3. Influence of phase volume ratio variation at the last
operating point (LOP)

To assess the effect of phase volume ratio on the LOP, the same
tie-line was employed while adjusting the initial concentrations
of salt and polymer. This adjustment allowed for variation in

© 2025 The Author(s). Published by the Royal Society of Chemistry

98.15 K.

the phase volume ratio without altering the final equilibrium
concentrations. Table 6 summarizes the initial concentrations
of PEG and salt, the drug extraction percentage, the phase
volume ratio, the concentration factor in the polymer phase,
and the standard deviation for each experiment.

Notably, despite the changes in phase ratio, extraction effi-
ciencies remained consistently above 99.9%, indicating the
robustness of the system. In particular, for the ATPS composed
of PEG-400/Sodium sulfate, an increase in drug extraction effi-
ciency was observed, which can be attributed to the higher
concentrations of both salt and polymer in the selected two-
phase systems.

Overall, for the two-phase volume ratios evaluated in each
ATPS, modifying the initial salt and polymer concentrations
maintained high extraction efficiency. This finding is especially
relevant from an industrial and environmental perspective, as it
enables a reduction in reagent consumption, waste generation,
and overall processing costs. Additionally, a notable concen-
tration effect was observed, with DFC reaching up to 2.5 times
its original concentration in the aqueous medium.
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Table 4 Total concentrations of each ATPS under FOP and LOP conditions, for a volume ratio (R = (Vpp/Vsp) = 1), and their corresponding
theoretical equilibrium concentrations of polymer and salt in the polymer phase and saline phase, at 298.15 K*

First operating point (FOP)

PEG-400/Sodium citrate

PEG-400/Sodium sulfate

Total system PP SP Total system PP SP
Polymer (% w w 1) 21 36.55 3.05 16.5 24.53 7.44
Salt (% w Wﬁl) 21 9.18 34.63 12.5 8.75 16.71

PEG-1000/Sodium citrate

PEG-1000/Sodium sulfate

Total system PP SP Total system PP SP
Polymer (% w w ™) 16 24.03 6.53 14.5 27.24 1.66
Salt (% ww ) 15 10.52 20.10 10.5 4.94 16.23

Last operating point (LOP)

PEG-400/Sodium citrate

PEG-400/Sodium sulfate

Total system PP SP Total system PP SP
Polymer (% w w ™) 23 41.69 0.31 20.5 45.37 0.15
Salt (% ww ) 23 5.72 43.95 16.5 2.45 27.98

PEG-1000/Sodium citrate

PEG-1000/Sodium sulfate

Total system PP SP Total system PP SP
Polymer (% w W_l) 25.5 56.83 0.0003 21 48.24 0.0002
Salt (% ww ) 21.5 0.99 38.51 14 1.59 23.51

“ PP: polymer phase; SP: saline phase.

Table5 Extraction percentage and standard deviation of DFC for each
ATPS at 298.15 K

ATPS Extraction (%) Sd
PEG-400 g mol ™~ '/Sodium citrate FOP >99.9 0.2206
LOP >99.9 0.3936
PEG-400 g mol '/Sodium sulfate FOP 94.2 0.7607
LOP 97.7 0.3740
PEG-1000 g mol '/Sodium citrate FOP >99.9 0.9819
LOP >99.9 1.2971
PEG-1000 g mol '/Sodium sulfate FOP >99.9 1.9922
LOP >99.9 1.4663

“8d = standard deviation; FOP = first operating point; LOP = last
operating point.

3.4. Influence of initial DFC concentration and pH on
extraction efficiency

The extraction of DFC was evaluated as a function of its initial
concentration (ranging from 10 to 1000 ppm) for each of the
ATPS systems studied, considering the two operating points: the
FOP and the LOP, with a phase volume ratio R = (Vpp/Vsp) = 1.
For each condition, the pH of both phases was measured after
the extraction process. The results are presented in Fig. 4 for

21174 | RSC Adv, 2025, 15, 21168-21182

DFC extraction in citrate-based media, and in Fig. 5 for extrac-
tion in sulfate-based media.

As illustrated in Fig. 4A-D, the NajCit-based systems
exhibited high extraction efficiencies under both FOP and LOP
conditions (extraction% >99.9%) across the entire range of
initial DFC concentrations. Subsequent analyses will demon-
strate the correlation between this behavior and the pH of the
medium.

In contrast, the behavior of the systems with Na,SO, is quite
different (see Fig. 5). A consistent decrease in extraction effi-
ciency (R%) was observed as the concentration of the drug
increased. Under FOP conditions (Fig. 5A and C), this reduction
in R% occurred at relatively low DFC concentrations for both
PEG-400 and PEG-1000. While, under LOP conditions (Fig. 5B
and D), R% remained close to 99% at approximately 400 ppm
and 700 ppm for PEG-400 and PEG-1000, respectively. Notably,
in the sulfate-based medium, the decline in R% was accompa-
nied by the formation of a DFC precipitate. Despite this
precipitation occurring in the saline phase, the evaluation of
extraction efficiency remains valid, as it is determined based on
the composition of the polymer phase.

Accordingly, R% in the sulfate medium may decrease to
values ranging from 75% to 20%, depending on the extent of
precipitation. As will be further discussed, this behavior is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Initial concentrations of PEG and salt, extraction percentages of diclofenac (at [DFC] = 10 ppm), phase volume ratio, concentration

factor, and standard deviation for each ATPS under LOP conditions at 298.15 K¢

Initial
concentrations
(% w-w)
ATPS PEG Salt Volume ratio Concentration factor in PP Extraction (%) Sd
PEG-400 g mol ™ '/Sodium citrate 30 17 1.9 0.52 >99.9 1.03
15 30 0.4 2.5 >99.9 0.84
PEG-400 g mol~'/Sodium sulfate 28 13 1.8 0.55 >99.9 0.62
14 20 0.5 2.0 >99.9 2.94
PEG-1000 g mol '/Sodium citrate 36 15 2.2 0.45 >99.9 7.56
16 28 0.5 2.0 >99.9 2.45
PEG-1000 g mol '/Sodium sulfate 30 10 2 0.5 >99.9 6.30
12 18 0.5 2.0 >99.9 0.52

“ PP = polymer phase; SP = salt phase; Sd = standard deviation.
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and (C and D) PEG-1000/Sodium sulfate, under FOP and LOP conditions at 298.15 K.

closely related to the nature of the salt (e.g., the pH of the
medium), its concentration, and both the concentration and
molecular weight of the PEG present in the polymer phase.

To understand the above results, it is necessary to identify
the chemical species of DFC as a function of pH using a species
distribution diagram.

The DFC species distribution diagram as a function of pH,
shown in Fig. 6, was made considering the chemical equilib-
rium (represented by eqn (9)) and eqn (10) and (11), where fprc
and fyprc are the fractions of the protonated and deprotonated
drug, respectively, as a function of the concentration of protons

1
[H'] and the value of its acid dissociation constant ( 2 = 5—)
1
HDFC 2 H* + DFC™ (9)
fore = 15 (10)
PFC = g [H]

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Bi[H"]

1+ 6,[H] =

f HDFC =

Fig. 6 shows that the neutral form (HDFC) of diclofenac is
the predominant species at pH values below 4.15 (pK, value),
while the DFC™ (deprotonated) species is the predominant
species above this pH.

As previously mentioned, pH measurements were performed
in both phases after DFC extraction for each of the systems
studied. It was observed that the pH values in both phases were
very similar; therefore, the pH values reported in Fig. 7(A and B)
represent the average pH of both phases under each condition.

In the case of the Na;Cit medium (FOP and LOP), the equi-
librium pH is consistently above 6 (see Fig. 7A), which exceeds

21178 | RSC Adv, 2025, 15, 21168-21182

the pK, of DFC (4.15). Therefore, the predominant species in all
cases is the deprotonated form, DFC™, as shown in Fig. 6. As will
be discussed later, this form of DFC is favorable for achieving
high extraction efficiencies (R%).

In contrast, in the sulfate-based medium, the minimum pH
value is close to 3, and the highest is around pH 5.5 (see Fig. 7B).
This implies that the protonated species, HDFC, may predom-
inate at pH values below 4.15 (the pK, of DFC), whereas the
deprotonated form, DFC™, becomes dominant above this
threshold, as illustrated in Fig. 6.

The presence of the HDFC species significantly limits its
solubility in the saline (sulfate) phase and competes with its
solubility (or partitioning) in the polymer phase. This clearly
explains the trends observed in Fig. 5A to D.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Proposed mechanisms for drug extraction via hydrogen bonding between: (A) the terminal hydrogen of PEG and sodium diclofenac, and

(B) the terminal oxygen of PEG and sodium diclofenac.

In conclusion, pH is a critical factor in the recovery process
of DFC, as is the nature (pH controllability) and concentration
(which influences the “saiting out” effect) of each salt, as well
as the concentration and molecular weight of the polymer. In
all the systems studied, at low drug concentrations (10 ppm),
high extraction efficiency was observed, suggesting that pH
does not have a significant influence under these conditions.
However, at concentrations higher than 10 ppm, pH becomes
a relevant parameter, especially in the ATPS formed with
sodium sulfate.

3.5. Analysis of the mass transfer process of DFC into the
polymer phase

The mass transfer of DFC was investigated by analyzing the
extraction process using UV-Vis absorption spectroscopy.
Measurements were carried out for both phases of each ATPS at
the LOP with an initial DFC concentration of 10 ppm. The
corresponding spectra for the extracted DFC in each phase (PP
EXT DFC and SP EXT DFC) were obtained. For comparison, the
absorption spectra of DFC in aqueous solution (10 ppm), as well
as the polymer and saline phases in the absence of DFC (blank
PP and blank SP), are included in Fig. 8.

The drug in aqueous solution exhibits a maximum
absorption peak at 276 nm, which is characteristic of DFC in
this medium. In contrast, during the extraction process, when
DFC is transferred to the polymer phase, an increase in

© 2025 The Author(s). Published by the Royal Society of Chemistry

absorbance is observed—attributable to the concentration
effect of DFC in the polymeric environment. Additionally, the
DFC absorption profile in the polymer phase displays a distinct
positive band shape compared to its spectrum in aqueous
solution.

A bathochromic shift is also evident, with the absorption
maximum shifting to wavelengths between 280 and 283 nm,
depending on the specific ATPS. This enhanced signal and red
shift are likely due to hydrogen bonding interactions between
DFC and PEG.***® Notably, PEG is capable of forming a broad
range of molecular associations due to its terminal primary
hydroxyl groups, which can readily interact with various
compounds and functional groups—including ethers, amines,
fatty acids, and propylene glycols—among others.” These
interactions suggest that complex formation between DFC and
PEG is a plausible mechanism contributing to the observed
spectral behavior.

In light of the observations above and the changes in
behavior observed during the DFC extraction process as
a function of pH, we propose two possible mechanisms for drug
extraction.

In the first mechanism (Fig. 9A), at pH values above the pK,
of DFC (Fig. 6), the drug exists predominantly in its anionic
form (DFC™). In this state, the hydroxyl hydrogen atoms of the
PEG chain may form hydrogen bonds with the negatively
charged oxygen atom of the carboxyl group in DFC™. Addi-
tionally, the sodium counterion (Na‘) may associate with the
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ether oxygen atoms of the PEG chain, contributing to charge
neutralization within the polymer phase.

In the second mechanism (Fig. 9B), at pH values below the
pK,, DFC is present primarily in its neutral (acidic) form
(HDFC). Under these conditions, hydrogen bonding may occur
between the ether oxygen atoms of PEG and the hydrogen atom
of the carboxylic group in HDFC.

In both mechanisms, the formation of hydrogen bonds
induces an electron redistribution within the DFC molecule.
This redistribution lowers the molecular energy and leads to
a red shift in the absorption maximum (i.e., an increase in
wavelength), as observed in Fig. 8 and consistent with previous
findings.””*® Given the structural characteristics of DFC, it is
postulated that the phenylacetic acid moiety plays a central
role in conferring the chromophoric properties of the mole-
cule. This group contains a carbonyl functional group with
non-bonding electron pairs on the oxygen atom, making it
highly susceptible to electronic delocalization. Consequently,
changes in electron distribution within this group are
responsible for the observed shifts in the absorption
wavelength.

Our findings are in good agreement with the studies con-
ducted by Li et al,”*® who investigated the formation of
hydrogen bonds between polyethylene glycol and various drugs
in two independent works. In the first,”” they analyzed a liquid-
liquid extraction system composed of a non-ionic surfactant
(PEG-1000), ammonium sulfate ((NH,),SO,), and water, applied
to the extraction of chlorpromazine (CPZ) and procaine (PCN).
The results showed a red shift in the UV-Vis absorption spectra
upon transfer of the drugs to the PEG phase (254 — 256 nm for
CPZ and 290 — 295 nm for PCN), indicating the formation of
hydrogen bonds between PEG and the drugs, particularly in the
case of PCN.

In a second study,?® the authors extended the analysis to the
distribution behavior of three drugs—CPZ, PCN, and procaine
amide (PCNA)—in aqueous two-phase systems (ATPS) formed
by PEG-800 or PEG-1500 and (NH,),SO,. Again, UV-Vis spectra
revealed red shifts upon partitioning of the compounds into the
PEG phase: +2 nm for CPZ, +3 nm for PCN, and +5 nm for PCNA.
These findings further support the presence of hydrogen
bonding interactions, which are more pronounced in PCNA due
to its greater ability to form such bonds.

Therefore, this type of bathochromic shift caused by PEG-
drug interactions within PEG/salt/water-based ATPS has been
previously reported, thus supporting the findings observed in
this study.

4 Conclusions

The results obtained in this study demonstrate that the
extraction of sodium diclofenac using ATPS is highly efficient
under most of the evaluated conditions, achieving extraction
percentages greater than 99.9%, particularly in systems
composed of PEG-1000 g mol " to 25.5% w w™ ' and Na;Cit to
21.5% w w . It was identified that pH, the nature of salt, the
concentration and molecular weight of the polymer, and the
modification of the drug concentration are key factors in the
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efficiency of the process. Furthermore, UV-Vis spectroscopic
analysis suggests that the transfer of the drug to the polymer
phase occurs through the formation of hydrogen bonds with
PEG, contributing to the understanding of the partitioning
mechanism.

From a sustainability perspective, the use of biodegradable
and low-toxicity compounds such as PEG and sodium citrate,
along with the predominantly aqueous nature of the system,
positions ATPS as a green and viable alternative for environ-
mental remediation.

However, although the scalability potential of the system is
mentioned, this claim requires further evaluation. Industrial-
scale implementation faces technical and economic chal-
lenges, such as the design of continuous processes, recovery
and reuse of components, and integration with existing water
treatment technologies. Economic feasibility will also depend
on the cost of materials, the efficiency of the process at scale,
and the regeneration of components without significant loss of
performance.

Looking ahead, future research could focus on evaluating
the scalability of the process through pilot studies that
consider process engineering aspects, energy efficiency, and
life cycle analysis; exploring the efficacy of the ATPS system in
extracting other pharmaceutical contaminants such as anti-
biotics, hormones, and metabolites; optimizing the system
formulation to maximize recovery with minimal input
consumption, thereby reducing operational costs and envi-
ronmental impact; investigating phase reuse and recovery of
the extracted drug, which are essential for the sustainability of
the process.

Overall, this work not only demonstrates the efficacy of the
ATPS system for diclofenac recovery but also lays the ground-
work for its development as a clean, efficient, and adaptable
separation technology for various industrial and environmental
applications.

Abbreviations

DFC Diclofenac

ATPS Aqueous two-phase systems

PEG Polyethylene glycol

UV-Vis  Ultraviolet-visible

NSAID  Nonsteroidal anti-inflammatory drug
PP Polymer phase

SP Saline phase

First operation point
Last operation point
Sd Standard deviation

wsalt Percentage by weight of the salt

wt?®¢  Percentage by weight of the polymer

wteal Percentage by weight of the polymer calculated
Wtexs' Percentage by weight of the polymer experimental

N Amount of data of the binodal curve
U Minimization function

R Volume ratio

fi Fraction of species i
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