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Abstract

In the current era of human life, we have been facing an increased consumption of Non-Steroidal 

Anti-Inflammatory Drugs (NSAIDs). Nevertheless, NSAIDs are not completely metabolized by 

humans and are further excreted into domestical effluents. Several studies have been showing that 

a wide variety of pharmaceuticals are present in water effluents and are thus a matter of serious 

concern in the public health. Although treatment plants use sophisticated technologies for 

pollutants/contaminants removal, none of these processes was particularly designed for NSAIDs. 

In this perspective, this work addresses the use of a liquid-liquid extraction approach, employing 

ionic liquids (ILs), for the removal of NSAIDs from aqueous media. In particular, aqueous 

biphasic systems (ABS) composed of ILs and aluminium-based salts, which are already used in 

water treatment plants, were tested for the removal of diclofenac, ibuprofen, naproxen and 

ketoprofen. With these systems, extraction efficiencies of NSAIDs up to 100% were obtained in a 

single-step. The recovery of NSAIDs from the IL medium and the recyclability of the IL-rich 

phase were then ascertained to guarantee the development of a more sustainable and cost-effective 

strategy. Based on the remarkable increase in the solubility of NSAIDs in the IL-rich phase (from 

a 300- to a 4100-fold when compared with pure water), water was then studied as an effective anti-

solvent, and where single-step recovery percentages of NSAIDs from the IL-rich phase up to 91% 

were obtained. After the “cleaning” of the IL-rich phase by the induced precipitation of NSAIDs, 

the phase-forming components were recovered and reused in four consecutive cycles, with no 

detected losses on both the extraction efficiency and recovery of NSAIDs by induced precipitation. 

Finally, an integrated process is here proposed, which comprises the (i) removal of NSAIDs from 

aqueous media, (ii) the cleaning of the IL-rich phase by the recovery of NSAIDs by induced 

precipitation, and (iii) the phase-forming components recycling and reuse, aiming at unlocking 

new doors for alternative treatment strategies of aqueous environments.
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Introduction

In the 21st century, the detection of forthcoming pollutants, such as pseudo-persistent 

compounds, in different environmental matrices has gained a crucial attention. The 

classification of pharmaceuticals and personal care products (PPCPs) as major pollutants 

was firstly recommended by Daughton and Ternes,1 being afterwards accepted as a rising 

class of potentially harmful environmental pollutants. Advances on analytical techniques 

have allowed their identification in an increasing number of environmental matrices.2, 3 

Within the PPCPs class are active pharmaceutical ingredients (APIs), which have raised 

serious concerns in recent years after their identification in non-negligible levels in sewage 

treatment plants (STPs), wastewater treatment plants (WWTPs) and surface water effluents.

4–11 APIs are known as mutagenic, carcinogenic, and endocrine disruptors, and have been 

detected in concentrations up to µg.L-1 in worldwide effluents of STPs and WWTPs.4, 7, 10, 

12, 13 A global occurrence and perspective of pharmaceuticals in the environment has been 

summarized by aus de Beek et al.14 APIs found in the environment include prescription 

drugs, drugs used in hospital by humans and veterinary drugs.7, 15–17 Variable quantities 

(10–70%) of the taken doses are metabolized by organisms whereas the rest is excreted (in 

either metabolized or unchanged forms).6, 7, 18–24 Furthermore, unnecessary or expired 

medications are recurrently straightly disposed into wastewaters.7, 16, 17 However, even at 

low concentrations, the continuous contact with APIs can result in the intoxication of living 

organisms.7 Based on extensive criteria, the Global Water Research Coalition (GWRC) 

selected ten priority APIs.25 This list comprises antibiotics, anti-epileptics, anti-

inflammatory drugs, β-blockers and lipid regulators.7, 16, 17 Although WWTPs use 

advanced processes for water purification, such as membrane filtration, ozonation, 

chlorination, flocculation/sedimentation and adsorption, none of these processes was 

specifically designed to remove APIs,6, 7, 9–11, 24 and some of these contaminants were 

already detected in drinking water.26

Within APIs, the non-steroidal anti-inflammatory drugs (NSAIDs) diclofenac, ibuprofen and 

naproxen are included in the list of the top 10 persistent pollutants.15 These compounds 

display a high-octanol partition coefficient, and thus a high ability to passively diffuse across 

biological membranes, low pKa values and high persistence in aquatic environments.27 

Some classic methods have already been tested for APIs removal. In particular, the addition 

of several salts to promote coagulation of ibuprofen, naproxen, diclofenac, carbamazepine 

and diazepam was used, whereas the best results were obtained for diclofenac with 50% of 

removal efficiency.28 Ozonation29 and chloride oxidation30 have also been studied for 

NSAIDs degradation, where ozone was found to be the most effective oxidizer. Kahn et al.

31 compared several techniques, such as lime clarification, dissolved air flotation, dual 

media filtration, ozonation, activated carbon, combined reverse-osmosis/nanofiltration and 

UV disinfection units for the removal of APIs. The authors31 concluded that reverse 
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osmosis is an effective process for removing a wide range of pharmaceuticals, yet it is highly 

energy-intensive. Therefore, the development of a cost-efficient removal technique for 

NSAIDs from aqueous media is an urgent requirement of modern society.

Aqueous biphasic systems (ABS) fit within the liquid-liquid extraction techniques, and are 

constituted by two aqueous-rich phases formed by the addition of two water-soluble phase-

forming components. In general, two polymers, a salt and a polymer or two salts lead to the 

creation of two-phase aqueous systems above given concentrations.32, 33 ABS are formed 

by non-volatile solvents in a water-rich environment, and thus they can be seen as a more 

environmentally friendly approach. The partition of the target compounds occurs between 

the coexisting phases, where the chemical nature and physical properties of both the phase-

forming components and solute play a pivotal role. Even so, the limited polarity differences 

between the two phases and the restricted type of interactions between the solute and the 

phase-forming components, aiming at tailoring the extraction and selectivity, are the major 

drawbacks found in the more conventional polymer-based ABS. In the past few years, the 

polymers functionalization and addition of ligands have been investigated to overcome this 

constraint.34, 35

In 2003, Rogers and co-workers36 demonstrated that the addition of an inorganic salt to an 

aqueous solution of a given ionic liquid (IL) leads to phase separation. After this proof of 

concept, in the following years it was demonstrated that these systems can be created with a 

large number of salts, amino acids, carbohydrates and polymers, offering a new plethora of 

extraction/separation systems.37 Although most ILs display some outstanding properties, 

namely a negligible vapor pressure, non-flammability, high thermal and chemical stabilities, 

and a large liquid temperature range,38–41 the most important feature conveys on their 

tailoring ability (by an adequate choice of their ions), which is transferrable to IL-based 

ABS.42 In fact, IL-based ABS already proved a superior performance on extraction 

efficiencies and selectivities for a wide range compounds, comprising proteins, alkaloids, 

phenolic compounds, dyes, among others.37 In particular, IL-based ABS have also been 

investigated for the extraction of pharmaceuticals,43–48 mainly to evaluate their 

performance as purification and concentration techniques,43–46 as well as to recover value-

added compounds from pharmaceutical wastes.47, 48

From a different perspective of previous works regarding the use of IL-based ABS for the 

concentration and purification of pharmaceuticals,43–48 herein, we propose a new 

integrated and highly efficient ABS-based strategy to remove and recover NSAIDs 

(diclofenac, ibuprofen, naproxen, and ketoprofen), as current persistent pollutants, from 

aqueous environments. Since STPs and WWTPs currently use Al2(SO4)3 as a flocculating 

agent in the purification of drinking water, this salt was chosen to create the IL-based ABS 

under study. In a simplified version of a WTTP, three different stages (mechanical, 

biological and disinfection treatments) are combined.49 Therefore, the ABS strategy 

designed here for the NSAIDs removal should be introduced in the final stage of a WTTP. 

Finally, and aiming at developing a more sustainable technique for the removal of persistent 

pollutants from aqueous environments, the recovery of the investigated NSAIDs from the 

IL-rich phase and the IL recycling were also addressed, allowing us to propose an integrated 
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and highly efficient process which comprises the removal and recovery of NSAIDs and the 

phase-forming components recovery and reuse.

Experimental Section

Materials

The non-steroidal anti-inflammatory drugs investigated were diclofenac sodium salt (2-

[(2,6-dichlorophenyl)amino]benzene acetic acid sodium salt, CAS# 15307-79-6), ibuprofen 

((±)-2-(4-Isobutylphenyl)propanoic acid, CAS# 15687-27-1), naproxen ((S)-(+)-2-(6-

Methoxy-2-naphthyl)propionic acid, CAS# 22204-53-1) and ketoprofen ((RS)-2-(3-

Benzoylphenyl)propionic acid, CAS# 22071-15-4), with a purity level ≥ 99 % for 

diclofenac, and ≥ 98 % for ibuprofen, naproxen and ketoprofen. All NSAIDs were acquired 

from Sigma-Aldrich, and used as received. The chemical structures of the NSAIDs 

investigated are depicted in Figure 1.

The ILs used were 1-ethyl-3-methylimidazolium trifluoromethanesulfonate (triflate) 

([C2C1im][CF3SO3], purity 99 wt%, CAS# 145022-44-2); 1-butyl-3-methylimidazolium 

trifluoromethanesulfonate (triflate) ([C4C1im][CF3SO3], purity 99 wt%, CAS# 

174899-66-2); 1-butyl-3-methylimidazolium tosylate ([C4C1im][Tos], purity 99 wt%, CAS# 

410522-18-8); tri(isobutyl)methylphosphonium tosylate ([Pi(444)1][Tos], purity 98 wt%, 

CAS# 374683-35-9); tributylmethylphosphonium methylsulfate ([P4441][CH3SO4], purity 

96-98 wt%, CAS# 69056-62-8); tetrabutylphosphonium bromide ([P4444]Br, purity 95 wt%, 

CAS# 3115-68-2); and tetrabutylphosphonium chloride ([P4444]Cl, purity 97 wt%, CAS# 

2304-30-5). All imidazolium-based ILs were purchased from Iolitec, while the 

phosphonium-based fluids were gently supplied by Cytec Industries Inc. To decrease the 

volatile impurities and water content, individual samples of ILs were purified under constant 

stirring under vacuum for a minimum of 24h at 50 ºC, with the exception of [P4444]Br and 

[P4444]Cl that were purified at a higher temperature (100 ºC), under vacuum, and for a 

minimum of 72h, due their higher amount of water. The purity of each IL was checked by 
1H and 13C NMR spectra and found to be in agreement with the purities given by the 

suppliers. The chemical structures of the ILs investigated are shown in Figure 2.

The inorganic salt Al2(SO4)3 (CAS# 17927-65-0) was acquired from José Manuel Gomes 

dos Santos, LDA (purity ≥ 98.0 wt%). The water applied was doubled distilled, passed 

across a reverse osmosis system and further treated with Milli-Q plus 185 water purification 

equipment. Buffers solutions with pH of 4.00 and 7.00, acquired from Panreac, were used 

for the pH meter equipment calibration.

Phase diagrams and tie-lines

The liquid-liquid ternary phase diagrams used in the current work were previously reported 

by Neves et al.50 However, additional tie-lines (TLs), which describe the compositions of 

the phases in equilibrium for given mixture compositions, were determined in this work. 

Each TL was determined according to the lever-arm rule originally proposed by Merchuk et 

al.51 Further details on the TLs determination and respective length (tie-line length, TLL) 

can be found in the Supporting Information.
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Removal of NSAIDs using IL-based ABS

IL-based ABS investigated for the removal of NSAIDs from aqueous media require the use 

of ternary mixtures (ionic liquid + salt + aqueous solutions containing the target NSAID) 

within the biphasic region of each system. The concentration of NSAIDs in the aqueous 

solutions was of 0.060 g.L-1, 0.049 g.L-1 and 0.046 g.L-1 for diclofenac sodium salt, 

naproxen and ketoprofen, respectively. These concentrations are significantly higher than 

those found in STPs and WWTPs, thus guaranteeing that there is no saturation of each 

NSAID in the coexisting phases when envisaging the use of the proposed technology in real 

water samples. The ternary mixtures were prepared gravimetrically within ± 10-4 g, using a 

Mettler Toledo Excellence XS205 DualRange analytical balance. All mixtures were 

vigorously stirred and left to equilibrate for 24 h at (25 ± 1) ºC, to allow the complete 

separation of both liquid phases and consequent NSAIDs partitioning. The two phases were 

then separated, and both IL- and salt-rich phases were weighted and each NSAID quantified 

through UV-spectroscopy, using a Shimadzu UV-1700, Pharma-Spec UV-Vis 

Spectrophotometer, at a wavelength of 276, 221, 230 and 258 nm for diclofenac sodium salt, 

ibuprofen, naproxen and ketoprofen, respectively, using calibrations curves previously 

established. To eliminate interferences of the IL and salt in the quantification of each 

NSAID, ternary mixtures at the same weight fraction composition were prepared, using pure 

water instead of the aqueous solutions containing NSAIDs. However, in the extractions of 

ibuprofen and ketoprofen using the [C4C1im][CF3SO3]- and [C4C1im][Tos]-based ABS, a 

large interference of the ILs on the UV-spectroscopy quantification method was observed. 

Since the extraction efficiencies could not be accurately determined for these two particular 

systems, they are not presented.

The percentage extraction efficiencies (%EE) of each system for NSAIDs are defined 

according to:

%EE =
NSAID IL × wIL

NSAID IL × wIL + NSAID salt × wsalt
× 100 (1)

where wIL and wsalt are the total weight of the IL-rich phase and salt-rich phase, 

respectively, and [NSAID]IL and [NSAID]salt are the concentration of each NSAID in the 

IL-rich phase and salt-rich phase, respectively.

At least three individual systems were prepared for each ABS and each NSAID, allowing the 

determination of the average %EE value and respective standard deviation. The possible loss 

of each NSAID (e.g. by precipitation and/or saturation of the phases) was evaluated by 

comparing the amount of each NSAID adedd and that quantified in each phase, showing that 

no losses of NSAIDs occurred in the systems investigated.

pH determination

The pH values (± 0.02) of the IL-rich phase were measured at 25 (± 1) ºC, using a Mettler 

Toledo S47 SevenMulti™ dual meter pH/conductivity. The calibration of the pH meter was 

beforehand performed with two buffers solutions with pH values of 4.00 and 7.00.
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Solubility of NSAIDs in the IL-rich phase

To infer on the possible saturation of the systems investigated with NSAIDs, the solubility of 

each pharmaceutical in the IL-rich phase of the system composed of 58.5 wt% of [P4441]

[CH3SO4] + 2.2 wt% of Al2(SO4)3 + 39.5 wt% of H2O was determined at (25 ± 1) ºC. At 

least three individual systems were prepared for each NSAID, allowing the determination of 

the average solubility value and respective standard deviations. To a total weight of 1 g of 

the IL-rich phase, small amounts of each NSAID were added (0.002 – 0.005 g) and stirred 

under controlled temperature (25 ± 1) ºC using an Eppendorf Thermomixer® comfort 

equipment. The samples were left to equilibrate and NSAIDs were continuously added until 

the detection of a cloud point (visual identification of the first solid in solution). After the 

identification of the cloud point, the samples were left under stirring for at least 24 h at (25 

± 1) ºC to guarantee that the no further NSAID is dissolved and that the saturation of the IL-

rich phase was achieved.

Recovery of NSAIDs and IL Recycling

To ascertain on the recycling ability of the studied ABS, the recovery of the NSAIDs from 

the IL-rich phase was first addressed followed by the IL reuse in a new cycle of NSAIDs 

removal. After the extraction step and NSAIDs enrichment in the IL-rich phase, water was 

added to this phase as an anti-solvent, in different amounts, and the mixture was vigorously 

stirred. Since NSAIDs have a low water solubility,52 and considering the recently 

demonstrated ILs hydrotropic effect,53 the precipitation of NSAIDs is easily achieved, in a 

single-step, by the simple addition of water. The precipitated NSAIDs were recovered by 

filtration under vacuum, using a Sartorius Stedim Biotech Cellulose Nitrate filter, with a 

pore size of 0.45 µm. The obtained precipitate was further washed with 10 mL of deionized 

water, dried at 70 ºC and weighted until constant weight.

The percentage of recovered NSAIDs (%Recovery) was determined according to:

%Recovery =
wNSAID recovered

wNSAID IL−rich phase
× 100 (2)

where (wNSAID)recovered and (wNSAID)IL-rich phase are the total weight of each NSAID after 

the filtration and drying step and the total weight of each NSAID present in the IL-rich 

phase, respectively.

In order to explore the viability of the ABS reuse, it is necessary to know the exact 

composition of the IL-rich phase, so that the necessary amount of Al2(SO4)3 and aqueous 

solutions containing NSAIDs for the formation of a new ABS can be directly added. This 

information was obtained by the phase’s compositions and TLs data given in detail in the 

Supporting Information. After the recovery step of NSAIDs, the IL aqueous solution was 

placed in a rotary evaporator at 70 ºC for the removal of excess water. The water content of 

the IL-rich phase was further determined by Karl-Fischer titration, using a Metrohm 831 

Karl Fischer coulometer. The reagent employed was Hydranal - Coulomat AG from Riedel-

de Haën. Then, the concentrated IL aqueous solution was recovered and different amounts of 
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Al2(SO4)3 and aqueous solutions of each NSAID were added to proceed to a new extraction 

cycle. The removal of NSAIDs and recycling of the IL-rich was repeated for 4 consecutive 

cycles.

Results and Discussion

Removal of NSAIDs using IL-based ABS

The compositions of each ABS used in the removal of NSAIDs from aqueous media ranged 

between 29.97 and 42.03 wt% for the IL, while a fixed composition, 15 wt%, was chosen for 

Al2(SO4)3, in order to carry out the extraction studies at a fixed TLL (≈70). This fixed TLL 

was chosen to maintain the difference between the compositions of the two phases, thus 

allowing a better evaluation of the IL nature effect. Furthermore, the use of a long TLL 

usually leads to an increase in the extraction efficiency47 as well as to a lower cross-

contamination of each phase by the component enriched in the opposite layer.50 The liquid–

liquid ternary phase diagrams used in this work were previously reported by Neves et al.50 

However, additional TLs (composition of each phase for a given mixture) were determined 

in this work for the mixtures compositions used in the extraction/removal studies of 

NSAIDs. The detailed initial mixture compositions and respective TLs used in the extraction 

studies of each NSAID are presented in Tables S.I.1 to S.I.4, in the Supporting Information. 

The values of the extraction efficiencies and pH of the IL-rich phase, as well as the 

respective standard deviations are also provided in the Supporting Information (Tables S.I.1 

to S.I.4).

The pH values of the IL-rich phases of the ABS prepared ranged between 1.48 and 3.17 - a 

consequence of the Al2(SO4)3 acidic nature in aqueous media. Therefore, in the studied 

ABS, the NSAIDs investigated are preferentially in a non-charged form (pKa values > 

3.88)),54 meaning that electrostatic interactions do not play a major role in the investigated 

ABS extraction performance. The only exception occurs for diclofenac that is a sodium salt. 

However, no major differences in the diclofenac partition behavior are observed, as 

discussed below, confirming the negligible effect of electrostatic interactions. The respective 

dissociation curves and pKa values of each NSAID are shown in the Supporting Information 

(Figures S.I.1 to S.I.4).

Figure 3 depicts the extraction efficiencies (%EE) of the investigated ABS for NSAIDs. In 

general, all studied ABS display a remarkable one-step performance to extract NSAIDs to 

the IL-rich phase from aqueous media, with %EE varying from 91 to 100%. NSAIDs are 

highly hydrophobic molecules (logKow values ranging between 3.1255 and 4.5156 – 

Supporting Information, Table S.I.5) and thus preferentially partition to the less hydrophilic 

and of lower ionic strength IL-rich phase. The preferential partition of NSAIDs to the IL-

phase is also a consequence of the strong salting-out effect of the salt used, according to the 

Hofmeister series.57

In general, the differences on the %EE are dependent on both the IL employed and NSAID 

used. An increase in the cation alkyl side chain length (from [C2C1im][CF3SO3] to 

[C4C1im][CF3SO3]), leads to an increase in the %EE for diclofenac and naproxen, and to an 

opposite behavior for ketoprofen. Regarding the IL anion effect, the [C4C1im][CF3SO3]-
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based ABS leads to higher %EE for diclofenac than [C4C1im][Tos]-based ones, while the 

opposite trend is observed for naproxen. On the other hand, small differences are observed in 

the %EE of all NSAIDs with the [P4444]Br- and [P4444]Cl-based systems, with the exception 

of ketoprofen where the last ABS seems to be more promising.

Although imidazolium-based ILs are amongst the most investigated ILs for ABS creation 

and further use in extraction/purification processes,37 it is here shown that phosphonium-

based ILs display a higher ability to extract NSAIDs from aqueous media. It was already 

demonstrated that phosphonium-based ILs are more efficient to form ABS,50, 58, 59 i.e., 
require lower amounts of IL and salt to undergo phase separation, in agreement with their 

higher hydrophobic nature. This phenomenon is independent of the salt used and aqueous 

media pH.50, 58, 59 This higher hydrophobic nature of phosphonium-based salts mainly 

derives from the butyl chains at the quaternary cation, which seems to be promising for the 

extraction of highly hydrophobic compounds, such as NSAIDs. Furthermore, there is a 

lower loss of IL for the salt-rich phase (or cross-contamination) when phosphonium-based 

ILs are used. For instance, for the mixtures investigated, the amount of all phosphonium-

based ILs in the Al2(SO4)3-rich phase is ca. or below 1 wt% – Supporting Information with 

detailed TL data. Phosphonium-based ILs also are less toxic, thermally more stable, 

commercially produced in larger scales, and less expensive than imidazolium-based fluids,

60, 61 which can be seen as further advantages in large-scale operations.

The NSAIDs diclofenac, ibuprofen and naproxen are included in the top 10 persistent 

pollutants.15 As mentioned before, several methods have already been tested for APIs 

removal, such as the addition of salts28 and reverse osmosis,31 and APIs degradation, such 

as ozonation29 and chloride oxidation.30 However, the low extraction efficiencies provided 

by these techniques as well as their high energy requirements clearly indicate that the 

development of a cost-efficient removal technique for NAIDs from aqueous media is a 

crucial requirement. In this work, and amongst all the ABS investigated, the [P4441]

[CH3SO4]-based one led to %EE of 100% of all NSAIDs to the IL-rich phase, achieved in a 

single-step and at room temperature, thus representing a promising alternative strategy for 

the treatment of aqueous environments. Taking into account these results and the advantages 

associated to phosphonium-based ILs discussed above, this IL was chosen for the next steps 

of NSAIDs recovery and IL regeneration and reuse.

Recovery of NSAIDs and IL Recycling

The solubility of all NSAIDs in the [P4441][CH3SO4]-rich phase of the respective ABS was 

determined at 25 ºC in order to better understand the high extraction ability of IL-based ABS 

and to design more sustainable NSAIDs removal techniques. Table 1 presents the solubility 

(saturation point) of each NSAID in the [P4441][CH3SO4]-rich phase and in pure water for 

comparison purposes.

NSAIDs are highly hydrophobic compounds, and thus present a low solubility in pure water.

52 However, from the data shown in Table 1, it is clearly shown that the solubility of 

NSAIDs in the [P4441][CH3SO4]-rich phase is significantly higher. The solubility of 

NSAIDs in the IL-rich phase increases from a 300- to a 4100-fold (≈4100-fold for 

diclofenac, ≈1100-fold for ibuprofen, ≈1400-fold for naproxen and ≈300-fold for 
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ketoprofen) when compared with pure water. This increase in solubility closely follows the 

logKow values of the investigated NSAIDs, meaning that the higher the hydrophobic nature 

of the drug (logKow values ranging between 3.1255 and 4.5156 – Supporting Information, 

Table S.I.5), the higher is the increase in the solubility observed in the IL-rich phase. This 

remarkable increase in the solubility of NSAIDs in aqueous media is a consequence of the 

ILs hydrotropic ability recently proposed.53 Cláudio et al.53 reported a maximum in the 

solubility of antioxidants in aqueous solutions of imidazolium-based ILs of 40-fold. In this 

work, a significantly higher increase in the solubility of NSAIDs was observed further 

suggesting that phosphonium-based ILs are a promising class of hydrotropes, and that ILs 

act as excellent hydrotropes of very hydrophobic substances.

The boosted solvation ability of ILs for drugs (e.g. analgesic, non-steroidal anti-

inflammatory drugs and antibiotics) has been studied by other authors,62–64 where a 

significant dependence on both the IL and drug hydrophobicity-hydrophilicity character was 

observed. Nevertheless, in all of these studies, pure and non-water miscible ILs were 

investigated. Although out of the scope of this work, the remarkable ability shown here of 

phosphonium-based ILs to perform as hydrotopes leading to an exceptional increase on the 

solubility of highly hydrophobic drugs in aqueous media should be stressed. Aqueous 

solutions of water-soluble ILs can thus be seen as promising alternatives to increase the 

bioavailability of relevant pharmaceuticals.

The significantly high solubility values of NSAIDs in the IL-rich phase support the 

possibility of using the same system to recover large amounts of NSAIDs from aqueous 

media or to be used in continuous processes before reaching the system saturation. For 

instance, and amongst the studied NSAIDs, diclofenac presents the lowest solubility in the 

[P4441][CH3SO4]-rich phase (9720 mg.L-1). According to Pal et al.,12 diclofenac is found in 

WWTP/STP effluents at a concentration ca. 0.0033 mg.L-1. Thus, working at the 

composition studied in this work for the [P4441][CH3SO4]-based ABS, ideally it would be 

possible to treat 3319 L of water with 1 g of [P4441][CH3SO4], i.e., up to the saturation of 

diclofenac in the IL-rich phase.

After the IL-rich phase saturation with each NSAID, the drugs recovery was carried out 

followed by the reuse of the IL, aiming at developing cost-efficient and more sustainable 

removal technologies. As clearly demonstrated in this work as well as in the literature,37 the 

use of ILs as phase-forming components in ABS leads to outstanding extraction 

performances compared to more traditional routes. Nevertheless, the IL regeneration, 

recycling and reuse lagged behind and still remain a challenging assignment. Due to the 

negligible volatility of ILs, the recovery of the compounds extracted and the ILs reutilization 

are still major obstacles towards the development of more sustainable IL-based techniques. 

Taking into account the ILs hydrotropic nature and the low solubility of NSAIDs in pure 

water, the recovery of NSAIDs was herein addressed by induced precipitation from the IL-

rich phase through the addition of water (the greenest solvent overall) as an anti-solvent. 

Several volume ratios of the IL-rich-phase:water were investigated. Table 2 presents de 

percentage recovery of each NSAID (%Recovery) from the IL-rich phase by the addition of 

different amounts of water.
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As expected, an increase in the volume of water added (as anti-solvent) leads to an increase 

of the NSAIDs precipitation, although non-significant differences are seen between the 1:3 

and 1:5 volume ratios. The NSAIDs recovery from the IL-rich phase by induced 

precipitation ranged between 40 and 91%, obtained in a single-step. The NSAIDs recovery 

efficiency follows the order: naproxen > ibuprofen > diclofenac > ketoprofen. With the 

exception of the diclofenac sodium salt, the recovery of NSAIDs closely follows their 

hydrophobic nature, i.e., the higher the logKow value the higher the recovery of each NSAID 

by the addition of water (Table S.I.5 in the Supporting Information). It seems thus that the 

induced precipitation of a NSAID in a salt form is more difficult to achieve by the addition 

of water as anti-solvent – an expected trend since salts display a higher solubility in water 

than their non-charged forms.

Based on the possibility of saturating the IL-rich phase and its further “cleaning”, the IL-rich 

phase was recovered and reused in the formation of new ABS to explore their viability as 

continuous removal platforms for NSAIDs. At least in four sequential cycles, a decrease on 

the ABS ability to extract NSAIDs from aqueous media was not observed nor a decrease on 

the NSAIDs recovery by induced precipitation from the IL-rich phase – Figure 4 (detailed 

data in Table S.I.6 in the Supporting Information). The %EE of the ABS is maintained at 

100%, in a single-step, along the four cycles. Thus, the [P4441][CH3SO4]-based system does 

not lose its ability to completely remove NSAIDs from aqueous media after recovery and 

reuse. In the 4 cycles, more than 94 wt% of the IL was recovered and reused. This 

remarkable recovery of the IL is a main result of the strong salting-out ability of the salt 

used, Al2(SO4)3, as previously discussed, with the additional advantage of being currently 

used as a flocculant agent in the treatment of drinking water.65 Furthermore, the NSAIDs 

recovery efficiencies in the four cycles are similar to those previously presented (Table 2), 

with %Recovery values ranging between 46 and 93%.

In summary, the use of ABS composed of [P4441][CH3SO4] + Al2(SO4)3 allows the 

complete removal of NSAIDs from aqueous media in a single-step, the further cleaning of 

the IL-rich phase and NSAIDs recovery by the addition of water as anti-solvent, and further 

IL reuse in the creation of new ABS. Figure 5 depicts the developed integrated process for 

NSAIDs removal from aqueous media, comprising the step of removal of NSAIDs followed 

by the recyclability of the IL-rich phase, thus guaranteeing the sustainability of the proposed 

process.

Conclusions

A novel method to remove NSAIDs, such as diclofenac, ibuprofen, naproxen and 

ketoprofen, from aqueous media was here proposed. ABS composed of Al2(SO4)3 and 

imidazolium- or phosphonium-based ILs lead to extraction efficiencies of NSAIDs up to 

100% in a single-step. Amongst the ILs investigated, phosphonium-based fluids display the 

best performance.

In addition to the high ability of IL-based ABS to extract a wide variety of compounds, the 

IL recycling and reuse remains a challenging issue towards the development of greener and 

more sustainable and cost-effective processes. An integrated process was proposed here and 
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comprises: (i) the NSAIDs removal from the aqueous media; (ii) the NSAIDs recovery from 

the IL-rich phase by induced precipitation; and (iii) the IL recovery and reuse. Based on the 

high hydrophobic nature of NSAIDs, a proper choice of an anti-solvent, namely water which 

stands amongst the greener solvents overall, was used in order to precipitate NSAIDs and to 

“clean” the IL-rich phase, in which recovery percentages of NSAIDs up to 93% were 

obtained in a single-step. The IL was then recovered (more than 94 wt%) and reused in 4 

consecutive cycles, ensuring the sustainability of the proposed process and without losses on 

the ABS extraction ability.

The proposed integrated process represents an improvement towards the use of IL-based 

ABS with a lower environmental footmark and economic impact, while demonstrating the 

potential of these systems to remove pharmaceutical drugs from aqueous media, unlocking 

thus new doors to the treatment of aqueous streams/effluents.
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Figure 1. 
Chemical structures of the NSAIDs investigated: diclofenac sodium salt (i), ibuprofen (ii), 

naproxen (iii), and ketoprofen (iv).
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Figure 2. 
Chemical structures of the ILs used to form ABS: [C2C1im][CF3SO3] (i), [C4C1im]

[CF3SO3] (ii), [C4C1im][Tos] (iii), [Pi(444)1][Tos] (iv), [P4441][CH3SO4] (v), [P4444]Br (vi), 

and [P4444]Cl (vii).
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Figure 3. 
Extraction efficiencies (%EE) of ABS composed of IL + Al2(SO4)3+ H2O (at 25 ºC) for 

non-steroidal anti-inflammatory drugs.
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Figure 4. 
Recovery of non-steroidal anti-inflammatory drugs (%Recovery) from the IL-rich phase 

(green bars) and extraction efficiencies of non-steroidal anti-inflammatory drugs (%EE) 

(blue bars), in four consecutive cycles.
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Figure 5. 
Representative scheme of the overall process for NSAIDs removal, comprising the NSAIDs 

recovery and IL recycling.
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Table 1

Solubility of NSAIDs in water52 and in the [P4441][CH3SO4]-rich phase at 25 ºC.

Solubility of NSAIDs / mg.L-1

Water52 [P4441][CH3SO4]-rich phase

Diclofenac 2.37 9720 ± 142

Ibuprofen 21.0 23024 ± 257

Naproxen 15.9 22594 ± 210

Ketoprofen 51.0 16780 ± 130
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Table 2

Recovery of NSAIDs from the IL-rich phase (%Recovery) by the addition of different volumes of water as 

anti-solvent.

Volume ratio of the IL-rich-phase:water

1:1 1:3 1:5

%(Recovery ± σ)

Diclofenac 53 ± 3 68 ± 6 69 ± 3

Ibuprofen 76 ± 2 80 ± 3 83 ± 3

Naproxen 79 ± 4 86 ± 5 91 ± 2

Ketoprofen 40 ± 3 46 ± 4 48 ± 3
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