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Abstract: Ibuprofen (Ibf) is a biologically active drug (BADs) and an emerging contaminant of
concern (CECs) in aqueous streams. Due to its adverse effects upon aquatic organisms and humans,
the removal and recovery of Ibf are essential. Usually, conventional solvents are employed for the
separation and recovery of ibuprofen. Due to environmental limitations, alternative green extracting
agents need to be explored. Ionic liquids (ILs), emerging and greener alternatives, can also serve this
purpose. It is essential to explore ILs that are effective for recovering ibuprofen, among millions of ILs.
The conductor-like screening model for real solvents (COSMO-RS) is an efficient tool that can be used
to screen ILs specifically for ibuprofen extraction. The main objective of this work was to identify the
best IL for the extraction of ibuprofen. A total of 152 different cation–anion combinations consisting
of eight aromatic and non-aromatic cations and nineteen anions were screened. The evaluation was
based upon activity coefficients, capacity, and selectivity values. Furthermore, the effect of alkyl
chain length was studied. The results suggest that quaternary ammonium (cation) and sulfate (anion)
have better extraction ability for ibuprofen than the other combinations tested. An ionic liquid-based
green emulsion liquid membrane (ILGELM) was developed using the selected ionic liquid as the
extractant, sunflower oil as the diluent, Span 80 as the surfactant, and NaOH as the stripping agent.
Experimental verification was carried out using the ILGELM. The experimental results indicated
that the predicted COSMO-RS and the experimental results were in good agreement. The proposed
IL-based GELM is highly effective for the removal and recovery of ibuprofen.

Keywords: ionic liquids; biologically active drug; COSMO-RS; extractant; emulsion liquid membrane;
green process

1. Introduction

Ibuprofen (Ibf)—chemical formula C13H18O2—is a nonsteroidal anti-inflammatory
drug (NSAID), listed as a contaminant of emerging concern (CECs) [1,2]. It is the world’s
third most consumed medication [3]. It is used for treating arthritis and musculoskele-
tal disorders in adults and children [4]. Ibf, when disposed of through various means
such as from hospitals, manufacturing industries, excretion processes, etc., undergoes
several reactions resulting in more hazardous compounds than the parent drug [5]. The
concentration of Ibf in different aqueous streams is greater than 1000 ng/L and poses
a great risk to the environment [6]. For the removal of Ibf, commonly used methods
include liquid chromatography–mass spectrometry (LC–MS), high-performance liquid
chromatography (HPLC) [7], solid-phase extraction (SPE) [8], dispersive liquid–liquid
microextraction [9], ultrafiltration, nanofiltration [10], activated carbon [11], etc. These
methods employ toxic solvents such as hexane, heptane, etc. [12], that are hazardous to
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the environment. Hence, treatment technologies with greener solvents and improved
extraction efficiencies are required.

The liquid membrane technology (LMT) has emerged as an efficient extraction tech-
nique [13] for the removal of organic pollutants [14], metals [15], and biomolecules [14,16].
LMs include four types: supported liquid membranes (SLM), bulk liquid membranes
(BLM), polymer inclusion membranes (PIM), and emulsion liquid membranes (ELM). Al-
though SLM, BLM, and PIMs are effective, they possess low efficiency, are unstable, have a
short lifetime, are expensive, and have a low selectivity. The emulsion liquid membranes
(ELM), because of their enhanced removal efficiency, increased mass transfer rate, and
simultaneous stripping and extraction, are suitable for removing Ibf [17]. The stability
of the emulsion is an important factor that governs the potential of ELM. The only issue
arising when using this technique is the instability of the emulsion [18]. Therefore, an
external agent, also called an extractant, is required [19]. With the increase in environmen-
tal awareness and the introduction of the sustainable development goals (SDGs) [20] and
green innovative practices [21], in order to follow the fifth principle of green chemistry [22],
sustainability [23], and ISO 140001 [24], more focus is being paid to incorporating greener
alternatives [25] and green innovative practices (GIPs) [21]. Owing to the outstanding
properties and various applications of ionic liquids (ILs) in the extraction [26] and pharma-
ceutical industries, such as for chemical synthesis, drug delivery [27], and in separation
processes [28], it is believed that the use of ILs as carriers in ELM would be beneficial.

Ionic liquids (ILs), also called “eco-friendly” or “greener” [29] organic solvents, can
be incorporated as carriers to remove Ibf. As compared to conventional solvents such as
napthenic acids, D2EHPA, etc., ILs are characterized by low vapor pressure, minimal sol-
vent losses, thermal stability, and better bonding abilities and hence are greener and better
extractants than other solvents. The synthesis of thousands of ILs has been carried out for
extraction purposes. However, the extraction of Ibf using IL-based ELM has not been de-
scribed. Table S1 shows ILs that are being used for the removal of Ibf using various methods.
The literature reveals that the most commonly used ILs are imidazolium, phosphonium,
and ammonium. However, it is possible to further select ILs with better extraction effi-
ciencies and thermodynamic properties. Since there are many cations and anions forming
ILs, it is a cumbersome task to select ILs with excellent extraction properties [18] experi-
mentally. An essential alternative to avoid this tiresome task is a conductor-like screening
model for real solvents (COSMO-RS). This is a simulation tool that predicts the activity
coefficient at infinite dilution (ACid), which is used to evaluate ILs capacity, selectivity,
and performance index [30]. As compared to UNIFAC and UNIQUAC, which require
large experimental data, COSMO-RS requires only the molecular structure to evaluate
the potency of any solvent for a solute under study; hence, it is useful to select solvents
with better properties. Furthermore, COSMO-RS provides real insights into the interaction
between solute and solvent [31,32]. These predictions are helpful and proved useful for the
removal of phenol [33], lactic acid [34], ethenzamide [35], camphorsulfonate [36], aldehydes
and ketones [37], propane and propylene [38], and salicylic acid [39].

So far, there have been limited attempts to screen ILs as extractants for emulsion liquid
membranes for Ibf separation using COSMO-RS. This is the first study in which a detailed
screening using various combinations of ILs for Ibf was performed, to the best of our
knowledge. Hence, the main objective of this work was to identify the best cation–anion
combination to be used in a potential IL for the removal of Ibf from aqueous streams. The
identified IL can be used as an extractant with different extraction techniques. Since there
is no research on IL-based ELM applications for Ibf extraction, the identified IL was used in
this work to develop an ionic liquid-based green emulsion liquid membrane (ILGELM) for
Ibf extraction. Most of the studies for Ibf extraction were carried out using imidazolium [40]
and pyridinium [41] cations and PF6

−, BF4
−, Br−, and Cl− anions [42,43]. Hence, eight

cations, including cyclic, aromatic, non-aromatic molecules, and 19 anions, both hydrophilic
and hydrophobic, were selected, obtaining 152 IL combinations. Tables 1 and 2 provide the
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list of the selected cations and anions. ACid, capacity, selectivity, solvation energies were
determined, and evaluations were made to select the best suitable IL.

Table 1. List of the selected cations.

Cation Acronym

Choline Ch

Tetramethylammonium TMAm

1-Butyl-3-methyl-imidazolium BMIm

1-Butyl-3-methyl pyridinium BMPy

1-Butyl-1-methyl pyrrolidiniumtoledo BMPyr

1-Butyl-1-methyl piperidinium BMPip

Tetrabutylphosphonium TBPh

Gunadinium Gu

Table 2. List of the selected anions.

Anion Acronym

Sulphate SO4
2−

Chloride Cl−

Tetrafluoroborate BF4
−

Butylsulfate C4H9O4S−

Hexfluorophosphate PF6
−

Acetate CH3COO−

Alaninate C3H6NO2
−

Arginitate C16H13N4O2
−

Bromide Br−

Decanoate C10H19O2
−

Perchlorate ClO4
−

Glutamate C5H9NO4
−

Formate HCOO−

Glycinate C2H4NO2
−

Nitrite NO3
−

salicylate C7H5O3
−

sachcharinate C7H5NO3S−

bis(trifluoromethyl)sulfonylimide Ntf2
−

valinate C5H11N2O3
−

2. Results and Discussion

This section presents the results obtained using COSMO-RS for Ibf, the development
of the ILGELM using the screened IL, and an experimental validation. Sigma surface
along with σ-profile and σ-potential are shown in Figures 1 and 2, respectively. The sigma
surface represents the polarity, charge distribution, nature of bonding [39,44]. The colors
green, blue, and red represent neutral, positive, and negative charges corresponding to
the non-polar, H-bond donor, and H-bond acceptor regions on the σ-profiles [45]. Figure 1
shows sharp and light peaks both in polar and non-polar areas. Ibf shows a sharp peak at
0.3 e/nm2 in the non-polar area, revealing its capacity to be more attracted to non-polar
molecules. The small peaks in the H-bond acceptor region are due to the presence of
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the (=O group), and those in H-bond donor regions are due to the OH− group [40]. The
presence of peaks in the polar areas signifies an interaction with polar compounds [46].
A small peak is observed at −1.7 e/nm2 in the H-bond donor region, and a sharp peak
at 1.2 e/nm2 in the H-bond acceptor region. As a result, the sigma potential revealed the
interaction of Ibf with ILs. Figure 2 indicates that Ibf will function more as an H-bond
acceptor (=O group); hence, it will interact and bond well with H-bond donor molecules.
The polar nature of Ibf is due to the presence of the carboxylic acid group, and its non-polar
nature is due to the presence of benzene and alkyl groups.
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2.1. Activity Coefficient at Infinite Dilution

ACid is an important parameter for the preliminary selection of solvents for extrac-
tion [47]. The ACid values of 8 selected cations and 19 different anions forming 152 ILs com-
binations were predicted using COSMO-RS at room temperature. Figure 3 shows the ACid

values for different cation–anion combinations screened for Ibf. The lower the value of ACid,
the better is the IL for separation. The order of cations in relation to the ACid was as fol-
lows: [TMAm] < [Ch] < [BMPyr] < [BMPip] < [TBPh] < [BMPy] < [BMIm] < [Gu]. Higher
values of ACid are unfavorable for ILs. The results proved that for Ibf, the cations possess-
ing aromatic structures have high ACid values and hence poor extraction capacity for Ibf.
This is due to the delocalization of charges caused by pi bonds in ring structures, which
imparts stability and poor bonding ability. In contrast, the cations without ring structures,
such as ammonium, choline, etc., are favorable for Ibf extraction using an ELM. This is
because cation interactions are mainly due to hydrogen bonding between the cation and
the heteroatom of Ibf [48]. Table S3 presents the ACid values computed using COSMO-RS.
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The anion trend in relation to the ACid, as shown in Figure 3, was as follows:
SO4

2− < Cl− < Br− < CH3CHOO−. The Hofmeister series could well explain this trend.
The trend showed that intensely hydrated ions such as SO4

2−, Cl−, and Br− possess better
extracting ability for Ibf. In contrast, anions such as PF6

−, SCN−, and Ntf2
−, which are

weakly hydrated, have higher values of ACid and hence are not suitable for Ibf extraction
because of their instability [49]. This can further also be explained on the basis of the
H-bonding ability of these anions because of their high electronegativity. SO4

2−, Cl−, and
Br− can form H-bonds quickly with the OH- group of Ibf and hence are better extracting
agents for Ibf. In contrast, non-coordinating anions cannot form H-bonds due to their weak
bonding nature and thus are unsuitable for Ibf extraction. In addition, anions possessing
strong electron-withdrawing fluorinated group results in decreased charge density [50].
These results agree with our previous work on LA showing that quaternary ammonium
ILs were potentially useful for its extraction [34]. A similar trend for anions was observed
in another study on Ibf where imidazolium-based ILs were studied [40].



Molecules 2023, 28, 2345 6 of 15

2.2. IL Capacity towards Ibf

The capacity of the 152 IL combinations was evaluated at 25 ◦C, and the re-
sults are presented in Figure 4. The order of the capacities in relation to cations
were [TMAm] > [Ch] > [BMPyr] > [BMPip] > [TBPh] > [BMPy] > [BMIm] > [Gu]. Table S4
presents the capacity values. It was observed that cations consisting of π bonds, i.e., aro-
matic rings such as pyridinium and imidazolium, showed lower capacity values at infinite
dilution (C∞) than cations devoid of it. These results are in good agreement with the results
reported in our previous study on LA [34]. Hence, it can be concluded that hydrogen
bonding will favor the extraction of Ibf [51].
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The anion trend, as shown in Figure 4, was as follows: SO4
2−, Cl−, Br−, CH3CHOO−.

The trend showed that the SO4
2 − anion possesses a high capacity compared to other anions.

This can be explained as SO4
2− contains an extra negative charge, making it more suitable

for H-bonding than other anions. The other anions that strongly showed higher capacity
values were Cl− and Br− This can be explained based on the Hofmeister series indicating
the ion specific effect, i.e., that smaller anions possess better H-bonding and are favorable
for Ibf extraction. Hydrophobic anions such as PF6

−, SCN−, Ntf2
−, which are weakly

hydrated and non-coordinating, have lower capacity values and hence are not suitable
for Ibf extraction because of their instability [49]. This can also be explained based on the
H-bonding ability of these anions. These results agree with work on eicosapentaenoic acid
that found that quaternary ammonium ILs were suitable for extraction purposes [52].

2.3. Selectivity at Infinite Dilution

Selectivity is an important parameter governing the extraction ability of ILs. Selectivity
towards Ibf with ammonium, pyrrolidinium, piperidinium, phosphonium, pyridinium,
imidazolium, guanidinium, and choline cations along with 19 anions was estimated via
COSMO-RS. The results are present in Figure 5. The following trend was observed for
the cations: [TMAm] > [Ch] > [BMPyr] > [BMPip] > [TBPh] > [BMPy] > [BMIm] > [Gu].
Table S5 presents the values of selectivity of the ILs under study. Non-aromatic cations
such as ammonium, choline, and pyrrolidinium showed higher selectivity values, hence
better extraction ability for Ibf. These cations can form strong H-bonds with Ibf, hence
have increased selectivity values. In contrast, aromatic cations showed less selectivity since,
because of delocalization and steric hindrance, H-bonding formation was reduced [34].
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The anion trend was: SO4
2−, Cl−, Br−, CH3CHOO−. The results disclosed that SO4

2−,
and Cl− possess the highest selectivity values. The extra negative charge on the SO4

2−

anion is favorable for H-bond formation with Ibf. The Ibf molecule possesses one H-bond
donor and two H-bond acceptors. S=O is a good acceptor of protons, forming an H-bond
with the Ibf OH− group, thereby improving the solvent’s extraction ability. These results
correlate with the results reported for α- docosahexaenoic acid and lactic acid showing that
tetramethylammonium sulphate is a potential IL for these BACs [34,53].

2.4. Performance Index

The ILs which possess higher selectivity also have higher values of capacity. Some-
times, ILs that possess high selectivity may not possess high capacities or vice versa. Hence,
the performance index is used to find a suitable IL. The performance index is the prod-
uct of capacity and selectivity. Figure 6 presents the values of [TMAm], [Ch], [BMPyr],
[BMPip], [TBPh], [BMPy], [BMIm], [Gu], and 19 anions. The values were calculated us-
ing Equation (1). [TMAm], [Ch], and [BMPyr] possess higher values of PI due to their
higher values of capacity and selectivity. Table S6 presents the calculated performance
index values.

PI =
γ∞

12
γ∞2

12
(1)

The highest PI values were observed for [TMAm][SO4], [TMAm][Cl], [Ch]S[O4],
[Ch][Cl], [BMPyr][SO4], and [BMPyr][Cl]. It were observed for cations possessing no ring
such as [TMAm] and [Ch] and anions with minimum steric hindrance such as [SO4

2−]
and [Cl−].
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2.5. Solvation Free Energies

The solvation energy is related to a molecule’s basic chemical structure in the aqueous
phase [54]. The solvation free energies, ∆Gsolvation, for the best cation–anion combinations
were estimated using COSMO-RS. The results revealed that SO4

2− and Cl− possess more
negative solvation energy values for all the four cations, with the best solubility values,
compared to BF4

− and PF6
−. These results are in correlation with the ACid values. The

IL with the lowest values of ACid and ∆Gsolvation, is favorable for the extraction of Ibf.
Figure 7 shows the values of solvation energy for the SO4

2− anion. Amongst the cations,
the quaternary ammonium cation [TMAm] showed more negative energy values for SO4

2−

and Cl− anions. Hence, these two anions along with [TMAm] will be better extractant
for Ibf. In ELM, they can be used as carriers or extractants for increasing the membrane’s
stability and efficacy. The ILs as carriers form complexes, promoting the extraction of Ibf
from an aqueous solution. The is due to the hydrogen bonding that takes place between Ibf
and the ILs [55].
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2.6. Effect of Alkyl Chain Length upon ACid, Capacity, and Selectivity

The effect of alkyl chain length on ACid, capacity, and selectivity was studied for
the cation–anion combinations for selected anions. As the alkyl chain length increased,
ACid increased, resulting in decreased capacity and selectivity. This could be because, as
the alkyl chain increased, the hydrophobicity increased due to reduced polarity. It was
also observed that ammonium-based cations with a short alkyl chain possessed better
values of ACid, capacity, and selectivity than those with a longer alkyl chain. As the
alkyl chain lengthend, the COSMO volume expanded, resulting in decreased capacity
and selectivity [34]. Tables S7 and S8 present the capacity and selectivity values for ILs
combinations with alkyl chains. The results suggest that short-chain quaternary-ammonium
ILs will be suitable as extractants for Ibf.

2.7. Extraction Performance

The ability of extraction for cations and SO4
2−, [Cl−], and [BF4

−] anions can further
be explained based on the σ-profiles computed using COSMO-RS. Figure S4a presents
the σ-profiles for selected anions, i.e., SO4

2−, (2.23 e/nm2), Cl− (1.75 nm2), and BF4
−

(1.25 e/nm2). The results revealed that hydrophobic anions showed a smaller peak and
hence less capacity for H-bonding than SO4

2− and Cl−. Figure S1b presents the σ-profiles
for the cations under study. The results showed peaks in H-bond donor regions for
[TMAm] and [Ch]. In contrast, the peaks for [BMPyr], [BMPip], [TBPh], [BMPy], [BMIm],
and [Gu] were in the non-polar region, indicating that these ions possess high Van der
Waals affinity; therefore, these cations showed lesser capacity, selectivity, and performance
index compared to [TMAm] and [Ch].

2.8. ILGELM Extraction for Ibf and Experimental Verification

For the experimental verification of the COSMO-RS results, seven ILs were chosen. Ex-
traction was carried out utilizing an ionic liquid-based emulsion liquid membrane (ILELM).
[TMAm][SO4], [TMAm][Ac], [TMAm][Cl], [BMIm][Cl], [BMPyrro][Cl], [BMPyrro][Br], and
[Ch][Cl] were the ILs selected. In the development of the ILGELM, 0.2 wt.% of IL was
employed as a carrier. Table 3 presents the results at various IL concentrations for the
ILGELM developed using [TMAm][SO4]. The breakage must be less than 10%; however,
the lower the breakage the better the performance of the ELM. The results revealed that,
in the absence of the IL, the developed ELM was highly unstable, with a high breakage of
5.2%. The addition of the IL improved the stability of the ELM; the ELM was found to be
highly stable with 0.25 wt.% of IL ([TMAm][SO4]). The breakage was reduced to 1.2%, and
the maximum extraction efficiency was obtained.

Table 3. Breakage and extraction efficiency for Ibf recovery at various IL concentrations.

IL Concentration (wt.%) Breakage (%) Extraction Efficiency (%)

0 5.2 28.5

0.1 3.6 56.2

0.15 3.15 64.5

0.2 2.36 81.8

0.25 1.2 93.5

0.3 1.64 87.6

0.35 2.25 78.6

2.9. COSMO-RS Experimental Validation Using the ILGELM

There are no studies on the ACid values for Ibf–ILs using COSMO-RS. The extraction
efficiency obtained using the ILGELM was compared to the ACid predictions determined
using COSMO-RS for the specified ILs [32]. The correlation coefficient was computed
after plotting the regression curves. The regression curve was also used to calculate the
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theoretical efficiency. The extraction efficiency was evaluated between theoretical and
experimental extractions. The average absolute deviation was determined to validate the
results. Figure S5 presents the regression curve for ACid and the extraction efficiency. A
linear correlation was found between the predicted ACid values and the experimental
efficiencies. The correlation coefficient was found to be approximately 0.96. Using this
correlation, the theoretical extraction efficiencies were predicted. The average absolute
deviation was found to be 2.9%. The validation of the COSMO tool was performed in our
previous work upon the extraction of lactic acid. The predicted results were found to agree
with the experimental results, with a deviation of 8.2% [34]. The upper organic phase was
recovered and demulsified using a centrifuge. Two layers were formed. The organic layer
was emulsified after adding the stripping agent. The formed ILGELM was reused for the
extraction of Ibf.

3. Materials and Methodology
3.1. Materials

Ibf (pure) was procured from PubChem. The sunflower–canola oil blend was pur-
chased from LOTUS supermarket. Sodium hydroxide (NaOH), Span 80, tetramethylammo-
nium acetate [TMAm][Ac] (≥99%), tetramethylammonium chloride [TMAm][Cl] (≥99%),
1-butyl-3-methylimidazolium acetate [EMIm][Ac] (≥99%), 1-Butyl-1-methylpyrrolidinium
chloride [BMPyrro][Cl] (≥99%), 1-butyl-1-methylpyrrolidinium bromide [BMPyrro][Br]
(≥99%), choline chloride [Ch][Cl] (≥99%), and tributylmethylammonium chloride [TB-
MAm][Cl] (≥99%) were supplied by Merck, Darmstadt, (Germany). All chemicals used
were of analytical grade and were used without further purification. A list of the chemicals
used and their properties is present in Table S2.

3.2. COSMO-RS Simulation Study

The calculations were performed using COSMOtherm (18.0.2 version, ImbacherWeg,
Leverkusen, Germany) software. Considering the molecular structure, COSMO performs
geometry optimization and calculates the polarization charged density [39]. Figure S1
shows the step-by-step method for the screening of ILs. The charge density gives an idea
of the polarity of the surface and is represented by a histogram. This is further used to
evaluate the σ profile and σ potential of a molecule. The σ profile and potentials signify the
H-bonding nature of the molecule under study [40]. Hydrogen bond energy EHB, misfit
Emisfit, and Van der Waals energy EvdW are the interaction energies that tell us about the
molecule’s bonding nature [40] and can be represented as such [56]. These parameters are
expressed by:

EHB=αe f f

α′

2
(σ + σ′)

2 (2)

EHB=αe f f CHB min(0; min(0; σdonor + σHB) max
(
0; σacceptor − σHB

)
(3)

EvdW = αe f f
(
τvdW + τ′vdW

)
(4)

α′ = an interaction parameter
αeff = the effective contact area
CHB = strength of hydrogen bonds
σHB = hydrogen bonding cut-off
τvdW = interaction parameter for specific elements
Using these interaction parameters, the chemical potential is calculated, which is

further used to estimate ACid. The chemical potential and ACid are evaluated using
Equations (5) and (6), respectively

µX
S = µX

C,S +
∫

PX (σ)µS(σ)dσ (5)

γ =
µ− µo

RT
(6)



Molecules 2023, 28, 2345 11 of 15

where,

µ = are the chemical potential of the IL
µo = chemical potential of the pure compound

The significance of ACid, capacity, and selectivity was highlighted. ACid is an im-
portant parameter for the preliminary selection of solvents for extraction [47]. The ACid

values are used for the determination of capacity and selectivity. Capacity and selectivity
are important for determining the required amount of an IL and governs the extractability.
The multiplication of power and selectivity provides the performance index (PI). The lower
the value of ACid, the higher the value of capacity, selectivity, and PI [28].(

C∞
12 =

1
γ∞

1

)IL phase
(7)

(
(S∞

12) =
γ∞

2
γ∞2

1

)
(8)

The aqueous phase inherent affinity of Ibf can be found by the evaluation of solvation
energies [41].

3.3. ILGELM Development

Figure S2 presents the schematic of ILGELM development. An ionic liquid-based
green emulsion liquid membrane was prepared using 10 mL of sunflower–canola oil in a
conical flask. Span 80, 1 wt.%, and IL, 0.1 wt.%, were added. The resultant mixture was
homogenized using a high-speed Ultraturrax homogenizer at 5000 rpm. Then, 2.5 mL
of NaOH was added, followed by homogenization at 5000 rpm for 5 min to develop
the ILGELM. This ILGELM was added to 25 mL of Ibf (100 µg/L). The solution was
stirred using a magnetic stirrer at 240 rpm for 7 min of extraction time. The contents were
then poured into a separatory funnel for the separation process to proceed. The solution
was allowed to settle for 5 min., resulting in the formation of an upper organic and a
lower aqueous phase. The upper phase was the extract phase containing the stripped
Ibf, which had been removed from the lower raffinate phase. The upper phase was
demulsified to recover Ibf. The lower aqueous phase was filtered, followed by concentration
measurement. The concentration of Ibf in the aqueous phase was measured using a UV–vis
spectrophotometer at a wavelength of 222 nm, the reference being distilled water. The
calibration curve is presented in Figure S3.

The Ibf removal efficiency was calculated using the formula

E f f iciency (%) =

(
Co − C

Co

)
× 100 (9)

Co = conc. of Ibf in the external phase initially
C = conc. of Ibf in the lower aqueous phase after extraction
The stability of ILGELM can be determined by calculating the breakage of ELM.

Breakage is defined as when the internal stripping agent spills into the external phase
from the membrane phase. Breakage affects the extraction performance and hence is an
important parameter.

Breakage can be calculated using the formula

∈ (%) =
Vs

Vi
× 100 (10)

where Vs is the amount of stripping agent leaked into the external phase, Vi is the initial
amount of stripping agent.
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4. Conclusions

The recovery and removal of Ibf, an emerging contaminant of concern, using green
alternatives are essential in light of the current and future environmental problems. Be-
cause of their superior characteristics and eco-friendliness, ILs are a viable alternative to
traditional solvents. Since there are millions of ILs, experimentally selecting the best IL
is tedious. In addition, the screening of ILs using COSMO-RS for Ibf has not been exten-
sively performed. Hence, COSMO-RS was used to screen suitable IL combinations for the
selection of potential ILs. A selected IL was used to develop an ILGELM. The developed
ILGELM was applied for the extraction of Ibf. The COSMO-RS results revealed that the
combinations of quaternary ammonium cations with SO4

2− and Cl− anions proved to be
the best. This is because of the high electronegativity and better bonding ability of these
anions. Non-coordinating anions such as BF4

− and PF6
− were not suitable for removing Ibf

because of their weak bonding abilities. Furthermore, the developed ILGELM was highly
stable and proved efficient for the extraction of Ibf. This research will contribute to the
selection of ILs for stable ELMs and other extraction techniques.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28052345/s1, Figure S1 Step by step COSMO-RS method-
ology to screen ILs for Ibf; Figure S2 Schematic representation of ionic liquid based green emulsion
liquid membrane; Figure S3 Calibration curve for Ibf using UV-vis; Figure S4 σ-profiles a)for cations
and b) for anions under study; Figure S5 Regression curve for ACid and experimental extraction effi-
ciency; Table S1 ILs used for the removal of Ibf; Table S2 Chemicals and reagents used; Table S3 ACid
values predicted using COSMO-RS for ILs; Table S4 Capacity values predicted using COSMO-RS for
ILs; Table S5 Selectivity values predictive using COSMO-RS for ILs; Table S6 Performance Index for
different ILs; Table S7 Effect of alkyl chain length on the capacity of ILs; Table S8 Effect of alkyl chain
length on the selectivity of ILs;
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[TBPPyri][Br] 4-Tert-butyl-1-propylpyridinium bromide
[EMIm][Trif] 1-Ethyl-3-methylimidazolium trifluoromethane-sulfonate (triflate),
[BMIm][Trif] 1-Butyl-3-methylimidazolium trifluoromethanesulfonate (triflate),
[BMIm][Tos] 1-Butyl-3-methylimidazolium tosylate
[TIBMPh][Tos] Tri(isobutyl)methylphosphonium tosylate,
[TBPh][Cl] Tetrabutylphosphonium chloride
[TBAm][Cl] Tetrabutylammonium chloride
[VBIm][PF6] 1-Vinyl-3-butylimidazolium hexafluorophosphate
[BMIm][PF6] 1-Butyl-3-methylimidazolium hexafluorophosphate
[BMIm][BF4] 1-Butyl-3-methylimidazolium tetrafluoroborate
[OMIm][PF6] 1-Octyl-3-methylimidazolium hexafluorophosphate
[D2EHPA] Di-(2-ethylhexyl)phosphoric acid
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32. Jeliński, T.; Cysewski, P. Screening of ionic liquids for efficient extraction of methylxanthines using COSMO-RS methodology.
Chem. Eng. Res. Des. 2017, 122, 176–183. [CrossRef]

33. Khan, A.S.; Ibrahim, T.H.; Rashid, Z.; Khamis, M.I.; Nancarrow, P.; Jabbar, N.A. COSMO-RS based screening of ionic liquids for
extraction of phenolic compounds from aqueous media. J. Mol. Liq. 2021, 328, 115387. [CrossRef]

34. Khan, H.W.; Reddy, A.V.B.; Nasef, M.M.E.; Bustam, M.A.; Goto, M.; Moniruzzaman, M. Screening of ionic liquids for the
extraction of biologically active compounds using emulsion liquid membrane: COSMO-RS prediction and experiments. J. Mol.
Liq. 2020, 309, 113122. [CrossRef]

35. Cysewski, P. Prediction of ethenzamide solubility in organic solvents by explicit inclusions of intermolecular interactions within
the framework of COSMO-RS-DARE. J. Mol. Liq. 2019, 290, 111163. [CrossRef]

36. Sardar, S.; Wilfred, C.D.; Mumtaz, A.; Rashid, Z.; Leveque, J.M. Synthesis, thermophysical properties, Hammett acidity and
COSMO-RS study of camphor sulfonate-based Brönsted acidic ionic liquids. J. Mol. Liq. 2018, 271, 621–630. [CrossRef]

37. Zhang, C.; Song, Z.; Jin, C.; Nijhuis, J.; Zhou, T.; Noël, T.; Gröger, H.; Sundmacher, K.; van Hest, J.; Hessel, V. Screening
of functional solvent system for automatic aldehyde and ketone separation in aldol reaction: A combined COSMO-RS and
experimental approach. Chem. Eng. J. 2020, 385, 123399. [CrossRef]

38. Fallanza, M.; González-Miquel, M.; Elia, R.; Alfredo, O.; Gorri, D.; Palomar, J.; Ortiz, I. Screening of RTILs for propane/propylene
separation using COSMO-RS methodology. Chem. Eng. J. 2013, 220, 284–293. [CrossRef]

39. Ting, H.C.; Khan, H.W.; Reddy, A.V.B.; Goto, M.; Moniruzzaman, M. Extraction of salicylic acid from wastewater using
ionic liquid-based green emulsion liquid membrane: COSMO-RS prediction and experimental verification. J. Mol. Liq. 2022,
347, 118280. [CrossRef]

40. Huang, Y.; Ji, Y.; Zhang, M.; Ouyang, D. How imidazolium-based ionic liquids solubilize the poorly soluble ibuprofen? A
theoretical study. AIChE J. 2020, 66, 16940. [CrossRef]

41. Sellaoui, L.; Guedidi, H.; Masson, S.; Reinert, L.; Levêque, J.M.; Knani, S.; Lamine, A.B.; Khalfaoui, M.; Duclaux, L. Steric and
energetic interpretations of the equilibrium adsorption of two new pyridinium ionic liquids and ibuprofen on a microporous
activated carbon cloth: Statistical and COSMO-RS models. Fluid Phase Equilibria 2016, 414, 156–163. [CrossRef]

42. e Silva, F.A.; Caban, M.; Stepnowski, P.; Coutinho, J.A.; Ventura, S.P. Recovery of ibuprofen from pharmaceutical wastes using
ionic liquids. Green Chem. 2016, 18, 3749–3757. [CrossRef]

43. Almeida, H.F.; Marrucho, I.M.; Freire, M.G. Removal of nonsteroidal anti-inflammatory drugs from aqueous environments with
reusable ionic-liquid-based systems. ACS Sustain. Chem. Eng. 2017, 5, 2428–2436. [CrossRef] [PubMed]

44. Malik, H.; Khan, H.W.; Shah, M.U.; Ahmad, M.I.; Khan, I.; Al-Kahtani, A.A.; Sillanpaa, M. Screening of ionic liquids as green
entrainers for ethanol water separation by extractive distillation: COSMO-RS prediction and aspen plus simulation. Chemosphere
2023, 311, 136901.

45. Haron, G.A.; Mahmood, H.; Noh, M.H.; Moniruzzaman, M. Ionic liquid assisted nanocellulose production from microcrystalline
cellulose: Correlation between cellulose solubility and nanocellulose yield via COSMO-RS prediction. J. Mol. Liq. 2022,
368, 120591.

46. Kurnia, K.A.; Harimurti, S.; Yung, H.K.; Baraheng, A.; Alimin, M.A.; Dagang, N.S.; Fadhilah, A.; Rosyadi, R.; Yahya, W.Z.; Bustam,
M.A. Understanding the effect of pH on the solubility of Gamavuton-0 in the aqueous solution: Experimental and COSMO-RS
modelling. J. Mol. Liq. 2019, 296, 111845. [CrossRef]

47. Islam, N.; Khan, H.W.; Gari, A.A.; Yusuf, M.; Irshad, K. Screening of ionic liquids as sustainable greener solvents for the capture
of greenhouse gases using COSMO-RS approach: Computational study. Fuel 2022, 330, 125540. [CrossRef]

48. Kunov-Kruse, A.J.; Weber, C.C.; Rogers, R.D.; Myerson, A.S. A priori design and selection of ionic liquids as solvents for active
pharmaceutical ingredients. Chem. —Eur. J. 2017, 23, 5498–5508. [CrossRef]

49. Kang, B.; Tang, H.; Zhao, Z.; Song, S. Hofmeister series: Insights of ion specificity from amphiphilic assembly and interface
property. ACS Omega 2020, 5, 6229–6239. [CrossRef]

50. Smith, K.B.; Bridson, R.H.; Leeke, G.A. Solubilities of pharmaceutical compounds in ionic liquids. J. Chem. Eng. Data 2011,
5, 2039–2043. [CrossRef]

http://doi.org/10.1016/j.trac.2021.116396
http://doi.org/10.1039/b907462g
http://doi.org/10.1021/acs.chemrev.6b00550
http://doi.org/10.1021/ie901341k
http://doi.org/10.1016/j.cherd.2017.04.015
http://doi.org/10.1016/j.molliq.2021.115387
http://doi.org/10.1016/j.molliq.2020.113122
http://doi.org/10.1016/j.molliq.2019.111163
http://doi.org/10.1016/j.molliq.2018.09.024
http://doi.org/10.1016/j.cej.2019.123399
http://doi.org/10.1016/j.cej.2013.01.052
http://doi.org/10.1016/j.molliq.2021.118280
http://doi.org/10.1002/aic.16940
http://doi.org/10.1016/j.fluid.2016.01.007
http://doi.org/10.1039/C6GC00261G
http://doi.org/10.1021/acssuschemeng.6b02771
http://www.ncbi.nlm.nih.gov/pubmed/30271684
http://doi.org/10.1016/j.molliq.2019.111845
http://doi.org/10.1016/j.fuel.2022.125540
http://doi.org/10.1002/chem.201605704
http://doi.org/10.1021/acsomega.0c00237
http://doi.org/10.1021/je101040p


Molecules 2023, 28, 2345 15 of 15

51. Rezaei Motlagh, S.; Harun, R.; Awang Biak, D.R.; Hussain, S.A.; Wan Ab Karim Ghani, W.A.; Khezri, R.; Wilfred, C.D.; Elgharbawy,
A.A. Screening of suitable ionic liquids as green solvents for extraction of eicosapentaenoic acid (EPA) from microalgae biomass
using COSMO-RS model. Molecules 2019, 4, 713. [CrossRef] [PubMed]

52. Rezaei Motlagh, S.; Harun, R.; Awang Biak, D.R.; Hussain, S.A.; Omar, R.; Elgharbawy, A.A. COSMO-RS based prediction for
alpha-linolenic acid (ALA) extraction from microalgae biomass using room temperature ionic liquids (RTILs). Mar. Drugs 2020,
2, 108. [CrossRef] [PubMed]

53. Rezaei Motlagh, S.; Harun, R.; Awang Biak, D.R.; Hussain, S.A.; Omar, R.; Elgharbawy, A.A. Prediction of potential ionic
liquids (ILS) for the solidâ liquid extraction of docosahexaenoic acid (DHA) from microalgae using COSMO-RS screening model.
Biomolecules 2020, 10, 1149.

54. Mohammed, S.A.; Yahya, W.Z.; Bustam, M.A.; Kibria, M.G.; Masri, A.N.; Kamonwel, N.D. Study of the ionic liquids electrochemi-
cal reduction using experimental and computational methods. J. Mol. Liq. 2022, 359, 119219. [CrossRef]

55. Khan, H.W.; Elgharbawy, A.A.; Bustam, M.A.; Goto, M.; Moniruzzaman, M. Vegetable Oil–Ionic Liquid-Based Emulsion Liquid
Membrane for the Removal of Lactic Acid from Aqueous Streams: Emulsion Size, Membrane Breakage, and Stability Study. ACS
Omega 2022, 7, 32176–32183. [CrossRef]

56. Diedenhofen, M.; Klamt, A. COSMO-RS as a tool for property prediction of IL mixtures—A review. Fluid Phase Equilibria 2010,
294, 31–38.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/molecules24040713
http://www.ncbi.nlm.nih.gov/pubmed/30781457
http://doi.org/10.3390/md18020108
http://www.ncbi.nlm.nih.gov/pubmed/32059424
http://doi.org/10.1016/j.molliq.2022.119219
http://doi.org/10.1021/acsomega.2c03425

	Introduction 
	Results and Discussion 
	Activity Coefficient at Infinite Dilution 
	IL Capacity towards Ibf 
	Selectivity at Infinite Dilution 
	Performance Index 
	Solvation Free Energies 
	Effect of Alkyl Chain Length upon ACid, Capacity, and Selectivity 
	Extraction Performance 
	ILGELM Extraction for Ibf and Experimental Verification 
	COSMO-RS Experimental Validation Using the ILGELM 

	Materials and Methodology 
	Materials 
	COSMO-RS Simulation Study 
	ILGELM Development 

	Conclusions 
	References

