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•	 Application of PIM for the extraction of organic 
pharmaceutical microcontaminants is emerging.

•	 Unplasticised PIM effectively remediated low 
concentration Ibuprofen model.

•	 Bioaccumulation of the ubiquitous Ibuprofen in water 
is potentially harmful.

•	 Aliquat 336 as a carrier effectively plasticized PVC- 
PIM for Ibuprofen remediation.
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1. Introduction

Previously, the Drinking water inspectorate, saddled with regulating 
public water supplies in England and Wales, assumed that granular activated 

carbon (GAC) and ozone treatments were sufficient to free tap water supplies 
from pesticides and other traces of organic pharmaceuticals [1]. However, recent 

Journal of Membrane Science & Research

journal homepage: www.msrjournal.com

Advanced tertiary treatments (ATTs) have been embraced as alternative technologies to prevent the harmful health influence of pharmaceutical contaminants such as 
2-(4-Isobutylphenyl) propanoic acid (Ibuprofen, Ibup.) in living beings. However, some significant drawbacks of these techniques necessitated a compelling desire to investigate 
alternative techniques to remediate emerging pharmaceutical compounds from water. Hence, Polymer inclusion membranes (PIMs) are currently being investigated as potentially 
efficient, reliable, and affordable alternative treatments. A self-plasticised PIMs containing tri-caprylmethylammonium chloride (Aliquat 336) embedded as the carrier and PVC base 
polymer was synthesized to remediate low Ibuprofen concentration. In a preliminary investigation, fabricated PIMs were examined by Fourier transforms infrared spectroscopy 
(FTIR), SEM, water uptake, contact angle (CA), chemical and physical stabilities. In addition, the PIMs were evaluated for the removal efficiency of low Ibuprofen concentration 
in an aqueous solution. The results showed that the self-plasticised thin-PIM could effectively extract low concentration Ibuprofen from a simulated aqueous Ibuprofen model up to 
~ 90% at optimum conditions. However, a drop in removal efficiency to ~ 67% after prolonged usage stability based on continuous extraction studies (over 280 h) of three cycles 
indicates the limited stability of the PIM. 

http://www.msrjournal.com/article_254404.html
http://www.msrjournal.com/article_43282.html
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studies and reports have shown that several drugs are resistant to conventional 

wastewater treatment techniques (WWTTs) because of their high 

hydrophilicity and low biodegradability [2–5]. As a result, advanced tertiary 

treatments (ATTs) have been embraced as alternative technologies to prevent 

the potential harmful health effects of pharmaceutical contaminants such as the 
2-(4-Isobutylphenyl) propanoic acid (Ibuprofen, Ibup.) in a living organism 

[6,7] Therefore, the application of advanced oxidation process (AOP), 

membrane separation process (MSP), and adsorption on activated carbon 
(AAC) in wastewater treatment have been investigated over the past three 

decades to meet the stringent minimum quality standard by environmental 

regulators [8–12]. However, some significant drawbacks of these techniques, 
especially the high maintenance and installation costs, are well enumerated by 

Olasupo and Suah  [13] and Taheran et al. [14]. Furthermore, a systematic 

review of Scopus indexed published articles on the frequency of different 
Advanced tertiary water treatment techniques for removal of pharmaceutically 

active compounds in an aquatic system revealed that the use of Polymer 

Inclusion membranes (PIMs) is the least explored technique (1.8%) [13]. 
Hence, there is a compelling desire to investigate alternative efficient, reliable, 

and affordable techniques such as the limitedly explored Polymer Inclusion 

Membrane (PIM) to remediate pharmaceutical compounds from water.  

Polymer Inclusion Membranes (PIMs) are physically transparent, flexible, 

and homogeneous membranes containing appropriate carrier extractants. They 

have highly rigid backbone structures commonly provided by a base polymer 
such as the frequently used polyvinyl chloride (PVC), cellulose triacetate 

(CTA), or, more recently, Polyvinylidene hexafluoropropylene (PVDF-Co-
HFP). In addition, the base polymer provides diffusive resistance, while the 

carrier is required as a complexing agent or ion exchanger to transport the 

species of interest across the PIM selectively [15]. Aliquat 336 and D2EHPA 
are the two most popular commercial extractants, with the added economic 

advantage of plasticising the resultant membrane [16,17]. The concentration of 

the ubiquitous Ibuprofen in the aqueous environment is currently relatively low 
(10 ng / L - 209 μg / L), and the short-term exposure to anti-inflammatory drugs 

may be considered to be of minor concern; however, there is potential long-

term exposure bioaccumulation harm of these compounds, particularly at the 
increasing administration of the popular over-the-counter medicine. The 

adverse health impacts of Ibuprofen on humans and animals are due to its high 

partition coefficient (log Kow = 3.79), which readily accumulates in organism 

tissues and obstructs human and animal endocrine activities [7,8,18–23]. 

The excellent properties and performance of PIMs containing no additional 
Plasticisers were reported perhaps for the first time by Benosmane et al. using 
calix[4]resorcinarenes as a carrier [24] and followed by Gherasim et al. using 

bis-(2-Ethylhexyl) phosphoric acid (D2EHPA) as a carrier [25]. The use of self-

plasticized PIM has since been identified as a research direction of interest for 
the studies of PIM remediation capacities [26,27]. In addition, 

environmentalists have recently expressed safety concerns and 

biodegradability issues related to conventional Plasticisers used in PIM 
fabrication, particularly at the industrial level [30,31]. Besides these concerns, 

significant reduction in PIM production cost, reduced dope solution viscosity, 

increased space for more carrier embedment (the major components needed for 
transportation), and promotion of green technology are additional benefits of 

self-plasticised PIMs. A self-plasticised PIM containing DHEPA/Aliquat 336 

as a carrier was successfully employed to remove metallic contaminants 
[24,26,27] and organic compounds [28,29]. Furthermore, Aliquat 336 carrier 

embedded in PVC-based PIM has successfully produced flexible and 

transparent structure membranes at increased Aliquat 336 content [32]. 

To the best of the author’s knowledge, studies of self-plasticised PIMs 

containing Aliquat 336 for organic pharmaceutical compounds’ remediation 

are emerging green technology that has not been sufficiently investigated. 
Although in our recent publication, we successfully used self-plasticised 

Aliquat-PVC PIM doped with graphene oxide to extract 10 mg/L Ibuprofen in 

an aquatic solution [33]. The addition of graphene oxide improved the physical 
stability of the PIMs compared to the control graphene oxide-free PIM 

containing only Aliquat 336 carrier, which was observed to be physically 

brittle. However, the relatively small amount of Aliquat 336 carrier (33.3%) 
employed in fabricating the graphene-free PIM may be considered insufficient 

to achieve the desired plasticizing effect and Ibuprofen extractability. A high 

carrier concentration is required to create intramembrane pathways, enabling 
the formed complex to transport low analytes effectively [24]. Moreover, the 

presence of graphene oxide in the GO-doped PIM contributed to its instability 

due to the hydrophilic nature of graphene oxide. Hence, the present study 
investigates the removal efficiency and prolonged usage stability of Self 

plasticised PVC-based flat sheet PIMs embedded with a varied amount of 

Aliquat 336 as an ionic carrier to remove the low concentration of modeled 
Ibuprofen wastewater.  

 
 

 

2. Materials and Methods 

 
2.1. Materials and reagents 

 

Ibuprofen drug, Ibup. (Purity ≥ 99.0%) (Sigma–Aldrich, St. Louis, MO, 

USA) (Fig. 1a) was prepared as a modeled aqueous IBP pollutant. 
Polyvinylchloride (PVC) (Mw~43000) as base Polymers, Tetrahydrofuran 

(THF) (99.9%) (Darmstadt, Germany) employed as solvent was purchased 

from Sigma–Aldrich. The cationic Aliquat 336 TG carrier (Heysham, 
Lancashire, UK) was purchased from Alfa Aesar Thermofisher Scientific (Fig. 

1b). The analytical standard reagents used include 0.1M Hydrochloric acid as 

the receiving phase (Merck, Darmstadt, Germany) (37% purity) and 0.1M 
Sodium hydroxide (Sigma Aldrich) (≥99% purity). Deionized water (Milli-Q 

Water System, Millipore, resistivity=18.2 MΩ/cm at 25 °C) was used 

throughout this study. 
 

 
 

Fig. 1. Chemical; structure of (a) Ibuprofen drug, IBP and (b) Aliquat® 336 TG 

 

2.2. Membrane fabrication 
 

The dope solution was prepared based on fixed 20% wt PVC and varied 

amounts of Aliquat 336 carrier (0, 10, 20, 30, 40, and 50wt.%) dissolved in an 

appropriate quantity of THF solvent to obtain a dope solution (Table 1). First, 
the dope solution was continuously stirred on a magnetic stirrer at 65 °C. The 

resulting homogeneous dope solution was then sonicated to remove any air 

bubbles. Next, the PIM was fabricated by pouring the bubble-free dope solution 

on a glass plate at 30 µm pre-set thickness on a K4340 Automatic filmograph 

Applicator, Elcometer (Manchester, UK). The formed thin film of the 

membrane was allowed to evaporate at room temperature to remove the THF 
solvent for 24 h. Then, the partially dried film was carefully peeled off the glass 

plate and allowed for further THF evaporation at 25.9 ± 1 °C beyond 48 h (Fig. 

2). Each fabricated PIM was first screened based on its physical stability and 
transparency (Table 1). However, the PIM AF contains 71.43 wt.% Aliquat 336 

carrier and 28.57wt.% PVC polymer became flaccid and sticky; hence, it could 

not be further characterized for lack of good physical stability. 
 

 

Fig. 2. A synthesis scheme of the fabricated PVC-Aliquat PIM 
 

 

2.3. PIM Characterization 
 

In the current preliminary investigation, all the fabricated PIMs except 

PIM AF were examined by Fourier transforms infrared spectroscopy (FTIR), 
water uptake, contact angle (CA), and chemical and physical stabilities. 

However, further characterizations were not done because only a small area of 

the PIM membrane samples sandwiched between 250 ml identical diffusion 
bottles were employed under atmospheric operating pressures and room 

temperature [34]. 
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Table 1. 

 Fractional weight composition of the dope solution, PVC: Aliquat carrier, water uptake, and description of the resulting PIMs 

 

Dope solution AA AB AC AD AE AF 

Aliquat 336 (%) 0 10 20 30 40 50 

THF (%) 80 70 60 50 40 30 

PVC (%) 20 20 20 20 20 20 

Synthesized PIM       

Aliquat 336 (%) 0 33.33 50 60 66.66 71.43 

PVC (%) 100 66.66 50 40 33.33 28.57 

Physical stability Transparent but brittle Transparent but brittle Transparent and flexible Transparent and flexible 
Transparent and 

flexible 
Flaccid and sticky 

Water Uptake (%) 4.992 ± 0.929 13.269 ± 2.0420 23.428± 1.869 25.325± 1.560 19.306 ± 1.843 - 

Remark Slightly hydrophobic Slightly hydrophilic Hydrophilic Hydrophilic Slightly hydrophilic - 

 

 
2.3.1. Fourier transform infrared (FTIR) spectroscopy 

 

Fourier transform–infrared spectroscopy (FTIR) was conducted to identify 

the interrelations among PIMs constituents. 32 scans were collected for each 

PIM measurement over 4000–500 cm-1 spectral range by FTIR spectrometry 

(Thermo Scientific, Nicolet 10, Waltham, MA, USA). All the FTIR spectra 

were analyzed using Omnic software (version 5.2a). 

 
2.3.2. Scanning microscopy (SEM) analysis 

 

The previously gold-plated PIM’s morphological structures using Quorum 
SC7620 (Laughton, East Sussex, USA) were examined by SEM imaging. The 

membrane surface was observed at × 200 magnification while its cross-section 

was examined at ×1000 magnification by scanning electron microscopy (SEM) 
Hitachi (TM3000) Tokyo, Japan.  

 
2.3.3. Contact angle measurements 

 

The membranes’ water contact angle (θ) was measured using an image-

processing software equipped with goniometer contact angle equipment 

(Rame-Hart 250-FI USA) via deionized water sessile drop method on the PIM 

surface at ambient temperature (24 ± 1°C) with the aid of a microsyringe and 

droplet volume of 6 μL. An average of five (5) randomly analyzed spots were 

taken as the average contact angle value for each PIM to minimize experimental 
errors.  

 
2.3.4. Water uptake 

 

Water uptake was conducted to assess the hydrophilicity of the fabricated 

PIMs. A circular piece of each pre-weight fabricated PIMs (AA-AE) (⌀ = 30 

mm) was wholly immersed in water and allowed to stand at room temperature 

(25.9 ± 1 °C) for 24 h. The soaked PIMs were removed using forceps, and 

adhering surficial water was mopped up carefully. The wet membrane was 
weighed and placed in a vacuum oven at 60 °C until a constant dry weight was 

obtained [35,36]. Equation (1) was employed to determine the percentage of 
water uptake. The analysis was done in duplicates to minimize experimental 

errors. The average values were reported as the percentage of water uptake (U). 

 

wet dry

dry

W -W
Water uptake (U)%= ×100

W

 
(1) 

 
 

 Wwet represents the weight of the wet membrane, and Wdry represents the 
constant weight of the dry membrane. 

 
2.3.5. Membrane physical and chemical stability studies 

 
2.3.5.1 PIM’s physical stability 
 

The physically stable PIMs were evaluated by manually bending and 
squeezing a sizeable portion of the PIM membrane to observe structural 

deformation or tears resulting from moderate hand stretching [37]. 

 
2.3.5.2. Stability based on mass change of PIMs containing Aliquat 336 

 

The chemical stability of PIM is a helpful tool for assessing the 

membrane’s stability for practical application in specified environmental 

conditions of interest because the mass loss of PIM in specific aquatic 
environments indicates its resilience, strength, and reusability [37,38]. 

Furthermore, a relationship between carrier loss due to leaching and membrane 
mass loss has been reported by Kagaya et al. in a detailed investigation of 

changes in the mass of PIMs containing PVC-Aliquat 336 carrier where the 

concentrations of Cl-, NO3
-, and SO4

2- in the resulting aliquots solution of the 

immersed PIM were determined by ion chromatography. It was reported that 

the mass loss in the PIM correlates almost directly to the exact amount of 

Aliquat 336 leaching out of the membrane. The loss in the membrane mass was, 

therefore, a function of the anion exchange equilibrium between the membrane 

components and the type of immersed solution, which is also related to the 
leakage of Aliquat 336 from the PIM [39]. Hence, to preliminarily assess the 

loss of Aliquat 336 carrier embedded in PVC-based self-plasticised PIMs, the 

mass change of PIMs containing varying concentrations (0, 33.33, 50, 60, 
66.67% (w/w) of Aliquat 336 carrier ) immersed in deionized water and of the 

optimum PIM in 0.1 M NaOH solution (pH~10) and 0.1 M HCL solution 

(pH~1) were investigated. Each 2 x 2 cm of the Aliquat 336 embedded PIMs 
was immersed in freshly collected 50 mL deionized water (18.2 MΩ/cm and 

pH = ~ 6.7) in a 100 ml glass vial tightly capped and shaken at 400 rpm using 

an orbital mixer incubator (Protech Model SI-1000) at 27.9 ± 1 °C For 24 h. 
Similarly, the optimum PIM AD of mass 0.0455 - 0.0400 g size was immersed 

in a 50 ml 0.1 M NaOH for the alkalinity stability and 0.1 M HCL solution for 

the acidity stability test and stirred in an orbital shaker at 200 rpm for 6 hr. 
Subsequently, the PIMs were removed from the solution, allowed to dry at 

room temperature for more than 24 h, and then weighed to obtain a constant 

dry weight [39]. The percentage mass loss of the membranes in each media was 

calculated using Equation 2: All measurements were conducted in duplicates. 
 

0 t

0

W -W
Mass loss (%)= ×100

W

 

(2) 

 

Where Wo is the initial weight of the Fresh PIM, and Wt is the dry PIM’s 

constant weight. 

 
2.3.5.3. PIM’s stability based on repeated cycles for Ibuprofen extraction 

 

The stability and reusability of polymer inclusion membranes are critical 
for their commercial application. The measure of PIM’s instability due to loss 

of the membrane liquid phase resulting in a gross mass loss of the PIM 

correlates to the membrane reusability. Therefore, the stability and durability 
of a membrane can be accessed by its reusability [40]. The stability of the 

optimum PIM AD containing 60% (w/w) Aliquat 336 and 40% (w/w) PVC 

based on repeated cycles for Ibuprofen extraction was investigated during the 

prolonged batch experiments (288 h). The same membrane was used in three 

consecutive cycles to evaluate its stability while the feed and receiving phases 

were renewed with an appropriate fresh supply for each cycle [41,42]. 

 
2.4. Ibuprofen Extraction Studies 

 

A 10 mg/L of model Ibuprofen was prepared to study the rate of Ibuprofen 
removal from the feed compartment. The 10 mg/L model Ibuprofen solution 

was filled into the feed phase of two identical compartments (250 mL) with the 

PIM sandwiched on Teflon support between the two glass diffusion cells, while 
0.1 M HCL was filled into the receiving phase of the identical bottles. The 

tested PIM has an approximate diffusing area (A) of ~7.07 cm², and both phases 

were simultaneously and continuously stirred at 400 rpm [43]. The moderate 
stirring speed of 400 rpm in both the feed and receiving phases was maintained 

throughout the study as a compromise between a decreased aqueous boundary 

layer thickness and high turbulence[23]. The pH of the feed solution has been 
reported as one of the most critical factors in evaluating solutes’ integrity and 

extraction efficiency using carrier-embedded PIM [44,45]. Ibuprofen is 

considered a weak-acid pharmaceutical drug with an optimum acid dissociation 
constant (pKa) value of 4.91 [4,46]. The removal efficiency of Ibuprofen is 

strongly pH-dependent, and the extraction of Ibuprofen is enhanced at higher 

pH, where it is deprotonated and forms an ion pair with the cationic Aliquat 
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336 carrier (diffusion of the ion-carrier complex in the PIMs membranes) as 

previously demonstrated by Ahmad et al., and Wang & Yang, [33,48]. 

However, it is well established that PVC-based PIMs are better stable in an 

acidic medium than in an alkaline medium [49]. Hence the current preliminary 

experiment was conducted in a mildly acidic solution (pH = 6) but at a higher 
Ibuprofen pKa (4.91). All experiments were performed in duplicates and at 

room temperature (25.9 ±1 °C). First, the simulated stock solution of Ibuprofen 

was prepared by dissolving the appropriate quantity of Ibuprofen in deionized 
water. Subsequently, experimental solutions were prepared freshly to obtain 

the desired Ibuprofen concentration by serial dilution from the prepared 

simulated stock solution. Finally, samples were taken every 24 h in a quartz 
cuvette to measure the concentration of Ibuprofen at 222.5 nm using a direct 

UV–Vis spectrometer (Spectroquant Pharo 300, Merck, Darmstadt, Germany) 

[23]. The removal efficiency of Ibuprofen was evaluated using equation 3. 
 

0 t

0

C -C
Removal efficiency= ×100

C

 
(3) 

 

Where Co and Ct represent the solute concentration in the feed at a time 0, 

and at a time t, respectively. 

 

 

3. Results and Discussion  

 
3.1. FTIR analysis 

 

Fourier transforms–infrared spectroscopy (FT–IR) measurement is a 
technique for identifying the organic composition, types of bonds, chemical 

bonds, and organic content differences among fabricated PIM membranes [50]. 

The FTIR spectrum of the pristine PIM AA peaks signifies the specific 
chemical groups of pure PVC, such as the carbon-hydrogen (C−H) bond and 

carbon-chlorine (C−Cl) bond, presented in Table 2. The C−H stretching mode 

corresponds to 2850, 2910, and 2970 cm-1, while peaks 1430-1440  and 684 

cm-1 correspond to the aliphatic C−H bending. The peak at 1250 cm-1 is 

attributed to the bending bond of C−H near Cl. [51,52]. Finally, a broad peak 

at 1630 cm-1, PIM, has been well-established to correspond to the bending 

vibration of water [53]. The peaks at 1060 and 832 cm-1 correspond to the 
C−O−C stretch coordinated bands of residual THF solvent on the PIMs [51]. 

The unique uniform FTIR spectra of the Aliquat 336 embedded PIMs typified 

by Fresh PIM AD are presented in Table 2 and Fig. 3a. It is observed that 
besides the identical typical peaks in the fresh and Aliquat carrier embedded 

PIMs, there is a new distinct O−H stretch broad peak at 3380 cm-1, which was 

observed to stretch increasingly in proportion to the amount of Aliquat 336 
embedded. This new peak could be attributed to the water, octanol, and decanol 

content of the added Aliquat 336 [54,55]. Aliquat 336 in the embedded PIM is 

also observed on strong peaks at 2920 and 2850 cm-1. Although these peaks are 
identical to the less intense ones on the pure PVC PIM, the strongly stretched 

new peaks of 2920 and 2850 cm-1 observed on the Aliquat embedded PIM 

represent the C-H stretching of Aliquat 336 aliphatic CH group or the CH3–N 
and CH2–N groups, respectively [44,51]. After the Ibuprofen extraction using 

PIM AD, an entirely new distinct carbonyl stretching of the iso-propionic acid 

group observed at a peak at 1720 cm-1 is recognized as well-defined bands 

characteristic of pure Ibuprofen (Fig. 3b) [56]. Similarly, the distinctive peak 

peaks at 1617-1639 cm-1 are assigned to ring C−C characteristic aromatic 

absorptions stretch of a benzene ring, indicating the physical presence of 
Ibuprofen in the membrane [57–59]. A complimentary study conducted to 

investigate the effect of Ibuprofen concentration on the intensity of the peculiar 
Ibuprofen peaks on the membrane shows that the intensity of the peaks at 1710-

1723 cm-1 and 1617-1639 cm-1 (Fig. 3c), which are attributed to the iso-

propionic acid group and pharmaceutical excipients contain aromatic groups of 
the Ibuprofen drug respectively, increases as the concentration of Ibuprofen 

increase from 5 to 50 ppm. 

  

 

 

Fig. 3. FTIR spectra of (a) Fresh PIM AD, (b) PIM AD post-Ibuprofen, and (c) PIM AD soaked in a varied concentration of Ibuprofen 

 

Table 2.  

Absorbance peaks, corresponding functional group, and assignments of fabricated PIMs 

 

Membrane 
Wave number 

(cm-1) 
Functional group Assignment Source 

Pristine membrane 

(PIM AA) 
2910- 2970 C-H stretching alkene PVC 

2850 / 956 - 959 C-H stretching alkane PVC 

1060 and 832 C-O-C stretch alkyl-substituted ether Residual THF 

1250 C-Cl bending C−H near Cl PVC 

1330 C–H deformation mode alkane PVC 

1430-1440 and 684 C-H bending alkene PVC 

1630 O-H stretch water PVC 

Aliquat embedded membrane 

(PIM AD) 
3380 O-H stretch water, octanol, decanol Aliquat 336 

2920-2850 C-H (CH2) extensive stretch aliphatic CH group Aliquat 336 

Post Ibuprofen extraction (PIM AD) 1720 carbonyl stretching isopropionic acid group Ibuprofen 

PIM AD at varied Ibuprofen concentration  1617-1639   aromatic stretching pharmaceutical excipient  Ibuprofen 
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3.2. Physical stability and Morphological structure of the Fabricated PIMs 
 

 The successfully fabricated membranes were transparently homogenous, 

as pictorially depicted in Fig. 4c. The pure PVC PIMs without Aliquat 336 

(PIM AA ) were rigid but became more flexible with the increasing amount of 

Aliquat 336 carrier embedded into the film, which was confirmed by bending 
and writhing the optimum membranes (PIM AD) without any permanent 

deformation or tearing, as shown pictorially n Fig. 4c. It has been reported that 

an increase in the hydrophilicity of Aliquat embedded- PVC-based PIMs shows 
the excellent plasticizing ability of the carrier and correlates well to its 

mechanical stability [17,27,37,60]. Membrane morphology is a critical 
parameter in evaluating the properties of PIMs [41]. The homogeneous 

symmetric dense microstructure of the thin PIM surface indicates a uniform 

interfacial interaction of the PVC/Aliquat 336 carrier in the PVC polymer 
matrix [61]. As observed from the SEM images in Fig. 4a, at nil Aliquat 336 

wt.% (AA) and 33.3 Aliquat 336 wt.% (AB), the PIM’s surface had no apparent 

pores, but at higher Aliquat concentration, few apparent tiny pores were 
observed (PIMs AC-AE), which are not easily perceptible due to the limitation 

of the SEM acquisitions. In addition, obvious wrinkles were observed on the 

PIM with 66.7 Aliquat 336 wt.% (AE) [61,62]. Furthermore, visually 

homogenous PIMs that are transparent and free of any extractant droplets were 

most times assumed to be chemically homogenous; however, it has been 

observed that despite the transparency and homogeneity of Supported liquid 
membranes (SLM), its microstructure is filled with organic liquids in their 

pores hence, the chemical homogeneity of a PIM cannot always be deduced by 

mere visual homogeneity [61]. 

 
3.3. Membrane formation mechanism for different concentrations of Aliquat 

336 embedded PIMs 
 

The SEM surface and cross-section images obtained in this study are 

presented in Fig. 4a and b. The results of the obtained image show that the PIM 

surface’s internal morphology is affected by the quantity of Aliquat 336 carrier 
embedded to the extent of the membrane homogeneity and its interior structure 

[61,62]. For example, the SEM captured membrane surface and cross-section 

morphology of PIMs AA and AB with nil and 33.3% Aliquat 336 carrier, 
respectively, appeared to be microscopically homogenous with no apparent 

pores or micro-channeling; however, PIMs AD containing 60/40 Aliquat 336 

/PVC weight% carrier shows they are microscopically densely homogenous 
with some microscopically apparent pores and the existence of micro-channels 

filled with Aliquat 336 in the PIM, as opined by Xu et al. [61,62]. It has been 

reported that the state of distribution of Aliquat 336 in the PVC-based PIM 

depends on the number of embedded carriers in the membrane. Aliquat 33 

molecules are believed to be entangled with the PVC polymer in a PIM 

consisting of 30 - 40% Aliquat 336 carrier, thereby acting as a plasticiser while 
it forms an aggregate in the membrane bulk at higher concentration. [62,63]. 

The phase morphology of the resulting PIM is determined by PIM thickness 

and evaporation rate of THF during the phase separation of the solution of 
Aliquat 336 and PVC [32]. However, using the automatic film casting 

technique employed in the current study rather than the commonly employed 

method of pouring the dope solution into a petri dish or glass ring on a flat glass 
plate [37,45,64,65]. PIMs containing higher Aliquat 336 carriers (60 and 

66.7%) were successfully fabricated using the automatic film casting technique 

in the current study. Hence, future studies will investigate and characterize, 
using higher resolution instrumentation, the morphological properties of PIM-

containing carriers above the 55% critical level. 

 According to Nurul Syazana Abdul-Halim et al.  [32], the phase 
morphology of PIM is determined not only by its composition but also by the 

fabrication techniques employed. The latter authors have quantitatively 

demonstrated using thermal analysis that PIMs membranes containing 20 - 70 

wt.% Aliquat 336 exists in a two-phase structure of a discrete Aliquat 336 rich 

phase and a discrete PVC rich phase, although the actual form in which the 

Aliquat 336 rich phase exists (either as in a continuous or in closed pores) and 
the spatial dimensions of the phases could not be clarified by the employed 

technique. The observed wrinkles in the PIM containing a high Aliqaut 336 
carrier (66.7%), similar to what was observed by Syazana & Halim [51,61], 

suggest the formation of two separate domains in its microstructures. Perhaps 

the wrinkles contain viscous liquid formed underneath when the THF solvent 
evaporates alongside a smaller volume of the viscous liquid, which causes the 

surface to compress and buckle. Indeed, there is a relationship between the 

concentration of the Aliqaut 336 carrier and its intrusion mechanism within the 
PIM’s polymer matrix. However, the often-assumed PIMs’ facilitated transport 

mechanism seems more logical speculation due to insufficient understanding 

of its homogeneity nature. Therefore based on available information, the 
possible transportation-extraction mechanism in our present study involves 

both continuous and semi-continuous Aliquat 336 rich phase modes but is 

dominated by either of the two [32,61]. 

 

 

 

 

Fig. 4. (a) SEM surface images x 200 of PIMs AA-AE, (b) Cross-section images x 1000 of PIMs AA, AB, and AD, and (c) Photographic images of transparent flexible PIM AD in both 

flat and bent positions. 
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3.4. Membrane hydrophilicity assessment  
 

The contact angle and water uptake assessments were employed to assess 

the hydrophilicity/hydrophobicity properties of the fabricated PIMs. The 

assessment determines the membrane surface chemistry, layer resistance, and 

solute extraction efficiency [41,66,67]. The hydrophilicity of the membranes 
increased significantly with increased Aliquat‐336 content in the polymeric 

solution from PIM AA to AD, as indicated by the decreasing contact angle (Fig. 

5c) and a corresponding increase in water uptake (Table 2). Hence, the 
quaternary amine of the Aliquat‐336 carrier was able to modify the 

hydrophobic (ϕ 81.075 ± 0 .046) property of the pristine pure PVC - PIM to a 
higher hydrophilic PIMs (AB - AD) (ϕ = 75.175 ± 0.052 - 54.10 ± 2.813) and 

also correspondingly increase the water uptake significantly. The decreasing 

trend in the contact angle observed in the present study is comparable to the 
trend reported by [34,68,69]. This increase in membrane hydrophilicity can be 

traced to the more exposed polar functional groups of the carrier from the 

migration of the quaternary ammonium Aliquat 336, increasing the active sites 
of the embedded carrier, which provides an increased active site for water 

uptake due to the increase in the formation of hydrogen bonds of water 

molecules in what is referred to as the vehicular and Grotthuss mechanism 

[61,70]. The pure PVC-based PIM consisting of a nil carrier has water uptake 

and contact angle values of 5.27 ± 1.0% and 81.075 ± 0.046, respectively, 

confirming its lower water wettability and absorption capacity typical of PVC-
based PIM surfaces [17,35]. However, strangely the contact angle increased 

slightly with the increased concentration of Aliquat carrier (66.67%) to a 

contact angle of 65.40 ± 2.3, while its water uptake also decreased to 19.31 ± 
1.8%, signifying reduced hydrophilicity going from PIM AD to PIM AE. The 

decreased hydrophilicity observed in PIM AE can be attributed to the slight 

roughness and swelling of the polymer matrix at high Aliquat concentration 
attributed to the miscibility of the PVC/Aliquat 336 PIMs, which favors 

hydrophobicity tendency as described by Cassie’s theory [34,61,72,]. High 

carrier concentration in PIM is also a potential additional barrier in a diffusion 
mass transport process due to increased solution viscosity and membrane 

thickness [52,73]. 

 
3.5. PIM’s chemical stabilities 

 

The loss in mass of the Aliquat embedded PIMs after 24 h immersions in 

50 mL of deionized is presented in Fig. 5b. It is observed that the PIM mass 
decreased proportionally (2.52 ± 0.43%, 5.15 ± 1.10%, 26.82 ± 1.36%, 37.87 

± 1.32%, 43.77 ± 1.05%) to the amount of the embedded Aliquat 336 carrier 

[38]. A similar study by Argiropoulos et al. reported a 30 – 40% loss of Aliquat 
336 extractant from PVC-based PIMs after ten (10) days of continuous 

immersion in unstirred deionized water. The high mass loss of the Aliquat 336 

carrier has been attributed to its high solubility in a neutral aqueous solution 
[39,74]. A comparative study to compare the difference in the mass changes of 

Aliquat embedded PVC-based PIM immersed in deionized water and HCl 

solutions was conducted by Xu et al. [49] and Argiropoulos et al. [74]. They 
reported that the PIM in contact with the acidic solution was more stable than 

those in contact with deionized water [39]. According to Zhang et al. [75] and 

Kagaya et al. [39], a maximum mass loss of 35% occurred after 24 hours of 
immersing PVC-based PIMs (containing D2EHPA as the carrier and dioctyl 

phthalate as plasticizer) in deionized water. Furthermore, the latter authors 

stated that the immersion of PVC-Aliquat 336 as a carrier PIM in deionized 
water for 48 h resulted in a release of Cl expressed as Aliquat 336 in the solution 

aliquot, corresponding almost to the exact value of the PIM weight loss as 

depicted in the Equation below 
 

R3 MeN+ Cl- mem ⇋ R3Me N+ Cl- aq ⇋ R3Me N+ + Cl- aq (4) 

 

where “mem” and “aq” refer to the membrane and aqueous solution [39]. 
The mass loss observed in this study is higher than the maximum mass loss 

of 35% reported for a PVC-based PIM containing 40% (m/m) embedded 

DHEPA and dioctyl phthalate (DOP) as plasticizer after 24 h in deionized water 
[75]. The higher mass loss in the current study can be attributed to induce 

mechanical stirring (400 rpm), the thinness (30 µm) of the PIMs and probable 

the higher hydrophilicity of Aliquat 336 compared to DHEPA. According to 
Moulahcene et al. [76], the mass loss of PIM increased with the agitation speed. 

Similarly, in line with Fick’s first law of diffusion, the thickness of the 

membrane varies inversely to its chemical stability [77]. The result of the study 
of the chemical stability of the optimum PIM AD in alkaline and acidic media 

is presented in Fig. 5a. The result showed that the PIM was significantly more 

stable in the acidic medium compared to the alkaline medium, with a mass loss 

of approximately 8.2% and 15.8%, respectively. The mass loss of 8.2% in the 

acidic medium is close to the value of 7% reported by Argiropoulos et al. [74] 

in a 50% Aliquat 336 composite PIM immersed in a 2.5 M HCL aqueous 
solution.  

 

Fig. 5. (a) Mass loss in acidic and alkaline media after 6 h and shaking at 200 rpm  

(b) PIM’s stability in deionized water (18.2 MΩ/cm) after 24 h under continuous shaking 

at 400 rpm and (c) Contact angle deionized water sessile drop (θ) droplet volume 6 μL 

measured using an image-processing software equipped with goniometer contact angle 

equipment at ambient temperature (24 ± 1°C) on the PIMs AA-AE surfaces. 

 
3.6. PIM Performance Evaluation  
 

3.6.1. Effect of PIM’s carrier concentration on extraction of Ibuprofen 
 

To study the influence of the Aliquat carrier concentration on Ibuprofen 

extraction efficiency. The extraction experiments were performed using PIMs 

AA-AE and 10 ppm Ibuprofen simulated feed solution to determine the optimal 
PIM composition. As presented in Fig. 6a, it is observed that Ibuprofen 

extraction began within the first 24 h when the concentration of Aliquat 336 

reached 33.3 wt.% (AB). The highest removal efficiency (~85%) occurred with 
the PIM AD containing 60 Aliquat 336 wt.%. The results showed that the rate 

of Ibuprofen extraction increases rapidly with time as the concentration of 

Aliquat 336 in PVC membrane exceeded 30 wt.%; hence, a minimum Aliquat 
336 carrier is required for optimum selectivity/removal of target solute [63,78]. 

This trend is similar to what Nurul Syazana Abdul-Halim et al. (2013) reported. 

The plain PVC film without Aliquat-336 has the least removal efficiency (~5%) 
after 96 h, which can be considered insignificant [79]. Several authors have 

reported that the carrier type and concentration in the PIM are the main factors 

affecting the type and rate of compounds transported in the membrane, which 

varies significantly with the carrier concentration [44,69,80]. The results of the 

Ibuprofen extraction in this study demonstrated that the extraction rates 

significantly increased with an increase in the Aliquat 336 carrier content. This 
observation is attributable to the kinetics of membrane extraction, which is 

associated with changes in the activity of Aliquat 336 molecules, and the mode 

of diffusion of Aliquat 336-Ibuprofen extracted complex in the membrane. At 
a higher Aliquat 336 carrier (60%), the carrier aggregates in the membrane 

probably due to de-mixing of Aliquat 336 and PVC) and interferes when the 

THF solvent evaporates during the formation of PVC polymer matrix resulting 
in the formation of microchannels-structure as observed in PIM AD (Fig. 4b). 

The marked increase in the Ibuprofen extraction rate observed in PIM AD 

compared to other PIMs containing a lesser amount of carrier can be adduced 
to the formation of the microstructures in the membrane film in the form of 

microchannels; hence the activity and diffusion coefficient of the extractant 

molecules, and the Ibuprofen-extractant ion-pairs are higher in those 
microchannels than in the polymer matrix where those channels are absent [62]. 

However, there is a limit to the quantity of carriers that can be embedded in a 

PIM to ensure its physical stability, as observed with the over-plasticized, 

flaccid, sticky, and physically unstable PIM AF (containing 71.43 wt.% Aliquat 

carriers) in this study (Table 3). Furthermore, the roughness of the membrane 

surface at high carrier concentration beyond a threshold limit has been 
demonstrated as a limiting factor to the mass transport of solute through PIM, 
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as observed in the reduced removal efficiency of PIM AE ( containing 66.7 

Aliquat 336 wt.%) [52,81]. Hence, the optimum PIM AD was further studied 

to evaluate the effect of feed concentration and its reusability for Ibuprofen 

extraction. 

 
3.6.2. Effect of feed concentration on extraction of Ibuprofen 

 

It is acknowledged that Ibuprofen in environmental water bodies is of low 

concentration (100-10-4 ppb); nonetheless, when it enters the system of a living 
organism, it remains a concern [82,83]. Therefore, to investigate the effect of 

low Ibuprofen concentrations on the removal efficiency using the optimum 
PIM AD, Ibuprofen Feed concentration of 5 ppm, 10 ppm, and 15 ppm at the 

optimum was prepared from the stock solution. The result showed a progressive 

increase in the overall extraction efficiency from 78% when the feed 
concentration was 5 ppm to 90% when the feed concentration was increased to 

15 ppm (Fig. 6b). The increased Ibuprofen extraction efficiency with an 

increase in the feed concentration is related to the increase in driving force due 
to the increased contact between IBP and Aliquat carrier, which facilitates its 

extraction [23,84]. 

 
3.6.3. Reusability efficiency of optimum PIM for Ibuprofen extraction 

  

The optimum PIM AD reusability assessment was carried out in three 

consecutively cycles, and the extraction efficiency for each 96-h circle (totaling 
288 h) was noted. The result showed that the Ibuprofen extraction efficiency 

decreased with each successive repetition. The main factor affecting the 

stability and removal efficiency of PIMs after repeated cycles is the leaching 

out of ionic liquid resulting in the loss of the embedded Aliquat 336 carrier 

[40]. As presented in Fig. 6c, a ~ 25.6% decrease in the percentage of extracted 

Ibuprofen from ~90% for the first cycle to ~ 67% for the third cycle was 
observed, implying carrier leakage as the extraction cycle increases [17]. The 

observed reduction trend in this study aligned with several data from the 

literature, including that of Kiswandono et al., as reported by Saka et al. [40] 
and Nitti et al. [42], using PVC-based PIMs embedded with 30 (w/w) of Aliquat 

336 carrier. The authors reported a mass loss of 33% of the Aliquat carrier from 

the PIM after 240 h. extraction period. Similar findings have been reported by 
Zhang et al [75] and Sellami et al. [41]. However, Kebiche-Senhadji et al. [85] 

reported a much higher reduction in its efficiency (42%) after 144 h 

transportation when extracting (Cr (VI)) using a PIM containing Aliquat 336 
as the carrier [39]. Although, Maiphetlho et al. [17] believed that acceptable 

PIMs should be effectively reusable up to ten times; however, as observed by 

Kagaya et al. [39], both Plasticised and unplasticised PIMs also exhibit some 
stability problems, especially during a prolonged usage period. Therefore an 

acceptable general satisfactory criterion for PIM’s life studies remained a 

subject of progressive studies because the stability of PIM compared to other 

liquid membranes is more relativity than absolute [39,86]. To this end, further 

synergistic modifications of PIM using different types and quantities of base 

polymers, carriers, and additives to achieve improved membrane long-term 
performance are currently being investigated in our laboratory [42,69,87,88].  

 
 

Table 3.  

Comparative performance efficiency of PIM containing PVC / Aliquat 336 carrier for the extraction of aqueous Ibuprofen  

Polymer Carrier 
% Carrier 

(w/w) 

PIM Thickness 

(µm) 

Ibup. Conc 

(mg/l) 
Media Driving force 

Time 

(h) 
pH 

Extraction Eff. 

(%) 

Recovery Eff. 

(%) 
Ref. 

CTA Aliquat®336 71 25 259  human urine Electromembrane 1/2 4 N/A 37 [15] 

PVC Insoluble β-CD polymer 50 - 60 N/A 10 aqueous solution Passive facilitated 6 4 ~ 35 N/A [76] 

PVC Aliquat®336 50 30 10 aqueous solution Passive facilitated 96 10 ~ 84 N/A [33] 

PVC Aliquat®336 
 

60 

 

30 

 

15 

 

aqueous solution 

 

Passive facilitated 

 

96 

 

6 

 

~ 90 
N/A 

This 

work 

N/A = Not available CTA= Cellulose triacetate Ibup = Ibuprofen Eff. = Efficiency  

 

 
 

 
 

Fig. 6. (a) Effect of Aliquat 336 wt.%- carrier concentration on the removal of Ibuprofen at 10 ppm feed, (b) Effect of Ibuprofen feed concentration on extraction efficiency through PIM 

AD, and (c) Reusability efficiency of PIM AD on the extraction of Ibuprofen at 15ppm feed solution.  
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3.7. Ibuprofen Removal Mechanism  
 

The overall transport mechanism process for all carrier types is similar; 

however, the complexation mechanisms depend on the feeding / receiving 

phases’ ionic composition and the ionicity of the particular carrier employed 

[89]. The kinetics of the liquid membrane transport mechanism, either with or 
without chemical reactions, is commonly described by the solution-diffusion 

phenomenon; however, for a carrier-mediated transport, there is an increased 

drastic chemical change of solute species such as the creation of new 
compound, association, aggregation or dissociation of the solute [90]. 

Generally, the potential chemical difference initiates the first force between the 
membrane surface and the feed in the PIM transport behaviors. However, when 

the penetrated solute moves forward, the potential chemical difference between 

any two points in the membrane diminishes [41]. According to Casadellà et al. 
[91,92], the PIM transportation of metal ions in an acidic solution as receiving 

phase depends on the pH-driving force offered by the carrier-mediated 

diffusion mechanism as demonstrated by Zawierucha et and Salazar-Alvarez 
et al. [93,94]. Therefore, the Ibuprofen removal mechanism in the current study 

seems to follow the ion-carrier complex’s diffusion pattern. The extraction of 

deprotonated Ibuprofen (at least at the initial feed pH of 6) by the cationic 

Aliquat 336 carrier occurs as the Aliquat 336 reacts as an ion exchanger with 

the deprotonated anion Ibuprofen forming a complex [61]. The ionic interaction 

mechanism between the cationic quaternary ammonium Aliquat carrier and the 
carboxylate moiety of the deprotonated Ibuprofen is illustrated in Fig. 7. The 

chemical reactions in extraction and transport of organic compounds using PIM 

are either anion exchange or the formation of hydrogen-bonded 
heteroconjugate anions. The ability of Ibuprofen to form hydrogen bonds in the 

presence of a lipophilic cation and a hydrogen bond acceptor anion such as the 

Aliquat 336 carrier suggests that such a mechanism is equally tentatively 
feasible [23,43,95,96]. However, in line with the findings of Fan et al. and 

Khachatryan, who demonstrated that Ibuprofen extraction efficiency using 

Aliquat 336 as a carrier in a bulk liquid membrane remains relatively constant 
at the pH below the pKa value (4.9 ), suggesting some form of electrostatic 

attraction or repulsion interaction mechanism [23,97]. Accordingly, therefore, 

the extraction and transport mechanism for organic compounds (amino acids) 
using Aliquat 336 is predominate by either the anion exchange or the formation 

of heteroconjugate anions depending on the prevailing pH of the feed 

solution.[95]. Indeed the extraction of organic compounds using carrier-

embedded membranes is more complex than metal ions transportation, and 

scientific investigation involving the remediation of organic micropollutants by 

PIM is still evolving [98,99]. Hence, a comprehensive study is ongoing to 
elucidate the Ibuprofen removal mechanism in more detail by evaluating the 

effect of different feed pH, receiving phase types, and concentration using 

stability-enhanced optimum PIM. 
 

 
Fig. 7. Hypothetical facilitated transport interaction mechanism between the anionic 

Ibuprofen (2-(4-isobutylphenyl) propionic acid) and the cationic Aliquat 336 carrier  

 

 

4. Conclusion 

 

The fabricated Self-plasticized Aliquat embedded PVC PIMs in the present 
study successfully removed ~ 90% aqueous Ibuprofen at optimum conditions. 

The extraction rate of Ibuprofen was found to vary significantly with initial 

feed concentrations. However, the study on the chemical stability of the PIMs 
based on mass loss and reusability suggests that the Self-plasticised PIM is 

relatively unstable, with a significant loss (25.6%) in the initial removal 

efficiency. Therefore, further technical fabrication modification is required to 
enhance the reusability of self-plasticised PIM for practical application and 

regeneration potentials. Furthermore, to better elucidate the transport 

mechanism of Ibuprofen using self-plasticised Aliquat embedded- PIM, the 
next research aims to investigate the effect of varied feed pH and different 

receiving solutions on the recovery, permeability, and flux of the optimum 

PIM.  

 

Credit authorship contribution statement 

Idowu Ebenezer Oluwasola: Conceptualization, Investigation, Original draft. 
Abdul Latif Ahmad: Methodology: Supervision Funding acquisition. Noor 

Fazliani Shoparwe: Data curation: Supervision.  

 

Declaration of competing authors’ interest 

The authors hereby declare that there is no known conflict of interest 

whatsoever. 
 

Acknowledgment 

The authors acknowledge the Ministry of Higher Education Malaysia for the 
Trans-disciplinary Research Grant Scheme (TRGS) grant 

(TRGS/1/2018/USM/01/5/1) (203/PJKIMIA/67612001) and the study 

sponsorship by TetFund, Nigeria (TETF/ES/POLY/EKITI 
STATE/TSAS/2019). 

 

Data availability  

This study’s raw/processed data can only be shared on request as the data 

also forms part of an ongoing study. 

 
 

References 

 

[1] O.A. Jones, J.N. Lester, N. Voulvoulis, Pharmaceuticals: A threat to 

drinking water? Trends Biotechnol. 23 (2005) 163–167. 
https://doi.org/10.1016/j.tibtech.2005.02.001. 

[2] A.K. Agarwal, New Trends in Emerging Environmental Contaminants, 

Springer Singapore, Singapore, 2022. https://doi.org/10.1007/978-981-
16-8367-1. 

[3] F. Mansouri, K. Chouchene, N. Roche, M. Ksibi, Removal of 

Pharmaceuticals from Water by Adsorption and Advanced Oxidation 
Processes: State of the Art and Trends, Appl. Sci. 2021, Vol. 11, Page 

6659. 11 (2021) 6659. https://doi.org/10.3390/APP11146659. 

[4] S.N. Oba, J.O. Ighalo, C.O. Aniagor, C.A. Igwegbe, Removal of 

Ibuprofen from aqueous media by adsorption: A comprehensive review, 

Sci. Total Environ. 780 (2021) 146608. 

https://doi.org/10.1016/j.scitotenv.2021.146608. 
[5] R.K. Szabó, C.S. Megyeri, E. Illés, K. Gajda-Schrantz, P. Mazellier, A. 

Dombi, Phototransformation of ibuprofen and ketoprofen in aqueous 

solutions, Chemosphere. 84 (2011) 1658–1663. 
https://doi.org/10.1016/J.CHEMOSPHERE.2011.05.012. 

[6] M. Anjum, R. Miandad, M. Waqas, F. Gehany, M.A. Barakat, 

Remediation of wastewater using various nano-materials, Arab. J. 
Chem. 12 (2019) 4897–4919. 

https://doi.org/10.1016/j.arabjc.2016.10.004. 

[7] E. Brillas, A critical review on ibuprofen removal from synthetic waters, 
natural waters, and real wastewaters by advanced oxidation processes, 

Chemosphere. 286 (2022) 131849. 

https://doi.org/10.1016/j.chemosphere.2021.131849. 
[8] A. Szymonik, J. Lach, K. Malińska, Fate and removal of 

pharmaceuticals and illegal drugs present in drinking water and 

wastewater, Ecol. Chem. Eng. S. 24 (2017) 65–85. 

https://doi.org/10.1515/eces-2017-0006. 

[9] G.Y. Al-Kindi, H.A.A. Haidari, The Removal of Ibuprofen Drugs 

Residues from Municipal Wastewater by Moringa Oleifera Seeds, J. 
Ecol. Eng. 22 (2020) 83–94. 

https://doi.org/10.12911/22998993/128868. 

[10] E.M. Cuerda-Correa, M.F. Alexandre-Franco, C. Fernández-González, 
Advanced Oxidation Processes for the Removal of Antibiotics from 

Water. An Overview, Water. 12 (2020) 102. 

https://doi.org/10.3390/w12010102. 
[11] S. Kim, K.H. Chu, Y.A.J. Al-Hamadani, C.M. Park, M. Jang, D.H. Kim, 

M. Yu, J. Heo, Y. Yoon, Removal of contaminants of emerging concern 

by membranes in water and wastewater: A review, Chem. Eng. J. 335 
(2018) 896–914. https://doi.org/10.1016/j.cej.2017.11.044. 

[12] M.A. Barakat, New trends in removing heavy metals from industrial 

wastewater, Arab. J. Chem. 4 (2011) 361–377. 
https://doi.org/10.1016/j.arabjc.2010.07.019. 

[13] A. Olasupo, F.B.M. Suah, Recent advances in the removal of 

pharmaceuticals and endocrine-disrupting compounds in the aquatic 
system: A case of polymer inclusion membranes, J. Hazard. Mater. 406 

(2021) 124317. https://doi.org/10.1016/j.jhazmat.2020.124317. 
[14] M. Taheran, S.K. Brar, M. Verma, R.Y. Surampalli, T.C. Zhang, J.R. 

Valero, Membrane processes for removal of pharmaceutically active 

https://doi.org/10.1016/j.tibtech.2005.02.001
https://doi.org/10.1016/j.tibtech.2005.02.001
https://doi.org/10.1016/j.tibtech.2005.02.001
https://doi.org/10.1007/978-981-16-8367-1
https://doi.org/10.1007/978-981-16-8367-1
https://doi.org/10.1007/978-981-16-8367-1
https://doi.org/10.3390/APP11146659
https://doi.org/10.3390/APP11146659
https://doi.org/10.3390/APP11146659
https://doi.org/10.3390/APP11146659
https://doi.org/10.1016/j.scitotenv.2021.146608
https://doi.org/10.1016/j.scitotenv.2021.146608
https://doi.org/10.1016/j.scitotenv.2021.146608
https://doi.org/10.1016/j.scitotenv.2021.146608
https://doi.org/10.1016/J.CHEMOSPHERE.2011.05.012
https://doi.org/10.1016/J.CHEMOSPHERE.2011.05.012
https://doi.org/10.1016/J.CHEMOSPHERE.2011.05.012
https://doi.org/10.1016/J.CHEMOSPHERE.2011.05.012
https://doi.org/10.1016/j.arabjc.2016.10.004
https://doi.org/10.1016/j.arabjc.2016.10.004
https://doi.org/10.1016/j.arabjc.2016.10.004
https://doi.org/10.1016/j.arabjc.2016.10.004
https://doi.org/10.1016/j.chemosphere.2021.131849
https://doi.org/10.1016/j.chemosphere.2021.131849
https://doi.org/10.1016/j.chemosphere.2021.131849
https://doi.org/10.1016/j.chemosphere.2021.131849
https://doi.org/10.1515/eces-2017-0006
https://doi.org/10.1515/eces-2017-0006
https://doi.org/10.1515/eces-2017-0006
https://doi.org/10.1515/eces-2017-0006
https://doi.org/10.12911/22998993/128868
https://doi.org/10.12911/22998993/128868
https://doi.org/10.12911/22998993/128868
https://doi.org/10.12911/22998993/128868
https://doi.org/10.1016/j.cej.2017.11.044
https://doi.org/10.1016/j.cej.2017.11.044
https://doi.org/10.1016/j.cej.2017.11.044
https://doi.org/10.1016/j.cej.2017.11.044
https://doi.org/10.1016/j.arabjc.2010.07.019
https://doi.org/10.1016/j.arabjc.2010.07.019
https://doi.org/10.1016/j.arabjc.2010.07.019
https://doi.org/10.1016/j.jhazmat.2020.124317
https://doi.org/10.1016/j.jhazmat.2020.124317
https://doi.org/10.1016/j.jhazmat.2020.124317
https://doi.org/10.1016/j.jhazmat.2020.124317
https://doi.org/10.1016/j.scitotenv.2015.12.139
https://doi.org/10.1016/j.scitotenv.2015.12.139


 Oluwasola E.1 et al. / Journal of Membrane Science and Research 8 (2022) 553756 
 

9 

 
 

compounds (PhACs) from water and wastewaters, Sci. Total Environ. 

547 (2016) 60–77. https://doi.org/10.1016/j.scitotenv.2015.12.139. 

[15] R.H. Cristina, M.V. María Jesús, F.T. Rut, B.L. Miguel Ángel, Use of 

Polymer Inclusion Membranes (PIMs) as support for electromembrane 

extraction of non-steroidal anti-inflammatory drugs and highly polar 
acidic drugs, Talanta. 179 (2018) 601–607. 

https://doi.org/10.1016/j.talanta.2017.11.066. 

[16] MI Fedorova, A. V Levina, Application of ionic liquid based on Aliquat 
336 and D2EHPA in the extraction of transition metals, IOP Conf. Ser. 

Mater. Sci. Eng. 1212 (2022) 012021. https://doi.org/10.1088/1757-

899x/1212/1/012021. 
[17] K. Maiphetlho, L. Chimuka, H. Tutu, H. Richards, Technical design and 

optimisation of polymer inclusion membranes (PIMs) for sample pre-

treatment and passive sampling – A review, Sci. Total Environ. 799 
(2021) 149483. https://doi.org/10.1016/j.scitotenv.2021.149483. 

[18] F. Méndez-Arriaga, R.A. Torres-Palma, C. Pétrier, S. Esplugas, J. 

Gimenez, C. Pulgarin, Ultrasonic treatment of water contaminated with 
ibuprofen, Water Res. 42 (2008) 4243–4248. 

https://doi.org/10.1016/j.watres.2008.05.033. 

[19] J.M. Choubert, L. Ribeiro, M. Euse, M. Coquery, C. Mie, Removal 

efficiency of pharmaceuticals and personal care products with varying 

wastewater treatment processes and operating conditions – conception 

of a database and first results, (2008). 
https://doi.org/10.2166/wst.2008.823. 

[20] K. Fent, A.A. Weston, D. Caminada, Ecotoxicology of human 
pharmaceuticals, Aquat. Toxicol. 76 (2006) 122–159. 

https://doi.org/10.1016/j.aquatox.2005.09.009. 

[21] A. Ziylan, N.H. Ince, The occurrence and fate of anti-inflammatory and 
analgesic pharmaceuticals in sewage and freshwater: Treatability by 

conventional and non-conventional processes, J. Hazard. Mater. 187 

(2011) 24–36. https://doi.org/10.1016/j.jhazmat.2011.01.057. 
[22] C.F. Couto, L.C. Lange, M.C.S. Amaral, Occurrence, fate and removal 

of pharmaceutically active compounds (PhACs) in water and wastewater 

treatment plants—A review, J. Water Process Eng. 32 (2019) 100927. 
https://doi.org/10.1016/j.jwpe.2019.100927. 

[23] H.S. Wahab, S.A.M. Mohammed, Removal of ibuprofen residues from 

acidic aqueous solution by bulk liquid membrane, AIP Conf. Proc. 2213 

(2020) 020200. https://doi.org/10.1063/5.0000178. 

[24] N. Benosmane, B. Guedioura, S.M. Hamdi, M. Hamdi, B. Boutemeur, 

Preparation, Characterization and thermal studies of polymer inclusion 
cellulose acetate membrane with calix[4]resorcinarenes as carriers, 

Mater. Sci. Eng. C. 30 (2010) 860–867. 

https://doi.org/10.1016/j.msec.2010.03.023. 
[25] C. V. Gherasim, M. Cristea, C. V. Grigoras, G. Bourceanu, New 

polymer inclusion membrane. Preparation and Characterization, Dig. J. 

Nanomater. Biostructures. 6 (2011) 1507–1516.  
[26] CVI. Gherasim, G. Bourceanu, R.I. Olariu, C. Arsene, Removal of 

lead(II) from aqueous solutions by a polyvinyl-chloride inclusion 

membrane without added plasticizer, J. Memb. Sci. 377 (2011) 167–174. 
https://doi.org/10.1016/j.memsci.2011.04.042. 

[27] C.V. Gherasim, G. Bourceanu, R.I. Olariu, C. Arsene, A novel polymer 

inclusion membrane applied in chromium (VI) separation from aqueous 
solutions, J. Hazard. Mater. 197 (2011) 244–253. 

https://doi.org/10.1016/j.jhazmat.2011.09.082. 

[28] S.M.P. Mishra, Transport of Metal Ions and Small Organic Compounds 

using Liquid Membranes and Polymer Inclusion Membranes: A Review, 

Int. J. Sci. Res. 7 (2018) 800–808. 

https://doi.org/10.21275/ART20179299. 
[29] X. Meng, C. Gao, L. Wang, X. Wang, Y. Ma, H. Chen, Separation of 

phenol through polyvinyl-chloride inclusion membrane with bis(2-ethyl 

hexyl)-phosphoric acid as carrier, Huagong Xuebao/CIESC J. 65 (2014) 
4444–4450. https://doi.org/10.3969/j.issn.0438-1157.2014.11.032. 

[30] V. Tyagi, B. Bhattacharya, Role of plasticizers in bioplastics, MOJ Food 

Process. Technol. 7 (2019) 128–130. 
https://doi.org/10.15406/mojfpt.2019.07.00231. 

[31] JO Tijani, O.O. Fatoba, L.F. Petrik, A review of pharmaceuticals and 

endocrine-disrupting compounds: Sources, effects, removal, and 
detections, Water. Air. Soil Pollut. 224 (2013). 

https://doi.org/10.1007/s11270-013-1770-3. 

[32] NS. Abdul-Halim, P.G. Whitten, L.D. Nghiem, Characterising poly 
(vinyl chloride)/Aliquat 336 polymer inclusion membranes: Evidence of 

phase separation and its role in metal extraction, Sep. Purif. Technol. 

119 (2013) 14–18. https://doi.org/10.1016/j.seppur.2013.08.038. 
[33] A.L. Ahmad, O.I. Ebenezer, N.F. Shoparwe, S. Ismail, Graphene oxide-

doped polymer inclusion membrane for remediation of pharmaceutical 
contaminant of emerging concerns: Ibuprofen, Membranes (Basel). 12 

(2022). https://doi.org/10.3390/membranes12010024. 

[34] H. Semghouni, S. Bey, A. Figoli, A. Criscuoli, F. Russo, B. Mohamed, 

E. Drioli, Chromium(VI) Removal by Polyvinyl Chloride 

(PVC)/Aliquat-336 Polymeric Inclusion Membranes in a Multiframe 

Flat Sheet Membrane Module, Appl. Sci. 2019, Vol. 9, Page 2994. 9 

(2019) 2994. https://doi.org/10.3390/APP9152994. 
[35] K. Maiphetlho, N. Shumbula, N. Motsoane, L. Chimuka, H. Richards, 

Evaluation of silver nanocomposite polymer inclusion membranes 

(PIMs) for trace metal transports: Selectivity and stability studies, J. 
Water Process Eng. 37 (2020) 101527. 

https://doi.org/10.1016/j.jwpe.2020.101527. 

[36] R.P. Pandey, P.A. Rasheed, T. Gomez, R.S. Azam, K.A. Mahmoud, A 
fouling-resistant mixed-matrix nanofiltration membrane based on 

covalently cross-linked Ti3C2TX (MXene)/cellulose acetate, J. Memb. 

Sci. 607 (2020) 118139. https://doi.org/10.1016/j.memsci.2020.118139. 
[37] P. Kunene, O. Akinbami, N. Motsoane, H. Tutu, L. Chimuka, H. 

Richards, Feasibility of Polysulfone as Base Polymer in a Polymer 

Inclusion Membrane: Synthesis and Characterisation, J. Membr. Sci. 
Res. 6 (2020) 203–210. 

https://doi.org/10.22079/JMSR.2019.111596.1278. 

[38] R. Vera, Design, Preparation and Characterization of polymer inclusion 

membranes as an emerging technique for preconcentration and 

speciation measurements, 2019 A Doctoral Thesis submitted to the 

University of Girona, Catalonia, Spain. 
http://hdl.handle.net/10803/666994 

[39] S. Kagaya, Y. Ryokan, R.W. Cattrall, S.D. Kolev, Stability studies of 
poly(vinyl chloride)-based polymer inclusion membranes containing 

Aliquat 336 as a carrier, Sep. Purif. Technol. 101 (2012) 69–75. 

https://doi.org/10.1016/j.seppur.2012.09.007. 
[40] C. Saka, A.A. Kiswandono, S. Hadi, Synthesis of polymer inclusion 

membranes based on PVC containing copoly-eDVB 4% as a carrier for 

removal of phenol solutions, Pollut. Res. 39 (2020) 1009–1016.  
[41] F. Sellami, O. Kebiche-Senhadji, S. Marais, N. Couvrat, K. Fatyeyeva, 

Polymer inclusion membranes based on CTA/PBAT blend containing 

Aliquat 336 as extractant for removal of Cr(VI): Efficiency, stability and 
selectivity, React. Funct. Polym. 139 (2019) 120–132. 

https://doi.org/10.1016/j.reactfunctpolym.2019.03.014. 

[42] F. Nitti, O.T.E. Selan, B. Hoque, D. Tambaru, M.C. Djunaidi, Improving 

the Performance of Polymer Inclusion Membranes in Separation Process 

Using Alternative Base Polymers: A Review, Indones. J. Chem. 22 

(2021) 284. https://doi.org/10.22146/ijc.68311. 
[43] N. Aranda-Merino, C. Román-Hidalgo, J.L. Pérez-Bernal, M. Callejón-

Mochón, M. Villar-Navarro, R. Fernández-Torres, Effect of 

Aliquat®336 on supported liquid membrane on electromembrane 
extraction of non-steroidal anti-inflammatory drugs, Microchem. J. 168 

(2021). https://doi.org/10.1016/j.microc.2021.106459. 

[44] S. Ravi, N.F. Shoparwe, N.S. Abdul-Halim, M.M.Z. Makhtar, H. 
Shukor, Fabrication and characterisation of polyvinylidene fluoride co-

hexafluoropropylene polymer inclusion membranes for reactive orange 

16 dye removal, IOP Conf. Ser. Earth Environ. Sci. 765 (2021). 
https://doi.org/10.1088/1755-1315/765/1/012103. 

[45] A. Garcia-Rodríguez, V. Matamoros, S.D. Kolev, C. Fontàs, 

Development of a polymer inclusion membrane (PIM) for the 
preconcentration of antibiotics in environmental water samples, J. 

Memb. Sci. 492 (2015) 32–39. 

https://doi.org/10.1016/j.memsci.2015.05.037. 

[46] N. Lindqvist, T. Tuhkanen, L. Kronberg, Occurrence of acidic 

pharmaceuticals in raw and treated sewages and in receiving waters, 

Water Res. 39 (2005) 2219–2228. 
https://doi.org/10.1016/J.WATRES.2005.04.003. 

[47] L. Moulahcene, O. Kebiche-Senhadji, M. Skiba, M. Lahiani-Skiba, F. 

Oughlis-Hammache, M. Benamor, Cyclodextrin polymers for ibuprofen 
extraction in aqueous solution: recovery, separation, and 

Characterization, Desalin. Water Treat. 57 (2016) 11392–11402. 

https://doi.org/10.1080/19443994.2015.1048734. 
[48] J. Wang, F. Yang, Preparation of 2-hydroxypropyl-β-cyclodextrin 

polymers crosslinked by poly(acrylic acid) for efficient removal of 

Ibuprofen, Mater. Lett. 284 (2021) 128882. 
https://doi.org/10.1016/j.matlet.2020.128882. 

[49] J. Xu, R. Paimin, W. Shen, X. Wang, An investigation of solubility of 

Aliquat 336 in different extracted solutions, Fibers Polym. 4 (2003) 27–
31. https://doi.org/10.1007/BF02899326. 

[50] ABD. Nandiyanto, R. Oktiani, R. Ragadhita, How to read and interpret 

ftir spectroscope of organic material, Indones. J. Sci. Technol. 4 (2019) 
97–118. https://doi.org/10.17509/ijost.v4i1.15806. 

[51] NS. Abdul-Halim, N.F. Shoparwe, S.K. Weng, N.S.W. Zulkefeli, Heavy 
metal ions adsorption from CTA-aliquat 336 polymer inclusion 

membranes (PIMs): Experimental and kinetic study, AIP Conf. Proc. 

https://doi.org/10.1016/j.scitotenv.2015.12.139
https://doi.org/10.1016/j.scitotenv.2015.12.139
https://doi.org/10.1016/j.talanta.2017.11.066
https://doi.org/10.1016/j.talanta.2017.11.066
https://doi.org/10.1016/j.talanta.2017.11.066
https://doi.org/10.1016/j.talanta.2017.11.066
https://doi.org/10.1016/j.talanta.2017.11.066
https://doi.org/10.1088/1757-899x/1212/1/012021
https://doi.org/10.1088/1757-899x/1212/1/012021
https://doi.org/10.1088/1757-899x/1212/1/012021
https://doi.org/10.1088/1757-899x/1212/1/012021
https://doi.org/10.1016/j.scitotenv.2021.149483
https://doi.org/10.1016/j.scitotenv.2021.149483
https://doi.org/10.1016/j.scitotenv.2021.149483
https://doi.org/10.1016/j.scitotenv.2021.149483
https://doi.org/10.1016/j.watres.2008.05.033
https://doi.org/10.1016/j.watres.2008.05.033
https://doi.org/10.1016/j.watres.2008.05.033
https://doi.org/10.1016/j.watres.2008.05.033
https://doi.org/10.2166/wst.2008.823
https://doi.org/10.2166/wst.2008.823
https://doi.org/10.2166/wst.2008.823
https://doi.org/10.2166/wst.2008.823
https://doi.org/10.2166/wst.2008.823
https://doi.org/10.1016/j.aquatox.2005.09.009
https://doi.org/10.1016/j.aquatox.2005.09.009
https://doi.org/10.1016/j.aquatox.2005.09.009
https://doi.org/10.1016/j.jhazmat.2011.01.057
https://doi.org/10.1016/j.jhazmat.2011.01.057
https://doi.org/10.1016/j.jhazmat.2011.01.057
https://doi.org/10.1016/j.jhazmat.2011.01.057
https://doi.org/10.1016/j.jwpe.2019.100927
https://doi.org/10.1016/j.jwpe.2019.100927
https://doi.org/10.1016/j.jwpe.2019.100927
https://doi.org/10.1016/j.jwpe.2019.100927
https://doi.org/10.1063/5.0000178
https://doi.org/10.1063/5.0000178
https://doi.org/10.1063/5.0000178
https://doi.org/10.1016/j.msec.2010.03.023
https://doi.org/10.1016/j.msec.2010.03.023
https://doi.org/10.1016/j.msec.2010.03.023
https://doi.org/10.1016/j.msec.2010.03.023
https://doi.org/10.1016/j.msec.2010.03.023
https://doi.org/10.1016/j.memsci.2011.04.042
https://doi.org/10.1016/j.memsci.2011.04.042
https://doi.org/10.1016/j.memsci.2011.04.042
https://doi.org/10.1016/j.memsci.2011.04.042
https://doi.org/10.1016/j.jhazmat.2011.09.082
https://doi.org/10.1016/j.jhazmat.2011.09.082
https://doi.org/10.1016/j.jhazmat.2011.09.082
https://doi.org/10.1016/j.jhazmat.2011.09.082
https://doi.org/10.21275/ART20179299
https://doi.org/10.21275/ART20179299
https://doi.org/10.21275/ART20179299
https://doi.org/10.21275/ART20179299
https://doi.org/10.3969/j.issn.0438-1157.2014.11.032
https://doi.org/10.3969/j.issn.0438-1157.2014.11.032
https://doi.org/10.3969/j.issn.0438-1157.2014.11.032
https://doi.org/10.3969/j.issn.0438-1157.2014.11.032
https://doi.org/10.15406/mojfpt.2019.07.00231
https://doi.org/10.15406/mojfpt.2019.07.00231
https://doi.org/10.15406/mojfpt.2019.07.00231
https://doi.org/10.1007/s11270-013-1770-3
https://doi.org/10.1007/s11270-013-1770-3
https://doi.org/10.1007/s11270-013-1770-3
https://doi.org/10.1007/s11270-013-1770-3
https://doi.org/10.1016/j.seppur.2013.08.038
https://doi.org/10.1016/j.seppur.2013.08.038
https://doi.org/10.1016/j.seppur.2013.08.038
https://doi.org/10.1016/j.seppur.2013.08.038
https://doi.org/10.3390/membranes12010024
https://doi.org/10.3390/membranes12010024
https://doi.org/10.3390/membranes12010024
https://doi.org/10.3390/membranes12010024
https://doi.org/10.3390/APP9152994
https://doi.org/10.3390/APP9152994
https://doi.org/10.3390/APP9152994
https://doi.org/10.3390/APP9152994
https://doi.org/10.3390/APP9152994
https://doi.org/10.1016/j.jwpe.2020.101527
https://doi.org/10.1016/j.jwpe.2020.101527
https://doi.org/10.1016/j.jwpe.2020.101527
https://doi.org/10.1016/j.jwpe.2020.101527
https://doi.org/10.1016/j.jwpe.2020.101527
https://doi.org/10.1016/j.memsci.2020.118139
https://doi.org/10.1016/j.memsci.2020.118139
https://doi.org/10.1016/j.memsci.2020.118139
https://doi.org/10.1016/j.memsci.2020.118139
https://doi.org/10.22079/JMSR.2019.111596.1278
https://doi.org/10.22079/JMSR.2019.111596.1278
https://doi.org/10.22079/JMSR.2019.111596.1278
https://doi.org/10.22079/JMSR.2019.111596.1278
https://doi.org/10.22079/JMSR.2019.111596.1278
http://hdl.handle.net/10803/666994
http://hdl.handle.net/10803/666994
http://hdl.handle.net/10803/666994
http://hdl.handle.net/10803/666994
http://hdl.handle.net/10803/666994
https://doi.org/10.1016/j.seppur.2012.09.007
https://doi.org/10.1016/j.seppur.2012.09.007
https://doi.org/10.1016/j.seppur.2012.09.007
https://doi.org/10.1016/j.seppur.2012.09.007
https://doi.org/10.1016/j.reactfunctpolym.2019.03.014
https://doi.org/10.1016/j.reactfunctpolym.2019.03.014
https://doi.org/10.1016/j.reactfunctpolym.2019.03.014
https://doi.org/10.1016/j.reactfunctpolym.2019.03.014
https://doi.org/10.1016/j.reactfunctpolym.2019.03.014
https://doi.org/10.22146/ijc.68311
https://doi.org/10.22146/ijc.68311
https://doi.org/10.22146/ijc.68311
https://doi.org/10.22146/ijc.68311
https://doi.org/10.1016/j.microc.2021.106459
https://doi.org/10.1016/j.microc.2021.106459
https://doi.org/10.1016/j.microc.2021.106459
https://doi.org/10.1016/j.microc.2021.106459
https://doi.org/10.1016/j.microc.2021.106459
https://doi.org/10.1088/1755-1315/765/1/012103
https://doi.org/10.1088/1755-1315/765/1/012103
https://doi.org/10.1088/1755-1315/765/1/012103
https://doi.org/10.1088/1755-1315/765/1/012103
https://doi.org/10.1088/1755-1315/765/1/012103
https://doi.org/10.1016/j.memsci.2015.05.037
https://doi.org/10.1016/j.memsci.2015.05.037
https://doi.org/10.1016/j.memsci.2015.05.037
https://doi.org/10.1016/j.memsci.2015.05.037
https://doi.org/10.1016/j.memsci.2015.05.037
https://doi.org/10.1016/J.WATRES.2005.04.003
https://doi.org/10.1016/J.WATRES.2005.04.003
https://doi.org/10.1016/J.WATRES.2005.04.003
https://doi.org/10.1016/J.WATRES.2005.04.003
https://doi.org/10.1080/19443994.2015.1048734
https://doi.org/10.1080/19443994.2015.1048734
https://doi.org/10.1080/19443994.2015.1048734
https://doi.org/10.1080/19443994.2015.1048734
https://doi.org/10.1080/19443994.2015.1048734
https://doi.org/10.1016/j.matlet.2020.128882
https://doi.org/10.1016/j.matlet.2020.128882
https://doi.org/10.1016/j.matlet.2020.128882
https://doi.org/10.1016/j.matlet.2020.128882
https://doi.org/10.1007/BF02899326
https://doi.org/10.1007/BF02899326
https://doi.org/10.1007/BF02899326
https://doi.org/10.17509/ijost.v4i1.15806
https://doi.org/10.17509/ijost.v4i1.15806
https://doi.org/10.17509/ijost.v4i1.15806
https://doi.org/10.1063/1.5117074
https://doi.org/10.1063/1.5117074
https://doi.org/10.1063/1.5117074


 Oluwasola E.1 et al. / Journal of Membrane Science and Research 8 (2022) 553756 
 

10 

 
 

2124 (2019). https://doi.org/10.1063/1.5117074. 

[52] K. Witt, E. Radzymińska-Lenarcik, Characterization of PVC-based 

polymer inclusion membranes with phosphonium ionic liquids, J. 

Therm. Anal. Calorim. 138 (2019) 4437–4443. 

https://doi.org/10.1007/S10973-019-08912-3. 
[53] M. Mališová, M. Horňáček, J. Mikulec, P. Hudec, V. Jorík, FTIR study 

of hydrotalcite, Acta Chim. Slovaca. 11 (2018) 147–156. 

https://doi.org/10.2478/acs-2018-0021. 
[54] G. Argiropoulos, R.W. Cattrall, I.C. Hamilton, R. Paimin, 

Determination of the quaternary ammonium ion components of Aliquat 

336 by Electrospray Mass Spectrometry, Anal. Chim. Acta. 360 (1998) 
167–169. https://doi.org/10.1016/S0003-2670(97)00674-0. 

[55] A. Stojanovic, C. Morgenbesser, D. Kogelnig, R. Krachler, B. K., 

Quaternary Ammonium and Phosphonium Ionic Liquids in Chemical 
and Environmental Engineering, in: Quat. Ammonium Phosphonium 

Ion. Liq. Chem. Environ. Eng., 2011. https://doi.org/10.5772/14340. 

[56] I.A. Sogias, A.C. Williams, V. V. Khutoryanskiy, Chitosan-based 
mucoadhesive tablets for oral delivery of Ibuprofen, Int. J. Pharm. 436 

(2012) 602–610. https://doi.org/10.1016/j.ijpharm.2012.07.007. 

[57] H. Schulz, M. Baranska, Identification and quantification of valuable 

plant substances by IR and Raman spectroscopy, Vib. Spectrosc. 43 

(2007) 13–25. https://doi.org/10.1016/j.vibspec.2006.06.001. 

[58] M. Bartolome, L. Santiago, Chromatographic separation of the free 
radical scavenging components of the leaf extracts of Leea 

philippinensis Merr, Int. Food Res. J. 22 (2015) 1396–1403.  
[59] A. Fini, C. Cavallari, F. Ospitali, Effect of ultrasound on the compaction 

of ibuprofen/isomalt systems, Pharmaceutics. 1 (2009) 3–19. 

https://doi.org/10.3390/pharmaceutics1010003. 
[60] F. Sellami, O. Kebiche-Senhadji, S. Marais, L. Colasse, K. Fatyeyeva, 

Enhanced removal of Cr(VI) by polymer inclusion membrane based on 

poly(vinylidene fluoride) and Aliquat 336, Sep. Purif. Technol. 248 
(2020) 117038. https://doi.org/10.1016/j.seppur.2020.117038. 

[61] N. Syazana, A. Halim, Polymeric properties and metal extraction 

performance of poly (vinyl chloride)/Aliquat 336 polymer inclusion 
membranes and electrospun fibres, University of Wollongong, 2019. 

http://ro.uow.edu.au/theses/4580. 

[62] J. Xu, L. Wang, W. Shen, R. Paimin, X. Wang, The influence of the 

interior structure of aliquat 336/PVC membranes to their extraction 

behavior, Sep. Sci. Technol. 39 (2004) 3527–3539. 

https://doi.org/10.1081/SS-200036541. 
[63] L. Wang, W. Shen, Chemical and morphological stability of Aliquat 

336/PVC membranes in membrane extraction: A preliminary study, Sep. 

Purif. Technol. 46 (2005) 51–62. 
https://doi.org/10.1016/j.seppur.2005.04.009. 

[64] NS. Abdul-Halim, N.S.U. Idris, Y.G. Tou, Cellulose triacetate Polymer 

Inclusion Membrane (PIM) for dye removal, in: IOP Conf. Ser. Earth 
Environ. Sci., 2021. https://doi.org/10.1088/1755-1315/842/1/012075. 

[65] C. Fontàs, R. Tayeb, M. Dhahbi, E. Gaudichet, F. Thominette, P. Roy, 

K. Steenkeste, M.P. Fontaine-Aupart, S. Tingry, E. Tronel-Peyroz, P. 
Seta, Polymer inclusion membranes: The concept of fixed sites 

membrane revised, J. Memb. Sci. 290 (2007) 62–72. 

https://doi.org/10.1016/j.memsci.2006.12.019. 
[66] J.M. Beveridge, Click Chemistry applications for Surfaces, Georgia 

Institute of Technology, 2018. A doctoral thesis submitted to Georgia 

Institute of Technology United States. 

[67] SD. Kolev, MIGS Almeida, R.W. Cattrall, Polymer Inclusion 

Membranes, Handb. Smart Mater. Anal. Chem. (2019) 439–461. 

https://doi.org/10.1002/9781119422587.ch14. 
[68] A. Upitis, J. Peterson, C. Lukey, L.D. Nghiem, Metallic ion extraction 

using polymer inclusion membranes (PIMs): Optimising physical 

strength and extraction rate, Desalin. Water Treat. 6 (2009) 41–47. 
https://doi.org/10.5004/dwt.2009.641. 

[69] M.I. Vázquez, V. Romero, C. Fontàs, E. Anticó, J. Benavente, Polymer 

inclusion membranes (PIMs) with the ionic liquid (IL) Aliquat 336 as 
extractant: Effect of base polymer and IL concentration on their 

physical-chemical and elastic characteristics, J. Memb. Sci. 455 (2014) 

312–319. https://doi.org/10.1016/j.memsci.2013.12.072. 
[70] J.A.L. Soo, N.F. Shoparwe, T.A. Otitoju, M. Mohamad, L.S. Tan, S. Li, 

M.M.Z. Makhtar, Characterization and kinetic studies of 

poly(Vinylidene fluoride-co-hexafluoropropylene) polymer inclusion 
membrane for the malachite green extraction, Membranes (Basel). 11 

(2021) 676. https://doi.org/10.3390/membranes11090676. 

[71] MR Mohd Ramli, A.L. Ahmad, C.P. Leo, Surface Modification of 
Polytetrafluoroethylene Hollow Fiber Membrane for Direct Contact 

Membrane Distillation through Low-Density Polyethylene Solution 
Coating, ACS Omega. (2021). 

https://doi.org/10.1021/acsomega.0c05107. 

[72] A. Alabi, L. Cseri, A. Al Hajaj, G. Szekely, P. Budd, L. Zou, 

Electrostatically-coupled graphene oxide nanocomposite cation 

exchange membrane, J. Memb. Sci. 594 (2020). 

https://doi.org/10.1016/j.memsci.2019.117457. 

[73] P. Szczepański, H. Guo, K. Dzieszkowski, Z. Rafiński, A. Wolan, K. 
Fatyeyeva, J. Kujawa, W. Kujawski, New reactive ionic liquids as 

carriers in polymer inclusion membranes for transport and separation of 

Cd(II), Cu(II), Pb(II), and Zn(II) ions from chloride aqueous solutions, 
J. Memb. Sci. 638 (2021). 

https://doi.org/10.1016/j.memsci.2021.119674. 

[74] G. Argiropoulos, R.W. Cattrall, I.C. Hamilton, SD. Kolev, R. Paimin, 
The study of a membrane for extracting gold(III) from hydrochloric acid 

solutions, J. Memb. Sci. 138 (1998) 279–285. 

https://doi.org/10.1016/S0376-7388(97)00235-4. 
[75] L.L. Zhang, R.W. Cattrall, M. Ashokkumar, S.D. Kolev, On-line 

extractive separation in flow injection analysis based on polymer 

inclusion membranes: A study on membrane stability and approaches 
for improving membrane permeability, Talanta. 97 (2012) 382–387. 

https://doi.org/10.1016/j.talanta.2012.04.049. 

[76] L. Moulahcene, M. Skiba, F. Bounoure, M. Benamor, N. Milon, F. 

Hallouard, M. Lahiani-Skiba, New polymer inclusion membrane 

containing β-Cyclodextrin polymer: Application for pharmaceutical 

pollutant removal from wastewater, in: Int. J. Environ. Res. Public 
Health, 2019. https://doi.org/10.3390/ijerph16030414. 

[77] HI Turgut, V. Eyupoglu, R.A. Kumbasar, I. Sisman, Alkyl chain length-
dependent Cr(VI) transport by polymer inclusion membrane using room 

temperature ionic liquids as carrier and PVDF-co-HFP as polymer 

matrix, Sep. Purif. Technol. 175 (2017) 406–417. 
https://doi.org/10.1016/j.seppur.2016.11.056. 

[78] N.S.W. Zulkefeli, S.K. Weng, N.S. Abdul Halim, Removal of Heavy 

Metals by Polymer Inclusion Membranes, Curr. Pollut. Reports. 4 
(2018) 84–92. https://doi.org/10.1007/s40726-018-0091-y. 

[79] N. Ali, N. Naz, Z. Shah, A. ul Haq Ali shah, A. Khan, R. Nawaz, 

Selective transportation of molybdenum from model and ore through 
poly inclusion membrane, Bull. Chem. Soc. Ethiop. 34 (2020) 93–104. 

https://doi.org/10.4314/BCSE.V34I1.9. 

[80] Maha Sharaf, Wataru Yoshida, Fukiko Kubota, S. D. Kolev, Masahiro 

Goto, A polymer inclusion membrane composed of the binary carrier 

PC-88A and Versatic 10 for the selective separation and recovery of Sc, 

RSC Adv. 8 (2018) 8631–8637. https://doi.org/10.1039/C7RA12697B. 
[81] M. Przewoźna, P. Gajewski, N. Michalak, M.B. Bogacki, A. 

Skrzypczak, Determination of the Percolation Threshold for the Oxalic, 

Tartaric, and Lactic Acids Transport through Polymer Inclusion 
Membranes with 1-Alkylimidazoles as a Carrier, Sep. Sci. Technol. 49 

(2014) 1745–1755. https://doi.org/10.1080/01496395.2014.906464. 

[82] S. Chopra, D. Kumar, Ibuprofen as an emerging organic contaminant in 
environment, distribution and remediation, Heliyon. 6 (2020) e04087. 

https://doi.org/10.1016/j.heliyon.2020.e04087. 

[83] DJ Lapworth, N. Baran, M.E. Stuart, R.S. Ward, Emerging organic 
contaminants in groundwater: A review of sources, fate and occurrence, 

Environ. Pollut. 163 (2012) 287–303. 

https://doi.org/10.1016/j.envpol.2011.12.034. 
[84] I. Iben Nasser, F. Ibn El Haj Amor, L. Donato, C. Algieri, A. Garofalo, 

E. Drioli, C. Ahmed, Removal and recovery of Ag(CN)2- from synthetic 

electroplating baths by polymer inclusion membrane containing Aliquat 

336 as a carrier, Chem. Eng. J. 295 (2016) 207–217. 

https://doi.org/10.1016/j.cej.2016.03.034. 

[85] O. Kebiche-Senhadji, S. Tingry, P. Seta, M. Benamor, Selective 
extraction of Cr(VI) over metallic species by polymer inclusion 

membrane (PIM) using anion (Aliquat 336) as carrier, Desalination. 258 

(2010) 59–65. https://doi.org/10.1016/j.desal.2010.03.047. 
[86] A. Kaya, C. Onac, H.K. Alpoǧuz, S. Agarwal, V.K. Gupta, N. Atar, A. 

Yilmaz, Reduced graphene oxide based a novel polymer inclusion 

membrane: Transport studies of Cr(VI), J. Mol. Liq. 219 (2016) 1124–
1130. https://doi.org/10.1016/j.molliq.2016.04.023. 

[87] B. Hoque, M.I.G.S. Almeida, R.W. Cattrall, T.G. Gopakumar, S.D. 

Kolev, Improving the extraction performance of polymer inclusion 
membranes by cross-linking their polymeric backbone, React. Funct. 

Polym. 160 (2021). 

https://doi.org/10.1016/j.reactfunctpolym.2021.104813. 
[88] A. Kaya, C. Onac, H.K. Alpoguz, A novel electro-driven membrane for 

removal of chromium ions using polymer inclusion membrane under 

constant DC electric current, J. Hazard. Mater. 317 (2016) 1–7. 
https://doi.org/10.1016/j.jhazmat.2016.05.047. 

[89] O. Kebiche-Senhadji, L. Mansouri, S. Tingry, P. Seta, M. Benamor, 
Facilitated Cd(II) transport across CTA polymer inclusion membrane 

using anion (Aliquat 336) and cation (D2EHPA) metal carriers, J. 

https://doi.org/10.1063/1.5117074
https://doi.org/10.1007/S10973-019-08912-3
https://doi.org/10.1007/S10973-019-08912-3
https://doi.org/10.1007/S10973-019-08912-3
https://doi.org/10.1007/S10973-019-08912-3
https://doi.org/10.2478/acs-2018-0021
https://doi.org/10.2478/acs-2018-0021
https://doi.org/10.2478/acs-2018-0021
https://doi.org/10.1016/S0003-2670(97)00674-0
https://doi.org/10.1016/S0003-2670(97)00674-0
https://doi.org/10.1016/S0003-2670(97)00674-0
https://doi.org/10.1016/S0003-2670(97)00674-0
https://doi.org/10.5772/14340
https://doi.org/10.5772/14340
https://doi.org/10.5772/14340
https://doi.org/10.5772/14340
https://doi.org/10.1016/j.ijpharm.2012.07.007
https://doi.org/10.1016/j.ijpharm.2012.07.007
https://doi.org/10.1016/j.ijpharm.2012.07.007
https://doi.org/10.1016/j.vibspec.2006.06.001
https://doi.org/10.1016/j.vibspec.2006.06.001
https://doi.org/10.1016/j.vibspec.2006.06.001
https://doi.org/10.3390/pharmaceutics1010003
https://doi.org/10.3390/pharmaceutics1010003
https://doi.org/10.3390/pharmaceutics1010003
https://doi.org/10.1016/j.seppur.2020.117038
https://doi.org/10.1016/j.seppur.2020.117038
https://doi.org/10.1016/j.seppur.2020.117038
https://doi.org/10.1016/j.seppur.2020.117038
http://ro.uow.edu.au/theses/4580
http://ro.uow.edu.au/theses/4580
http://ro.uow.edu.au/theses/4580
http://ro.uow.edu.au/theses/4580
https://doi.org/10.1081/SS-200036541
https://doi.org/10.1081/SS-200036541
https://doi.org/10.1081/SS-200036541
https://doi.org/10.1081/SS-200036541
https://doi.org/10.1016/j.seppur.2005.04.009
https://doi.org/10.1016/j.seppur.2005.04.009
https://doi.org/10.1016/j.seppur.2005.04.009
https://doi.org/10.1016/j.seppur.2005.04.009
https://doi.org/10.1088/1755-1315/842/1/012075
https://doi.org/10.1088/1755-1315/842/1/012075
https://doi.org/10.1088/1755-1315/842/1/012075
https://doi.org/10.1016/j.memsci.2006.12.019
https://doi.org/10.1016/j.memsci.2006.12.019
https://doi.org/10.1016/j.memsci.2006.12.019
https://doi.org/10.1016/j.memsci.2006.12.019
https://doi.org/10.1016/j.memsci.2006.12.019
https://doi.org/10.1002/9781119422587.ch14
https://doi.org/10.1002/9781119422587.ch14
https://doi.org/10.1002/9781119422587.ch14
https://doi.org/10.5004/dwt.2009.641
https://doi.org/10.5004/dwt.2009.641
https://doi.org/10.5004/dwt.2009.641
https://doi.org/10.5004/dwt.2009.641
https://doi.org/10.1016/j.memsci.2013.12.072
https://doi.org/10.1016/j.memsci.2013.12.072
https://doi.org/10.1016/j.memsci.2013.12.072
https://doi.org/10.1016/j.memsci.2013.12.072
https://doi.org/10.1016/j.memsci.2013.12.072
https://doi.org/10.3390/membranes11090676
https://doi.org/10.3390/membranes11090676
https://doi.org/10.3390/membranes11090676
https://doi.org/10.3390/membranes11090676
https://doi.org/10.3390/membranes11090676
https://doi.org/10.1021/acsomega.0c05107
https://doi.org/10.1021/acsomega.0c05107
https://doi.org/10.1021/acsomega.0c05107
https://doi.org/10.1021/acsomega.0c05107
https://doi.org/10.1021/acsomega.0c05107
https://doi.org/10.1016/j.memsci.2019.117457
https://doi.org/10.1016/j.memsci.2019.117457
https://doi.org/10.1016/j.memsci.2019.117457
https://doi.org/10.1016/j.memsci.2019.117457
https://doi.org/10.1016/j.memsci.2021.119674
https://doi.org/10.1016/j.memsci.2021.119674
https://doi.org/10.1016/j.memsci.2021.119674
https://doi.org/10.1016/j.memsci.2021.119674
https://doi.org/10.1016/j.memsci.2021.119674
https://doi.org/10.1016/j.memsci.2021.119674
https://doi.org/10.1016/S0376-7388(97)00235-4
https://doi.org/10.1016/S0376-7388(97)00235-4
https://doi.org/10.1016/S0376-7388(97)00235-4
https://doi.org/10.1016/S0376-7388(97)00235-4
https://doi.org/10.1016/j.talanta.2012.04.049
https://doi.org/10.1016/j.talanta.2012.04.049
https://doi.org/10.1016/j.talanta.2012.04.049
https://doi.org/10.1016/j.talanta.2012.04.049
https://doi.org/10.1016/j.talanta.2012.04.049
https://doi.org/10.3390/ijerph16030414
https://doi.org/10.3390/ijerph16030414
https://doi.org/10.3390/ijerph16030414
https://doi.org/10.3390/ijerph16030414
https://doi.org/10.3390/ijerph16030414
https://doi.org/10.1016/j.seppur.2016.11.056
https://doi.org/10.1016/j.seppur.2016.11.056
https://doi.org/10.1016/j.seppur.2016.11.056
https://doi.org/10.1016/j.seppur.2016.11.056
https://doi.org/10.1016/j.seppur.2016.11.056
https://doi.org/10.1007/s40726-018-0091-y
https://doi.org/10.1007/s40726-018-0091-y
https://doi.org/10.1007/s40726-018-0091-y
https://doi.org/10.4314/BCSE.V34I1.9
https://doi.org/10.4314/BCSE.V34I1.9
https://doi.org/10.4314/BCSE.V34I1.9
https://doi.org/10.4314/BCSE.V34I1.9
https://doi.org/10.1039/C7RA12697B
https://doi.org/10.1039/C7RA12697B
https://doi.org/10.1039/C7RA12697B
https://doi.org/10.1039/C7RA12697B
https://doi.org/10.1080/01496395.2014.906464
https://doi.org/10.1080/01496395.2014.906464
https://doi.org/10.1080/01496395.2014.906464
https://doi.org/10.1080/01496395.2014.906464
https://doi.org/10.1080/01496395.2014.906464
https://doi.org/10.1016/j.heliyon.2020.e04087
https://doi.org/10.1016/j.heliyon.2020.e04087
https://doi.org/10.1016/j.heliyon.2020.e04087
https://doi.org/10.1016/j.envpol.2011.12.034
https://doi.org/10.1016/j.envpol.2011.12.034
https://doi.org/10.1016/j.envpol.2011.12.034
https://doi.org/10.1016/j.envpol.2011.12.034
https://doi.org/10.1016/j.cej.2016.03.034
https://doi.org/10.1016/j.cej.2016.03.034
https://doi.org/10.1016/j.cej.2016.03.034
https://doi.org/10.1016/j.cej.2016.03.034
https://doi.org/10.1016/j.cej.2016.03.034
https://doi.org/10.1016/j.desal.2010.03.047
https://doi.org/10.1016/j.desal.2010.03.047
https://doi.org/10.1016/j.desal.2010.03.047
https://doi.org/10.1016/j.desal.2010.03.047
https://doi.org/10.1016/j.molliq.2016.04.023
https://doi.org/10.1016/j.molliq.2016.04.023
https://doi.org/10.1016/j.molliq.2016.04.023
https://doi.org/10.1016/j.molliq.2016.04.023
https://doi.org/10.1016/j.reactfunctpolym.2021.104813
https://doi.org/10.1016/j.reactfunctpolym.2021.104813
https://doi.org/10.1016/j.reactfunctpolym.2021.104813
https://doi.org/10.1016/j.reactfunctpolym.2021.104813
https://doi.org/10.1016/j.reactfunctpolym.2021.104813
https://doi.org/10.1016/j.jhazmat.2016.05.047
https://doi.org/10.1016/j.jhazmat.2016.05.047
https://doi.org/10.1016/j.jhazmat.2016.05.047
https://doi.org/10.1016/j.jhazmat.2016.05.047
https://doi.org/10.1016/J.MEMSCI.2007.11.015
https://doi.org/10.1016/J.MEMSCI.2007.11.015
https://doi.org/10.1016/J.MEMSCI.2007.11.015


 Oluwasola E.1 et al. / Journal of Membrane Science and Research 8 (2022) 553756 
 

11 

 
 

Memb. Sci. 310 (2008) 438–445. 

https://doi.org/10.1016/J.MEMSCI.2007.11.015. 

[90] V.S. Kislik, Liquid Membranes Principles and Applications in Chemical 

Separations and Wastewater Treatment.(Ed.), 1st edition, Elsevier 

Radarweg 29, PO Box 211, 1000 AE Amsterdam, The Netherlands 
Linacre House, Jordan Hill, Oxford OX2 8DP, UK, 2010: pp. 1–15. 

https://doi.org/10.1016/B978-0-444-53218-3.00001-5. 

[91] A. Casadellà, O. Schaetzle, K. Nijmeijer, K. Loos, Polymer inclusion 
membranes (PIM) for the recovery of potassium in the presence of 

competitive cations, Polymers (Basel). 8 (2016). 

https://doi.org/10.3390/polym8030076. 
[92] A. Casadellà, O. Schaetzle, K. Loos, Ammonium across a Selective 

Polymer Inclusion Membrane: Characterization, Transport, and 

Selectivity, Macromol. Rapid Commun. 37 (2016) 858–864. 
https://doi.org/10.1002/marc.201600032. 

[93] I. Zawierucha, C. Kozlowski, G. Malina, Removal of toxic metal ions 

from landfill leachate by complementary sorption and transport across 
polymer inclusion membranes, Waste Manag. 33 (2013) 2129–2136. 

https://doi.org/10.1016/j.wasman.2012.12.015. 

[94] G. Salazar-Alvarez, A.N. Bautista-Flores, E.R. De San Miguel, M. 

Muhammed, J. De Gyves, Transport characterisation of a PIM system 

used for the extraction of Pb(II) using D2EHPA as carrier, J. Memb. Sci. 

250 (2005) 247–257. https://doi.org/10.1016/j.memsci.2004.09.048. 
[95] M. O’Rourke, R.W. Cattrall, SD. Kolev, I.D. Potter, The extraction and 

transport of organic molecules using polymer inclusion membranes, 
Solvent Extr. Res. Dev. 16 (2009) 1–12. 

[96] Y. Ryabenkova, N. Jadav, M. Conte, M.F.A. Hippler, N. Reeves-

Mclaren, P.D. Coates, P. Twigg, A. Paradkar, Mechanism of Hydrogen-
Bonded Complex Formation between Ibuprofen and Nanocrystalline 

Hydroxyapatite, Am. Chem. Soc. 33 (2017) 2965–2976. 

https://doi.org/10.1021/acs.langmuir.6b04510. 
[97] L. Wang, Y. Zhao, B. Fan, M. Carta, R. Malpass-Evans, N.B. McKeown, 

F. Marken, Polymer of intrinsic microporosity (PIM) films and 

membranes in electrochemical energy storage and conversion: A mini-
review, Electrochem. Commun. 118 (2020) 106798. 

https://doi.org/10.1016/j.elecom.2020.106798. 

[98] NK. Khanzada, M.U. Farid, J.A. Kharraz, J. Choi, C.Y. Tang, L.D. 

Nghiem, A. Jang, A.K. An, Removal of organic micropollutants using 

advanced membrane-based water and wastewater treatment: A review, 

J. Memb. Sci. 598 (2020) 117672. 
https://doi.org/10.1016/j.memsci.2019.117672. 

[99] LD. Nghiem, P. Mornane, I.D. Potter, J.M. Perera, R.W. Cattrall, S.D. 

Kolev, Extraction and transport of metal ions and small organic 
compounds using polymer inclusion membranes (PIMs), J. Memb. Sci. 

281 (2006) 7–41. https://doi.org/10.1016/J.MEMSCI.2006.03.035. 

 

https://doi.org/10.1016/J.MEMSCI.2007.11.015
https://doi.org/10.1016/J.MEMSCI.2007.11.015
https://doi.org/10.3390/polym8030076
https://doi.org/10.3390/polym8030076
https://doi.org/10.3390/polym8030076
https://doi.org/10.3390/polym8030076
https://doi.org/10.1002/marc.201600032
https://doi.org/10.1002/marc.201600032
https://doi.org/10.1002/marc.201600032
https://doi.org/10.1002/marc.201600032
https://doi.org/10.1016/j.wasman.2012.12.015
https://doi.org/10.1016/j.wasman.2012.12.015
https://doi.org/10.1016/j.wasman.2012.12.015
https://doi.org/10.1016/j.wasman.2012.12.015
https://doi.org/10.1016/j.memsci.2004.09.048
https://doi.org/10.1016/j.memsci.2004.09.048
https://doi.org/10.1016/j.memsci.2004.09.048
https://doi.org/10.1016/j.memsci.2004.09.048
https://doi.org/10.1021/acs.langmuir.6b04510
https://doi.org/10.1021/acs.langmuir.6b04510
https://doi.org/10.1021/acs.langmuir.6b04510
https://doi.org/10.1021/acs.langmuir.6b04510
https://doi.org/10.1021/acs.langmuir.6b04510
https://doi.org/10.1016/j.elecom.2020.106798
https://doi.org/10.1016/j.elecom.2020.106798
https://doi.org/10.1016/j.elecom.2020.106798
https://doi.org/10.1016/j.elecom.2020.106798
https://doi.org/10.1016/j.elecom.2020.106798
https://doi.org/10.1016/j.memsci.2019.117672
https://doi.org/10.1016/j.memsci.2019.117672
https://doi.org/10.1016/j.memsci.2019.117672
https://doi.org/10.1016/j.memsci.2019.117672
https://doi.org/10.1016/j.memsci.2019.117672
https://doi.org/10.1016/J.MEMSCI.2006.03.035
https://doi.org/10.1016/J.MEMSCI.2006.03.035
https://doi.org/10.1016/J.MEMSCI.2006.03.035
https://doi.org/10.1016/J.MEMSCI.2006.03.035

