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Abstract 

 

Separation based on polymer inclusion membranes (PIMs) has gained significant interest in 

recent years as an environmentally friendly separation technique. PIMs are generally classified 

as a type of liquid membrane in which the membrane organic phase (containing the extractant 

and in some cases a plasticizer or modifier) is immobilised within the entangled chains of a 

polymer. The majority of the extractants used in PIMs are liquids, although solid extractants 

such as trioctylphosphine oxide (TOPO) can also be used when liquified because of the 

presence of impurities (e.g., solvents). Different base polymers, such as poly(vinyl chloride) 

(PVC), cellulose triacetate (CTA), and poly(vinylidene fluoride-co-hexafluoropropylene) 

(PVDF-HFP), have been used as the polymeric support of PIMs. Although the extractants are 

the active PIM components, the nature of the polymeric support also plays a vital role in the 

performance of these membranes. In the research described in this thesis the structure of the 

PIM polymeric support has been altered using different cross-linking agents (i.e., polymer of 

monomers) and their effect on PIM extraction and separation performance has been studied.  

Cross-linked PIMs containing di-2-ethylhexyl phosphoric acid (D2EHPA) as the extractant, 

poly(ethylene glycol) dimethylacrylate (PEGDMA) as the cross-linking agent and 2,2-

dimethoxy-2-phenyl acetophenone (DMPA) as the initiator were developed for the extraction, 

transport and separation of Zn(II). Three different base polymers were tested, namely PVC, 

CTA, and PVDF-HFP, but only cross-linked PIMs containing CTA or PVDF-HFP were found 

to be homogenous with oil free surfaces. When comparing the performance of these two 

successful cross-linked PIMs with their non-cross-linked counterparts, only the CTA-based 

cross-linked PIM showed superior performance in terms of the amount of Zn(II) extracted and 

the rate of extraction. Therefore, the composition of the CTA-based cross-linked PIM was 

optimised in terms of the ratio between the base polymer and the cross-linking agent and the 

membrane liquid phase composition. The CTA-based cross-linked PIM with optimum 

composition and its non-cross-linked counterpart were then assessed with respect to their 

stability over 5 consecutive extraction and back-extraction experiments (i.e., 5 cycles). Results 

showed that the cross-linked PIM was stable over the course of the experiment, while the 

performance of the non-cross-linked PIM deteriorated significantly after the second cycle. 

Morphology analysis of the cross-linked and non-crosslinked PIMs revealed that the higher 

surface area of the cross-linked PIMs was one of the factors behind the enhancement of the 

membrane performance. 
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Cross-linking agents of different types have been screened to prepare homogeneous cross-

linked PIMs comprised of PVC, CTA or PVDF-HFP as the base polymer and D2EHPA or 

Aliquat 336 as the extractant. These two extractants were selected as they are among the most 

extensively used and studied PIM extractants and in addition they have been well characterised. 

PEGDMA, poly(ethylene glycol) divinylether (PEGDVE) and N-ethylmaleimide (NEM) were 

tested as cross-linking agents. The efficacy of initiating the cross-linking among the units of 

the cross-linking agent was also examined in a PVC-based membrane without extractant using 

the three photo-initiators DMPA, triarylsulfonium hexafluorophosphate (TASHFP) and 

triphenylphosphine oxide (TPO). Among the three photo-initiators, DMPA was effective for 

both PEGDMA and NEM while TASHFP was effective for PEGDMA and PEGDVE. The 

photo-initiator TPO was not effective for any of the tested cross-linking agents under the 

present conditions. The cross-linking conditions were then optimised in terms of the amount 

of photo-initiator and the UV-irradiation time separately for the three base polymers studied. 

The extractants D2EHPA or Aliquat 336 were then added to the membrane composition to 

form cross-linked PIMs using the optimum cross-linking conditions established earlier, and 

successful and homogenous cross-linked PIMs were applied for the extraction of either Zn(II) 

or thiocyanate (SCN-), respectively. Assessment of the extraction results indicated that 12 out 

of 13 cross-linked PIMs were superior compared to the corresponding non-cross-linked PIMs 

in terms of the amount extracted and extraction rate of Zn(II) or SCN-.  

The ionic liquid Cyphos® IL104 was used as extractant to fabricate cross-linked PIMs for the 

recovery of Au(III) from electronic waste digests using aqua regia . The compatibility of 

Cyphos® IL104 with the cross-linking agents and initiators mentioned above was assessed 

under the optimal cross-linking conditions established earlier. The three base polymers, 

mentioned above, were tested. Cross-linked PIMs containing PVC did not produce 

homogeneous membranes, although those containing PVDF-HFP and CTA produced 4 

successful cross-linked PIMs in total, which were all assessed for their ability to extract Au(III). 

Only the PVDF-HFP-based cross-linked PIMs showed superior extraction performance 

compared to their non-cross-linked counterparts as well as the CTA-based PIMs. PVDF-HFP-

based cross-linked PIMs were then used for Au(III) transport from 2.5 mol L-1 HCl feed 

solutions into Na2SO3 receiving solutions, and Au(III) could be completely transported two 

times faster in comparison with the respective non-cross-linked PIM system. No deterioration 

in PIM performance was observed in 3 consecutive transport experiments. In highly acidic 

medium (e.g., digested aqua regia) only the cross-linked PIM produced from PVDF-HFP, 
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PEGDMA, TASHFP, and Cyphos® IL104 was able to effectively transport Au(III), and hence 

it was used successfully for the complete recovery of Au(III) from an aqua regia digest of 

electronic waste containing other metal ions at much higher concentrations than that of Au(III) 

in less than 24 h. 
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membranes. (a) base polymer; (b) cross-linking agent (i.e., PEGDMA and PEGDVE polymers 

and NEM monomer); (c) photo-initiator; (d) optimum concentration of photo-initiator; (e) 

optimum UV-treatment time. Mass ratio of base polymer to cross-linking agent, 6:4. 

Figure 9. Flowchart representing the optimum cross-linking conditions for CTA-based 

membranes. (a) base polymer; (b) cross-linking agent (i.e., PEGDMA and PEGDVE polymers 

and NEM monomer); (c) photo-initiator; (d) optimum concentration of photo-initiator; (e) 

optimum UV-treatment time. Mass ratio of base polymer to cross-linking agent, 6:4. 

Figure 10. Mass spectrum in the positive mode of an acetonitrile solution of the white 

precipitate formed in the reaction between Aliquat 336 and TASHFP. 

 Figure 11. Transient concentrations of SCN- (a, b, c) and Zn2+ (d, e) during extraction 

experiments involving PIMs 1-3 (a); 4-6 (b); 7-10 (c), 11-15 (d); and 16-18 (e). PIM 

compositions and experimental conditions as in Table 2. Error bars = ±standard deviation 

(n=3). 

Figure S1. Coloration of PVC based membrane upon longer UV-irradiation. 
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Figure S2. Coloration of PVDF-HFP based membrane upon longer UV-irradiation. 

 

Chapter 4 

Figure 1. Transient percentage of Au(III) extracted into the successful Cyphos® IL 104-based 

cross-linked PIMs (Table 1) and their respective non-cross-linked counterparts. () PIM 1, 

(◆) PIM 2, () PIM 3, () PVDF-HFP non-cross-linked PIM, (×) PIM 4, and (◆) CTA non-

cross-linked PIM. Feed solution, 100 mg L-1 Au(III) and 2.5 M HCl. Detailed compositions of 

the PIMs are presented in Table 1. 

Figure 2. Constant force AFM topographic images of the CTA and PVDF-HFP cross-linked 

membranes and their respective non-cross-linked PIMs. (a) PIM 4 (Table 1), (b) CTA non-

cross-linked PIM, (c) PIM 1, (d) PIM 2, (e) PIM 3 (Table 1), (f) PVDF-HFP non-cross-linked 

PIM. 

Figure 3. Contrast saturated AFM topographic images of the PVDF-HFP cross-linked 

membranes: (a) PIM 1, (b) PIM 2, (c) PIM 3 (Table 1), and (d) respective non-cross-linked 

PIM, highlighting the indentations present in the membranes (represented by the white and 

yellow colour). 

Figure 4. Transient Au(III) concentrations in the feed (dashed lines) and receiving (solid lines) 

solutions using the PVDF-HFP cross-linked membranes: () PIM 1, () PIM 2, (◆) PIM 3 

and their respective () non-cross-linked PIM. Initial feed solution composition, 100 mg L-1 

Au(III) and 2.5 M HCl; receiving solution composition, 0.5 M Na2SO3. The data points are the 

average of duplicate experiments. PIMs thickness: PIM 1, 20.1 ± 1.0 µm; PIM 2, 20.1 ± 4.0 

µm; PIM 3, 21.5 ± 1.2 µm; non-cross-linked PIM, 18.5 ± 1.8 µm. 

Figure 5. Five consecutive transport experiments using (a) PIM 1 and (b) PIM 2 (Table 1): 1st 

(×), 2nd (), 3rd (), 4th () and 5th (◆) experiment. The transient Au(III) concentration 

in the feed and receiving solutions is represented by the dashed and solid line, respectively. 

Initial feed solution composition, 100 mg L-1 Au(III) and 2.5 M HCl; receiving solution 

composition, 0.5 M Na2SO3. The data points are the average of duplicate experiments. 

Figure 6. Transient Au(III) concentrations in the feed (dashed line) and receiving (solid line) 

solutions in transport experiments using (a) PIM 1 and (b) PIM 2 (Table 1). Initial feed 
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solution,110 mg L-1 Au(III) in digested aqua regia solution; receiving solution composition, 

0.5 M Na2SO3. The error bars = ±standard deviation (n=3). 

Figure 7. Transient normalized concentration of Au(III) () in the feed (dashed line) and 

receiving solutions (solid line), respectively, and of the major metal ions (i.e., Ni(II), Al(III), 

Co(II), Cu(II), Zn(II) and Cr(III)) present in the feed solution. The transient percentage of 

Au(III) recovered is also presented. Feed solution, electronic waste digest; receiving solution, 

0.5 M Na2SO3. Cross-linked PIM composition, 30 wt% Cyphos® IL 104, PVDF-HFP, 

PEGDMA (PVDF-HFP to PEGDMA ratio 6:4) and 2 wt% TASHFP. PIMs thickness: 20.1 ± 

4.0 µm. 

Figure 8. Transient normalized concentration of Au(III) in the feed (dashed line) and receiving 

solutions (solid line) for cross-linked PIM () and non-cross-linked PIM () , respectively, 

and of the major metal ions (i.e., Ni(II), Al(III), Co(II), Cu(II), Zn(II) and Cr(III)) present in 

the feed solution. The transient percentage of Au(III) recovered is also presented. Feed 

solution, electronic waste digest; receiving solution, 0.5 M Na2SO3. Cross-linked PIM 

composition, 30 wt% Cyphos® IL 104, PVDF-HFP, PEGDMA (PVDF-HFP to PEGDMA 

ratio 6:4) and 2 wt% TASHFP and non-cross-linked PIM containing 30 wt% Cyphos® IL 104, 

PVDF-HFP. 

Table S1. Concentration of Au(III) (mg L-1) transported in five consecutive transport 

experiments across PIM 1 and PIM 2 (Table 1). Initial feed solution composition, 100 mg L-1 

Au(III) and 2.5 M HCl; receiving solution composition, 0.5 M Na2SO3. 
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Chapter 1 

Introduction: evolution of polymer inclusion membranes (PIMs) 

as a powerful separation tool 

 

1. General introduction  

Since ancient times, people have needed to separate different materials and have used different 

separation techniques in their daily lives. The history of separation is long, from the separation 

of grains from their stalks to metals from their ores. In the modern era, every single step of our 

daily life relies directly or indirectly on the application of different separation techniques. From 

our daily food to the production of valuable materials, there is a need for contamination to be 

minimized and we rely on different separation techniques to achieve this.  

Different separation techniques have been discovered according to their necessity at the time 

[1, 2]. According to the requirements, people have developed separation techniques like 

evaporation, distillation, filtration, centrifugation, adsorption, decantation, extraction, and 

chromatographic separation [3-14]. All these techniques especially solvent extraction and 

chromatography are among the most essential separation techniques used in research 

laboratories as well as in industry. Separation techniques are used not only for producing pure 

quality products but also to treat waste before its disposal as industrial and domestic waste 

contains different pollutants which may cause severe adverse effects on living organisms if not 

treated before discharge [15-17]. In order to make the separation process more environmentally 

friendly, membrane-based separation processes were introduced a few decades ago [18, 19]. 

There are three basic pathways, namely passive transport, facilitated transport and active 

transport, through which membrane separation processes take place. Basically, the membrane 

acts as a semipermeable barrier allowing specific chemical species to pass through depending 

on the experimental conditions. Membrane based filtration processes, such as ultrafiltration, 

nanofiltration and reverse osmosis, are very popular and have been industrialised worldwide. 

These filtration techniques work on the principle of size exclusion. Membrane based water 

desalination is a very effective process in tackling the present potable water crisis [20-22]. 

Membranes have also been tested for removing the greenhouse gas carbon dioxide from 

industrial fuel gases [22-24]. Other types of membranes that have also been under extensive 
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development are those which employ the facilitated transport mechanism. These types of 

membranes are called liquid membranes and they mimic the process of solvent extraction [25, 

26]. The following sections describe the basic principles of separation using liquid membranes 

with a particular emphasis on polymer inclusion membranes (PIMs), which are the focus of the 

research described in this thesis. Solvent extraction is also briefly discussed since it is the 

separation technique that liquid membrane-based separation mimics. 

 

2. Solvent extraction 

Solvent extraction is a very important and essential part of analytical and industrial chemistry. 

This separation technique is well recognised due to its ease of operation, simplicity and broad 

scope [27-29]. Solvent extraction commonly involves the mixing of two immiscible phases, 

one aqueous feed phase containing the target species and one organic phase accommodating 

the extractant. This technique is often used by analytical chemists for the extraction, separation 

and preconcentration of species of interest since it utilizes equipment as simple as a separatory 

funnel and requires just a few minutes to be performed. It is also very applicable to analytes at 

both trace and macro levels. In the late 1940s, solvent extraction received more attention due 

to its superiority over precipitation methods [30, 31]. In precipitation methods, contamination 

due to co-precipitation is very common while solvent extraction is a much cleaner process in 

this regard. In atomic energy research separating and purifying elements became easier and 

more effective with the aid of solvent extraction [30]. This technique has become even more 

useful in recent years with the introduction of different selective chelating extractants [32]. 

Proper choice of the chelating extractant can ensure the selective separation of trace elements 

with high efficiencies. The three main purposes that solvent extraction serves are: a) 

preconcentration of trace elements, b) elimination of matrix interferences, and c) separation of 

chemical species [13, 33, 34]. Although solvent extraction has great advantages as a separation 

technique, the use of large volumes of volatile and often flammable organic diluents makes this 

technique not environmentally friendly. Also, the use of volatile organic diluents raises 

occupational health and safety concerns. Therefore, newer technologies have been developed 

to mimic the solvent extraction separation process while avoiding the use of high volumes of 

volatile organic solvents. 
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3. Liquid membranes 

Liquid membranes were introduced to avoid the use of a large inventory of organic diluents 

while maintaining the advantages of solvent extraction. Moreover, they allow for the target 

species to be transferred from a feed aqueous phase to a receiving aqueous phase in one single 

step, unlike in solvent extraction where extraction and back-extraction have to be performed in 

two separate steps. There are different types of liquid membranes, and the most frequently used 

among them are bulk liquid membranes (BLMs), emulsion liquid membranes (ELMs), 

supported liquid membranes (SLMs), and polymer inclusion membranes (PIMs) [25].  

 

3.1. Bulk liquid membranes  

BLMs are a type of liquid membranes where two miscible aqueous liquid phases (feed and 

receiving phases) are separated by an organic phase which is the liquid membrane that holds 

the extractant (often referred to as carrier). A schematic representation of a BLM is displayed 

in Figure 1. Continuous stirring of the feed solution facilitates transfer of the target species to 

the membrane liquid phase which contains an extractant. The target species then diffuses 

through the liquid membrane and is stripped into the receiving phase which is also being stirred 

continuously. Metal ion transport through liquid membranes can be described with the aid of 

two different models. The first and more frequently used approach, was developed by Reusch 

and Cussler in 1973 [35]. This approach basically deals with the concentration diffusion layers 

and treats the interfaces between the organic and aqueous phases as the areas wherein the 

complexation and decomplexation involving the target species and the extractant occur [36]. 

In the second approach [37], it is assumed that the carrier moves slightly out of the organic 

phase into the aqueous feed phase and the reaction occurs in the portion of this aqueous phase 

known as “Big Carrousel”. However, there are a few major drawbacks in using BLMs for large 

scale applications, namely low interfacial surface area and flow rate, which reduces the overall 

mass transfer efficiency.  
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Figure 1. Schematic diagram of a bulk liquid membrane (BLM) system [38]. 

 

3.2. Emulsion liquid membranes 

The simplest approach that can be adopted to improve the diffusion rate of a target species 

through a liquid membrane consists of increasing the contact area between the phases and 

lowering the diffusion path length. Based on these two factors, Cahn and Li introduced a new 

type of membranes called emulsion liquid membranes (ELMs) [39]. Since then many 

researchers have made considerable effort to demonstrate the feasibility of performing 

separation using ELMs with specific formulations [40, 41]. ELMs are basically double 

emulsions produced by emulsifying two immiscible phases. There are two configurations 

possible, such as i) oil-in-water-in-oil (O/W/O) and ii) water-in-oil-in-water (W/O/W) (Figure 

2). Mass transfer takes places from an external feed phase to an internal receiving phase through 

the ELM. After the extraction process the membrane must be demulsified with the aid of 

heating, applying an electric field or centrifugation.  

Coalescence of droplets inhibits the dispersion of one liquid phase in the other causing 

instability of the ELM. Marr et al. created an approach for producing stable emulsions which 

is based on manipulating factors such as the volume ratio of the different phases (internal, 

external and membrane), the organic phase viscosity and the surfactant hydrophilic-lipophilic 

balance (HLB) value [42]. Overall, these membranes are not all that stable to withstand the 
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shear force generated from the mixing process during extraction and demulsification after 

extraction. This instability detracts ELMs from widespread industrial applications [41, 43-46]. 

 

Figure 2. Schematic diagram of an emulsion liquid membrane (ELM) system [47]. 

 

3.3. Supported liquid membranes 

This type of liquid membranes is formed by a thin layer of organic phase, immobilised into a 

suitable microporous support, sandwiched between two aqueous phases of different 

compositions (Figure 3) [48-52]. The porous polymeric support does not play an active role in 

the separation but acts as a supportive layer to hold the organic phase loaded with an extractant 

[53]. The extractant, in contact with the feed solution, extracts the target chemical species and 

releases it to the receiving solution. This advantage of simultaneous extraction and back-

extraction along with the high selectivity and comparatively better stability than BLMs and 

ELMs, leads to the application of SLMs in recovering valuable metals from different sources. 

However, there are still problems in the use of SLMs for large-scale applications. The main 

drawback is the poor stability of SLMs due to the slow leaching of the membrane liquid phase 

into the adjacent aqueous solutions, as a result of the week capillary forces involved in holding 

the organic phase within the support [43]. Therefore, a new type of liquid membranes was 

introduced where the organic extractant is incorporated within a matrix of entangled polymer 
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chains. In this case the intermolecular forces between the organic phase (containing the 

extractant) and the base polymer are stronger, thus minimising the leaching of extractant into 

the adjacent aqueous phases. These liquid membranes are known as polymer inclusion 

membranes (PIMs). This type of liquid membranes is the focus of the research presented in 

this thesis and, therefore, the following sections contain a more detailed discussion related to 

PIMs.  

 

Figure 3. Schematic diagram of a supported liquid membrane (SLM) system [54]. 

 

3.4. Polymer inclusion membranes 

Due to the inherent problems associated with the above mentioned three types of liquid 

membranes and the existing demand for membrane-based separation techniques, extensive 

research has been focused on eliminating the drawbacks of existing liquid membranes and the 

development of PIMs [55-59]. PIMs are generally comprised of a base polymer and a liquid 

phase, containing an extractant (carrier) and sometimes also a plasticizer/modifier. The role of 

the base polymer is to provide mechanical strength to the membrane and to act as a backbone 

of the membrane. The carrier molecule is a complexing agent or an ion exchanger which can 

transport the target chemical species from the feed to the receiving side of the PIM. Sometimes 

other components such as plasticizers and/or modifiers are added to produce flexible 

membranes by lowering the glass transition temperature (Tg) and/or to improve the solubility 
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of the adduct of the extracted target species and the carrier within the membrane liquid phase 

[60, 61]. The following sections will provide more information on each PIM component. 

 

3.4.1. Base polymers 

Polymers that are used in PIMs are thermoplastic. The two factors which provide the 

mechanical strength to a thermoplastic membrane are intermolecular forces and the process of 

entanglement. Intermolecular forces determine the flexibility and high intermolecular forces 

lead to a rigid membrane. Poly(vinyl chloride) (PVC) and cellulose triacetate (CTA) are two 

of the more commonly used base polymers, as they are compatible with different extractants 

and can be dissolved in volatile solvents and the corresponding solutions can be used for casting 

PIMs.  

CTA is a polar and highly crystalline polymer with a large number of hydroxyl and acetyl 

groups [62]. The presence of these polar functional groups favours the formation of hydrogen 

bonds [43]. CTA has a wide range of compatibility with different types of extractants [63, 64] 

as demonstrated later in this Chapter. In some cases, if the extractant does not act as a 

plasticizer, a separate plasticizer should be introduced to allow the casting of a flexible and 

homogeneous membrane. CTA-based PIMs have been studied for extracting different 

inorganic and organic ions and other organic compounds. However, CTA-based membranes 

have limited applicability when highly acidic aqueous solutions are used, as under such 

conditions CTA is readily hydrolysed [65, 66].  

The presence of the C-Cl functional groups in PVC makes it polar. Non-specific dispersion 

forces dominate the intermolecular interactions and make the polymer amorphous with a small 

degree of crystallinity. Like CTA, PVC is also a very extensively used polymer for preparing 

PIMs due to its compatibility with different extractants and ability to produce mechanically 

stable membranes. PVC-based PIMs have been used for different applications which are 

discussed later in this Chapter. Under some extreme conditions, such as highly basic feed or 

receiving solutions, PVC undergoes dehydrochlorination that alters its chemical structure [67]. 

In order to broaden the applicability of PIMs so that they can be used under highly acidic or 

basic conditions, different polymers such as poly(vinylidene fluoride) (PVDF) and 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) have been tested recently as 

base polymers. PVDF is a semi-crystalline polymer which has been selected as a base polymer 
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in PIMs because of its high hydrophobicity and low surface energy. With the incorporation of 

the hexafluoropropylene unit in PVDF, the degree of crystallinity of the polymer is reduced. 

This change in the crystallinity makes PVDF-HFP-based membranes more flexible than their 

PVDF counterparts. Both base polymers have been tested with different extractants. Guo et al. 

have reported PIMs composed of PVDF and ionic liquids with long reusability and higher 

fluxes compared to other PIMs and SLMs when Cr(VI) was the target species [68]. Turgut et 

al. have reported another PVDF-HFP-based PIM for the Cr(VI) removal using ionic liquids 

with different alkyl-chains, and have discussed the alkyl-chain length effect on the membrane 

performance and morphology [69]. PVDF-HFP-based PIMs containing Aliquat 336 as the 

extractant have also been evaluated by O’Bryan et al. for their applicability in extracting 

inorganic ions such as thiocyanate [70]. These researchers have demonstrated the higher 

stability of PVDF-HFP-based PIMs and their ability to extract and back-extract thiocyanate at 

a much higher rate than PVC-based PIMs. 

 

3.4.2. Extractants (carriers) 

In a PIM, the base polymer does not play an active role in the extraction process, but it provides 

mechanical support for the membrane liquid phase which consists of the extractant and in some 

cases may include a plasticizer or a modifier. The extractant is often an ion-exchanger or a 

complexing agent and is responsible for the extraction and/or transport of the target species 

[58]. The resulting ion-pair or complex solubilised in the membrane liquid phase is transported 

across the membrane driven by its concentration gradient. Most of the extractants used in PIMs 

are those used in solvent extraction and there is a recent trend of synthesising new highly 

selective extractants for various target chemical species [71, 72]. There are many extractants 

which have been used in PIMs and they are categorised as acidic, basic, neutral, and chelating. 

In general, basic extractants are salts with an amine functional group such as quaternary 

alkylammonium salts and protonated tertiary alkylamines. Aliquat 336, a commercial solvent 

extraction reagent, is often classified as a basic extractant. Several authors have reported the 

use of Aliquat 336 for extracting and separating different metal ions such as Co(II), Cd(II), 

Fe(III), Cu(II), Cr(VI), Pt(IV), and Au(III) under different experimental conditions [73-76]. 

Since Aliquat 336 also has plasticizing properties it can be used with different base polymers 

without the addition of a separate plasticizer. Other basic carriers that have been used are tri-

n-octyl amine (TOA) and tri-n-hexyl amine (THA) [77, 78]. An example of a neutral extractant 
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is tri-n-butylphosphate [79]. Extractants which are categorised as acidic and chelating carriers 

belong to a different class of organic compounds such as organophosphoric acids (e.g., di-(2-

ethylhexyl) phosphoric acid (D2EHPA), Cyanex 272, Cyanex 301), sulfonic acids (e.g., 

DNNS), carboxylic acids (e.g., Lasalocid A, N-6-(t-dodecylamido)-2-pyridinecarboxylic acid 

(t-DAPA)), quinolines (e.g., Kelex 100), and hydroxyoximes (e.g., LIX reagents) [80-87]. 

Acidic carrier mediated extraction and transport of a metal cation is governed by the exchange 

of the metal ion for protons of the carrier [43]. Because of this, the pH of the source solution is 

an important parameter to control the effectiveness of the separation process. In addition, 

careful pH control of the source solution can result in good PIM extraction selectivity which 

will be similar to that of the corresponding solvent extraction system. Another group of 

extractants includes macromolecular compounds such as crown ethers, calixarenes, and 

cyclodextrins. These extractants are usually expensive and therefore not particularly suitable 

for large scale solvent extraction processes, however, they can possibly be used in preparing 

PIMs where only relatively small amounts of extractants are required. The hydrophobic nature 

of these macromolecular extractants makes them much less soluble in aqueous solutions than 

other extractants which improves the PIM reusability. A considerable number of research 

papers have reported on PIMs with macromolecular carriers for alkali and alkaline earth metal 

ion extraction and separation [88-90]. Recently they have been applied to separate radioactive 

metal ions as well [90, 91]. The fact that the structures of these carriers can be tailored to a 

particular metal ion has attracted considerable interest, although the majority of these 

extractants are not commercially available. 

 

3.4.3. Plasticizers and modifiers 

As already mentioned above, sometimes a plasticizer is also incorporated in the membrane 

composition if the extractant cannot plasticize the PIM adequately. A plasticizer decreases the 

glass transition temperature of the polymeric membrane and thus improves its flexibility [58]. 

Plasticizers improve the compatibility between membrane components by shielding the polar 

groups present in the base polymers and increasing the inter-chain distances [43]. Two 

physiochemical properties of the plasticizer, namely its viscosity and polarity, largely 

contribute to its effect on the membrane structure and properties. It has been suggested that the 

initial flux value should increase with the polarity and decrease with the viscosity of the 

plasticizer. O-nitrophenyl octyl ether (NPOE) and o-nitrophenyl pentyl ether (NPPE) are 
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among the most commonly used plasticizers. Other frequently used plasticizers are dibutyl 

phthalate (DBP), dioctyl phthalate (DOP) and bis(2-ethylhexyl) adipate (DEHA) [78, 92-94]. 

Another component which is added occasionally to the membrane composition is a modifier, 

which improves the solubility of the target species - extractant adduct in the membrane liquid 

phase. Long alkyl chain alcohols such as 1-dodecanol and 1-tetradecanol are commonly used 

as modifiers [60]. Cho et al. have used 1-tetradecanol as a modifier in preparing a PIM 

containing PVC as the base polymer and Aliquat 336 as the extractant [95]. 

 

4. Techniques used for characterization of PIMs 

Several techniques can be employed to study and characterize PIMs in terms of 

extraction/transport efficiency, morphology and thermal properties. This section describes the 

basics of the most commonly used techniques to optimize and characterize PIMs. 

 

4.1. Extraction and transport 

PIMs are designed to conduct a similar separation process as achieved by solvent extraction. 

The capability of extracting different chemical species is a basic feature of a PIM and is an 

attractive alternative to solvent extraction. One of the major advantages of the PIM-based 

separation process is the simultaneous extraction and back-extraction of a target chemical 

species that is achieved in a transport configuration. However, separate extraction and back-

extraction is also often applied in PIM studies. The evaluation of a PIM’s performance in terms 

of efficiency of extraction and/or transport of a particular chemical species is performed by 

monitoring the transient concentrations of the target chemical species in the feed and receiving 

solutions. 

Extraction experiments are conducted by immersing the PIM of appropriate size, thickness and 

mass inside a suitable container (e.g., beaker, glass jar) containing an aqueous feed solution of 

the chemical species of interest. To ensure proper mixing of the feed solution throughout the 

extraction process, the PIM and feed solution need to be agitated vigorously. This is usually 

done in two common ways: a) using an orbital shaker or b) by placing a magnetic stirrer bar 

inside the jar positioned on a magnetic stirrer. A small volume of the feed solution is removed 

at pre-selected time intervals to monitor the extraction process. After completion of the 

extraction experiment, the membrane loaded with the target chemical species is removed and 
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placed in a jar containing a receiving solution, if recovery of the extracted chemical species is 

required. A schematic of a batch extraction system is shown in Figure 4. 

 

Figure 4. Photographic image of a batch extraction experimental setup where the PIM is 

immersed in a jar containing the feed solution and is supported there by a home-made 

membrane holder. 

 

In a transport experiment, the PIM is sandwiched between two gaskets and is placed in a two-

compartment transport cell with one compartment containing the feed solution and the other 

the receiving solution as shown in Figure 5, along with a schematic of generic facilitated 

transport mechanism. Both the feed and receiving solutions are stirred throughout the transport 

experiment using mechanical stirrers. In the general case, the temperature of both solutions can 

be controlled by using a jacketed transport cell connected to a water bath, nevertheless 

experiments were performed in an airconditioned laboratory at a constant temperature of 21oC 

and therefore the cells used for the transport experiments described in this thesis were non-

jacketed.  

 

 

 

 

 

Home-made 

membrane holder 
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(a)       (b) 

  

Figure 5. (a) Schematic presentation of a transport cell and a generic PIM facilitated ion-

exchange transport mechanism in the case of a monovalent target cation (A+). N-, counter 

anion; X+L-, ion-exchange extractant (carrier); X+R-, stripping reagent. (b) Photographic image 

of the transport cell set up in the laboratory. 

 

4.2. Analytical measurements 

The efficiency of the extraction and transport processes is monitored by measuring the target 

chemical species concentration at preselected time intervals, and different techniques or 

instruments can be used for this purpose. Metal ions are generally analysed by atomic 

absorption spectrometry (AAS) or inductively coupled plasma optical emission spectrometry 

(ICP-OES). In some cases, spectrophotometry is used where metal ions form coloured 

complexes in the presence of colorimetric reagents [96]. Also, colorimetric reactions can be 

performed in an automatic fashion by using flow injection systems to determine inorganic ions 

such as SCN- or NH4
+  [97, 98]. Organic chemical species are often measured by techniques 
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such as gas chromatography (GC) or high performance liquid chromatography (HPLC) with 

flame-ionization, conductivity or UV-Vis diode array detection [64, 99, 100].  

As this thesis is mainly focused on metal ion separation, AAS and ICP-OES will be discussed 

in more detail in the following sections.  

Fourier transformed infrared spectrometry is very widely used analytical technique which can 

provide information related to the different types of chemical bonds present in a molecule. This 

technique has been used extensively in the research, reported in this thesis, to elucidate the 

structural details of chemical species present in the PIMs studied. 

 

4.2.1. AAS and ICP-OES 

The phenomenon of light absorption of atoms in a flame or atomic cloud is the basis of AAS 

[101]. AAS as an analytical technique was first developed by Alan Walsh in 1955 [102] with 

the use of flame to atomise the sample and in 1960 flame AAS was used for the determination 

of the calcium content in blood serum [103, 104].  

An atomic absorption spectrometer consists of four essential parts: a hollow cathode lamp as 

the light source, a pre-mix burner for flame AAS or graphite furnace for electrothermal AAS, 

a grating monochromator, and a photomultiplier as the light detector. The hollow cathode lamp 

for a particular metal emits radiation characteristic of this element because its cathode is made 

of this metal. In the flame of the pre-mix burner or graphite furnace (in case of flame AAS or 

electrothermal AAS, respectively) the sample is atomised, and the unexcited atoms absorb the 

radiation emitted from the hollow cathode lamp. The monochromator is tuned to allow light 

with the analytical wavelength to pass through it and reach the light detector where its intensity 

is measured and used for calculating the absorbance which according to Beer’s law is directly 

proportional to the concentration of the analyte metal ion in the sample [104, 105].    

In ICP-OES the emitted radiation from excited atoms of different elements in the plasma torch 

of the spectrometer is measured and related to their concentrations in the sample thus allowing 

simultaneous multielement determinations at the nanogram/millilitre level [106]. The plasma 

temperature ranges from 7000 to 10000 K and the emitted radiation can also be used to identify 

the elements in the sample [107, 108]. 
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These two techniques were used to monitor the concentration of the target species in the feed 

and/or receiving solutions during extraction, back-extraction and transport experiments. 

 

4.2.2. FT-IR 

Infrared spectroscopy is a very popular analytical technique for material characterization [109, 

110]. IR spectra of molecules are like their fingerprints. Therefore, this technique can assist in 

identifying chemical species. Most interferometers in FT-IR instruments employ a beam-

splitter which splits the incoming infrared beam into two optical beams. One of the beams is 

reflected from a fixed flat mirror and the other beam is reflected from a movable (typically a 

few millimetres) flat mirror. The two reflected beams are recombined once they meet again at 

the beam-splitter. As the two beams travel different pathlengths, interference of these two 

beams produces a signal in the interferometer. The resulting signal is called an interferogram 

which has the unique property that every data point (a function of the moving mirror position), 

which makes up the signal, contains information about every infrared frequency emitted from 

the source. This signal is processed using a mathematical technique called Fourier 

transformation and a frequency spectrum is generated. 

FT-IR has been used very extensively to study polymerisation processes [111, 112]. In the 

present study FT-IR has been used to monitor the presence of particular chemical bonds related 

to the presence of specific chemical species of interest.   

 

4.3. PIM morphology 

The word morphology in Greek means the study of shapes. Studying the morphology of a 

material using modern techniques can reveal its micro- to nano-level structural details. This 

information provides a better insight into the material properties and can lead to discovering 

new applications. Different techniques such as atomic force microscopy (AFM), scanning 

electron microscopy (SEM), scanning tunnelling microscopy (STM), and transmission electron 

microscopy (TEM) have been extensively used in morphological analysis of materials [113, 

114].  

AFM is a very popular surface analysis technique for versatile range of surface 

characterisations [115-117]. The advantage of this technique over other surface analysis 
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techniques is the elimination of the usual sample preparation step. The sample surface does not 

need to be conductive to be imaged (e.g., SEM) and thus sample coating with a conductive 

material is not required [118, 119]. This technique works on the basis of the interaction force 

between the tip of the cantilever and the sample surface. The cantilever scans over the sample 

surface and its tip is subject to a force which depends on the tip to surface distance. Therefore, 

during the scan, the cantilever deflects inward or upward. The deflection of the cantilever 

changes the position of the reflected beam on the photodetector. The signal received by the 

photodetector is then processed by the computer to reveal the surface morphology (Figure 6). 

In most AFM studies, three types of morphological data are generally obtained and these are 

topography, phase image and height.  

Morphology of the PIMs are examined to understand the structural changes that have occurred 

within the membrane due to the in-situ cross-linking of the different monomers/oligomers 

tested. Topography images of the PIMs are assessed for roughness and surface area evaluation.  

 

Figure 6. Schematic presentation of the working principles of atomic force microscopy 

(AFM)[120]. 

4.4. Thermal analysis 

Thermal analysis comprises a family of measuring techniques which measure the response of 

a material being cooled or heated. This information allows the establishment of relationships 
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between temperature and specific physical properties of the material. The most popular thermal 

analysis techniques are thermogravimetric analysis (TGA), differential scanning calorimetry 

(DSC), thermomechanical analysis (TMA), and dynamic mechanical analysis (DMA) [121].  

Differential scanning calorimetry (DSC) is commonly referred to as the “workhorse” of 

thermal analysis. In DSC the heat flow rate difference between the material studied and a 

reference is measured as a function of the temperature, while subjected to a controlled 

temperature program. This technique is commonly used in the polymer and pharmaceutical 

industries [122]. The simple and fast determination of the glass transition temperature, the heat 

of fusion, the heat of reaction, the heat capacity, melting and crystallisation temperatures, are 

just a few applications of DSC. In thermal analysis, the temperature and the mass of the sample 

material are the only measured properties. All other details are calculated from the temperature 

change using different thermodynamic equations. The enthalpy change is calculated from the 

temperature difference between the sample material and the reference. The enthalpy of the 

system increases during an endothermic process (melting, absorption) while it decreases during 

an exothermic process (condensation, crystallisation).  

In DSC the sample and reference material (inert aluminium oxide) are heated at a linear heating 

rate. The heating and cooling rate are very important and can affect the quality of the results. 

Faster heating can save considerable amount of time, but it influences the DSC curves’ shape 

and the subsequent results calculated from them [123, 124].  

In TGA,  the mass of a sample is measured while heating it at a constant rate [121]. The heating 

range varies from ambient temperature to about 1000 oC and the measurements are conducted 

in an inert atmosphere created by flowing purge gas containing nitrogen, argon or helium. It is 

also worthy to mention that heating in air is also conducted in certain cases. Mass loss of the 

samples during heating proceeds in different steps as volatile components are lost. In case of a 

polymer, general degradation proceeds by a free radical path initiated by bond dissociation at 

the temperature of pyrolysis. Obviously, this path is different for different polymers and is 

related to their structure. In order to precisely describe the mass loss and determine the 

degradation mechanism, TGA is often used in a combination with evolved gas analysis 

measurements. The most frequently used methods of determining the evolved gases are mass 

spectroscopy and Fourier transformed infrared spectroscopy (FT-IR) [125-127]. 

Simultaneous TGA/DSC analysis has several advantages over separate TGA and DSC 

measurements [128]. The main advantages include the removal of potential ambiguities in the 
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interpretation of the results that might arise from differences in the samples, atmospheric 

conditions, temperature, and other variables [129, 130].  

 

5. Applications of PIMs  

From the very beginning of their development PIMs have been widely used to extract metal 

ions, inorganic anions and small organic molecules from aqueous media [131]. They have been 

used to treat synthetic nuclear waste arising from nuclear reactors [90]. They have also been 

used in chemical sensing for more than 40 years as the polymeric membranes in ion-selective 

electrodes (ISEs) [132]. 

 

5.1. PIMs in chemical sensing 

Liquid membranes were used initially as ion-selective membranes in ISEs [133]. Early 

commercial ISEs employed SLMs where the liquid phases were composed of a liquid ion-

exchangers such as the calcium salt of bis(di-n-decyl) phosphoric acid dissolved in di-n-

octylphenylphosphonate for sensing the Ca2+ ion and long chain alkylammonium salts in 

NPOE for sensing common anions [134]. Later the organic liquid phase was immobilised in 

PVC [135]. These polymeric membranes, which by definition are essentially PIMs (except that 

for ISEs a lower amount of extractant is required), have also been applied in optical chemical 

sensors (optodes) [136, 137]. In recent research on membrane-based sensors the focus has been 

on further decreasing the limit of detection. The use of carbon nanotubes (CNTs) in the 

construction of ISEs has made them capable of detecting nanomole to femtomole 

concentrations which is comparable to the ICP-OES techniques [138]. Plasticizer free 

membrane preparation techniques have also been developed using methacrylate co-polymers 

[139, 140]. A PIM based electrochemical sensor has been developed by Apostu et al. for the 

quantitative determination of ranitidine, famotidine and nizatidine [141]. Silva et al. have 

described the use of PIMs for in-situ gold nanoparticle synthesis and applied these PIMs for 

the detection of salmonella typhimurium [142]. Ohshima et al. have reported the application of 

PIMs as a sorbent in a flow injection analysis system [143]. The PIM used in this study was 

composed of PVC, Aliquat 336 and 1-tetradecanol and was used to coat the internal walls and 

packing of a preconcentration column to enhance the sensitivity of the corresponding flow 

analysis system to measure thiocyanate as an impurity in ammonium sulfate fertilizer. The 
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PIM-based electromembrane extraction (EME) process was also adopted by Cristina et al. to 

extract non-steroidal anti-inflammatory drugs (NSAIDs) and highly polar acidic drugs [144]. 

The optimized PIM containing 29 wt% CTA and 71 wt% Aliquat 336 was capable of extracting 

NSAIDs (salicylic acid, ketoprofen, naproxen, and ibuprofen) and four highly polar acidic 

drugs (anthranilic acid, nicotinic acid, amoxicillin, and hippuric acid) simultaneously with a 

recovery percentages ranging between 81% and 34%. Pantuckova et al. have demonstrated, for 

the first time microextraction across a PIM as a separation method for clinical analysis [99]. 

The microextraction device with the PIM was coupled to a commercial capillary zone 

electrophoresis (CZE) instrument which ensured complete automation of the entire analytical 

procedure consisting of formate extraction, injection, CZE separation, and quantification.  

 

5.2. PIMs for sample pre-treatment 

Sample pre-treatment is an important step in chemical analysis. It is often hard to measure a 

particular analyte in a mixture containing interferants or at a low concentration. Sample pre-

treatment plays an important role in minimising interferences and improving sensitivity. This 

is particularly true for the analysis of pharmaceutical, clinical and environmental samples. 

Modern instruments can achieve very low detection limits; however, these can still be too high 

to satisfy particular requirements, and pre-concentration of the analyte is a necessity. In 

addition, the sample volume available is sometimes limited, and samples often have complex 

matrices and need to undergo pre-treatment for the removal of interferences. Traditional sample 

pre-treatment techniques such as liquid-liquid extraction (LLE) and solid-phase extraction 

(SPE) are time consuming and often use harmful volatile organic solvents [145]. Liquid 

membranes such as PIMs have proven their efficiency in sample pre-treatment for analytical 

purposes [146]. An encapsulated carrier molecule in a PIM can simultaneously allow extraction 

and back-extraction of the analyte of interest which will assist in eliminating an interfering 

species as well as in pre-concentrating the analyte prior to measurement. PIMs can be used in 

two different modes, namely, off-line and on-line. In the off-line mode, samples are collected 

manually from the receiving phase and subsequently analysed by an appropriate instrument, 

whereas in the on-line mode no such manual involvement is necessary. Flow injection analysis 

is such an on-line technique where it is possible to separate, pre-concentrate and measure the 

analyte automatically [147, 148]. Nagul et al. have reported a PIM-based system to determine 

orthophosphate under flow injection and continuous flow conditions [149]. The membrane was 
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composed of PVC and Aliquat 336 and the continuous flow system was able to measure 

phosphate in the μg L−1 range using the multipoint standard addition method. Mamat and See 

have designed a PIM system for EME to replace the existing SLM in a device for the pre-

treatment step of matrix removal prior to the quantification of different drugs [150]. The 

authors selected the three basic drugs amphetamine, methamphetamine, and 3,4-

methylenedioxy-N-methylamphetamine and studied the extraction of these drugs from human 

plasma using a PIM comprised of CTA, tris(2-ethylhexyl) phosphate (TEHP) and D2EHPA. 

The same authors have also applied this PIM to extract cationic and anionic herbicides present 

in river water samples using the same EME system but integrating it with bubbleless electrodes 

[151]. 

 

5.3. PIMs for pollution monitoring 

PIMs can be used as the semi-permeable barrier of passive sampling devices [133, 152]. These 

devices allow the measurement of the time-weighted average concentration of an analyte in an 

aqueous medium such as a lake, river or drain. Unlike spot sampling, where the collection and 

analysis of numerous discrete spot samples require significant time and labour, passive 

sampling involves continuous accumulation of the analyte of interest over a certain sampling 

period of time and the accumulated amount can be used for calculating the time-weighted 

average concentration of the analyte of interest over the sampling period [153]. A PIM-based 

passive sampling device has some advantages over other passive samplers such as 

Chemcatcher®, semipermeable membrane devices (SPMDs) or polar organic chemical 

integrative samplers (POCISs) [153-156]. In a PIM-based passive sampler, the analyte of 

interest is automatically back-extracted into the stripping solution which opens the possibility 

of on-site analysis of the receiving solution (e.g., by using paper-based analytical devices 

[157]). Moreover, if the extractant used and the receiving solution are acidic, this protects the 

PIM from biofouling, which is one of the disadvantages of other passive samplers. Garcia-

Rodríguez et al. have also reported a PIM-based passive sampling device for monitoring  

sulphamethoxazole, one of the most frequently detected antibiotics in wastewater treatment 

plant effluents and environmental waters [158]. 
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5.4. PIMs for extraction and separation of metallic and non-metallic species 

PIMs have been widely applied in the extraction and separation of different metallic and non-

metallic species with the potential to replace industrial solvent extraction applications. This is 

reflected by the increasing number of publications in the last two decades. Nghiem et al. and 

Almeida et al. have comprehensively reviewed and summarised the research focusing on PIMs’ 

applications for metal and non-metal separation until 2012 [43, 58]. Examples of more recent 

PIM applications are listed in Table 1.
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Table 1. Examples of recently developed PIMs for the extraction and separation of metallic and non-metallic species. PIM composition (i.e., base 

polymer, extractant and plasticizer/modifier) and aqueous phases composition are also provided. 

Base 

polymer 

Extractant Plasticizer/ 

Modifier 

Feed solution (F) Receiving 

solution (R) 

Applications References 

CTA D2EHAG and D2EHAF - Sulfuric acid / ammonium 

sulfate buffer solutions  

0.5 mol L-1 

H2SO4 

Sc(III) separation in 

the presence of Y(III), 

La(III), Nd(III), and 

Dy(III) 

[159] 

CTA or 

PBAT 

Aliquat 336 - 10 mg L-1 of Cr(VI) in 0.1 

mol L-1 HCl  

0.1 mol L-1 

NaOH 

Transport of Cr(VI) [160] 

CTA or 

PVC 

Cyphos IL 101, 104 or 

167 

NPOE 1.5 mmol L-1 Zn(II) in 0.58 

mol L-1 HCl, 5 mol L-1 Cl-  

1 mol L-1 H2SO4 Transport of Zn(II) [161, 162] 

CTA p-Tert-butyl 

calix[4]arene 

NPPE 5 mol L−1 metal ions  Deionised water Selective transport of 

Pb2+ 

[163] 

CTA DABA, TABA, PABA 

or SABA 

DOP Mixture of metals at pH 

4.1  

3.0 mol L-1 HCl Selective transport of 

Cr(III). Selectivity 

order: Cr(III) > Co(II) 

> Ba(II) > Sr(II) 

[164] 



22 
 

Base 

polymer 

Extractant Plasticizer/ 

Modifier 

Feed solution (F) Receiving 

solution (R) 

Applications References 

CTA TOMATS and TOMAS NPOE 1 mg L−1 Hg 1 m mol L-1 

cysteine 

Hg preconcentration [165] 

CTA D2EHPA and TBP NPOE 0.01 mol L-1 La(NO3)3 and 

Ce(NO3)3 

2 mol L-1 H2SO4 Recovery of 

lanthanum(III) 

[166] 

CTA Aliquat 336 or Cyphos 

IL 101 

- HCl (F)  HCl (R) 

(concentration 

ratio F:R = 5) 

Waste acid recovery [167] 

CTA   NPOE River water containing 

pesticides (chlorpyrifos, 

diazinon and cyprodinil) 

1 mL 

acetonitrile 

Recovery of pesticides 

prior to GC-MS 

detection 

[100] 

PVC β-Cyclodextrin DBP Ibuprofen (20 mg L-1) in 

deionized water or 

progestron (20 mg L-1) in 

deionized water/ethanol 

(60/40 v/v) 

          - Pharmaceutical 

pollutant removal 

from wastewater 

[168] 



23 
 

Base 

polymer 

Extractant Plasticizer/ 

Modifier 

Feed solution Receiving 

solution 

Applications References 

PVC Cyphos® IL 104 1-Dodecanol 100 mg L-1 in 2.5 mol L-1 

HCl  

0.10 mol L−1 

Na2SO3 

Extraction and back-

extraction of Au(III) 

[169] 

PVC DNNS 1-

Tetradecanol 

Metal ions in 0.001 or 0.1 

mol L-1 HCl 

         - Extraction of different 

metal ions 

[170] 

PVC 2-hydroxy-5-nonyl-

benzaldoxime (M5640) 

NPOE Mix metal at pH 4.5 0.5 mol L-1 

H2SO4 

Recovery of Cu(II) 

from Ni(II), Co(II), 

and Zn(II) 

[171] 

PVDF-

HFP 

LIX84I NPOE 1 mmol L−1 copper sulfate 

and 75 mmol L−1 

ammonium sulfate at a pH 

of 8.5 

1 mol L-1 H2SO4 Extraction and 

transport of Cu(II) 

[172] 

PVDF-

HFP 

Cyphos® IL101 NPOE 50 mg L-1 V(V)  6 mol L-1 H2SO4 Selective extraction of 

vanadium(V) 

[173] 

PVDF 

and 

CTA 

D2EHPA Tris(2-

ethylhexyl) 

phosphate 

50 mg L-1 solution of Zn, 

Pb and Ni  

Distilled water Selective transport of 

Ni(II), Zn(II) and 

Pb(II) 

[174] 
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Base 

polymer 

Extractant Plasticizer/ 

Modifier 

Feed solution (F) Receiving 

solution (R) 

Applications References 

PVDF Aliquat 336 - 100 mg L−1 of As(V)  - Removal of As(V) [175] 

PVC D2EHPA Bis(2-

ethylhexyl) 

adipate 

5 mmol L-1 Zn(II) and 4 

mmol L-1 NaNO3 at pH 

1.61 

0.1 mol L-1 

HNO3 

Separation of Zn(II) [176] 

PVC D2EHPA - 120 µmol L-1 Ln(III) (pH - 

0.5 to 2.25)  

0.3 – 7 mol L-1 

H2SO4 

Separation of Yb(III), 

Gd(III) and La(III) 

[177] 

D2EHAG: N-[N, N-di (2-ethylhexyl) aminocarbonylmethyl] glycine, D2EHAF: N-[N, N-di (2-ethylhexyl) aminocarbonylmethyl] phenylalanine, 

DABA: 2-dodecanamidobenzoic acid, LIX841: 2-hydroxy-5-nonylacetophenone oxime, PABA: 2-palmitamidobenzoic acid, PBAT: poly 

(butylene adipate-co-terephthalate), PMA: phosphomolybdic acid, SABA: 2-stearamidobenzoic acid, TABA: 2-tetradecanamidobenzoic acid, 

TBP: tributyl phosphate, TOMA: methyltrioctylammonium chloride, TOMAS: trioctylmethylammonium salicylate, TOMATS: 

trioctylmethylammonium thiosalicylate.



25 
 

Wang et al. have reported the effective Cu(II) transport using PIMs composed of PVC as the 

base polymer and LIX 84-I as the carrier [178]. They reported a significant enhancement in the 

extraction and back-extraction PIM efficiencies for Cu(II) when 30 wt% of the plasticizer 

NPOE was included in the membrane composition. Wang et al. have also compared the role of 

different base polymers such as PVC, CTA and PVDF-HFP in separating Cu(II) from its 

ammonium sulfate/ammonia solutions at pH 8.5 [179]. It has been reported that only the 

PVDF-HFP-based PIM was suitable in separating Cu(II) under the conditions mentioned above 

without affecting the membrane integrity. Yildiz et al. have tested the applicability of Alamine 

336 as an extractant to produce a homogeneous PIM with CTA as the base polymer [180]. The 

resulting membrane was examined for the separation of Cu(II), Cd(II), Co(II), and Ni(II). 

Co(II) separation was studied by Manzak et al. using a CTA-based PIM containing Aliquat 336 

as the extractant. From the acidic feed medium (100 mg L-1 Co(II) + 100 mg L-1 Ni(II)), 95.7% 

Co(II) was separated into the receiving solution. Another extractant, named N,N,N′,N′-tetra-n-

octyl diglycolamide, TODGA, was introduced by Mahanty et al. in preparing a PIM containing 

CTA as the base polymer and NPOE as a plasticizer [71]. The PIM’s performance was studied 

for the separation of actinide ions such as Am3+, Pu4+, UO2
2+, and Th4+ from acidic feed 

solutions. The amount transported across the PIM followed the order Am3+ > Pu4+ > Th4+ > 

UO2
2+ when the feed solution contained nitric acid (1-3 M) and the receiving solution contained 

alpha-hydroxy-iso-butyric acid (AHIBA). Kubota et al. and Bonggotgetsakul et al. have 

reported two different PIM systems for recovering gold from electronic waste using the 

synthesized extractant N-[N,N-di(2-ethylhexyl)aminocarbonyl-methyl]glycine (D2EHAG) 

and the commercially available extractant Cyphos® IL 104, respectively [72, 181]. Both PIMs 

showed promising results in the selective and quantitative separation of Au(III) from digested 

electronic waste. 

PIMs are not only limited to metal ion separation since they can also be used to separate 

different inorganic anions and organic and bio-organic compounds. Schmidt-Marzinkowski et 

al. have investigated the extraction process of different inorganic anions using CTA-based 

PIMs [182]. Aliquat 336 was incorporated in the membrane to extract ions with low 

lipophilicity such as phosphate whereas no such carrier was required to extract highly lipophilic 

ions such as perchlorate in an electric field driven process. A PVDF-HFP-based PIM 

containing Aliquat 336 has been reported by O’Bryan et al. to extract thiocyanate from aqueous 

feed solutions [183]. The same authors also compared the performance of previously developed 

PIMs with a newly developed cross-linked PIM for the transport of thiocyanate [184]. PIMs 
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have also been reported by Almeida et al. to be capable of extracting ammonia [97]. In this 

study, the authors have screened different membrane compositions and best results were 

achieved with PIMs containing either 70 wt% CTA and 30 wt% commercial 

dinonylnaphthalene sulfonic acid (DNNS) or 80 wt% PVC, 10 wt% DNNS and 10 wt% 1-

tetradecanol. Przewoźna et al. have studied the use of PIMs for the separation of different 

organic acids such as lactic, tartaric oxalic and succinic acids [108]. They used a PIM composed 

of CTA as the base polymer and 1-alkiloimidazole as the carrier to study the effect of the PIM 

composition on the transport rate of the selected organic acids to produce a cost effective and 

environmentally benign process for succinic acid separation. Pratiwi et al. produced a PIM 

made of PVC and Aliquat 336 which was able to separate succinic acid from a feed solution of 

pH 4 using Na2CO3 as the stripping reagent [109]. The extensive use of phenol in industrial 

processes has caused a major environmental concern and the removal of phenol from 

wastewater is of utmost priority. PIMs have been developed to remove phenol from aqueous 

solutions and polluted water. Perez-Silva et al. have developed a PIM containing CTA as the 

base polymer, Cyanex 923 as the carrier and NPOE as a plasticizer [110]. The resulting PIMs 

were employed to remove phenol from feed solutions of different pH using NaOH as a stripping 

reagent. Kiswandono et al. have also reported the use of copoly(eugenol-divinylbenzene) 

(DVB) as the carrier to transport phenol through a membrane using a NaNO3 striping solution 

[185]. PIMs have also been used for gas permeation and for fuel cells by Farrukh et al. and 

Hernández-Fernández et al., respectively [186, 187]. Antibiotics are very widely used drugs 

which are now considered as emerging organic contaminants as the presence of antibiotics in 

natural waters is of great concern [64]. Benavente et al. have developed a PIM composed of 

CTA, Aliquat 336 and NPOE to transport six frequently used antibiotics (four sulfonamides 

and two tetracyclines) [188]. 

The development of PIMs continues to grow exponentially. However, there are still a few 

challenges to overcome, namely further improving PIMs permeability and stability. One 

strategy proposed to achieve this consists of cross-linking the polymeric structure of PIMs 

[189].  
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6. Cross-linking process 

In polymer chemistry, cross-link is the formation of a bond that links two neighbouring units 

[190-192]. A schematic presentation of a generic cross-linking process is shown in Figure 7. 

The newly formed cross-linking bond can be of different nature such as O-O, O-Si, Si-Si, O-

C, or C-C depending on the types of cross-linking agents present in the system [193-197].  

 

 

Figure 7. Schematic presentation of a cross-linking process. 

Cross-linking among different neighbouring monomer/oligomer proceeds with the aid of 

external stimuli, such as heat or light, and a chemical  initiator. Photoinduced cross-linking is 

more versatile and effective compared to thermal cross-linking which exhibits disadvantages 

such as low conversion rate, coloration and brittleness [184, 198]. In a photoinduced cross-

linking system the photo-initiator absorbs incident light of appropriate wavelength which 

promotes it to an electronically excited state. The excited initiator subsequently decomposes to 

generate reactive free radicals or ions which initiate the polymerisation process [199, 200]. The 

rate of initiation (ri) depends on parameters such as intensity of incident light (Io), sample 

thickness (l), quantum yield of initiation (Φi), molar absorptivity (ɛ), and concentration of the 

photo-initiator [PI]. The rate of initiation can be described by the following equation: 

ri = Φi.Io [1-exp(-ɛ.l.[PI])]        (1) 
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After the initiation of polymerisation, the propagation step proceeds very fast by attaching 

neighbouring multifunctional monomers/oligomers in all directions and yields a three-

dimensional cross-linked polymer network. There are two major paths of polymerisation 

processes which are photo-initiated radical polymerisation and photo-initiated cationic 

polymerisation. Different types of acrylate-based monomers/oligomers polymerise in the 

radical polymerisation path [193]. It has also been reported that maleimide based 

monomers/oligomers also follow the radical polymerisation path without the presence of an 

initiator [201-203]. Maleimide molecules get excited by absorbing radiation and produce 

radicals which abstract labile hydrogen from the neighbouring donor molecules (e.g., glucose, 

isopropanol or 1,1-diethoxyethane). Epoxide and vinyl ether types of molecules, which are 

inactive to radicals, polymerise in the presence of cations produced from initiators. Cationic 

polymerisation has a few advantages over radical polymerisation such as this process is not 

affected by the presence of oxygen and can proceed long after the irradiation has ceased [197, 

204, 205].  

Cross-linking polymers are modern engineering materials which have high potential in 

enhancing material quality in diverse coating applications ranging from industry to medicine. 

The advantage of using cross-linking polymers in coating systems is that they can heal 

themselves after mechanical damage which is a great advantage in case of long-term 

applications. There are a lot of membranes based on polyimide (PI) which has outstanding heat 

resistance and good mechanical strength, as well as chemical resistance to many solvents once 

crosslinked (imide to amide conversion) [206, 207]. Cross-linked PI backbone structure makes 

it heat and chemical resistant. Cross-linking polymer based hydrogels are very popular in 

medicinal chemical applications [111, 208]. Dental curing is one of the major sectors where 

the crosslinking approach is used for sealing purposes [209]. Applications of hydrogel in drug 

delivery and tissue engineering are hot topics of research [111, 210]. Hydrogels are also used 

in load bearing applications due to its high tensile strength and toughness [211, 212]. The use 

of different types of cross-linking agents (i.e., polymers or monomers) such as polysiloxane, 

epoxide, maleimide, vinyl ether, and acrylate is often reported in the literature [194, 213, 214]. 

Different cross-linking agents have their own advantages which is beneficial for some 

applications. For example, polysiloxane has been reported to have good ionic conductivity at 

room temperature and can be used for the production of polymer electrolyte membranes [178]. 

Acrylate and maleimide based cross-linking agents which possess hydrogel formation 

capabilities are suitable for drug delivery applications [179-181]. Cross-linked resins have 
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many other applications such as dental filler, fast-drying coating, adhesive, and 

microlithography [182, 183]. 

Cross-linking has been widely used to improve the properties of materials, although there is 

currently only one report on its effect on PIMs [189]. The promising results obtained in this 

study justify further research. 

 

7. Research aims and thesis structure 

As mentioned above, separation based on PIMs is a promising green alternative to traditional 

solvent extraction by eliminating the use of a large inventory of volatile, toxic and flammable 

organic diluents. PIMs are more stable than SLMs, the most frequently used liquid membranes 

at present, and provide similar rates of separation. However, this stability and rates of 

separation are often still not adequate for industrial applications. The research reported in this 

thesis is focused on overcoming these deficiencies of PIMs by exploring the potential of cross-

linking their polymer backbone. 

The thesis consists of 5 chapters presented in a ‘thesis by publication’ style. The experimental 

chapters 2, 3 and 4 are written in a style accepted by journals for publication. 

Chapter 1 provides an introduction into PIMs and describes their composition, properties and 

techniques and instrumentation used in their optimization and characterization, followed by a 

description of the most recent PIM applications. This chapter also provides an insight in the 

cross-linking process.  

Chapter 2 describes the fabrication of cross-linked PIMs, composed of CTA, PVC or PVDF- 

HFP as the base polymer, D2EHPA as the extractant and PEG-DMA as a cross-linking agent, 

and their superior extraction properties for Zn(II) compared to non-cross-linked PIMs. This 

chapter has been published in Journal of Membrane Science. 

Chapter 3 reports on the development of cross-linked PIMs of the three base polymers 

mentioned above which incorporate one of three most commonly used cross-linking agents, 

one of three commonly used photo-initiators and one of the two most commonly used 

extractants (i.e., D2EHPA or Aliquat 336). The performance of the successful cross-linked 

PIMs in the extraction of Zn(II) or SCN- is compared with that of their non-cross-linked 
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counterparts to illustrate the potential of the cross-linking approach. This chapter has been 

submitted for publication in Separation and Purification Technology. 

Chapter 4 reports on the fabrication of cross-linked PIMs incorporating Cyphos® IL104 as the 

extractant and their application for Au(III) recovery from aqua regia digest of electronic waste. 

The chapter has been prepared as a manuscript that will be submitted for publication in the 

journal Desalination. 

Chapter 5 summarises the main outcomes of the research described in this thesis and proposes 

directions for future research.  
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Chapter 2 

Effect of cross-linking on the performance of polymer inclusion 

membranes (PIMs) for the extraction, transport and separation of 

Zn(II) 

 

1. Introduction  

Emerging as a potential alternative to traditional solvent extraction, separation based on 

polymer inclusion membranes (PIMs), consisting of a base-polymer, carrier (extractant) and 

plasticizer or modifier in some cases, has been attracting increased attention in recent years [1]. 

The main reason behind this trend is based on the better stability of PIMs than supported liquid 

membranes (SLMs) which are the most frequently used liquid membranes at present [1-10]. 

Despite the better stability of PIMs [1, 11], their robustness is still considered insufficient for 

applications on an industrial scale. Hence, recent research on PIMs has also been focused on 

further improving their stability together with other performance characteristics such as rate of 

extraction and extractive capacity.  

The limited stability of PIMs in terms of their reusability is mainly caused by the loss of 

membrane liquid phase, composed of the PIM carrier and plasticizer or modifier (if used), to 

the aqueous phase(s) (i.e., feed and receiving solutions) in contact with the membrane [12-14]. 

The factors, responsible to a great extent for the leaching of the membrane liquid phase, include 

(1) problems associated with the miscibility of the membrane components [15], (2) solubility 

of the membrane liquid phase in the aqueous phase(s) [16, 17], and (3) the composition of the 

aqueous phase(s) in contact with the membrane [10, 13]. Different approaches have been 

proposed with the aim to eliminate or minimise the effect of these three factors. Recently, Kaya 

et al. have demonstrated improvement of the PIM mechanical stability by doping the membrane 

with reduced graphene oxide (rGO) without compromising its permeability [18]. According to 

the authors, the addition of rGO to the membrane composition improved its structure, increased 

its roughness and also prevented the physical aging of the membrane. Salazar-Alvarez et al. 

reported on the use of ethanol as a modifier, which was added to the casting solution and 

resulted in better miscibility of the membrane components (i.e., di-(2-ethylhexyl)phosphoric 

acid (D2EHPA), tris-(2-butoxyethyl)phosphate and cellulose triacetate (CTA)) [15]. Matsuoka 



50 
 

et al. reduced the loss of the carrier tributyl phosphate (TBP) from the corresponding PIMs by 

saturating the feed solution with TBP [17]. It was also demonstrated by Cho et al. that the 

membrane stability could be improved by incorporating in the membrane composition a 

modifier with very low water solubility, such as 1-tetradecanol or 1-dodecanol [16]. The ionic 

strength of the aqueous feed or receiving solutions also plays a determining role in the loss of 

membrane liquid phase, and it has been reported by Zhang et al. that the membrane mass loss 

during extraction could be minimized by conditioning the PIM in an aqueous solution with the 

same background composition as the feed solution for a certain period of time [13]. Recently 

a new approach has been developed by us for improving the stability as well as the permeability 

of PIMs which is based on introducing an additional polymer, capable of creating a cross-

linked polymer network in the presence of UV-light [19]. 

Cross-linking polymers are extensively used engineering materials because of their excellent 

mechanical and thermal stability [20]. There are two common approaches used to induce the 

cross-linking, i.e., thermal polymerisation or photo-initiated radical polymerisation. Radiation 

induced polymerisation has some advantages over heat induced polymerisation, which include 

high reaction rate at ambient temperature, low energy consumption and solvent free 

formulation [21]. There are several polymers that can be used as cross-linking agents, namely 

poly(ethylene glycol) dimethacrylate (PEG-DMA) [22, 23], 4-hydroxy-butyl vinyl ether 

(HBVE), bismaleimide (Q-bond) [24], and oxetane-acrylate [21]. PEG-DMA is among the 

most frequently used cross-linking polymers with numerous applications in biochemistry and 

medicinal chemistry [25-27]. Its capability in improving mechanical resistance under high 

vacuum conditions or under chemical stress is well known [28]. Engineered mechanical 

properties and biodegradability of this polymer make it suitable for orthopaedic tissue 

engineering [29].  

Hence, this cross-linking polymer was chosen for the present study which focused on utilising 

the cross-linking polymerisation concept in the development of a more stable PIM for the 

extraction, transport and separation of Zn(II) with improved extraction rate and capacity. The 

compatibility of different base-polymers with the cross-linking polymer PEG-DMA was 

investigated using D2EHPA as the carrier. The long-term stability and surface morphology of 

the PIMs studied were also examined. 
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2. Experimental 

2.1. Reagents and solutions 

D2EHPA (97%, Aldrich, USA) as the carrier (extractant) was used as received in the 

preparation of all membranes. Three different polymers, i.e., poly(vinylidene fluoride-co-

hexafluropropylene) (PVDF-HFP, Aldrich, USA), CTA (Acros Organics, USA) and PVC 

(Aldrich, USA), were tested as base-polymers. PEG-DMA (Aldrich, USA) and 2,2-dimethoxy-

2-phenyl acetophenone (DMPA, Aldrich, Italy) were used as the cross-linking polymer and the 

initiator, respectively. NPOE (Sigma-Aldrich, Switzerland) was used as the plasticizer in the 

CTA- and PVC-based PIMs. The plasticizer dibutyl phthalate (DBP, Aldrich, USA) was also 

used for PVC-based PIM preparation only. Tetrahydrofuran (THF without stabiliser, VWR) 

and dichloromethane (DCM, Chem-supply) were of analytical reagent grade and were used in 

the preparation of the PIM casting solutions.  

Zinc(II) chloride (Unilab, APS chemical limited, Australia) and hydrochloric acid (Ajax, 

Australia) were of analytical reagent grade and were used in the preparation of solutions for 

the extraction, back-extraction and transport experiments. For the selectivity studies, the 

following reagents were used: nickel(II) chloride (Sigma Aldrich, USA), cadmium(II) chloride 

(UNIVAR, Ajax chemicals, Australia), copper(II) chloride (UNIVAR, Ajax chemicals, 

Australia), cobalt(II) chloride (J.T. Baker chemicals, USA), and disodium hydrogen phosphate 

(BDH chemicals, UK). All aqueous solutions were prepared using deionised water (resistivity 

≥18 MΩ cm, Millipore, Synergy185). 

 

2.2. Membrane preparation 

Cross-linked PIMs containing PVDF-HFP as the base-polymer were prepared by mixing a 

weighed amount of this polymer with THF in a glass jar (1 mL of solvent per 0.1 g of base-

polymer), followed by stirring the mixture at 40 oC using a temperature-controlled water-bath. 

After complete dissolution of the base-polymer, D2EHPA was added, and the mixture was 

stirred once again at 40 oC until a homogeneous solution was obtained. After cooling to room 

temperature, PEG-DMA and DMPA were added to the solution. Since both the cross-linking 

polymer and the photo-initiator are light sensitive, the glass jar containing the casting solution 

was covered with aluminium foil and stirred for another 30 min at room temperature. The 

resultant PIM casting solution was cast on a clean, smooth glass plate using a homemade Teflon 
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casting knife [30]. The PIM casting solution was poured into the casting knife well which was 

subsequently pulled across the glass plate to form a thin layer of the PIM casting solution. The 

glass plate was covered with an aluminium tray (27.0 by 32.5 cm and 9.5 cm tall) to allow the 

slow evaporation of THF for a 24 h period thus assisting the formation of homogeneous PIMs.  

Cross-linked PIMs containing PVC or CTA as the base-polymer were prepared by first 

dissolving the base-polymer in THF or DCM at room temperature under stirring until a 

homogenous casting solution was obtained. The remaining components, namely D2EHPA, 

NPOE or DBP, PEG-DMA, DMPA, were then added in this order to the casting solution and 

the solution was stirred at room temperature until complete dissolution of all PIM components 

was achieved which was followed by PIM casting as described above. 

The resulting rectangular-shaped membranes (approximately 14 × 12 cm) were peeled from 

the glass plate. Only flexible, mechanically stable and homogeneous PIMs were considered as 

successful and selected to undergo UV treatment as described in Section 2.3. Non-cross-linked 

PIMs were prepared using the same procedure as described above, except that no PEG-DMA 

and DMPA were added to the PIM casting solution and no UV treatment was applied. 

 

2.3. UV-polymerization 

In order to cross-link the membranes a house-made UV-treatment box was used (Figure 1). 

The UV-treatment box consisted of two steel compartments. One of them contained the UV-

lamp (UVP-USA, 8 W, 0.16 A, 230 V, tuned at 365 nm) (Figure 1A), and on top of it a glass 

plate (27×20 cm, 2 mm thickness) and a membrane holder were placed (Figure 1B). The other 

compartment acted as the lid of the box and accommodated an inlet and outlet for N2 gas 

(Figure 1C). The membrane holder (Figure 1B) was composed of two metallic frames (25 × 19 

cm each, wrapped in aluminium foil) which were used to hold the rectangular-shaped PIM. 

The glass plate was used to support the membrane holder over the UV lamp. The total distance 

between the UV lamp and the PIM was 7.3 cm. Since O2 also absorbs UV-light at 365 nm, N2 

gas was pumped into the UV-treatment box for 15 min in order to purge the air. The UV-lamp 

was then switched on and the PIM was irradiated for 15 min while pumping N2 gas [19].  
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(a)        (b) 

  

Figure 1. (a) Schematic of the UV-treatment box. (A) Compartment accommodating the UV 

lamp; (B) Membrane holder placed on top of a glass plate; (C) Lid of the box with a N2 inlet 

and outlet. (b) Photographic image of the UV lamp compartment. 

2.4. Zn(II) extraction, back-extraction and transport experiments 

A 30 mg L-1 Zn(II) solution (prepared from ZnCl2), adjusted to pH 3 using 1.0 M HCl, was 

used as the feed solution, and 1.0 M HCl was used as the receiving (stripping) solution for the 

extraction and back-extraction of Zn(II). These conditions have been adopted because they 

were found to be the optimal conditions for the selective and efficient extraction and back-

extraction of Zn(II) using a PIM containing D2EHPA as the carrier [31]. A house-made holder, 

made of a 3 mm thick PVC sheet (supplied by Alternative plastics Australia Pty Ltd), was used 

to hold the membranes vertically inside the aqueous feed and receiving solutions to prevent the 

membrane from folding or attaching to the glass jar walls during the extraction and back-

extraction experiments. For the extraction experiments, circular pieces of the cross-linked or 

non-cross-linked PIMs (3.65 cm diameter, average mass between 60 - 80 mg) were thus 

attached to holders and immersed in glass jars containing 100 mL of the feed solution followed 

by shaking at 150 rpm using an orbital shaker (Platform Mixer OM06, Ratek, Australia). For 

the back-extraction experiments, a similar procedure was adopted, although Zn(II)-loaded 

PIMs were submerged in the receiving solution instead. During the extraction and back-

extraction experiments, 0.5 mL samples were collected at pre-selected time 

intervals and diluted prior to the determination of the Zn(II) concentration by atomic absorption 

spectrometry (AAS). All the experiments were done in triplicate. 
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The initial flux (J0) was calculated according to the method developed by St. John et al. [32]. 

An exponential decay function (Eq. (1)) was used to fit the transient Zn(II) concentration in the 

aqueous feed solution, and the initial flux was calculated from the first derivative (Eq. (2)) of 

the best exponential fit (Eq. (1)). All these calculations were executed with the help of a home-

made Quick C program. 

𝛹 =  𝑎1 + 𝑎2 𝑒−𝑎3𝑡          (1) 

where a1, a2 and a3 are the empirical coefficients of Eq. (1) best fitting the experimental data. 

𝐽0 = (
𝑑𝛹

𝑑𝑡
)

t=0

=  − 𝑎2𝑎3         (2) 

Transport experiments involving the simultaneous extraction and back-extraction of Zn(II) on 

each side of the PIM with best extraction performance were carried out in a glass transport cell 

consisting of two 100 mL compartments (i.e., feed and receiving compartment) separated by 

the PIM with a surface area exposed to the feed and receiving solutions of 18.1 cm2 (diameter 

of 4.8 cm) (Figure 2). The membrane was sandwiched between the two compartments with the 

assistance of Teflon gaskets. Transport experiments involving feed solutions with three 

different Zn(II) concentrations (i.e., 27, 46 and 65 mg L-1 Zn(II)) and a receiving solution 

containing 1.0 M HCl were conducted. During the transport experiments, both the feed and 

receiving solutions were stirred at 1200 rpm (measured by a laser tachometer, Digitech 

QM1448, Jaycar, Australia) using glass stirrers and the rotation speed was monitored 

periodically using the tachometer. Samples of 0.5 mL were collected from the feed and 

receiving solutions at predetermined times and replaced with the same volume of deionised 

water or 1.0 M HCl, respectively. The collected samples were then diluted with deionised water 

and their Zn(II) concentrations were measured by AAS.  

 

Figure 2. Schematic of the PIM transport cell. 
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2.5. Instrumentation 

The Zn(II) concentration in all feed and receiving solutions was determined by AAS (Hitachi 

Z-2000 Series Polarized Zeeman, Japan) with the following settings: Zn hollow cathode lamp 

(Hitachi); current, 8 mA; working wavelength, 213.9 nm; burner height, 7 mm; slit width, 0.7 

nm; acetylene flow rate, 1.8. L min-1; and air flow rate, 15.0 L min-1.  

Inductively coupled plasma-optical emission spectrometry (ICP-OES) (Optima 4300 DV, 

PerkinElmer, USA) was used to determine the transient concentrations of Zn(II), Co(II), Cu(II), 

Ni(II), Cd(II), and Fe(III) in the feed solutions used in the selectivity study. The instrumental 

set up was: power level, 1.30 kW; coolant flow, 15.0 L min-1; auxiliary flow, 0.20 L min-1; 

nebulizer flow, 0.80 L min-1; and sample aspiration rate, 1.50 mL min-1. 

The pH of the feed and receiving solutions was measured before and after each experiment 

using a combined pH/conductivity meter (SmartChem-Lab, TPS, Australia). 

Membrane thickness was measured using an optical microscope (LH50A, Olympus, Japan) 

with a calibrated Nikon lens (Carton Optical Ind., Japan). Circular membranes were cut in half 

and the thickness of the cross-section was measured at ten different points for a single 

membrane. A similar experiment was conducted in triplicate (i.e., three different membranes 

for each type were studied). 

The mass of each membrane was measured using an analytical balance before each extraction 

experiment. In the stability study, membrane mass was also measured after drying the 

membrane overnight following each extraction/back-extraction cycle. 

Mass spectra of the feed and receiving solutions were obtained by electrospray ionisation mass 

spectrometry (ESI-MS) in positive mode using an Aligent 6520 Quadrupole Time of Flight (Q-

ToF) Mass Spectrometer (Agilent Technologies, USA), controlled via the MassHunter 

software package version B.05.01. For each analysis, 1 L of sample was injected into the 

carrier of 70% acetonitrile and 30% formic acid (0.1%) at a flow rate of 3 mL min-1. The mass 

spectrometer conditions were as follows: drying gas flow rate, 7 L min-1; nebuliser pressure, 

40 psi; drying gas temperature, 300 °C; capillary voltage, 3500 V; fragmentor voltage, 100 V; 

skimmer voltage, 65 V; Oct Rf, 750 V; scan range acquired, 20 - 1200 m/z. Standard solutions 

were prepared by dissolving weighted amounts of PEG-DMA, D2EHPA and NPOE in 

acetonitrile (Ajax, Australia) and deionised water. 

 



56 
 

2.6. Surface morphology study  

The surface morphology of UV-treated and non-treated PIMs was studied by atomic force 

microscopy (AFM, Asylum Research, Oxford Instruments). The AFM study was performed 

using a Si tip with force constant 1.2-29 N m-1. The resonance frequency of the cantilever 

during the imaging was ≈ 138 kHz. The relative humidity (58-60%) and temperature (21-23 

oC) of the experimental room were monitored during the imaging period. Image processing and 

roughness calculations were conducted with WSxM 5.0 software (Nanotech). 

 

3. Result and discussion 

3.1. Selection of the base-polymer  

Although the base-polymer is not the active constituent of a PIM, it plays an important role in 

determining its properties as it provides the back-bone of the membrane which holds the carrier 

within its structure. The PIM’s performance depends on the compatibility between the base-

polymer, the membrane liquid phase and, in the case of cross-linked PIMs, also on the nature 

of the cross-linking polymer. Hence, three different base-polymers, namely PVC, CTA and 

PVDF-HFP, were used to cast cross-linked (mass ratio of base-polymer to cross-linking 

polymer of 5:5) and non-cross-linked PIMs containing 35 wt% D2EHPA as the carrier to assess 

their ability to form homogeneous and mechanically stable PIMs with oil-free surfaces. Due to 

incompatibility between the membrane components, the PIM liquid phase may exude onto the 

membrane surface and form tiny droplets which can be either visually observed or detected by 

gently wiping the membrane surface with a tissue paper. It was observed that the surfaces of 

the cross-linked PVC- and CTA-based PIMs were oily (i.e., unsuccessful PIMs) and the PVDF-

HFP-based PIM was homogenous and with oil-free surfaces (i.e., successful PIM). Since, PIMs 

containing only D2EHPA and PVC are well known to produce good membranes [1], this oil 

formation on the PIMs’ surfaces suggested an incompatibility between the polymers which is 

likely due to the difference in their polarities. A separate plasticizer was thus added to the cross-

linked PVC- and CTA-based membranes. NPOE was chosen because it is one of the most 

commonly used plasticizers in PIMs due to its low viscosity (11.1 cP, 25 °C [1]) and high 

dielectric constant (r = 24, 25 °C [1]). The cross-linked PIM with CTA and NPOE (20 wt%) 

was homogenous and with oil-free surfaces and was thus considered to be successful and 

studied further. However, the cross-linked PVC-based membrane still had an oily surface in 
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the presence of 20 wt% NPOE. DBP was also tested as plasticizer (r = 6.58, 20 °C [1]) to cast 

PVC-based cross-linked membranes, although these were also oily and thus PVC-based 

membranes were not considered for further studies. The corresponding non-cross-linked PVC- 

and CTA-based PIMs were considered as successful because they were homogeneous, stable 

and with oil-free surfaces. 

As both CTA (with NPOE) and PVDF-HFP base-polymers allowed the formation of successful 

cross-linked PIMs, a comparison between cross-linked and non-cross-linked PIMs was 

conducted with respect to their ability to extract Zn(II). The results of extraction experiments, 

expressed as mg of Zn(II) extracted per 1 g of PIM versus time, are presented in Figure 3. The 

cross-linked CTA-based PIM extracted Zn(II) at a faster rate in comparison with its non-cross-

linked counterpart (Figure 3a), whereas the same was not observed for the PVDF-HFP-based 

membranes (Figure 3b). Moreover, the rate of extraction of Zn(II) into the cross-linked CTA-

based membrane was higher than that for the cross-linked PVDF-HFP-based PIM. Therefore, 

CTA was selected as the base-polymer in the subsequent experiments.  

The results presented in Figure 3 suggest that cross-linking affects in a different way the 

structure of CTA and PVDF-HFP-based PIMs. However, this structure is also strongly 

dependent on the PIM carrier[10]. In addition to the structural factors, the rate of extraction 

and transmembrane transport are also determined by the nature of the extracted chemical 

species-carrier adduct (e.g., ion-pair or complex) and the characteristics of the PIM liquid phase 

(i.e., viscosity, dielectric constant)[2, 3]. Previously reported results on the comparison of 

cross-linked and non-cross-linked PIMs containing PVDF-HFP as the base-polymer and 

Aliquat 336 as the carrier in the extraction of SCN- showed that the cross-linked PIM performed 

considerably better than its non-cross-linked counterpart [19]. This phenomenon was explained 

by the presence of hydrophilic PEG groups whose hydration could have led to the creation of 

water channels within the membrane assisting the transmembrane transport of the ion-pairs of 

the quaternary alkylammonium cations of Aliquat 336 and SCN-. However, in the case of the 

extraction and transport of the hydrophobic Zn(II)-D2EHPA complex, these water channels 

are unlikely to provide any advantages and hence the performance of the PVDF-HFP cross- 

and non-cross-linked PIMs was found to be similar (Figure 3b). However, it can be 

hypothesized that cross-linking of the CTA-based PIMs containing D2EHPA as carrier induces 

bulk or surface structural changes which are beneficial to their performance. The beneficial 

effects on Zn(II) extraction and transport of the surface morphology of the cross-linked CTA-

based PIMs are discussed in Section 3.4. 
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Figure 3. Transient concentration of Zn(II) extracted (expressed as mg Zn per g of PIM) into 

cross-linked (⚫) or non-cross-linked (◼) PIMs composed of 35 wt% D2EHPA as the carrier 

(extractant) and CTA (a) or PVDF-HFP (b) as the base-polymer. Polymer ratio, 6:4; NPOE 

concentration in the CTA-based PIMs, 20 wt%; feed solution, 100 mL of 30 mg L-1 Zn(II) at 

pH 3; PIMs thicknesses and masses : CTA-crosslinked - 54±2 m, 63.4 ± 4.0 g; CTA-non-

crosslinked - 55±2 m, 59.3 ± 0.4;  PVDF-HFP-crosslinked - 46±3 m, 66.6 ± 0.6 mg and 

PVDF-HFP-non-crosslinked - 44±3 m, 62.2 ± 4.1 mg. Error bars,  standard deviation (SD) 

based on 3 replicate experiments (n=3). 
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With the aim of proving that the extractant was the PIM component responsible for the 

extraction of Zn(II), a blank experiment was also conducted using a CTA-based cross-linked 

membrane with a composition identical to the one described above with the exception that no 

carrier (i.e., D2EHPA) was added. The result obtained (Figure S1, Supplementary Material) 

indicated that no Zn(II) was transferred from the solution to the PIM. Therefore, it was 

concluded that the transfer of Zn(II) from the solution to the PIM was the result of its extraction 

by the PIM carrier (i.e., D2EHPA). 

 

3.2 Effect of CTA-based cross-linked membrane composition on Zn(II) 

extraction 

3.2.1 Effect of the polymer ratio (CTA:PEG-DMA) 

The ratio between the cross-linking polymer and the base-polymer to form the backbone of the 

cross-linked PIM within which the carrier was held was found to affect the properties of the 

corresponding PIM [19]. Therefore, it was essential to study the effect of the polymer ratio 

CTA:PEG-DMA in order to achieve satisfactory extraction performance. Extraction 

experiments were thus conducted with cross-linked PIMs with a ratio of CTA to PEG-DMA 

varying from 5:5 to 9:1, while maintaining all other conditions (i.e., 35 wt% D2EHPA, 20 wt% 

NPOE, 0.6 wt% initiator, 15 min of UV-treatment, feed solution containing 30 mg L-1 Zn(II) 

at pH 3) constant. Increasing the amount of PEG-DMA, so that it was higher than the amount 

of the base-polymer CTA, was found to compromise the membrane’s mechanical stability. A 

similar observation, using PVDF-HFP as the base-polymer, was also reported by O’Bryan et 

al. [19]. The results obtained in extraction experiments are shown in Figure 4, where it can be 

observed that the PIMs with 5:5 and 6:4 polymer ratios exhibited the highest extraction rates, 

while the extraction rates of the other PIMs were 20% lower. The higher extraction rates for 

ratios 5:5 and 6:4 were probably caused by the higher degree of cross-linking. The polymer 

ratio 6:4 was selected for the subsequent experiments since the PIM with the polymer ratio 5:5 

was slightly sticky and softer before UV-treatment in comparison with the PIMs with the 

former polymer ratio. It was also observed that the initial flux for the PIM with 6:4 polymer 

ratio was slightly higher than the one for the PIM with 5:5 polymer ratio (14.8 and 13.4 µmol 

m-2 s-1, respectively). 
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Figure 4. Effect of the ratio between CTA and PEG-DMA on the transient concentration of 

Zn(II) extracted into the corresponding PIM (expressed as mg Zn per g of PIM): (⚫) 5:5; (◼) 

6:4; (♦) 7:3; (▲) 8:2, and () 9:1. PIM composition, 35 wt% D2EHPA, 20 wt% NPOE, 0.6% 

initiator; feed solution, 100 mL of 30 mg L-1 Zn(II) at pH 3;  PIMs thicknesses varied between 

50 and 55 m (Table S1, Supplementary Material). Errors bars,  SD (n=3). 

 

3.2.2 Effect of the membrane liquid phase composition 

As mentioned in the Introduction, PIM instability is associated with the loss of membrane 

liquid phase. In the present study the membrane liquid phase consisted of the extractant 

D2EHPA and the plasticizer NPOE. Hence, it was important to study the effect of their 

concentrations in order to obtain a PIM composition which produced stable PIMs with good 

extraction capabilities. The effect of the membrane liquid phase was thus studied by casting 

PIMs with different concentrations of D2EHPA (35-50 wt%) and NPOE (5-20 wt%), as shown 

in Table 1. Those PIM compositions that produced successful membranes (i.e., homogenous, 

transparent and mechanically stable) were then used in the Zn(II) extraction experiments, and 

the performance of the corresponding PIMs was assessed according to the amount of Zn(II) 

extracted (Table 1).  
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Table 1. Effect of the membrane liquid phase composition of the cross-linked CTA-based PIM 

on its appearance and extractive capacity. The concentrations of the carrier (i.e., D2EHPA) and 

plasticizer (i.e., NPOE) were varied while keeping the polymer ratio at 6:4 (CTA:PEG-DMA) 

and the initiator concentration at 0.6 wt%. Successful PIMs were used in the extraction and 

back-extraction experiments for a 24 h period. Zn(II) concentrations in the PIMs (mg g-1) at 

equilibrium are also presented.  

PIM ID D2EHPA 

(wt%) 

NPOE 

(wt%) 

PIM’s 

physical 

appearance 

before 

extraction 

PIM’s 

physical 

appearance 

after back-

extraction 

Zn(II) 

extracted at 

equilibrium 

(mg g-1) 

1 35 5   26.0 (±0.3) 

2 35 10   24.0 (±0.3) 

3 35 20   28.2 (±0.4) 

4 40 5   31.6 (±0.1) 

5 40 10   31.1 (±0.2) 

6 40 20   28.6 (±0.3) 

7 45 5  Deformed and 

white in color 

36.5 (±0.7) 

8 45 10  Deformed and 

white in color 

34.5 (±0.2) 

9 45 20  NT 31.9 (±1.3) 

10 50 5 Non-

homogenous 

NT NT 

11 50 10 Non-

homogenous 

NT NT 

12 50 20 Non-

homogenous 

NT NT 

 Successful PIM (i.e., homogenous, transparent and mechanically stable); NT, PIM not 

tested,  
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All membranes cast with 50 wt% D2EHPA (Table 1, PIMs 10, 11 and 12) were not 

homogenous and for that reason were not considered as successful for further study. 

Membranes with 35, 40 or 45 wt% D2EHPA and 5, 10 or 20 wt% NPOE (Table 1, PIMs 1 to 

9) were found to be successful and were assessed for their ability to extract Zn(II). PIMs with 

45 wt% D2EHPA and with 5 or 10 wt% NPOE (Table 1, PIMs 7 and 8) were more efficient in 

extracting Zn(II) than the remaining successful PIMs. It was observed that, after back-

extraction with 1.0 M HCl solution (i.e., receiving solution), these PIMs started to become 

opaque. It was assumed that the PIM opaqueness could be related to the presence of insoluble 

Zn(II)-DEHP adducts in the membrane as this was observed for PIMs with higher extractant 

concentrations. The PIMs containing 40 wt% D2EHPA and 5 or 10 wt% NPOE (Table 1, PIMs 

4 and 5), and 45 wt% D2EHPA and 20 wt% NPOE (Table 1, PIM 9) were all able to extract 

about 31 mg of Zn(II) per g of membrane. PIMs 4 and 5 exhibited the same extraction 

efficiency as PIM 9 but contained lower concentrations of D2EHPA and NPOE and therefore 

were selected for the subsequent stability study.  

 

3.3 Stability study 

Both PIMs 4 and 5 (Table 1) were used in 5 consecutive extraction and back-extraction 

experiments (i.e., 5 cycles) to assess their long-term stability. It was observed that after the 

second cycle, PIM 4 started to become opaque as a precipitate started to form on the PIM’s 

surface, whereas no such formation was observed for PIM 5 throughout the 5 cycles. Therefore, 

PIM 5 was selected as the PIM composition with best extraction performance for further studies 

in which its stability was compared with that of non-cross-linked PIMs. 

The superior stability of cross-linked PIMs containing PVDF-HFP as the base-polymer and 

Aliquat 336 as the extractant in comparison with the corresponding non-cross-linked PIMs has 

been demonstrated earlier by the Kolev group in 5 consecutive extraction/back-extraction 

experiments [19]. Similarly, the cross-linked CTA-based PIM (PIM 5, Table 1) and its non-

cross-linked counterpart were used in five consecutive extraction/back-extraction experiments, 

and their stability was compared in terms of extraction rate and amount of Zn(II) extracted. In 

each case back-extraction was very fast and virtually complete stripping of Zn(II) from the 

loaded membrane was observed (Figures S2 and S3, Supplementary Material). Figure 5 shows 

all five extraction curves for each membrane. The extraction performance of the non-cross-

linked PIM (Figure 5b) decreased by 31%, whereas this decrease for the cross-linked PIM was 
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only 7% (Figure 5a). In addition, the non-cross-linked PIM (i.e., 40 wt% D2EHPA, 10 wt% 

NPOE and 50 wt% CTA) started to become physically deformed (i.e., wrinkled around the 

edges) and opaque after the second cycle (Figure S4, Supplementary Material) due to the 

accumulation of a precipitate. It was hypothesized that this precipitate was the leached-out Zn-

D2EHPA complex which was confirmed by AAS measurements indicating the presence of Zn 

in the precipitate. Hence, it was concluded that the cross-linked PIM showed superior 

extraction efficiency and stability in comparison with the non-cross-linked PIM.  

 

 

 

Figure 5. Transient Zn(II) concentrations in a cross-linked (a) and a non-cross-linked (b) CTA-

based PIM (mg Zn(II) per g PIM) for five consecutive extraction experiments. D2EHPA 

concentration, 40 wt%; NPOE concentration, 10 wt%; polymers ratio, 6:4; initiator 

concentration, 0.6 wt%; feed solution, 100 mL of 30 mg L-1 Zn(II) at pH 3; receiving solution, 

1.0 M HCl. Error bars,  SD (n=3). 
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It was also observed that in the second extraction experiment the cross-linked PIM extracted a 

slightly higher amount of Zn(II) (32.3 mg g-1) than in the first extraction experiment (31.2 mg 

g-1) despite a 12% mass loss after the first extraction/back-extraction cycle. With the aim of 

finding an explanation for this observation, the feed and receiving solutions after the first and 

second cycles were analyzed by mass spectrometry and the corresponding spectra are shown 

in Figure 6a. The mass spectrum of the feed solution after the first extraction experiment 

showed peaks with high intensity at 441, 485 and 529 (m/z), which corresponded to the 

presence of PEG-DMA (Figure 6a). The difference between two consecutive peaks is 44 (m/z) 

which corresponds to the mass of a PEG unit. Therefore, it can be concluded that peaks at 441, 

485, 529, 573 and 617 (m/z) refer to PEG-DMA with different number of PEG units. Peaks at 

323 (protonated D2EHPA (D2EHPA+H)+) and 645 (m/z) (protonated D2EHPA dimer 

(D2EHPA-D2EHPA)+H)+.) were also identified, corresponding to the presence of D2EHPA, 

although their intensity was significantly lower than that of the PEG-DMA peaks. In the feed 

solution after the second extraction experiment, no PEG-DMA peaks were observed and the 

D2EHPA peaks were still present as in the feed solution after the first extraction experiment 

(Figure 6b).  
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Figure 6. Mass spectra of the feed solution after the first (a) and second (b) extraction 

experiments involving the same cross-linked membrane (PIM 5, Table 1). 

 

It should be noted that no peaks corresponding to either PEG-DMA or D2EHPA were observed 

in the mass spectra of the back-extraction solutions, and no peaks related to NPOE were 

identified in any of the solutions. This analysis indicated that the mass loss of 12% recorded 

after the first cycle was mostly due to the loss of un-crosslinked PEG-DMA present in the 

membrane. The loss of PEG-DMA during Zn(II) extraction can be avoided by washing the 
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membrane with a mildly acidic solution (to prevent D2EHPA loss by reducing its solubility) 

before its use in extraction/transport experiments. It was assumed that the un-crosslinked PEG-

DMA impeded to some extent the extraction of Zn(II) and, therefore, its loss to the feed solution 

in the first cycle resulted in a higher initial flux value (i.e., 1.210-5 and 1.510-5 mol m-2 s-1 

for the 1st and 2nd cycles, respectively) and a slightly higher amount of Zn(II) extracted despite 

the fact a small amount of D2EHPA was lost (about 2%) in the first cycle. From the second 

cycle onwards, there was no loss of PEG-DMA as cross-linked PEG-DMA chains are less 

susceptible to get solubilised in the aqueous phase. However, small amounts of D2EHPA (i.e., 

2-3%) leached into the feed solution during each subsequent cycle (Figure 7), which was most 

likely responsible for the relatively small decrease in the amount of Zn(II) extracted in each 

subsequent cycle (i.e., 32.3 mg in the 1st cycle versus 28.8 mg Zn(II) g-1 in the 5th cycle). 

 

Figure 7. Percentage mass loss of a cross-linked CTA-based PIM (PIM 5) during the stability 

study (i.e., five consecutive extraction and back-extraction cycles). Error bars,  SD (n=3).  

  

3.4. Surface morphology analysis 

3.4.1 Cross-linked vs. non-cross-linked CTA-based PIMs 

Due to good extraction efficiency and stability, the surface morphology of the cross-linked 

PIM 5 (Table 1) and its non-cross-linked counterpart (i.e., 40 wt% D2EHPA, 10% NPOE and 

50% CTA) was studied using AFM. Typical constant force AFM topographs are shown in 

Figure 8. There are distinguishable morphological differences between the cross-linked and 

non-cross-linked membranes.  
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Figure 8. Constant force AFM topographs of a cross-linked (a) and non-cross-linked (b) 

membrane (cross-linked PIM composition: 40 wt% D2EHPA, 10 wt% NPOE, polymers ratio 

6:4, 0.6 wt% initiator; non-cross-linked PIM composition: 40 wt% D2EHPA, 10 wt% NPOE, 

50 wt% CTA). 

 

Figure 8a clearly shows that the cross-linked PIM exhibits granular like features and the 

corresponding voids between the granules are as deep as 400 nm relative to their tops, whereas 

the non-cross-linked membrane appears as a smooth film with deeper dents (as deep as 1200 

nm) in comparison with the cross-linked PIM. In order to assess the surface area of the 

membranes, the granule/void density was calculated, and is shown in Table 2 and Figure 9. For 

the non-cross-linked membrane, 11 voids per 100 m2 were found in which approximately 

10% of the voids were around 800-900 nm, and the remaining varied from 250-500 nm (Table 

2; Figure 9b). On the other hand, in the cross-linked membrane about four times more voids 

were identified, well distributed throughout the PIM surface, with an average depth of 150-250 

nm (Table 2; Figure 9a). Even though the cross-linked PIM’s voids were shallower than those 

of its non-cross-linked counterpart, they provided a larger effective surface area compared to 

the cross-linked PIM due to their much higher number which resulted in higher PIM flexibility 

and extraction rate in comparison with the non-cross-linked PIM (Figure 3a).  
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Table 2. Analysis of the PIM voids in the AFM topographs of the cross-linked and non-cross-

linked PIMs. 

Type of PIM Number of voids 

(per 100 µm2) 

Area covered by the voids (µm2) 

Cross-linked PIM (PIM 5) 48 20 

Non-cross-linked PIM 11 27 

 

 

Figure 9. Contrast saturated AFM topographs of a cross-linked (a) and non-cross-linked (b) 

membrane. The voids present in cross-linked and non-cross-linked membranes are clearly 

visible (cross-linked PIM composition: 40 wt% D2EHPA, 10 wt% NPOE, polymers ratio 6:4, 

0.6 wt% initiator; non-cross-linked PIM composition: 40 wt% D2EHPA, 10 wt% NPOE, 50 

wt% CTA). 

 

3.4.2 Effect of the amount of plasticizer on the surface morphology of the 

cross-linked CTA-based PIMs 

In general, the role of the plasticizer in PIMs is to penetrate the base-polymer chains and 

decrease the intermolecular forces, leading to a decrease in the glass transition temperature of 

the polymer which results in a more flexible membrane. Hence, the plasticizer concentration 

in the membrane is important: if it is too low the membrane will be too rigid and if it is too 

high the membrane will be too soft and mechanically unstable, and moreover the plasticizer 

tends to exude to the membrane surface. In order to assess the effect of the plasticizer 
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concentration on the surface morphology of cross-linked membranes, PIMs containing 40 wt% 

D2EHPA and 5, 10 or 20 wt% NPOE (Table 1, PIMs 4, 5 and 6), were imaged by AFM (Figures 

10a-10c). The AFM topographs show that the three PIMs mentioned above are 

morphologically similar and consist of interconnected granules. However, the size of the 

granules gradually decreased as the NPOE concentration in the membrane was increased as a 

result of more NPOE penetrating the polymer chains thus making them slightly more flexible 

which resulted in smoother PIM surfaces and higher initial flux values (Figure 10d).  

 

 

Figure 10. Constant force AFM topographs of cross-linked membranes containing different 

NPOE concentrations: (a) 5 wt%, (b) 10 wt% and (c) 20 wt%, and the corresponding initial 

flux values (d). D2EHPA concentration, 40 wt% D2EHPA; polymers ratio (CTA:PEG-DMA), 

6:4; initiator (DMPA) concentration, 0.6 wt%.  
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3.5. Interference study 

In environmental or industrial waters common base metal ions, such as Cd(II), Co(II), Ni(II), 

and Fe(III), will also be present along with Zn(II). Therefore, selectivity is a very important 

parameter for assessing the suitability of the newly developed PIM for environmental or 

industrial applications. 

An interference study was conducted using the cross-linked CTA-based PIM (PIM 5, Table 1), 

which provided a good extraction performance and the best long-term stability. This PIM was 

thus immersed in 100 mL of synthetic feed solution containing Zn(II), Co(II), Ni(II), Cd(II), 

and Cu(II) at 30 mg L-1 concentration each and pH 3. Figure 11a clearly indicates that Zn(II) 

was preferentially extracted into the membrane with minimal interference from the other base 

metal ions. Since these base metal ions can also be present at concentrations higher than that 

of Zn(II), the selectivity of the newly developed cross-linked PIM was also assessed when the 

concentrations of the interferents were five times higher than the Zn(II) concentration (i.e., feed 

solution containing 30 mg L-1 Zn(II) and 150-160 mg L-1 Co(II), Ni(II), Cd(II), and Cu(II) 

each). Even under these conditions the interference was relatively insignificant (Figure 11b). 

These results confirmed the high selectivity of the CTA/D2EHPA cross-linked PIM towards 

Zn(II), showing that Zn(II) could be extracted selectively in the presence of a mixture of 

different base metal ions commonly present in environmental and industrial waters.  

 

 

 

 



71 
 

 

 

Figure 11. Transient concentrations of (●) Zn(II), (■) Cd(II), (▲) Co(II), (♦) Cu(II), and () 

Ni(II) in the feed solutions at pH 3 in which the potential interfering metal ions have the same 

concentration as Zn(II) (a) or have a concentration five times higher than that of Zn(II) (b). 

Cross-linked PIM composition, 40 wt% D2EHPA, 10 wt% NPOE, CTA:PEG-DMA 6:4, 0.6 

wt% initiator; feed solution, 100 mL of 30 mg L-1 of each metal ion (a) and 30 mg L-1 Zn(II) 

and 150-160 mg L-1 for each interferent (b). 

 

Fe(III) is commonly present in industrial and environmental waters and has been reported to 

interfere with Zn(II) extraction when using D2EHPA-based PIMs [31]. In the same study the 

Fe(III) interference was successfully eliminated by adding disodium hydrogen phosphate 

(Na2HPO4) to the feed solution in a 1:3 mole ratio (Fe(III):Na2HPO4) in order to precipitate 

Fe(III) and thus avoid its extraction by the PIM. The same approach was applied in the present 

study. The results obtained confirmed the Fe(III) interference in the absence of Na2HPO4, and 
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also demonstrated that in the presence of Na2HPO4 the interference of Fe(III) could be 

eliminated and Zn(II) could be extracted to the same extent as if Fe(III) were not present (Figure 

12). 

 

Figure 12. Transient concentrations of Zn(II) () and Fe(III) () in a feed solution containing 

30 mg L-1 of each ion, and of Zn(II) (●) in a feed solution of the same Fe(III) and Zn(II) 

composition in the presence of Na2HPO4. Cross-linked PIM composition, 40 wt% D2EHPA, 

10 wt% NPOE, CTA : PEG-DMA 6:4, 0.6 wt% initiator. Error bars,  SD (n=3). 

 

3.6. Transport of Zn(II) 

One of the main advantages of PIM-based separation over conventional solvent extraction 

stems from the possibility of conducting the extraction and back-extraction processes at the 

feed and receiving sides of the PIM, respectively, simultaneously. This capability of PIMs, in 

combination with their facilitated transmembrane mass transport mechanism [1, 2], allows the 

complete transport of the target chemical species (in this case Zn(II)) from the feed to the 

receiving solution. To demonstrate this capability of PIM-based separation, transport 

experiments were carried out using the cross-linked PIM with best extraction performance 

which was composed of 40 wt% D2EHPA, 10 wt% NPOE, and CTA:PEG-DMA 6:4, and 0.6 

wt% initiator. Feed solutions containing 27, 46 or 65 mg L-1 Zn(II) at pH 3 and receiving 

solutions containing 1.0 M HCl were used in these experiments. The transient Zn(II) 

concentrations in the feed and receiving solutions, shown in Figure 13, clearly indicate that the 

newly developed cross-linked membrane is capable of practically completely (i.e., 98.9±0.9 %, 

93.6±1.0 % and 97.2±2.1 % for initial Zn(II) concentrations of 27, 46 and 65 mg L-1, 
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respectively) transporting Zn(II) from the feed solution to the receiving solution in about 3 h 

under the experimental conditions used. The thickness of the membrane decreased 

insignificantly from 55±2 m to 52±2 m after completing the transport experiments which 

was, most likely, due to the leaching of un-crosslinked PEG-DMA from the membrane into the 

adjacent aqueous phases. 

 

 

Figure 13. Transient Zn(II) concentrations in the feed solutions (100 mL) containing initially 

65 (), 46 () and 27 () mg L-1 of Zn(II) at pH 3 and in the respective receiving solutions 

(100 mL) during transport experiments using the cross-linked CTA-based PIM with D2EHPA 

concentration of 40 wt%, NPOE concentration of 10 wt%, polymers ratio of 6:4, and initiator 

concentration of 0.6 wt%. The receiving solution contained 1.0 M HCl. Transport experiments 

were performed in duplicate. 

 

4. Conclusions 

On the basis of the results obtained it was concluded that depending on the nature of the base 

polymer and cross-linking polymer, cross-linked PIMs can exhibit superior stability, extraction 

rate and extractive capacity compared to their non-cross-linked counterparts. 

A screening of the base-polymers PVC, CTA and PVDF-HFP for their suitability in preparing 

cross-linked PIMs was performed. Of these, PVC showed to be unsuitable for cross-linking 

with PEG-DMA due to polymer incompatibility. Successful cross-linked PIMs were prepared 
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with both PVDF-HFP and CTA, however, the CTA-based PIM provided superior Zn(II) 

extraction performance in comparison to both the cross-linked PVDF-HFP-based PIM and its 

CTA-based non-cross-linked counterpart. The effect of the concentrations of both the carrier 

D2EHPA and plasticizer NPOE in the cross-linked CTA-based PIM was studied, and the 

membrane composed of 40 wt% D2EHPA, 10 wt% NPOE, 0.6 wt% DMPA with a base-

polymer to cross-linking polymer mass ratio of 6:4 was found to have the highest extraction 

rate in addition to showing very good stability over five consecutive extraction/back-extraction 

cycles. Limited mass loss of the PIM was observed during the first cycle which was proven by 

mass spectrometric analysis of the feed solution to be due to the loss of un-crosslinked PEG-

DMA. The stability of the cross-linked CTA-based PIM was shown to be significantly superior 

compared to its non-cross-linked counterpart. It also exhibited high selectivity for Zn(II) at pH 

3 in the presence of other commonly encountered in industrial and environmental waters base 

metal ions at concentrations 5 times higher than that of Zn(II). 

AFM surface imaging of both cross-linked and non-cross-linked CTA-based PIMs showed that 

the cross-linked PIM surface displayed a large number of shallow voids and these voids became 

smaller in size as the NPOE concentration was increased, while the non-cross-linked PIMs 

contained a small number of deeper voids. The specific surface area of the cross-linked PIM 

was found to be larger than that of its non-cross-linked counterpart which could explain the 

faster rate of extraction with cross-linked PIMs. 

The PIM with best extraction performance transported practically completely Zn(II) from a 

feed solution at pH 3 to a receiving solution containing 1.0 M HCl which involved 

simultaneous extraction of Zn(II) at the PIM/feed solution interface, its back-extraction at the 

PIM/receiving solution interface and facilitated transport of Zn(II) across the membrane. 
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5. Supplementary material 

 

 

Figure S1. Concentration of Zn(II) in the feed solution during the extraction experiment 

involving a cross-linked membrane containing no carrier (i.e., 20 wt% NPOE, 79.4 wt% CTA 

and PEG-DMA at a 6:4 ratio, 0.6 wt% initiator). 

 

Table S1. Thickness data of PIMs having different CTA:PEG-DMA ratios, 35wt% D2EHPA, 

20 wt% NPOE and 0.6 wt% initiator. 

CTA:PEG-DMA ratio 5:5 6:4 7:3 8:2 9:1 

Thickness SD (n=10) 

(µm) 

50±5 55±2 55±3 52±2 55±3 

Initial flux (J0) 

(µmol m-2 s-1) 

13.4 14.8 11.9 12.7 12.1 
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Figure S2. Concentration of Zn(II) in the receiving solution during a back-extraction 

experiment. PIM composition, 40 wt% D2EHPA, 10 wt% NPOE, 0.6% initiator; receiving 

solution, 1.0 M HCl. Error bars, ± SD (n=3). 
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Figure S3. Percentage of Zn(II) back-extracted into the receiving solution during five 

consecutive extraction/back-extraction experiments. PIM composition, 6:4 polymer ratio, 40 

wt% D2EHPA, 10 wt% NPOE, 0.6% initiator; receiving solution, 1.0 M HCl. Error bars, ± SD 

(n=3). 

 

 

Figure S4. Photographic image of a non-cross-linked PIM (40 wt% D2EHPA, 10 wt% 

NPOE and 50 wt% CTA) after the second extraction/back-extraction cycle. 
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Chapter 3 

Improving the performance of polymer inclusion membranes by 

cross-linking their polymeric backbone 

 

1. Introduction 

The increasing interest in polymer inclusion membranes (PIMs) has established them as 

environmentally friendly materials for applications in chemical analysis [1] as well as in 

extraction-based separation processes [2]. The analytical applications of PIMs include their use 

as the sensing membranes in ion-selective electrodes and optodes [2, 3]. Separation based on 

the use of PIMs has emerged as a less expensive, safer and environmentally friendlier 

alternative to conventional solvent extraction of both metallic or non-metallic species [4]. The 

separation of heavy metals is becoming more important nowadays due to their environmental 

effects associated with globalisation and industrialisation. Toxic metals are released into the 

environment in numerous ways. Fossil fuel combustion, sewage waste, vehicle emissions, 

discarded batteries, mining activities, tanneries, and metallurgy are examples of the major 

sources of heavy metal pollution of aquatic systems [5-8]. Several methods have been reported 

for the treatment of waters polluted with heavy metals, namely, ion exchange [9], co-

precipitation [10], solvent extraction [11], and membrane-based separation [12]. 

PIMs are a type of liquid membranes generally composed of a base polymer and an extractant 

which sometimes they may also incorporate a plasticizer or a modifier. Poly(vinyl chloride) 

(PVC) [13, 14] and cellulose triacetate (CTA) [15] are the most commonly used base polymers. 

However, there is a recent trend in using other base polymers, such as poly(vinylidene fluoride) 

(PVDF) [16] and poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) [17, 18]. 

The base polymer acts as the skeleton of the membrane and holds the membrane liquid phase 

consisting of the extractant (often referred to as carrier) and a plasticizer or a modifier, if used, 

within its entangled chains. Aliquat 336 (a mixture of quaternary alkylammonium chlorides 

with the dominant species being trioctylmethylammonium chloride), di-(2-

ethylhexyl)phosphoric acid (D2EHPA), bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 

272), trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate (Cyphos® IL 

104), and tetrahydroxycalix[4]arene (Calix[4]arene) are a few examples of PIM extractants [4, 
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19-21]. The extractant is usually a complexing agent or an ion-exchanger which forms a 

complex or an ion-pair with the species of interest and the corresponding adduct is transported 

across the PIM which involves simultaneous extraction and back-extraction on the 

corresponding sides of the membrane. PIMs are characterized usually by lower rate of leaching 

of the membrane liquid phase into the adjacent aqueous phase compared to supported liquid 

membranes, which are the most frequently used liquid membranes at present. Notwithstanding 

this advantage, PIM extraction efficiency in terms of amount extracted and rate of extraction 

needs to be improved further in order to make them suitable for industrial applications [22, 23]. 

Different approaches for improving the membrane performance have been reported and they 

include modification of the membranes by the addition of reduced graphene oxide [24] or the 

incorporation of a cross-linking polymer in the membrane skeleton [18]. For instance, O'Bryan 

et al. [18] have demonstrated that a cross-linked PIM could transport thiocyanate across the 

membrane faster than its non-cross-linked counterpart. 

The most efficient method for generating highly cross-linked polymers is based on UV 

irradiation of a multifunctional monomer in the presence of a suitable photo-initiator [25, 26]. 

The advantages of photoinduced polymerisation over thermal cross-linking, such as solvent 

free processing and energy efficiency, make it suitable for the coating industry, 

photolithography, microelectronics, and the manufacturing of paints, composite materials, 

dental restorative formulations, and adhesives [27-29]. Different types of monomers including 

acrylate, vinylether, epoxide, and maleimide have been extensively used for UV-curing in a 

variety of applications [25, 30-32]. Ali Kara et al. have demonstrated the possibility of using 

poly(ethylene glycol) dimethacrylate (PEGDMA) beads in heavy metal removal. In their work, 

PEGDMA was copolymerised with vinyl imidazole to allow the removal of Cd(II), Hg(II) and 

Pb(II) [33]. Methacrylate based cryogels [34], monoliths [35] and microspheres [36] have also 

been reported for heavy metal removal. PEGDMA has also been used by us as a cross-linking 

polymer in PIMs for enhancing the extraction/transport efficiency of thiocyanate [18] and 

Zn(II) [37]. In both studies the cross-linked PIMs showed superior extraction/transport 

performance in comparison with the corresponding non-cross-linked PIMs. Apart from 

improving the rate of separation, cross-linking agent with polyethylene glycol (PEG) unit could 

improve the biofouling resistant activity of cross-linked PIMs as PEGs are known to play a 

role of bactericidal agent[38, 39]. Waheed et. al. [40] and Hassanien et. al. [41] have 

demonstrated anti-bacterial property of the membrane prepared using PEG along with cellulose 

acetate polymer. Maleimide resins possess high tensile strength and modulus, excellent 
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chemical and corrosion resistance, as well as good stability at elevated temperatures [42]. These 

advantages increase the applicability of maleimide resins in electronic and aerospace 

engineering. Vinyl ethers are highly reactive monomers and extensive curing can be achieved 

in a very short time [30]. The low odour and non-irritating nature of this type of monomers 

makes them suitable for different UV-curing applications, such as protective coating [43]. Low 

shrinkage, great impact strength and high adhesion of the UV-cured polymer are also some of 

the advantages which make vinyl ethers popular cross-linking polymer [30, 44]. 

In Chapter 2 it was demonstrated that  the cross-linking polymer PEGDMA and the initiator 

DMPA can be used to prepare successful cross-linked PIMs composed of PVDF-HFP or CTA 

as the base polymer and Aliquat 336 [18] or D2EHPA [37] as the extractant. Hence, in the 

present study we aimed to explore the applicability of frequently used cross-linking polymers 

and photo-initiators for the preparation of cross-linked PIMs. The suitability of the photo-

initiator studied was examined by fabricating cross-linked PVC-based membrane (without 

extractant) which contained PEGDMA, poly (ethylene glycol) divinyl ether (PEGDVE), or N-

ethyl maleimide (NEM) as the cross-linking polymer. This was followed by the optimization 

of the cross-linking conditions, for the fabrication not only of PVC-based membranes, but also 

of membranes containing CTA or PVDF-HFP as the base polymer. The extractant D2EHPA 

or Aliquat 336 was then included in the membrane compositions. Cross-linked PIMs, 

containing either D2EHPA or Aliquat 336, were prepared under the optimal conditions 

established earlier and their extraction performance was compared with that of their non-cross-

linked counterparts by using Zn2+ or SCN- as model target species, respectively. 

 

2. Experimental 

2.1. Reagents and solutions 

Poly(vinylidene fluoride-co-hexafluropropylene) (PVDF-HFP, Aldrich, USA), cellulose 

triacetate (CTA, Acros Organics, USA) and poly(vinyl chloride) (PVC, Aldrich, USA) were 

used as base polymers. Poly(ethylene glycol) dimethylacrylate (PEGDMA, Aldrich, USA), 

poly(ethylene glycol) divinyl ether (PEGDVE, Aldrich, USA) and N-ethylmaleimide (NEM, 

Aldrich, USA) were incorporated into the membranes as cross-linking polymers. Three 

different photo-initiators, namely 2,2-dimethoxy-2-phenyl acetophenone (DMPA, Aldrich, 

Italy), triarylsulfonium hexafluorophosphate salts (TASHFP in 50% propylene carbonate, 
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Aldrich, USA, note: in membranes using TASHFP, the wt% value refers to that in the casting 

solution) and triphenylphosphine oxide (TPO, Aldrich, USA), were tested for their ability to 

induce cross-linking in the membranes studied. Analytical grade tetrahydrofuran without 

stabiliser (THF, VWR) and dichloromethane (DCM, Chem-Supply, Australia) were used to 

dissolve the PIM components. The extractants D2EHPA (97%, Aldrich, USA) and Aliquat 336 

(Aldrich, USA) were used as received. 2-Nitropheny octyl ether (NPOE) (Sigma-Aldrich, 

Switzerland) was used as a plasticizer in the CTA-based PIMs. 

 

2.2. Membrane preparation 

Cross-linked PIMs containing PVDF-HFP, CTA or PVC as the base polymer were prepared 

by following the procedure described previously [37]. A weighed amount of each polymer was 

dissolved in either THF (for PVDF-HFP and PVC) or DCM (for CTA) in a glass jar. In the 

case of PVDF-HFP, the polymer and solvent mixture was stirred at 50 oC in a temperature-

controlled water-bath until the polymer was completely dissolved and then the solution was 

cooled down to room temperature. The dissolution of PVC or CTA in THF or DCM, 

respectively, was performed at room temperature. The extractant D2EHPA or Aliquat 336 was 

added to the polymer solution which was further stirred until a homogeneous solution was 

obtained. This was followed by the addition of the cross-linking polymer (PEGDMA, 

PEGDVE, or NEM) and photo-initiator (DMPA or TASHFP). Since both cross-linking 

polymers and the photo-initiators are light sensitive, the glass jar containing the PIM mixture 

was covered with an aluminum foil and stirred for 30 min at room temperature. The resultant 

PIM casting solution (containing PVDF-HFP, CTA or PVC) was cast on a clean and smooth 

glass plate using a homemade Teflon casting knife [18]. A rectangular PIM (approximately 14 

by 12 cm) was formed after slow evaporation of the solvent for approximately 24 h [23]. In the 

case of CTA-based PIMs, the plasticizer NPOE was also added to the casting solution (10 

wt%). The same procedure was applied for the preparation of cross-linked membranes without 

extractant or plasticizer. 

After casting, the membranes were removed from the glass plate, and their physical appearance 

was evaluated. Only membranes or PIMs that were visually homogeneous and flexible were 

considered to be successfully cast and were thus selected to be cross-linked by UV irradiation 

as described in Section 2.3. The UV treatment step was not applied for the preparation of non-
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cross-linked PIMs, and moreover no cross-linking polymer or initiator was added to the 

corresponding casting solutions. 

 

2.3. UV polymerization 

The cross-linking of the successful homogeneous membranes was performed by following the 

procedure described previously by us [37]. The membranes were placed inside a UV-treatment 

box containing a UV-lamp (UVP-USA, 8 W, 0.16 A, 230 V) tuned at 365 nm. Any O2 present 

inside the UV-treatment box was purged with N2 for 15 min prior to the start of the UV 

polymerization process when UV lamp was turned on. PIMs were irradiated with UV-light for 

different time periods in N2 atmosphere, maintained by continuously pumping N2 through the 

UV-treatment box.  

 

2.4. Extraction experiments 

Circular segments of the cross-linked or non-cross-linked PIMs (3.65 cm diameter) were cut 

from flat sheet membranes fabricated by the casting knife. A homemade membrane holder 

made of a 3 mm in thickness PVC sheet [37], was used to hold each circular membrane segment 

inside a glass jar containing 100 mL of aqueous feed solution while the glass jar was being 

continuously shaken at 150 rpm on an orbital shaker (Platform Mixer OM 06, Ratek, Australia).  

A 30 mg L-1 Zn(II) feed solution, prepared from ZnCl2 (Unilab, APS Chemicals, Australia) and 

adjusted to pH 3 using 1 M HCl solution was used in the Zn2+ extraction experiments. During 

each extraction experiment, 0.5 mL of the feed solution was withdrawn at pre-selected times 

and the Zn(II) concentration was determined by atomic absorption spectrometry (AAS).   

The SCN- extraction experiments were conducted using a 30 mg L-1 SCN- feed solution, which 

was prepared from KSCN (VWR, Australia), and the sampling throughout the experiments was 

performed as described above. After appropriate dilution, the SCN- concentration in the 

collected samples was determined as the red coloured [FeSCN]2+ complex by a flow injection 

analysis system with spectrophotometric detection, described by Cho et al. [45]. It is important 

to note that all membranes used in the SCN- extraction experiments were conditioned prior to 

use, by immersing each membrane in 100 mL of 1.0 M NaNO3 solution for 20 h while shaking 
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the solution at 150 rpm on an orbital shaker. This conditioning resulted in exchanging the 

chloride ion of Aliquat 336 for a nitrate ion [45].  

The initial flux (J0) was calculated by Eq. (1) which is the first derivative of an exponential 

decay function (Eq. (2)) whose empirical coefficients were determined by fitting it to the 

transient Zn2+ or SCN- concentrations in the corresponding aqueous feed solutions during 

extraction [46]. A home-made Quick C program was used for conducting curve fitting using a 

simplex optimization algorithm [46]. 

𝐽0 = (
𝑑𝛹

𝑑𝑡
)

t=0

=  − 𝑎2𝑎3         (1) 

𝛹 =  𝑎1 + 𝑎2 𝑒−𝑎3𝑡          (2) 

where a1, a2 and a3 are the empirical coefficients and  is the transient Zn2+ or SCN- 

concentration in the aqueous feed solution. 

 

2.5. Instrumentation 

The cross-linking conditions, such as the UV irradiation time and the effectiveness of the 

photo-initiators, were monitored using attenuated total reflectance Fourier transform infrared 

spectroscopy (ATR-FTIR) (Spectrum 100, PerkinElmer, USA). 

An atomic absorption spectrometer (Hitachi Z-2000 Series Polarized Zeeman, Japan) was used 

for determining the concentration of Zn(II) in the aqueous feed solution samples under the 

following conditions: Zn hollow cathode lamp (Hitachi, Japan); current, 8 mA; working 

wavelength, 213.9 nm; burner height, 7 mm;  slit width, 0.7 nm; acetylene flow rate, 1.8 L min-

1, air flow rate, 15.0 L min-1.  

Mass spectrometric measurements (6520 Accurate-Mass Q-TOF LC/MS, Agilent 

Technologies, USA coupled to an Agilent autosampler, 1200 Series) were performed with 

electrospray ionization in the positive mode under the following conditions: drying gas flow 

rate, 7 L min-1; nebuliser pressure, 40 psi; drying gas temperature, 300 °C; capillary voltage, 

4000 V; skimmer voltage, 65 V; scan range acquired, 100-2000 m/z. Each analysis involved 

the injection of 1 µL of sample (feed solution dissolved in acetonitrile (HPLC grade, Sigma, 

USA)) into the carrier solvent stream of 70% acetonitrile (HPLC grade, Sigma, USA) in 0.1% 

formic acid (HPLC grade, Sigma, USA) flowing at 0.3 mL min-1. 
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3. Results and discussion 

3.1. Selection of the initiator for the cross-linking polymerization 

Although there are reports in the literature describing the types of initiators that can be used 

with a specific type of cross-linking polymer [42, 47], to the best of our knowledge, an 

assessment of the optimal cross-linking conditions and the appropriate initiator to be used in a 

mixed polymeric system containing a base polymer and a cross-linking polymer have not yet 

been reported.   

In general, cross-linking polymerization proceeds via two basic pathways, namely, cationic 

polymerization or free radical polymerization. Different types of photo-initiators are required 

to initiate each of the photopolymerization mechanisms [47]. In the present study, three photo-

initiators were selected: DMPA, a very efficient and frequently used free radical photo-initiator 

for methacrylate-based cross-linking [32]; TPO, known to act as a free radical photo-initiator 

for different types of cross-linking polymers [42]; and TASHFP, commonly used in cationic 

polymerisation processes [48].   

Two cross-linking polymers (i.e., PEGDMA and PEGDVE) and one cross-linking monomer 

(i.e., NEM) were selected for testing along with the three photo-initiators discussed above. 

PVC was chosen as the base polymer for the initial assessment of the suitability of the photo-

initiators studied because it is readily available, and it is one of the most commonly used base 

polymers in PIMs. PVC-based membranes were thus prepared using the three cross-linking 

agents (polymers/monomers) mixed separately with the three different photo-initiators to 

determine the effectiveness of the photo-initiators in initiating the cross-linking processes in 

the mixed polymeric membrane systems studied. All these membranes were composed of a 6:4 

base polymer to cross-linking polymer weight ratio and contained 2 wt% photo-initiator. The 

polymers ratio was selected on the basis of our previous study [37]. After casting the 

membranes, they were irradiated with UV-light for 15 min and then analysed by ATR-FTIR to 

assess the effectiveness of the photo-initiator. The results are described in the following 

sections for each cross-linking polymer. 
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3.1.1. PEGDVE cross-linking 

PEGDVE is a bifunctional vinyl ether oligomer which is very reactive and generally undergoes 

fast cationic polymerisation in the presence of a photogenerated protonic acid [49]. The degree 

of polymerisation of PEGDVE in the membranes using the three initiators was assessed by 

monitoring the change in the transmittance percentage (%T) (Figure 1) of the inverted peak at 

1621 cm-1 which corresponds to the C=C stretching frequency of the vinyl ether double bond 

present in PEGDVE [50]. Cross-linking of PEGDVE proceeds via the formation of a new C-C 

bond and subsequent conversion of alkene to alkane in PEGDVE (i.e., C=C to C-C) (Figure 

2). Thus, the %T at 1621 cm-1 increases as the cross-linking process progresses. Figure 1 shows 

that only TASHFP was effective in photo-initiating the cross-linking of PEGDVE. A small 

increase in %T was observed for the DMPA initiated membrane, indicating a lower degree of 

cross-linking. Based on these results, TASHFP was selected as the most efficient photo-

initiator for preparing PEGDVE-based cross-linking membranes. 

 

Figure 1. ATR-FTIR spectra of the PEGDVE membranes containing PVC as the base polymer 

(6:4 PVC:PEGDVE mass ratio) and 2 wt% of one of the following photo-initiators: () 

DMPA, (●) TASHFP, () TPO. Membrane () did not contain a photo-initiator and was not 

UV irradiated. UV-irradiation time was 15 min. 

 

65

70

75

80

85

90

95

100

1560 1610 1660

%
 T

Wavelength (cm-1)



90 
 

H
+

hν

+monomer

CH3 CH CH2 CH CH2 CH CH2 CH
+

O

O

CHCH3 CH2 CH CH2

O

O

CH CH2

O

O

CH CH~

O~

O~

CH2 CH O CH2 CH2 O CH CH2

n

CH3
CH

+
O CH2 CH2 O CH CH2

n

 

Figure 2. Cross-linking of PEGDVE. 

 

3.1.2. PEGDMA cross-linking 

PEGDMA has been used in the preparation of cross-linked PIMs previously, and it is known 

to undergo radical polymerisation upon UV-irradiation [19]. As reported in Chapter 2, the 

membrane performance improved significantly after cross-linking using DMPA as the photo-

initiator [37]. However, to the best of our knowledge, other initiators have not been tested in 

either PEGDMA-based polymeric membranes or PIMs. Hence, the three different initiators 

studied were applied for cross-linking a PVC membrane with PEGDMA. The effectiveness of 

these initiators was assessed by monitoring the change in %T of the ATR-FTIR peak at 1637 

cm-1 (Figure 3). This peak corresponds to the stretching frequency of C=C bonds in the 

PEGDMA acrylate groups (Figure 4), and the consequent shift of the C=O stretching frequency 

in this group to a higher wavenumber (i.e., from 1716 cm-1 to 1728 cm-1) as a result of the loss 

of conjugation of the C=O moiety with the adjacent C=C moiety after cross-linking  [51].  

The results shown in Figure 3 indicate that only the DMPA and TASHFP were successful in 

initiating cross-linking via the radical-mediated pathway. As the degree of cross-linking 

increased, the C=C bonds of the acrylate groups were converted to C-C bonds and subsequently 

formed new links to acrylate groups of adjacent PEGDMA units via C-C bonding (Figure 4). 

Although TASHFP has a preference to act as a cationic initiator, it has been reported that it can 

induce radical cross-linking as well [52, 53]. In this case TASHFP decomposes in the presence 

of UV-irradiation thus forming intermediate aryl radicals which may induce radical-assisted 

polymerisation. Hence, both initiators (i.e., DMPA and TASHFP) were selected for further 

optimisation studies. 
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Figure 3. ATR-FTIR spectra of the PEGDMA membranes containing PVC as the base polymer 

(6:4 PVC:PEGDMA mass ratio) and 2 wt% of one of the following photo-initiators: () 

DMPA, (●) TASHFP, () TPO. Membrane () did not contain a photo-initiator and was not 

UV irradiated. UV-irradiation time was 15 min. 
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Figure 4. Cross-linking of PEGDMA (R. refers to a radical). 

 

3.1.3. NEM cross-linking 

Maleimide derivatives and their polymers are well known for their thermal stability as well as 

their electron withdrawing properties due to the presence of a five membered rigid ring [54]. 

Maleimide molecules are commonly used for radical assisted cross-linking although it has also 

been reported that N-substituted maleimide monomers can undergo homo-polymerisation even 

when they are exposed to UV-radiation in the absence of an initiator, provided that the 

monomer contains easily abstractable hydrogen atoms [25]. The extent of cross-linking of 
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NEM using the three photo-initiators studied was assessed on the basis of the IR peak at 698 

cm-1 as proposed by Decker et. al. [25], and the results are shown in Figure 5. The characteristic 

peak at 698 cm-1 is due to the =C-H bending vibration of the maleimide monomer [55]. It can 

be observed that only DMPA was effective in cross-linking NEM and was thus chosen for 

further optimisation studies. This result also supports the radical cross-linking mechanism for 

the NEM molecule (Figure 6). The reason why TASHFP was not able to initiate cross-linking 

could be related to the faster decomposition of the intermediate radical to some other product 

which suppressed the radical capture by NEM units. The TPO initiator also did not provide 

effective cross-linking which could have been most likely due to the lower photon intensity of 

the UV-light or to some other experimental conditions that may need to be modified (e.g., 

addition of a modifier such as diallylbisphenol A) [42]. 

 

Figure 5. ATR-FTIR spectra of the NEM membranes, containing PVC as the base polymer 

(6:4 PVC:NEM weight ratio) and 2 wt% of one of the following photo-initiators: () DMPA, 

(●) TASHFP, () TPO. Membrane () did not contain a photo-initiator and was not UV 

irradiated. UV-irradiation time was 15 min. 
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Figure 6. Cross-linking of NEM (R. refers to a radical). 

 

3.2. Optimization of the cross-linking conditions for PVC, CTA and PVDF-

HFP-based membranes 

The polymerisation reactions used in this study consist of three main steps: initiation, 

propagation and termination. The initiation reaction depends on the intensity of light as well as 

the absorption properties of the photo-initiator (i.e., molar absorptivity). The photo-initiator 

plays a key role in the light-induced polymerisation as it controls both the reaction rate and the 

depth of cure profile within the sample [28]. The rate of initiation is directly proportional to 

the quantum yield (Φ) of formation of the initiating species (i.e., radical or cation). The 

propagation of the reaction in mixed polymeric systems, with or without an extractant, depends 

on the spatiotemporal distribution of both the light intensity and the photo-initiator [32] as well 

as on the nature of the base polymers involved. The three most commonly used base polymers 

in PIMs (i.e., PVC, CTA and PVDF-HFP) and the three cross-linking polymers selected in this 

study (i.e., PEGDVE, PEGDMA and NEM) were used to prepare different membranes without 

an extractant, and each membrane was optimised in terms of the concentration of the photo-

initiator and the UV-irradiation time. In optimising the concentrations of the photo-initiators, 

selected earlier for further studies (i.e., DMPA and TASHEP), and the UV-irradiation time by 

varying these parameters consideration was given to minimising the amounts of the photo-

initiators used as well as the time of irradiation without compromising the membranes’ physical 

appearance. 
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DMPA-initiated membranes were prepared using 1, 2 and 4 wt% of the photo-initiator, whereas 

2, 4 and 8 wt% photo-initiator was used for TASHFP-initiated membranes because preliminary 

experiments indicated that the minimal concentration of TASHFP for achieving cross-linking 

was 2 wt%. The resulting membranes were irradiated by UV-light for 1, 5 and 15 min. If the 

15-min irradiation produced a better result than shorter irradiation times, the membranes were 

irradiated for a further 15 and 30 min to verify if the cross-linking had been completed. All the 

UV-irradiated (cross-linked) and non-UV-irradiated membranes free of photo-initiator were 

analysed by ATR-FTIR by comparing the intensities of the characteristic IR peaks at 1637 cm-

1 (PEGDMA), 1617 cm-1 (PEGDVE) and 697 cm-1 (NEM) similarly as performed in the 

previous section (Table S1, Table S2, Table S3, Figure S1 and Figure S2). 

 

3.2.1 PVC-based membranes 

The optimal cross-linking conditions found for PVC-based cross-linked membranes are 

presented in Figure 7. For the PVC-PEGDMA-DMPA membrane, 1% DMPA and 5-min UV-

irradiation provided optimal cross-linking conditions. In case of the PVC-PEGDMA-TASHFP 

membrane, 15-min UV-irradiation produced higher degree of cross-linking than 1 and 5 min, 

and so the membrane was irradiated for a further 15 and 30 min. This demonstrated that 30-

min irradiation was the minimum time required for maximum cross-linking of the membrane 

using TASHFP as photo-initiator. A possible reason for the need of a longer irradiation time 

and higher photo-initiator concentration in the case of TASHFP mediated cross-linking could 

be the partial decomposition of the TASHFP radical. However, this was not the case when 

TASHFP was used to initiate the cross-linking of PEGDVE which followed the cationic cross-

linking pathway.  

In the case of the PVC-PEGDVE-TASHFP membrane, it was noticed that the membrane turned 

yellow when irradiated for 5 and 15 min irrespective of the photo-initiator concentration. This 

colouration was probably caused by the by-product (Eq. S1) formed in the photodecomposition 

of the photo-initiator [51, 56, 57]. Similar type of coloured hydrogel formation has been also 

reported by Tucker et.al.[56]. Only the 1-min irradiated membrane did not change its 

appearance. Comparing the ATR-FTIR spectra of all the 1-min irradiated membranes, the 8 

wt% TASHFP membrane was found to exhibit the highest degree of cross-linking. The same 

result for the PVC-NEM-DMPA membrane was achieved at 2 wt% DMPA and 15-min UV-

irradiation. Irradiation for a further 15 and 30 min did not improve the degree of cross-linking. 
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Figure 7. Flowchart representing the optimum cross-linking conditions for PVC-based 

membranes. (a) base polymer; (b) cross-linking agent (i.e., PEGDMA and PEGDVE polymers 

and NEM monomer); (c) optimum concentration of photo-initiator; (d) optimum UV-treatment 

time. Mass ratio of base polymer to cross-linking agent, 6:4. 

 

3.2.2. PVDF-HFP-based membranes 

The optimum cross-linking conditions for the PVDF-HFP-based membranes are presented in 

Figure 8. DMPA initiated cross-linking of PEGDMA was comparatively faster with PVDF-

HFP as the base polymer than with PVC. This suggested that the transport of the initiating 

radical across the PVDF-HFP-based membrane was faster than in its PVC-based counterpart. 

However, cross-linking of the PVDF-HFP-PEGDMA membrane with 2 wt% TASHFP 

required approximately the same time to reach completion as in the case of the PVC-PEGDMA 

membrane (i.e., 30 min).  

The same yellow colouration, obtained for the PVC-based membrane, was also observed when 

the PVDF-HFP-PEGDVE-TASHFP membrane was irradiated for 5 and 15 min. To achieve 

optimum cross-linking without any colouration, 1 min irradiation and 8 wt% TASHFP were 

required. The optimal conditions for complete cross-linking of NEM were 5-min irradiation 
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and 4 wt% DMPA. This was faster than in the case of the PVC-based membrane though a 

higher concentration of the photo-initiator was required (Figures 7 and 8). 

 

Figure 8. Flowchart representing the optimum cross-linking conditions for PVDF-HFP-based 

membranes. (a) base polymer; (b) cross-linking agent (i.e., PEGDMA and PEGDVE polymers 

and NEM monomer); (c) optimum concentration of photo-initiator; (d) optimum UV-treatment 

time. Mass ratio of base polymer to cross-linking agent, 6:4. 

 

3.2.3. CTA-base membranes 

The optimum cross-linking conditions for the CTA-based membranes are presented in Figure 

9. Due to the higher viscosity of the casting solution of CTA in dichloromethane the cross-

linking rate in the corresponding membranes was relatively slow and therefore in most cases a 

higher concentration of photo-initiator and a longer UV-irradiation time was required to 

complete the cross-linking process within 30 min. In the case of DMPA, a 30-min irradiation 

time and 4 wt% DMPA were required to complete the cross-linking of PEGDMA while in the 

case of TASHFP an even higher concentration of the photo-initiator (i.e., 8 wt%) was required 

to achieve the same result if the UV irradiation time was to be kept at 30 min.  

For PEGDVE, optimum cross-linking was obtained by using 8 wt% TASHFP and an 

irradiation time of 15 min. Also, no colouration was observed for the PEGDVE cross-linked 
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membranes. The cross-linked membranes, when NEM was used as the cross-linking monomer, 

were not successful as NEM crystallised and exuded from the membranes during their 

overnight drying.  

 

 

Figure 9. Flowchart representing the optimum cross-linking conditions for CTA-based 

membranes. (a) base polymer; (b) cross-linking agent (i.e., PEGDMA and PEGDVE polymers 

and NEM monomer); (c) optimum concentration of photo-initiator; (d) optimum UV-treatment 

time. Mass ratio of base polymer to cross-linking agent, 6:4. 

 

3.3. Physical appearance of the membranes after incorporation of different 

extractants 

In the study described earlier, the optimisation was carried out without including any extractant 

in the membrane composition. Such extractants would have complicated the IR spectra of the 

cross-linking agents which were used to monitor the cross-linking process [18]. Therefore, 

extractants were introduced into the membrane casting solutions to fabricate PIMs only after 

the optimisation conditions for cross-linking had been established. Hence, PIMs were prepared 

by using the optimal cross-linking conditions regarding the concentration of the photo-initiator 

and the UV-irradiation time while keeping the base polymer to cross-linking polymer ratio at 

6:4 and incorporating 30 wt% of D2EHPA or Aliquat 336. In the case of PIMs containing CTA 
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as the base polymer, 10 wt% NPOE was added as a plasticizer because otherwise these PIMs 

were too very rigid. The homogeneity of the membranes was visually assessed (Table 1). 
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Table 1. Physical appearance of PVC, PVDF-HFP, and CTA-based cross-linked PIMs 

containing 30 wt% D2EHPA or Aliquat 336 as the extractant. CTA-based PIMs also contained 

10 wt% NPOE as a plasticizer. 

Extractant Cross-linking agents and photo-initiators Base 

polymer 
PEGDMA PEGDVE NEM 

DMPA TASHFP TASHFP DMPA 

D2EHPA Oily 

membrane 

surface 

Oily 

membrane 

surface 

Oily 

membrane 

surface 

Oily 

membrane 

surface 

 

PVC 

Aliquat 

336 

Homogeneous 

membrane 

White 

precipitate 

formation in 

the casting 

solution 

White 

precipitate 

formation 

Homogeneous 

membrane 

D2EHPA Homogeneous 

membrane 

Homogeneous 

membrane 

 

Homogeneous 

membrane but 

very soft 

before cross-

linking 

Homogeneous 

membrane 

 

PVDF-

HFP 

Aliquat 

336 

Homogeneous 

membrane 

White 

solution 

formation 

White 

precipitate 

formation in 

the casting 

solution 

Homogeneous 

membrane  

D2EHPA Homogeneous 

membrane 

Homogeneous 

membrane 

Oily 

membrane 

surface 

Not prepared 

as NEM 

crystallised on 

the 

membrane’s 

surface  

 

CTA  

Aliquat 

336 

Homogeneous 

membrane 

Homogeneous 

membrane 

Homogeneous 

membrane 
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It can be observed that in total 13 successful homogeneous cross-linked PIMs were obtained. 

All D2EHPA-PVC-based PIMs tested and the D2EHPA-CTA-based PIM with PEGDVE and 

TASHFP were inhomogeneous with oily surfaces and were deemed unsuitable for extraction 

studies. In addition, during the membrane preparation involving Aliquat 336, a white 

precipitate was formed when TASHFP was added to the THF casting solution containing the 

base polymer, Aliquat 336 and the cross-linking agent. It was found that the white precipitate 

was also formed when only Aliquat 336 and TASHFP were dissolved in THF. Interestingly, 

this was not observed when CTA was used as the base polymer. Since the use of CTA involves 

the use of DCM as solvent rather than THF, it was assumed that the compound forming the 

precipitate was soluble in DCM but not in THF. This was confirmed by collecting a filtered 

sample of the white precipitate which dissolved in DCM. 

The possible reaction between TASHFP and Aliquat 336 is described by Eq. (3) where TAS+ 

and R3CH3N
+ are the triarylsulfonium and Aliquat 336 cations, respectively, and HFP- is the 

hexafluorophosphate anion. This reaction product was confirmed using mass spectrometric 

analysis in the positive ion mode of a solution of the white precipitate in acetonitrile (Figure 

10). 

TAS+HFP- + R3CH3N
+Cl-  →TAS+Cl- + R3CH3N

+HFP-     (3) 

 

 

 



101 
 

 

Figure 10. Mass spectrum in the positive mode of an acetonitrile solution of the white 

precipitate formed in the reaction between Aliquat 336 and TASHFP. 

The peaks at m/z values of 368, 396, 424, and 452 are characteristic of the four major 

quaternary ammonium cations of Aliquat 336 [58] while those at m/z values of 278 

(C36H28S3
2+) and 371 (C24H19S2

+) correspond to the two arylsulfonium cations that exist in 

TASHFP as received from the supplier. It should be noted that Zhuravlev et al. have also 

reported the formation of white precipitates of quaternary ammonium hexafluorophosphates 

[59]. 

 

3.4. Extraction experiments  

The extraction performance of all homogeneous cross-linked PIMs obtained as part of this 

study (Table 1) was compared with that of their non-cross-linked counterparts. In the case of 

the D2EHPA-based PIMs the extracted species was Zn2+ since such PIMs have been used 

successfully in the extraction of this metallic cation [13, 60, 61]. Aliquat 336-based PIMs are 

capable of extracting the  SCN- ion efficiently [17, 18] and therefore this anion was used in 

comparing the extraction performance of the Aliquat 336-based cross-linked and non-cross-

linked PIMs studied. In each case, extraction was carried out for 6 h using 3.65 cm PIM discs 

containing 30 wt% of extractant and 10 wt% NPOE in the case of CTA-based PIMs. The 
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amount extracted was then calculated as ‘mg’ of extracted species per ‘g’ of PIM. The 

corresponding extraction curves are shown in Figure 11. The extraction results are summarized 

in Table 2. 

  

 

  

Figure 11. Transient concentrations of SCN- (a, b, c) and Zn2+ (d, e) during extraction 

experiments involving PIMs 1-3 (a); 4-6 (b); 7-10 (c), 11-15 (d); and 16-18 (e). PIM 

compositions and experimental conditions as in Table 2. Error bars = standard deviation 

(n=3). 
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Table 2. Concentration of Zn2+ and SCN- (± standard deviation, n=3) in circular sections (3.65 cm in diameter) of the homogeneous cross-linked 

PIMs, developed as part of this study (Table 1) after a 6-h extraction period from 100 mL feed solutions containing initially 30 mg L-1 Zn2+ or 

SCN- (×, not present). 

PIM ID Base 

polymer 

Cross-

linking 

polymer 

Initiator Extractant 

(30 wt%) 

Analyte Plasticizer 

(10 wt%) 

Amount of 

extracted 

Zn2+/SCN- (mg g-1) 

J0 × 106 

(mol m-2 s-1) 

1  PEGDMA DMPA    38.1±1.4 39.1±3.4 

2 PVC NEM DMPA Aliquat 336 SCN- × 43.3±2.1 49.5±2.9 

3  × ×    34.1±0.9 4.63±1.53 

4  PEGDMA DMPA  -  35.5±1.0 44.9±2.7 

5 PVDF-

HFP 

NEM DMPA Aliquat 336 SCN- × 43.6±0.5 52.2±0.9 

6  × ×    30.0±1.7 31.1±3.8 

7  PEGDMA DMPA    39.3±1.7 18.8±2.5 

8  

CTA 

PEGDMA TASHFP  

Aliquat 336 

 

SCN- 

 

NPOE 

40.2±0.2 47.3±4.3 

9 PEGDVE TASHFP 46.1±1.0 35.8±0.4 

10  × ×    35.0±1.2 19.9±2.3 

11  PEGDMA DMPA    24.7±0.7 12.3±0.9 

12  NEM DMPA    27.3±1.1 15.1±3.0 

13 PVDF-

HFP 

PEGDMA TASHFP D2EHPA Zn2+ × 27.4±0.8 17.0±0.7 

14  PEGDVE TASHFP    26.7±0.2 24.1±1.3 

15  × ×    22.5±1.2 7.8±0.8 

16  PEGDMA DMPA    25.3±0.4 12.5±0.6 

17 CTA PEGDMA TASHFP D2EHPA Zn2+ NPOE 20.5±0.9 13.7±0.4 

18  × ×    20.6±0.3 6.54±0.12 
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All cross-linked PIMs exhibited higher initial fluxes (especially the PVC-based PIMs) than the 

corresponding non-cross-linked PIMs with the exception of PIM 7 whose initial flux was 

similar to that of the relevant non-cross-linked membrane (i.e., PIM 10). 

All Aliquat 336- based cross-linked membranes extracted a larger amount of SCN- over a 6 h 

period than the corresponding non-cross-linked membranes (12 to 45% more).  The PIM, 

composed of Aliquat 336, NPOE, CTA, PEGDVE and TASHFP (PIM 9) was the best 

performing Aliquat 336-based membrane in terms of extraction performance. In the case of the 

D2EHPA-based membranes, up to 23% more Zn2+ was extracted over 6 h into the cross-linked 

PIMs compared to the non-crossed-linked ones. Only PIM 17 (i.e., composed of D2EHPA, 

NPOE, CTA, PEGDMA, and TASHFP) showed no improvement in comparison to the amount 

of Zn2+ extracted by the corresponding non-cross-linked membrane. However, its initial flux 

was twice as high as that of the non-cross-linked membrane.  

 

4. Conclusions 

PVC, CTA and PVDF-HFP-based cross-linked membranes were fabricated using the cross-

linking agents PEGDMA, PEGDVE or NEM and the photo-initiators TASHFP, TPO or DMPA 

to select the optimal cross-linking conditions for the base polymers studied. The effectiveness 

of the photo-initiators listed above was assessed with the PVC-based membranes containing 

PEGDMA, PEGDVE or NEM as cross-linking agent. The results have shown that both DMPA 

and TASHFP are effective for initiating cross-linking of PEGDMA while TASHFP is effective 

for PEGDVE and DMPA for NEM. The concentration of initiator and time of UV irradiation 

were then studied not only for the PVC-based membranes, but also for the PVDF-HFP- and 

CTA-based membranes. Different optimal cross-linking conditions were established for each 

of the three most common base polymers used, thus indicating that the optimal cross-linking 

conditions are base polymer dependent. 

The optimal cross-linked conditions resulting in homogeneous membranes were used for the 

fabrication of PIMs incorporating either D2EHPA or Aliquat 336 as the extractant. These 

results clearly demonstrated that cross-linking the polymer backbone of PIMs containing either 

D2EHPA or Aliquat 336 enhanced their extraction performance in terms of the amount of Zn2+ 

or SCN- extracted and the rate of extraction in comparison with their non-cross-linked 

counterparts. 
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5. Supplementary material:   

  

Table S1. Optimisation of cross-linking conditions for PVC based membrane.  

wt% of  

Initiator  

% Transmittance (%T)   Cross-lniking 

agent and 

initiator  1min UV  5min UV  15min UV  30min UV  NO UV  

1% DMPA  93.14  94.15  94.20  ×   89.17  PEG-DMA 

and DMPA  
2% DMPA  ×  ×  94.02  ×  

4% DMPA  ×  ×  94.20  ×  

2% 

TASHFP  

×  ×  92.78  ×  91.21  PEG-DMA 

and TASHFP  

4% 

TASHFP  

91.21  91.78  94.31  95.59  

8% 

TASHFP  

    94.35  ×  

2% 

TASHFP  

93.24  Membrane turned to 

yellow colour  

×  73.22  PEG-DVE and 

TASHFP  

4% 

TASHFP  

96.50  ×  

8% 

TASHFP  

97.83  ×  

1% DMPA  ×  ×  58.84  ×  45.93  NEM and 

DMPA  
2% DMPA  56.46  58.45  74.79  74.21  

4% DMPA  ×  ×  74.79  ×  

× Not analysed, Highlighted value stand for optimised condition.  

  

  

Figure S1. Coloration of PVC based membrane upon longer UV-irradiation. 

 

 

 

1 min UV   5 min UV   15 min UV   No UV   
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Table S2. Optimisation of cross-linking conditions for PVDF-HFP based membrane.  

wt% of  

Initiator  

 % Transmittance (%T)   Cross-lniking 

agent and 

initiator  1min UV  5min UV  15min UV  30min UV  NO UV  

1% DMPA  97.97  97.97  98.03  ×   92.37  PEG-DMA 

and DMPA  
2% DMPA  ×  ×  97.70  ×  

4% DMPA  ×  ×  97.76  ×  

2% 

TASHFP  

91.37  93.43  96.37  97.67  91.01  PEG-DMA 

and TASHFP  

4% 

TASHFP  

×  ×  96.51  ×  

8% 

TASHFP  

×  ×  96.22  ×  

2% 

TASHFP  

93.49  Membrane turned to 

yellow colour  

×  76.63  PEG-DVE and 

TASHFP  

4% 

TASHFP  

96.85  ×  

8% 

TASHFP  

98.11  ×  

1% DMPA  ×  ×  68.37  ×  39.01  NEM and 

DMPA  
2% DMPA  ×  ×  74.97  ×  

4% DMPA  65.36  79.86  79.87  ×  

  

× Not analysed, Highlighted value stand for optimised condition.  

  

  

Figure S2. Coloration of PVDF-HFP based membrane upon longer UV-irradiation. 

  

 

 

 

 

 

 

 

No UV   1 min UV   5 min UV   15 min UV   



113 
 

Table S3. Optimisation of cross-linking conditions for CTA based membrane.  

wt% of  

Initiator  

 % Transmittance (%T)   Cross-lniking 

agent and 

initiator  1min UV  5min UV  15min UV  30min UV  NO UV  

1% DMPA  ×  ×  94.25  93.99   89.05  PEG-DMA 

and DMPA  
2% DMPA  ×  ×  94.35  94.81  

4% DMPA  ×  ×  94.59  96.77  

2% 

TASHFP  

×  ×  89.92  ×  87.85  PEG-DMA 

and TASHFP  

4% 

TASHFP  

×  ×  90.43  ×  

8% 

TASHFP  

87.85  89.58  91.22  94.20  

2% 

TASHFP  

×  × 95.92  ×  72.94  PEG-DVE and 

TASHFP  

4% 

TASHFP  

 ×  × 96.20  ×  

8% 

TASHFP  

87.85  92.86  96.48  96.46 

× Not analysed, Highlighted value stand for optimised condition.  

 

Photo-chemical decomposition of TASHFP initiator 

Ar3S
+ X-                                       Ar3S

+X-   * 

  Ar3S
+X-    *                    Ar2S + Ar● + S 

Ar2S
+ + YH                  Ar2S

+    H + Y 

Ar2S
+       H                   Ar2S + H+ 

        2 Ar●                     Ar     Ar 

Ar● + YH                      ArH + Y●                                                              (Eq S1) 
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Chapter 4 

Enhancing polymer inclusion membrane efficiency in gold 

recovery from electronic waste by membrane cross-linking 

 

1. Introduction 

The rapid growth in the electronics industry has created a new type of waste material which 

has been termed Waste Electrical and Electronic Equipment (WEEE). WEEE can contain 

environmentally undesirable components such as polychlorinated biphenyls, lead, mercury, tin, 

cadmium, and hexavalent chromium [1]. Electronic waste is of major concern due to several 

significant issues including the increasing rate and volume of materials disposed of in landfills, 

the toxicity of some of the materials present in this type of waste and the variability in 

regulatory requirements regarding disposal methods. However, WEEE does not only contain 

the above mentioned pollutants, but it also incorporates precious metals such as gold, silver 

and palladium [2, 3]. For example, it has been reported that mobile phones and computer circuit 

boards can contain gold in higher amounts than those in natural ores (i.e., 397 g ton-1) [4-6]. 

Thus, the proper treatment of WEEE, can not only protect the environment, but it can also be 

a source of precious metals.  

Different methods such as cementation, ion-exchange, solvent extraction, biosorption, and 

physical adsorption have been reported for recovering precious metals from electronic waste 

[7]. Park and Fray have reported a step by step process of recovering gold, silver and palladium 

by removing copper, aluminium, tin, lead, zinc, nickel, iron, and non-metallic components [8]. 

For the recovery of gold, solvent extraction was used. Gurung et al. proposed a tannin-based 

adsorbent, named bisthiourea - persimmon tannin or “BTU-PT gel”, for the selective recovery 

of precious metals from the acidic leach liquor from spent mobile phone circuit boards [9]. 

Agarwal et al. have described a Donnan dialysis technique using an anion exchange pore filled 

membrane to recover gold from electronic waste [10]. Rocchetti et al. have summarised the 

technologies available for the recycling of printed circuit boards [3], by reviewing the 

respective international patents published between 1990 and 2017. Many techniques have been 

proposed to recover precious metals from WEEE, although there is a need for greener and 

sustainable processes. 
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Polymer inclusion membranes (PIMs) are a relatively new type of liquid membranes which 

have been used in the development of a promising separation technology which follows the 

same working principles as solvent extraction, while having their organic liquid phase (i.e., 

extractant, often referred to as carrier and plasticizer/modifier) retained within the entangled 

chains of a base polymer. Moreover, PIM-based separation does not require the use of large 

volumes of toxic solvents like in solvent extraction, thus making it a greener and safer 

alternative [11, 12]. Although this type of liquid membranes was initially used as the sensing 

element in ion-selective electrodes in the mid twentieth century [13], recently it has been 

mainly applied for the extraction, transport and separation of metallic and non-metallic species 

[11, 14]. PIMs have also been reported to be able to extract and transport Au(III). For instance, 

Rodríguez de San Miguel et al. have reported a PIM containing Kelex 100 (7-(4-ethyl-1-

methyloctyl)-8-hydroxyquinoline) suitable for Au(III) separation [15]. Under the optimal 

conditions (i.e., Au(III) in 1 M HCl as feed solution and 0.1 M NaCl as receiving solution), the 

membrane showed adequate stability with almost no loss in transport efficiency until the 15th 

cycle. In a separate study, ω-Thiocaprolactam was  used by Núñez et al. [16] as an extractant 

for the selective recovery of gold from a chloride feed solution containing copper and mercury. 

However, only about 70% recovery was achieved using a PIM made of cellulose triacetate 

(CTA), 2-nitrophenyl octyl ether (NPOE) and ω-thiocaprolactam-based and a potassium 

iodide–hydrochloric acid aqueous receiving solution. Long alkyl chain alcohols, such as 1-

octanol, 1-decanol, and 1-dodecanol, were also used in transporting Au(III) through a CTA-

based PIM [17]. The effect of chain length on the transport efficiency was investigated and 

described by a contour surface ternary diagram. Dodecanol-based PIMs showed better stability 

due to the lower water solubility of 1-dodecanol in comparison with 1-octanol and 1-decanol. 

The above mentioned research only involved the use of synthetic solutions, although real 

applications on the Au(III) recovery from WEEE digests have also been reported [6]. Kubota 

et al. developed a N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl] glycine-based PIM for the 

recovery of gold from discarded mobile phones [6], and recent research in our laboratory has 

used a Cyphos® IL 104-based PIM to selectively separate Au(III) from electronic scrap 

digested in aqua regia [18, 19]. However, it was established that the transport rate across the 

PIM decreased when the feed solution consisted of electronic waste digest [19].  

To improve the extraction and transport performance of PIMs, Kolev group have recently 

reported on the development of a new generation of PIMs in which the carrier is immobilized 

in a cross-linked semi-interpenetrating polymer network [20, 21]. These cross-linked PIMs 
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have shown to have superior performance for the extraction and transport of thiocyanate and 

Zn(II) using Aliquat 336 and di-(2-ethylhexyl)phosphoric acid (D2EHPA) as the extractant, 

respectively. It was thus of interest to examine if cross-linked PIMs would have superior 

performance than their non-cross-linked counterparts for the recovery of Au(III) from digests 

of electronic waste.  

Thus, the present chapter describes the development of a cross-linked Cyphos® IL 104-based 

PIM for the recovery of Au(III) from electronic waste digests in aqua regia. Different types of 

cross-linking agents (i.e., polymers or monomers) were examined, namely acrylate, vinyl ether 

and maleimide, as well as different base polymers. The surface morphology of the successful 

cross-linked PIMs was assessed, and the stability of those that showed better performance than 

the non-cross-linked PIMs was studied.   

 

2. Experimental 

2.1. Reagents and solutions  

For the preparation of PIMs, Cyphos® IL104 (STREM chemical Inc., USA) was used as the 

carrier, poly(vinylidene fluoride-co-hexafluropropylene) (PVDF-HFP, Aldrich, USA), CTA 

(Acros Organics, USA) or poly(vinyl chloride) (PVC, Aldrich, USA) was used as the base 

polymer and 2-nitrophenyl octyl ether (NPOE) was used as the plasticizer (in CTA-based PIMs 

only). For the cross-linking, poly(ethylene glycol) dimethylacrylate (PEGDMA, Aldrich, 

USA), poly(ethylene glycol) divinyl ether (PEGDVE, Aldrich, USA) or N-ethylmaleimide 

(NEM, Aldrich, USA) was used as the crosslinking agent, and 2, 2-dimethoxy-2-phenyl 

acetophenone (DMPA, Aldrich, Italy) and triarylsulfonium hexafluorophosphate salt 

(TASHFP, Aldrich, USA) were tested for their suitability as photo-initiators to induce cross-

linking in the membranes. Tetrahydrofuran (THF, analytical grade, without stabilizer, VWR, 

Australia) or dichloromethane (DCM, Chem-Supply, Australia) was used as received to 

dissolve the PIM components.  

Feed solutions were prepared using gold(III) chloride trihydrate (≥99.9%, Sigma Aldrich) and 

hydrochloric acid (32%, Ajax, Australia), and the receiving solutions contained sodium sulfite 

anhydrous (Chem-Supply, Australia). Hydrochloric acid and nitric acid (70%, Ajax, Australia) 

were used in the preparation of aqua regia. Deionised water was used for the preparation of all 

solutions (resistivity ≥18 MΩ cm, Millipore, Synergy185). 
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2.2. Membrane preparation 

Cross-linked PIMs were prepared following the procedure described previously by us [21]. 

Firstly, weighed amounts of PVDF-HFP, PVC or CTA were dissolved using an appropriate 

organic solvent (THF for PVDF-HFP and PVC, and DCM for CTA; 10 mL of solvent per 1 g 

of base polymer). In the case of PVDF-HFP, the mixture was heated with stirring at 50 oC using 

a temperature-controlled water-bath until the complete dissolution of the base polymer. In the 

case of PVC and CTA, the dissolution occurred at room temperature. Cyphos® IL 104 and 

NPOE (the latter in the case of CTA-based PIMs only) were then added to the solution at room 

temperature and stirred until a homogeneous solution was obtained. The cross-linking agent 

and the photo-initiator were then added, and the jar was covered with aluminium foil as both 

the cross-linking agent and the photo-initiator were light sensitive. The casting solution was 

stirred for another 30 min at room temperature and then cast on a clean glass plate using a 

casting knife [20]. The glass plate was covered with an aluminium tray and left overnight to 

allow the solvent to evaporate slowly. The resulting membrane was peeled from the glass plate 

and irradiated with UV-light inside a UV-treatment box containing a UV-lamp (UVP-USA, 8 

W, 0.16 A, 230 V) tuned at 365 nm. The box was purged with nitrogen for 15 min to remove 

all oxygen and the nitrogen flow was continued while irradiating the membranes [21]. Non-

cross-linked membranes were prepared as described above, except that no cross-linking agent 

or photo-initiator were added to the casting solution, and no UV-irradiation was applied. 

 

2.3. Extraction experiments 

Extraction experiments were conducted using circular segments (3.65 cm in diameter) of the 

cross-linked or non-cross-linked membranes, which were attached to homemade holders (as 

shown in Chapter 1) made of a 3-mm PVC sheet, in order to hold the membranes inside the 

glass jars containing 100 mL of feed solution. The solutions were shaken continuously at 150 

rpm using an orbital shaker (Platform Mixer OM06, Ratek, Australia). A solution containing 

100 mg L-1 Au(III) in 2.5 M HCl was used as the feed solution. During the extraction 

experiments, 0.5 mL samples were collected at preselected time intervals, and the Au(III) 

concentration was determined by atomic absorption spectrometry (AAS). The percentage of 

Au(III) extracted (%E) was calculated following the Eq (1). 
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 %E=([Au(III)]i–[Au(III)]f)/[Au(III)]i,                                                                           (1) 

where subscripts i and f refer to the initial and final Au(III) concentrations in the feed solution, 

respectively. All extraction experiments were conducted in triplicate. 

2.4. Transport experiments 

Transport experiments were conducted in a two compartment transport cell, where each 

compartment was fitted with a glass stirrer and the membrane was sandwiched between the 

compartments (contact surface area of 18.1 cm2) [21]. The feed solution consisted of 100 mL 

of 100 mg L-1 Au(III) in 2.5 M HCl or in digested aqua regia, or 100 mL of electronic waste 

digest. The receiving solution was 100 mL of 0.5 M Na2SO3. The Au(III) concentrations in 

both the feed and receiving solutions at preselected times were determined by removing 0.5 

mL aliquots, followed by analysis using AAS. All transport experiments were carried out in 

duplicate, unless mentioned otherwise. 

 

2.5. Instrumentation   

The concentration of Au(III) was determined using AAS (Hitachi Z-2000 Series Polarized 

Zeeman, Japan). The concentrations of Ni(II), Al(III), Co(II), Cu(II), Zn(II), and Cr(III) in the 

electronic waste digest were determined by inductively coupled plasma-optical emission 

spectrometry (ICP-OES, Optima 4300 DV, PerkinElmer, USA).  

The surface morphology of the cross-linked and non-cross-linked membranes was imaged by 

atomic force microscopy (AFM, Oxford Instruments Asylum Research, USA). Raw images 

were processed using the WSxM 5.0 software (Nanotec Electronica, Spain) [22]. The 

respective settings have been previously described [21].  

The thickness of the cross-linked and non-cross-linked PIMs was measured using an optical 

microscope (LH50A, Olympus, Japan) with a calibrated Nikon lens (Carton Optical Ind., 

Japan). A rectangular piece of membrane was cut from the middle of the cast PIM and the 

thickness of the cross-section was measured at twenty-five different points. 

 

 

 



119 

2.6. Digestion of electronic waste  

Aqua regia was prepared with concentrated HCl and HNO3 in a 3:1 volume ratio. The resultant 

solution was then heated at 100 oC for 6 h as described by Bonggotgetsakul et. al. [19] and 

allowed to cool down to room temperature. Aqua regia digested in this way had a total acidity 

of 6 mol L-1 and will be denominated as digested aqua regia. 

The gold coated electronic components from two mobile phones were digested in 150 mL of 

aqua regia by heating at 300 oC for 2 h. After cooling, the digested solution was then filtered. 

The filtrate was diluted with digested aqua regia and used for the Au(III) recovery transport 

experiment. This solution will be referred to as electronic waste digest. 

 

3. Results and discussion 

3.1. Selection of base polymer, cross-linking polymer/monomer and photo-

initiator 

The optimal conditions for cross-linking of PVC, CTA and PVDF-HFP based membranes 

using the cross-linking polymers PEGDMA and PEGDVE, the cross-linking monomer NEM, 

and the photo-initiators DMPA and TASHFP, were studied previously [23]. Since, to the best 

of our knowledge, a cross-linked Cyphos® IL 104-based PIM has never been reported before, 

an initial study was carried out to examine the compatibility of Cyphos® IL 104 with different 

base polymer/cross-linking agent/photo-initiator combinations (Table 1), selected on the basis 

of the earlier study mentioned above, where the base polymer to cross-linking agent ratio was 

6:4 [23].  
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Table 1. Physical appearance of cross-linked Cyphos® IL 104-based PIMs containing 30 wt% 

extractant and different base polymers, cross-linking agents and photo-initiators (base polymer 

: cross-linking agent ratio = 6:4). CTA-based membranes also contained 10 wt% NPOE. Cross-

linked PIMs were considered successful if homogenous. 

Cross-linking agent and photo-initiator Base 

polymer PEGDMA PEGDVE NEM 

DMPA TASHFP TASHFP DMPA 

Oily surface 

(a) 

Oily surface 

(b) 

Oily surface 

(c) 

Not cast* PVC 

Successful 

membrane 

(PIM1) 

Successful 

membrane 

(PIM2) 

Successful 

membrane 

(PIM3) 

Not cast* PVDF-HFP 

Oily surface 

(d) 

Oily surface 

(e) 

Successful 

membrane 

(PIM4) 

Not cast* CTA 

Cross-linking conditions: PIM 1, 1 wt% DMPA, 1 min UV-treatment; PIM 2, 2 wt% TASHFP, 

30 min UV-treatment; PIM 3, 8 wt% TASHFP, 1 min UV-treatment; PIM 4, 8 wt% TASHFP, 

15 min UV-treatment. PIMs with oily surface contain 1 wt% (a), 4 wt% (b), 8 wt% (c), 4 wt% 

(d), and 8 wt% (e) photo-initiator. 

* PIM not cast because the casting solution was pink. 

 

It was observed that when NEM was mixed with Cyphos® IL 104 in THF, the solution became 

pink. NEM is known to form a pink coloured compound with a number of different compounds 

such as imidazole, histidine-derivatives, or cysteine by interacting with the lone electron pair 

of their N or S atoms [24]. It can be expected that NEM reacts with Cyphos® IL 104 because 

of the presence of a P atom with a lone electron pair. This result indicated that Cyphos® IL 104 

could not be used with any maleimide-based cross-linking agents to produce cross-linked 

PIMs. In regard to the remaining cross-linking agent/photo-initiator combinations, it was 

observed that the PVC-based cross-linked PIMs had oily surfaces and were thus considered 

unsuccessful. For PVDF-HFP-based cross-linked PIMs, all cross-linking agent/photo-initiator 

combinations produced homogeneous membranes (PIM 1, 2 and 3, Table 1). When using CTA 

as the base polymer, only the membrane with the cross-linking polymer PEGDVE and the 
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photo-initiator TASHFP (PIM 4, Table 1) was homogenous, while the remaining had oily 

surfaces. Hence, PIMs 1, 2, 3, and 4 (Table 1) were selected for further studies. 

 

3.2. Extraction of Au(III) 

Conventional Cyphos® IL 104-based PIMs have been reported earlier for the Au(III) extraction 

using PVC or PVDF-HFP as the base polymer [18, 19]. Using such PIMs the extraction of 

Au(III) proceeds through the formation of the [P]+[AuCl4]
−·H+[PO2]

− adduct extracted into the 

membrane, where [P]+ and [PO2]
− represent the trihexyl(tetradecyl)phosphonium and 

bis(2,4,4-trimethylpentyl) phosphinate ions of Cyphos® IL 104, respectively [18]. In the 

present study, the performance of the four successful cross-linked membranes listed in Table 

1 in the extraction of Au(III) was compared with that of the corresponding non-cross-linked 

PIMs. The transient Au(III) extraction curves for the PIMs mentioned above, expressed as 

percentage of Au(III) extracted versus time, are shown in Figure 1. It can be observed that the 

cross-linked PVDF-HFP-based PIMs extracted greater amounts of Au(III) (i.e., between 62 

and 68% vs 51%) and at higher rates than their non-cross-linked counterparts (Table 2). The 

CTA-based cross-linked membrane extracted marginally higher amount of Au(III) (i.e., 58% 

versus 54%) and at a similar rate of extraction as its non-cross-linked PIM counterpart (Table 

2). Based on these results only PVDF-HFP-based PIMs were selected for the subsequent 

Au(III) transport studies, although the surface morphology of all membranes was evaluated. 
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Figure 1. Transient percentage of Au(III) extracted into the successful Cyphos® IL 104-based 

cross-linked PIMs (Table 1) and their respective non-cross-linked counterparts. () PIM 1, 

() PIM 2, () PIM 3, () PVDF-HFP non-cross-linked PIM, (×) PIM 4, and () CTA non-

cross-linked PIM. Feed solution, 100 mg L-1 Au(III) and 2.5 M HCl. Detailed compositions of 

the PIMs are presented in Table 1. 

Table 2. Amount of Au(III) extracted by cross-linked Cyphos® IL 104-based PIMs (PIM 1 to 

4, Table 1) and their non-cross-linked counterparts (Figure 1) after 6 h, and the respective initial 

flux values.  

PIM ID Au(III) extracted after 6 h 

(mg L-1) 

Initial flux × 106 

(mol m-2 s-1) 

PIM 1 67.4 ± 0.7 14.6 ± 0.5 

PIM 2 67.8 ± 1.8 14.5 ± 1.1 

PIM 3 62.0 ± 0.4 12.3 ± 1.4 

PVDF-HFP non-cross-linked PIM 51.0 ± 2.4 12.0 ± 0.2 

PIM 4 58.1 ± 1.1 11.7 ± 1.2 

CTA non-cross-linked PIM 54.1 ± 0.9 13.0 ± 0.5 
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3.3. PIMs surface morphology  

It has been reported that cross-linking increases the PIM’s surface area in comparison with the 

respective non-cross-linked membrane [21].  

Hence, the surface morphology of the successful Cyphos® IL 104-based cross-linked PIMs 

mentioned above and their non-cross-linked counterparts was assessed using AFM in the 

constant force mode. Topography images of the CTA-based cross-linked and non-cross-linked 

PIMs (Figures 2a and 2b, respectively) show very similar surface profiles with some tortuosity 

at very low Z scale (35.3 and 43.4 nm, respectively). This similarity in surface morphology can 

potentially explain the similar extraction performance of these two membranes. On the other 

hand, the topographic images of cross-linked PVDF-HFP-based PIMs presented in Figures 2c 

to 2e are very different from their respective non-cross-linked counterpart (Figure 2f). 

Moreover, it can be seen that the surface of PIM 2 (Figure 2d) contains a large number of well 

distributed indentations, whereas the surfaces of PIM 1 and PIM 3 (Figures 2c and 2e) contain 

less but deeper indentations (Z scale: 156.9 vs. 409.6 and 252.2 nm, respectively) looking like 

hillocks. In contrast, the non-cross-linked PVDF-HFP-based PIM shows a much smoother 

surface with barely any crests or void features in comparison with the respective cross-linked 

ones. 
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(a)    (b)    (c) 

     

(d)    (e)    (f) 

         

Figure 2. Constant force AFM topographic images of the CTA and PVDF-HFP cross-linked 

membranes and their respective non-cross-linked PIMs. (a) PIM 4 (Table 1), (b) CTA non-

cross-linked PIM, (c) PIM 1, (d) PIM 2, (e) PIM 3 (Table 1), (f) PVDF-HFP non-cross-linked 

PIM.  

 

In order to determine the surface area of the PVDF-HFP-based PIMs, the contrast saturated 

images of the respective AFM images (Figures 2c to 2f) were produced and are presented in 

Figures 3a to 3d. The area covered by the indentations on PIM 2 (Figure 3b) was 1.5 and 2.7 

times higher than that on PIM 1 (Figure 3a) and PIM 3 (Figure 3c), respectively (72.01.3% 

vs 46.83.7% and 26.24.8%, respectively). This difference in the microstructure may be due 

to the fast cross-linking process of PEGDMA and PEGDVE in the presence of the photo-

initiator DMPA and TASHFP, respectively (PIM 1 and PIM 3, 1 min UV-treatment), compared 

to the cross-linking of PEGDMA by the photoinitator TASHFP (PIM 2, 30 min UV-treatment). 

Moreover, in case of the PVDF-HFP non-cross-linked PIM (Figure 2f) only 8.3±1.8% of the 
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area was covered by indentations (Figure 3d). These observations reveal that PVDF-HFP cross-

linked PIMs have a larger surface area than the corresponding non-cross-linked membrane, and 

this may be the underlying reason why PVDF-HFP cross-linked PIMs show superior extraction 

performance. 

    (a)       (b)        (c)        (d) 

    

Figure 3. Contrast saturated AFM topographic images of the PVDF-HFP cross-linked 

membranes: (a) PIM 1, (b) PIM 2, (c) PIM 3 (Table 1), and (d) respective non-cross-linked 

PIM, highlighting the indentations present in the membranes (represented by the white and 

yellow colour).  

 

3.4. Transport of Au(III) from HCl solution 

The transport of Au(III) across each of the three successful PVDF-HFP cross-linked PIMs 

mentioned above along with their non-cross-linked counterpart was studied using a feed 

solution containing Au(III) and 2.5 M HCl and a 0.5 M Na2SO3 receiving solution. 

Bonggotgetsakul et al. have demonstrated that Na2SO3 was the most efficient stripping agent 

out of a wide range of stripping agents studied [19]. Moreover, they have also confirmed that 

the extraction of Au(III) from HCl solutions by Cyphos® IL 104 and its back-extraction by 

Na2SO3 take place according to Eqns. (1) and (2), respectively: 

[P]+[PO2]
−

PIM + H+[AuCl4]
−

FS   ⇄  [P]+[AuCl4]
−

 . H
+[PO2]

−
PIM    (1) 

[P]+[AuCl4]
−

 . H
+[PO2]

−
PIM + 3SO3

2 −
RS

 
 + H2O ⇄ [P]+[PO2]

−
PIM + [Au(SO3)2]

3−
RS  +  

 + 3H+
RS +  4Cl −RS + SO4

2 –
RS         (2) 

where [P]+ and [PO2]
- refer to the trihexyl(tetradecyl)phosphonium cation and the bis(2,4,4-

trimethylpentyl)phosphinate anion of the extractant Cyphos® IL 104, respectively, and PIM, 

FS and RS refer to the membrane phase and the feed and receiving solutions, respectively.                                                                                                                                                                
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The transient Au(III) concentrations in both the feed and receiving solutions are shown in 

Figure 4. The results obtained show that the cross-linked PIMs transported Au(III) significantly 

faster than their non-cross-linked counterpart, with PIM 1 and PIM 2 (Table 1) achieving close 

to 100% transport of Au(III) into the receiving solution in 4 h, whereas the non-cross-linked 

PIM achieved only 59% of transport within the same time period, and had not reached 100% 

transport even after 8 h.  

It is interesting to note that PIM 3 which used PEGDVE as the cross-linking agent had only 

transported about 85% of the Au(III) into the receiving solution when the transport system 

reached equilibrium. However, it was noticed that, when the Au(III) feed solution was 

contacted with PIM 3, yellow particles appeared on the membrane’s surface on the feed 

solution side. This  could be metallic gold which would account for the lower transport 

efficiency obatined. The reduction of Au(III) was most likely due to the presence of the vinyl 

ether units in PEGDVE. It has been reported by Porel et al. that vinyl alcohol can reduce Au(III) 

[25]. Therefore, only PIM 1 and PIM 2 were selected for further transport studies. 

 

Figure 4. Transient Au(III) concentrations in the feed (dashed lines) and receiving (solid lines) 

solutions using the PVDF-HFP cross-linked membranes: () PIM 1, () PIM 2, () PIM 3 

and their respective () non-cross-linked PIM. Initial feed solution composition, 100 mg L-1 

Au(III) and 2.5 M HCl; receiving solution composition, 0.5 M Na2SO3. The data points are the 

average of duplicate experiments. PIMs thickness: PIM 1, 20.1 ± 1.0 µm; PIM 2, 20.1 ± 4.0 

µm; PIM 3, 21.5 ± 1.2 µm; non-cross-linked PIM, 18.5 ± 1.8 µm. 
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3.5. Cross-linked PVDF-HFP-based PIMs stability  

One of the most important properties of PIMs requiring evaluation is their stability since their 

liquid phase can potentially leach into the adjacent aqueous solutions. PIMs capable of multiple 

use is thus a desirable feature, although single use PIMs are still useful in some applications. 

The stability of PIM 1 and PIM 2 (Table 1) was evaluated by conducting five consecutive 

transport experiments using the same PIM. After each experiment, both the feed and receiving 

solutions were replaced with fresh solutions. The results of the transport experiments are shown 

in Figures 5a and 5b as well as Table S1. It is clear from Figure 5 that there is a minimal 

difference in the performance of both PIMs over the five transport experiments. This indicates 

that the cross-linked Cyphos® IL 104-based PIMs are highly stable under the experimental 

conditions, and they can be used multiple times without significant loss of performance. There 

are two possible reasons for this excellent stability. Firstly, the carrier is an ionic liquid with a  

low solubility (9.1 mg L-1) [26, 27] in the aqueous phase and, secondly, the feed and receiving 

phases are of high ionic strength. It has been reported that leaching of the PIM’s liquid phase 

to the adjacent aqueous phases is greatly reduced when employing aqueous phases with a high 

ionic strength [14, 28]. 
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Figure 5. Five consecutive transport experiments using (a) PIM 1 and (b) PIM 2 (Table 1): 1st 

(×), 2nd (), 3rd (), 4th () and 5th () experiment. The transient Au(III) concentration in the 

feed and receiving solutions is represented by the dashed and solid line, respectively. Initial 

feed solution composition, 100 mg L-1 Au(III) and 2.5 M HCl; receiving solution composition, 

0.5 M Na2SO3. The data points are the average of duplicate experiments.  
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3.6. Recovery of Au(III) from digested aqua regia 

It has been demonstrated that the rate of Au(III) transport from a 2.5 M HCl solution across a 

Cyphos® IL 104-based PIM can be significantly increased by cross-linking the PIM polymeric 

structure with PEGDMA using either DMPA or TASHFP as photo-initiators. Complete 

transport can be achieved in less than 4 h, rather than over 8 h when using a conventional non-

cross-linked PIM. Since the ultimate aim of the present study was the separation of Au(III) 

from electronic waste digested in aqua regia, it was necessary to test the performance of PIM 

1 and PIM 2 with a feed solution consisting of a digested aqua regia solution (total acidity of 6 

mol L-1). The results of this transport experiment are shown in Figure 6. 

Figure 6a shows that 92% of the Au(III) was transported to the receiving solution in less than 

4 h for PIM 2 (Table 1). However, in the case of PIM 1 (Table 1), only about 72% of Au(III) 

was transported in 4 h when the transport system reached equilibrium (Figure 6b). In addition, 

it was observed that PIM 1 appeared yellow after transporting gold for 4 h. This unusual 

behaviour could be associated with the much higher acidity (6 mol L-1 compared to 2.5 mol L-

1) of the digested aqua regia which, together with the presence of some decomposition products 

produced during the UV-irradiation of DMPA [29], could have led to the formation of Au(III) 

complexes in the PIM or its reduction to metallic gold on the receiving solution side of the 

PIM. However, it is clear from this study that PIM 2 is the most suitable PIM among those 

studied for recovering Au(III) from digested aqua regia, and it was thus selected for transport 

experiments involving the recovery of Au(III) from electronic waste digest. 
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Figure 6. Transient Au(III) concentrations in the feed (dashed line) and receiving (solid line) 

solutions in transport experiments using (a) PIM 1 and (b) PIM 2 (Table 1). Initial feed 

solution,110 mg L-1 Au(III) in digested aqua regia solution; receiving solution composition, 

0.5 M Na2SO3. The error bars = standard deviation (n=3).  
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the metal ions were determined by ICP-OES (Table 3). As expected, the digest contained Al, 

Cr, Cu, Fe, Ni, and Zn at concentrations much higher than that of Au, i.e., between 12 and 825-

fold in terms of mole ratio.  

Table 3. Concentrations of the metals present in the electronic waste digest determined by ICP-

OES. 

Metals Concentration (mg L-1) Mole ratio of metal : Au 

Al 253 12.3 

Au 150 - 

Co 31.8 0.709 

Cr 1326 33.5 

Cu 39930 825 

Fe 5541 130 

Ni 2919 65.3 

Zn 1063 21.3 

  

Transport experiments were carried out as described by Bonggotgetsakul et al. [19] using the 

digested solution from the electronic waste as the feed solution, and 0.5 M Na2SO3 as the 

receiving solution. The results are shown in Figure 7, where it can be observed that only Au(III) 

was transported to the receiving solution (insignificant recoveries of 0.1% and 0.01% were 

obtained for Zn and Cu, respectively), and that 94% of Au(III) transport occurred in less than 

24 h.    
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Figure 7. Transient normalized concentration of Au(III) () in the feed (dashed line) and 

receiving solutions (solid line), respectively, and of the major metal ions (i.e., Ni(II), Al(III), 

Co(II), Cu(II), Zn(II) and Cr(III)) present in the feed solution. The transient percentage of 

Au(III) recovered is also presented. Feed solution, electronic waste digest; receiving solution, 

0.5 M Na2SO3. Cross-linked PIM composition, 30 wt% Cyphos® IL 104, PVDF-HFP, 

PEGDMA (PVDF-HFP to PEGDMA ratio 6:4) and 2 wt% TASHFP. PIMs thickness: 20.1 ± 

4.0 µm. 

 

In comparison with the previous transport experiments where the same membrane was used 

(i.e., PIM 2, Table 1) with digested aqua regia as feed solution (Figure 6b) instead of electronic 

waste digest, the Au(III) transport took a longer time to be completed in the latter case (4 vs. 

24 h), most likely due to the presence of very high concentrations of the other metal ions (Table 

2). The majority of transition metal ions present in the digest (i.e., Cu(II), Zn(II), Fe(II/III), 

Ni(II) and Co(II) ) can form anionic chlorocomplexes [30-32] which will compete with the 

extraction of [AuCl4]
- (Eq. (1)). However, these metal ions cannot be stripped into the receiving 

solution because they cannot be reduced by 0.5 M Na2SO3 like Au(III) and will thus reduce the 

PIM permeability to Au(III). It should be highlighted that the proposed cross-linked membrane 

recovered Au(III) from electronic waste digest faster than previously reported non-cross-linked 
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PIMs containing either N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]glycine [6] or Cyphos® 

IL 104 [19] as the extractant (complete recovery was achieved in 50 h or 28 h, respectively, 

versus 22 h with the present cross-linked PIM). 

Another similar transport experiment was conducted using different electronic digest of the 

following composition (Table 4) to compare the performance of cross-linked and non-cross-

linked PIMs in terms of gold recovery. Feed solution composition is more complex here with 

very low amount of Au(III) and higher amount of other metals. Results of the gold recovery 

experiment are shown in figure 8 which indicate that cross-linked PIM was able to recover 

50% of the gold while no such recovery was noticed for no-cross-linked PIM. This result 

establish the superiority and wide applicability of cross-linked PIM in gold recovery. 

Table 4. Concentrations of the metals present in the newly prepared electronic waste digest 

determined by ICP-OES. 

Metals Concentration (mg L-1) Mole ratio of metal : Au 

Al 473 690.6 

Au 5 - 

Co 47 31.8 

Cr 2441 1849.1 

Cu 57168 35434 

Ni 3668 2461.8 

Zn 1351 813 
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Figure 8. Transient normalized concentration of Au(III) in the feed (dashed line) and receiving 

solutions (solid line) for cross-linked PIM () and non-cross-linked PIM () , respectively, 

and of the major metal ions (i.e., Ni(II), Al(III), Co(II), Cu(II), Zn(II) and Cr(III)) present in 

the feed solution. The transient percentage of Au(III) recovered is also presented. Feed 

solution, electronic waste digest; receiving solution, 0.5 M Na2SO3. Cross-linked PIM 

composition, 30 wt% Cyphos® IL 104, PVDF-HFP, PEGDMA (PVDF-HFP to PEGDMA 

ratio 6:4) and 2 wt% TASHFP and non-cross-linked PIM containing 30 wt% Cyphos® IL 104, 

PVDF-HFP. 

 

4. Conclusions  

This research has shown that the ionic liquid Cyphos® IL 104 is compatible with the acrylate 

(PEGDMA) and vinyl ether (PEGDVE) class of cross-linking agents to form homogeneous 

cross-linked PIMs with PVDF-HFP as the base polymer, and with the vinyl ether (PEGDVE) 

cross-linking agent when using CTA and NPOE as the base polymer and plasticizer, 

respectively. DMPA or TASHFP could be used as the photo-initiators to cross-link PEGDMA 
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and form a homogenous PIM. The same result was achieved with TASHFP and the cross-

linking polymer PEGDVE.  

All successful cross-linked PVDF-HFP-based PIMs showed superior performances in terms of 

rate and amount of Au(III) extracted in comparison to their non-cross-linked PIM counterpart, 

while with the CTA-based PIMs cross-linking did not improve membrane performance. These 

results are consistent with the surface morphology studies of these membranes which showed 

that while cross-linking the CTA-based PIM did not change its surface morphology, cross-

linking the PVDF-HFP-based PIMs significantly increased their surface area, thus speeding up 

Au(III) extraction.  

The transport performance of the two PVDF-HFP-PEGDMA cross-linked PIMs was similar, 

with complete Au(III) recovery being achieved in less than 4 h (two times faster than their non-

cross-linked counterpart). This performance did not deteriorate in five consecutive transport 

experiments, thus showing high PIM stability. However, the recovery with the PVDF-HFP-

PEGDVE cross-linked PIM was lower due to the likely reduction of some Au(III) on the PIM 

surface by the vinyl ether units of PEGDVE. When digested aqua regia (6 mol L-1 acidity) was 

used as the feed solution, the PIM with PEGDMA as the cross-linking agent and DMPA as the 

photo-initiator became yellow and only 72% of Au(III) was transported due to retention of Au 

within the PIM as a likely result of complexation or reduction to metallic Au by the 

decomposition products of the photo-initiator. On the other hand, the PIM with PEGDMA as 

the cross-linking agent and TASHFP as the photo-initiator achieved complete transport of 

Au(III) from digested aqua regia. The same PIM transported 94% transport of Au(III) from an 

electronic waste digest in less than 24 h, which is faster than what was achieved with previously 

reported non-cross-linked PIMs. Cross-linked PIM also appeared to be effective in gold 

recovery when trace amount of gold is present in the digest but non-cross-linked PIM failed to 

perform. 
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5. Supplementary materials 

Table S1. Concentration of Au(III) (mg L-1) transported in five consecutive transport 

experiments across PIM 1 and PIM 2 (Table 1). Initial feed solution composition, 100 mg L-1 

Au(III) and 2.5 M HCl; receiving solution composition, 0.5 M Na2SO3. 

PIM ID Transport cycle 

1st 2nd 3rd 4th 5th 

PIM 1 98.6 98.6 95.9 96.2 95.7 

PIM 2 95.9 95.8 95.4 95.2 95.8 
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Chapter 5 

Conclusions and future research 

 

This thesis reports on the use of three cross-linking agents (i.e., poly(ethylene glycol) 

dimethylacrylate (PEGDMA), poly(ethylene glycol) divinyl ether (PEGDVE) and N-

ethylmaleimide (NEM)) and three photo-initiators (i.e., 2,2-dimethoxy-2-phenyl acetophenone 

(DMPA), triarylsulfonium hexafluorophosphate (TASHFP) and triphenylphosphine oxide 

(TPO)) in the preparation of cross-linked PIMs using the base polymers poly(vinylidene 

fluoride-co-hexafluoropropylene) (PVDF-HFP) , poly(vinyl chloride) (PVC) and cellulose 

triacetate (CTA) , and the extractants di-(2-ethylhexyl)phosphoric acid (D2EHPA), Aliquat 

336 and Cyphos® IL 104 for the extraction and separation of the metallic species Zn(II) and 

Au(III) and the non-metallic species thiocyanate. The performance of these cross-linked PIMs 

was compared with the corresponding non-cross-linked PIMs in terms of the amount extracted, 

extraction and transport rates, and stability, and the majority of the results indicated that the 

cross-linked PIMs exhibited superior performance over the corresponding non-cross-linked 

ones.  

Chapter 2 reports the development of a D2EHPA-based cross-linked PIM for the faster 

extraction, transport and separation of Zn(II). Among the three base polymers tested (i.e., 

PVDF-HFP, PVC and CTA), using PEGDMA as the cross-linking agent, both PVDF-HFP- 

and CTA-based membranes were found to be homogeneous, however the PVC-based cross-

linked PIM had oily surfaces, suggesting some incompatibility of the membrane components. 

The Zn(II) extraction experiments results with PVDF-HFP- and CTA-based cross-linked PIMs 

revealed that only the CTA-based cross-linked PIM extracted more Zn(II) and at a faster rate 

than its non-cross-linked counterpart. Its optimal composition consisted of 40 wt% D2EHPA, 

10 wt% NPOE, CTA:PEGDMA ratio of 6:4, and 0.6 wt% of the photo-initiator DMPA. This 

membrane showed excellent selectivity towards Zn(II) in the presence of other frequently 

encountered heavy metal ions. Morphology analysis of the cross-linked and non-cross-linked 

PIMs revealed that cross-linking the membrane polymeric backbone increased its effective 

surface area which was the most likely reason for the faster transport of Zn(II) across the cross-

linked PIM. 

Chapter 3 describes a study on the applicability of the three cross-linking agents and the three 

photo-initiators, mentioned above, in the preparation of cross-linked PIMs with the above 
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mentioned three base polymers and two of the most commonly used extractants, namely 

D2EHPA and Aliquat 336. Screening of all three cross-linking agents separately with the three 

photo-initiators, using a PVC-based membrane, lead to the selection of photo-initiator(s) 

suitable for each cross-linking agent. The results of this screening study showed that DMPA 

and TASHFP were suitable to cross-link PEGDMA, only TASHFP was appropriate for 

PEGDVE, and only DMPA was applicable to NEM. After optimising the cross-linking 

conditions (i.e., concentration of photo-initiator required and UV-treatment time) for each base 

polymer-cross-linking agent combination, the compatibility of the above mentioned two 

extractants with these polymeric combinations was assessed. The results indicated that only 

thirteen homogeneous cross-linked PIMs could be produced out of twenty six possible 

combinations. The successful cross-linked PIMs were then used for the extraction of either 

Zn(II) (using D2EHPA-based PIMs) or SCN- (using Aliquat 336-based PIMs). Twelve of the 

thirteen cross-linked PIMs exhibited superior extraction performance in terms of the amount 

extracted and the rate of extraction compared to the corresponding non-cross-linked PIMs.  

Chapter 4 describes the development of Cyphos® IL 104-based PIMs for the extraction of 

Au(III) by screening combinations of the above mentioned base polymers, cross-linking agents 

and photo-initiators. PVC was not compatible with Cyphos® IL 104 in the presence of any of 

the cross-linking agents studied. Four homogeneous cross-linked PIMs were produced, out of 

which three contained PVDF-HFP and one contained CTA as the base polymer. PVDF-HFP-

based cross-linked PIMs extracted larger amounts of Au(III) when compared to the CTA-based 

PIMs or their non-cross-linked counterparts. Therefore, the PVDF-HFP-based PIMs (cross-

linked and non-cross-linked) were further studied for their ability to extract and transport 

Au(III), and the results showed that the cross-linked PIMs containing PEGDMA as the cross-

linking polymer transported Au(III) faster than the corresponding non-cross-linked PIMs and 

more effectively than the cross-linked PIM containing PEGDVE as the cross-linking agent. 

Both PEGDMA cross-linked PIMs with DMPA and TASHFP used as photo-initiators were 

very stable over five consecutive uses when the feed solution acidity was 2.5 mol L-1. However, 

when aqua regia digest was used as the feed solution with an acidity of 6 mol L-1, only the 

PEGDMA-based cross-linked PIM with TASHFP as the photo-initiator could effectively 

transport Au(III). Therefore, this membrane was tested for the Au(III) recovery form digested 

electronic waste with aqua regia, and it was found that Au(III) could be efficiently and 

selectively recovered in less than 24 h in the presence of other metal ions at much higher 

concentrations. Morphology analysis indicated that the presence of higher number of 
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indentations in the cross-linked PIMs increased the membrane surface area, resulting in faster 

extraction and transport.  

The results outlined in the thesis clearly indicate that cross-linking PIMs increases in the great 

majority of the cases their surface area thus improving their performance in terms of rate of 

extraction and transport.  

Future studies  

It should be noted that the cross-linked PIMs were also able to extract more Zn(II), SCN- or 

Au(III) than the corresponding non-cross-linked counterparts. Even though the amount of 

extractant that is available in both membranes is the same, in the case of cross-linked 

membranes more extractant seems to be readily accessible possibly due to the presence of more 

complexation sites resulting from the increased surface area. Detailed studies of the structure 

of cross-linked PIMs using synchrotron-based techniques (e.g., small- and wide-angle X-ray 

scattering (SAXS/WAXS)) should be conducted to investigate this surface area modification 

phenomena and understand the role of each PIM component and its effect on the surface 

morphology. Moreover, it would be an exciting direction of research to test other extractants 

with the cross-linking agents and conditions established in this thesis in order to expand the 

applications of cross-linked PIMs. 
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