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1 
Introduction
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1.1. Mining metals from seawater 

Oceans cover 71% of the surface of planet Earth1 and they contain essential metals and 

elements such as uranium, lithium, copper, cobalt, silver and gold.2 To date, mostly 

concentrated minerals like sodium, magnesium, calcium and potassium have been 

commercially recovered from seawater.2 Due to the gradual depletion of conventional 

mineral ores, seawater has been considered as a promising alternative source as well and is 

targeted to meet future metal demands of the process, manufacturing and energy 

industries.3  

To highlight the potential of seawater, the amounts of critical metals and valuable element 

reserves in seawater are listed in Table 1. Moreover, Table 1 also compares the amounts 

in seawater with land reserves, as listed in the United States Geological Survey (USGS).2 

Table 1: Concentrations, estimated amounts of metal ions in seawater and their estimated land resources. 

Element Seawater concentration 
(ppm) 

Total oceanic abundance 
(x106 tons) 

Land reserves 
(x106 tons) 

Na 10800 1.40 x1010 - 

K 392 5.10 x108 8.30 x103 

Li 0.178 2.31 x105 4.10 x103 

Ca 411 5.34 x108 - 

Mg 1290 1.68 x109 2.20 x103 

Ba 0.21 2.73 x104 1.9 x102 

Ni 0.0066 8.58 x103 67 

Zn 0.005 6.50 x103 1.9 x102 

Fe 0.034 4.42 x103 1.5x105 

U 0.0033 4.29 x103 2.6-5.47 

Cu 0.0009 1.17 x103 4.9 x102 

Co 0.00039 5.08 x102 7.0 x102 

Au 0.000011 14.3 0.0042 
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Although the chemistry of the seawater is dominated by sodium, potassium, magnesium 

and calcium ions, there is a great interest in the extraction of uranium and lithium from 

seawater. Uranium, in the form of the 235 isotope, is fuel for the present nuclear reactors 

whereas lithium can be transformed to tritium which could be used as a fuel for the next 

generation nuclear reactors. Currently, lithium is also used for ceramics, glass, 

multipurpose greases, catalysers, pharmaceuticals and lithium-ion batteries.4 The rapid 

growth in e.g. lithium-ion battery production makes a forcast of the future lithium 

demand difficult. Therefore, questions regarding to short- and long term availability of 

lithium sources have been raised.  

The two most important lithium reserves are terrestrial pegmatite ores and brine.5,6 The 

current lithium supply mostly comes from lithium brines in Argentina, Chile and Bolivia 

because production of lithium from brine is less expensive compared to production from 

pegmatite,5 as the production of lithium from pegmatite includes energy intensive steps of 

extraction and beneficiation.5 

Since the market is expected to remain driven by consumer products that require lithium-

ion batteries, the lithium potential of the seawater has been taken into consideration. 

Although there is a debate on the feasibility of the extraction of uranium and lithium 

from seawater due to the relatively low concentrations of these metals in seawater, there 

has been continuous research carried out in order to meet the growing energy related 

demand of those elements in the future.2,3,7 

It is also worth mentioning the potassium potential of the seawater. Potassium is essential 

to plant growth and potassium consumption is expected to increase due to the demand 

for fertilizer production. Owing to its high concentration in seawater (392 ppm), 

potassium recovery from seawater as a by-product is economically feasible.6 

In regards to this need for additional sources of valuable metals/elements, adsorption,8 

ion exchange9 and electrodialysis7 have been proposed for the separation of metals and 

elements from seawater. The concept of adsorption and ion exchange has been used for 

the extraction of lithium from seawater. For example, manganese oxide and aluminum 

hydroxide are commonly used adsorbents for lithium recovery.10,11 Lithium separation 

with tin(IV) antimonate cation exchanger12 and Dowex 50-X16 consisting of beads of 
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polystrene crosslinked with 16 % divinylbenzene7 have been studied in literature. 

Although there is a huge metal potential in seawater, the critical question is how to 

process a large amount of water having relatively low concentrations of the target ions for 

the metal recovery. Membrane technology has been used for this kind of large-scale 

applications as well. Reverse osmosis (RO) and electrodialysis, the latter using so-called 

ion exchange membranes (IEMs), are extensive and well-proven large scale applications 

of membrane technology. However, the current problem is that commercially available 

membranes lack specific ion selectivity. Therefore, development of a membrane that 

contains functional groups that selectively bind to specific ionic species is necessary for 

the selective recovery of target metals from seawater. 

1.2. Ion exchange membranes 
Ion exchange membranes (IEMs) are made from ionic polymers that have either 

negatively or positively charged moieties bound covalently to the polymer backbone. Ion 

exchange membranes are classified into cation exchange membranes (CEM) and anion 

exchange (AEM) membranes, depending on the charge of the ionic groups attached to 

the polymer backbone. CEMs carry negatively charged groups (Figure 1) that make them 

selectively permeable to positively charged species, yet almost impermeable to anions.13,14 

AEMs carry positively charged groups (Figure 1) in the polymer backbone and allow the 

transport of negatively charged species.13 Generally, IEMs have been widely used in 

electrodialysis,15, 16 reverse electrodialysis17,18 and diffusion dialysis.19,20 

 

Figure 1: Schematic illustration of cation and anion exchange membranes. 
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Although CEMs can separate cations from anions, such membranes are not capable of 

selectively recognizing and transporting specific ions (e.g. K+, Li+, Na+) from 

multicomponent systems. However, the membrane properties are crucial for 

electrodialysis, reverse electrodialysis and diffusion dialysis performances. Especially in 

electrodialysis, selective transport of specific ions from multicomponent mixtures is 

important for e.g. the separation of specific cations in industrial waste water treatment,21 

removing harmful anions (e.g F-) from groundwater,22 the production of table salt from 

seawater,14,23 the electrochemical acidification of milk and water softening to produce 

drinking water.24 In the case of reverse electrodialysis,25 the membrane permselectivity has 

a strong effect on the power production. The natural presence of multivalent ions such as 

Mg2+ and Ca2+ in river and seawater increase the membrane electrical resistance, resulting 

in lower power outputs.26,27 Therefore, the development of monovalent ion selective 

membranes, capable of selectively transporting monovalent ions from multivalent ions, is 

vital for reverse electrodialysis performance. In order to meet those electromembrane 

process requirements, CEMs have been modified in order to achieve monovalent over 

divalent ion selectivity.28-31 Despite this, the development of membranes that allow the 

selective transport of one specific ion from a mixture of other ions, including ions of the 

same valence, remains a major challenge.  

1.3. Modification of cation exchange membranes 
As mentioned above, both from an industrial and academic point of view, achieving 

preferential selectivity for a specific ion is crucial. Numerous methods have been reported 

in the literature for the development of cation exchange membranes with specific ion 

selectivity.  

CEMs with a thin layer of a conducting polymer, such as polypyrrole or polyaniline, were 

developed to improve monovalent/divalent ion selectivity. Formation of a tight and rigid 

conducting polymer layer on the CEM decreased the permeation of divalent cations due 

to the difference in electrostatic repulsion forces between the divalent (Ca2+) and 

monovalent (Na+) cations.31,32 Formation of a polypyrrole or polyaniline layer on CEM 

resulted in a 4 times lower Ca2+/Na+ ion permeability compared to that of the native 

CEM. 
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The synergistic effects from using polymer blends has fuelled the development of new 

CEMs with enhanced ion selectivity as well. For instance, sulfonated poly ether sulfone 

(SPES) was blended with sulfonated poly(ether ether ketone) (SPEEK). This composite 

membrane exhibited four times higher monovalent ion (Na+) permeability with respect to 

the bivalent ions (Ca2+, Mg2+, Cu2+).33 Another example is the blending of poly(ether 

sulfone) (PES) with the cation exchange polymer SPEEK. This resulted in lower divalent 

cation transport.25,28  

Another example of membrane modification is the formation of a thin cationic 

polyelectrolyte layer on the surface of a cation exchange membrane.34-36 Cations with a 

higher valence and a smaller hydrated radius experience strong electrostatic repulsion 

forces due to the presence of a thin cationic polyelectrolyte layer. In this way, effective 

separation of ions with the same charge but different valence is possible. However, the 

major drawback is the stability of the thin polyelectrolyte layer, as this layer is easily 

detached from the surface during long-term electrodialysis.23 In recent studies, layer-by-

layer (LbL) deposition of polyelectrolytes onto CEMs was employed to control the 

polyelectrolyte layer thickness and to increase membrane selectivity.29,30,37 For instance, 

standard cation exchange membranes (CMX) consisting of a layer-by-layer (LbL) 

assembly of poly(ethyleneimine) (PEI)/poly(styrenesulfonate) (PSS) polyelectrolyte 

multilayers were prepared.37 Due to the synergistic effect of Donnan exclusion for 

divalent ions and the hydrophobization of the surface, membranes exhibited Na+ over 

Ca2+ ion permselectivity. Another example is the coating Nafion membranes with 

poly(allylamine hydrochloride) (PAH)/poly(styrenesulfonate) (PSS) multilayers. In this 

case, K+/Mg2+ ion selectivity was investigated under electrodialysis conditions. At high 

source-phase concentrations or at low current densities, membranes exhibited significant 

selectivity increase (K+/Mg2+ selectivity > 1000) with multilayer coatings.29 

Due to these developments, to date, the separation of monovalent and multivalent ions 

from each other is possible with the modification of CEMs. However, the separation of 

ions with the same valence from aqueous environments (e.g. K+ from Li+) with high 

separation efficiency has not been achieved yet.  
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1.4. Crown ethers and the incorporation of crown ethers in polymer 
backbone 
The picture developed in the previous section for CEM modification is often inspired by 

the selective transport exhibited in biological membranes. Transmembrane ion channels 

can control the flow of specific ions in and out of biological cells by changing the 

membrane potential or binding to a ligand.38-40 This makes mimicking these types of ion 

channels attractive for achieving ion selectivity for different sized monovalent ions, such 

as sodium and potassium. Inspired by these biological host-guest interactions between 

membrane proteins and ions, crown ethers have been proposed as guest molecules for 

ions and attracted great interest regarding mimicking the biological ion transport 

mechanism.41-44 

Crown ethers are macrocyclic compounds and are able to selectively bind specific cationic 

species due to the ion-dipole interaction of the positively charged metal ion with the 

negatively polarized oxygen atoms in the crown ether ring.45 Generally, the complexation 

itself is not selective for specific ions but crown ethers can form the most stable 

complexes with ions having diameters comparable to that of the open cavity of the crown 

ether. Complexes with larger ions are nevertheless also possible to some extent.46 Crown 

ether cavity sizes and cation sizes of a selected series are listed in Table 2.47  

Table 2: Size of selected crown ether cavities and ionic diameter of alkali metal ions.47 

Crown ether Cation  Cavity diameter 

(Å) 

Ionic diameter 

(Å) 

12-crown-4 Li+ 1.2 1.46 

14-crown-4 Li+ 1.54 1.46 

15-crown-5 Na+ 1.80 2.04 

18-crown-6 K+ 2.80 2.76 

21-crown-7 Rb+ 3.80 2.98 
 

When the diameter of the cation is relatively equal to the size of the crown ether cavity, 

crown ether-ion, 1:1 complexes are formed (Figure 2a). As can be seen in Table 2, for 
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example, the cavity size of the crown ether 18-crown-6 (cavity diameter: 2.8 Å) and the 

potassium ion are relatively similar (ionic diameter: 2.76 Å) and the same is true for e.g. 

12-crown-4 and the lithium ion. Therefore 18-crown-6 has a high affinity to form a 1:1 

complex with potassium ions48 and 12-crown-4 preferentially associates could associate 

with lithium ions.47 When the size of the cation gets larger than the cavity of the crown 

ether, the crown ethers sandwich and form a 2:1 complex (Figure 2b), with the metal ion 

between adjacent crown ether units.49 Although the ionic size of K+ (2.8 Å, Table 2) is 

bigger than the cavity size of the 15-crown-5 (1.8 Å, Table 2), the formation of a 2:1 

sandwich complex between 15-crown-5 and the K+ ion is well-known.50 

 

Figure 2: Schematic illustration of the crown ether-metal binding a) 1:1 and b) 2:1 complex. 

From an application point of view, incorporation of crown ethers in polymer structures 

used for membrane preparation allows the application of crown ethers for in continuous 

processes. Moreover, stability, handling and recyclability problems could be eliminated by 

incorporation of crown ethers in the polymer backbone. For this reason, crown ether 

containing polymers have been synthesized by chain-growth addition polymerization of 

vinyl derivatives of crown ethers, step-growth condensation polymerization of 

bifunctional derivatives of crown ethers, graft polymerization of crown ethers onto 

polymer matrices and cyclopolymerization of bifunctional derivatives of crown ethers.  

Owing to their high selectivities, considerable research interest has been devoted to the 

design of crown ether-polymer adsorbents. For example a crown ether incorporated 

thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) hydrogel was synthesized for 

Pb2+ adsorption. The Pb2+ adsorption capacity of the PNIPAM hydrogel at 23 ºC 

increased from 120 mg/g to 142 mg/g after crown ether incorporation.51 Crown ether 

incorporated ion imprinted polymers were succesfully employed for the the selective 

recovery of Li+, K+ and Pb2+ ions.52-54 Additionally, crown ether polymers have been used 

a b

+ +
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as an adsorbent, finding a broad range of applications as stationary phase in capillary 

chromatography,55 chemical sensor devices 42,56 and ion transport membranes.57  

1.5. Scope of the thesis 
This thesis focuses on the development of new membrane materials for the efficient and 

effective separation of ions with the same valence from aqueous environments. 

Chapter 2 describes the synthesis and characterization of sulfonated poly (arylene ether 

ketone) (SPAEK) and non-sulfonated (PAEK) containing crown ether units in the main 

chain, which can be used in sensing applications and ion-selective membranes. 

Combining the ionic polymer (SPAEK) with a crown ether, a strong and flexible polymer 

film is developed that alters the specific ionic selectivity due to the complexation ability of 

the crown ether with the specific ion. The influence of the crown ether moieties in the 

SPAEK main chain is assessed by diffusion dialysis using potassium ions. 

Chapter 3 focuses on the preparation of crown ether-containing PAEK (CPAEK) and 

sulfonated poly(ether ether ketone) (SPEEK) blend membranes. The membranes are 

prepared by mixing the two polymers in different weight ratios, polymer miscibility and 

membrane properties are investigated. By blending CPAEK with SPEEK, the aim is to 

tailor the transport properties of the membranes by getting an advantage of the presence 

of the crown ether in the polymer backbone. Ion transport of the membranes is 

investigated by diffusion dialysis for the monovalent ions Li+ and K+. 

Electrospinning is a versatile method for producing nanofibers from various polymers. 

Due to their unique properties, such as high surface area-to-volume, pore size within the 

nano range, high porosity, and flexibility for chemical/physical functionalization, 

nanofibers have potential for applications such as membranes, adsorbents, catalysis and 

biosensors. In Chapter 4, crown ether functionalized electrospun polyacrylonitrile (PAN) 

nanofiber membranes are prepared that have adsorption selectivity towards specific 

cations depending on the choice of crown ether.  

Ionic polymer metal actuators (IPMCs) have a “sandwich” structure that comprises an 

ion exchange membrane between two noble metal electrodes. SPAEK is an ionic polymer 

and has fixed negatively charged sulfonate groups in the main chains. The sulfonate 

groups can form bonds with cations such as Li+, Na+ and K+. Under an electric field the 

ions move through the material resulting in bending of the IPMC actuator. However, this 
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is not very selective for specific ions. Chapter 5 focuses on the incorporation of ion 

selective crown ether moieties in the main SPEAK polymer chain to tailor the actuation 

performance of SPAEK and make it selective for a specific ion (e.g. Na+ or K+). 

Chapter 6 summarizes the main conclusions of the present work and elaborates on 

future research perspectives. 
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2 
Synthesis of poly(arylene ether ketone)s 
bearing skeletal crown ether units for 
cation exchange membranes 
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Abstract 

Poly(arylene ether ketone)s (PAEKs) are the most commonly known high performance 

materials used for ion exchange and fuel cell membranes. Described here is the design of 

novel sulfonated and non-sulfonated PAEKs (SPAEKs) containing crown ether units in the 

main chain, which can be used in sensing applications and ion-selective membranes. To this 

end, 4,4'(5')-di(hydroxybenzo)-18-crown-6 is synthesized and used as monomer in a step 

growth polymerization to form crown ether containing PAEKs and SPAEKs. The 

successful synthesis of PAEKs containing 18-crown-6 and sulfonate groups is confirmed by 

gel permeation chromatography, FTIR and NMR spectroscopy. Membranes are fabricated 

from the sulfonated polymers. Potassium ion transport properties of the SPAEK and crown 

ether containing SPAEK membranes are assessed by diffusion dialysis. Potassium ion 

diffusion in the crown ether containing SPAEK membranes is almost four times lower than 

K+ diffusion in the native polymer membranes, without crown ether.  
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2.1 Introduction 
Integral membrane proteins such as ion channels can gate the flow of ions in and out of 

cells by adopting closed and open states. Controlled by different mechanisms such as 

membrane potential or binding of a ligand, ion channels are of central importance for 

many biological functions (e.g. cell-cell communications, muscle contraction) by allowing 

the movement of particular ionic species across the membrane.1-3 In view of the central 

role played by ion channels in biology, synthesis and development of artificial ion 

channels are of great importance for creating new functional materials. A combination of 

the biological ion transport mechanism with polymer chemistry has opened many avenues 

in materials science, particularly in sensing applications and in the area of ion selective 

membranes.4-6 

Crown ethers are widely used as guest molecules for ions and attract great interest in 

terms of mimicking the biological ion transport mechanism. These structures are able to 

selectively bind specific cationic species due to the ion-dipole interaction of the positively 

charged metal ion with the negatively polarized oxygen atoms.7 Besides their specific 

binding with cations, crown ethers can also function as ion carriers.8 Moreover, the 

stacking ability of the crown ether moieties makes them a potential candidate for the 

design of one-dimensional ion channels.9 Therefore, several interesting molecular 

architectures including crown ether polymers have been designed in the context of 

synthetic ion channels and responsive materials.10,11 

Polymers containing crown ethers are widely used in polymer chemistry and have been 

around for a long time.12 The first example of such a polymer, bearing crown ethers in the 

main chain, was published by Feigenbaum and Michel.13 These authors reported a 

polyamide that extracted alkali cations from aqueous metal chlorides. Other polymer 

configurations followed soon, including end-functionalized polymers14-16 or polymers 

with pendant crown ether groups.17 Nowadays, these crown ether containing polymers 

are still intensively studied, due to their potential use in ion recognition,18,19 

supramolecular assemblies20-23 and self-healing gels.24-27 Recent work on main chain 

crown ether containing supramolecular polymers includes processing by electrospinning 

to form nanofibers,21 polymers responsive to heat, pH, potassium cations or competitive 

ligands22,23 and interesting cases where linear supramolecular polymers constructed of 
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AB-type monomers formed supramolecular fibrils which subsequently self-organized into 

cross-linked networks.24 The thermo- and pH-responsive sol-gel transition of similar gels 

was successfully employed for the controlled release of rhodamine B.25 Other gels were 

prepared with multifunctional supramolecular monomers,26 results including self-healing 

gels, showing 100% recovery even under 10,000% strain in less than ten seconds.27 

Recently, fluorescent supramolecular polymers were prepared for sensing applications.28,29 

Poly(arylene ether ketone)s (PAEKs) are the most commonly known high performance 

materials that have been extensively studied as actuators, and as ion exchange and fuel cell 

membranes.30-34 PAEKs belong to the class of aromatic polyethers35 and possess 

outstanding thermal stability, chemical resistance, processability and mechanical 

properties.36 To date, incorporation of various chemical moieties and post modification 

reactions of PAEKs have been investigated.37-40 However, the major current challenge in 

ion exchange membrane development is how to improve the selective transport of a 

specific ion with a very high degree of specificity. To our knowledge, there are no 

examples of PAEKs or even of aromatic polyethers such as poly(sulfone)s or poly(ether 

sulfone)s with crown ether moieties incorporated in their main chain. However, 

copoly(ether sulfones) of moderate molar mass containing azo linkages and crown ether 

units in the main chain have recently been reported.41 Crown ether containing PAEKs 

would alter the specific ionic selectivity and are valuable for the development of ion 

selective membranes and electrodes. 

In this chapter we report the design of novel sulfonated poly(arylene ether ketone)s 

containing crown ether moieties in the main chain. The synthesized polymers were 

characterized by gel permeation chromatography, NMR and FTIR spectroscopy and their 

thermal and film forming properties were investigated. Diffusion dialysis experiments for 

potassium ions were performed as a proof of concept for the use of these membranes as 

ion selective materials and to elucidate the influence of crown ether moieties in the 

PAEK main chain on ion transport. 
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2.2 Experimental 
Materials  
Dibenzo-18-crown-6 (98%), Eaton’s reagent, 4,4'-difluorobenzophenone (DFBP, 99%), 

bisphenol A (BPA, ≥99 %), 1-methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%), DMSO-

d6 (99.9 atom % D), NaOH (> 98%), Na2HPO4 (> 99%), Na2SO3 (> 98%), Na2SO4 

(anhydrous, > 99%), NaHCO3 (> 99.7%) and NaCl (> 99%) were obtained from Aldrich 

and used as received. K2CO3 (99.9%) and m-chloroperbenzoic acid (m-CPBA, 77%) were 

obtained from Aldrich and dried before use. CDCl3 (99.8 atom %D) was purchased from 

Cambridge Isotope Laboratories. Methanol, DMSO, THF and dichloromethane were 

obtained from Biosolve, The Netherlands. Milli-Q water (Millipore) was used in all 

experiments. Acetone, hydrochloric acid (37%) and DMF (extra dry, 99.8%) were 

purchased from Acros Organics, Belgium. Glacial acetic acid was obtained from Merck, 

USA.  

Techniques 

1H and 13C NMR spectra were recorded on a Bruker Avance III 400 MHz instrument at 

400.1 and 100.6 MHz, respectively, in CDCl3 or DMSO-d6. 1H and 13C chemical shifts 

were based on the solvent residual signals. Peak assignments were based on 1H-13C 

correlated 2D NMR (HSQC) spectra. FTIR spectra were measured with a Bruker 

ALPHA. Gel permeation chromatography (GPC) measurements were performed using a 

Shimadzu GPC LC-20AD equipped with a Shodex LF-801 column and a refractive index 

detector, using NMP containing 0.5 mM LiBr as the eluent. GPC measurements for 

sulfonated polymers were carried out in NMP containing 5 mM LiBr, using PSS GRAM 

analytical 30Å and 1000Å GPC columns and a dual detection system consisting of a 

differential refractometer (Waters model 410) and a differential viscometer (Viscotek 

model H502). Molar masses were determined relative to narrow polystyrene standards. 

All sample solutions were prepared at a concentration of 1 mg mL-1 and filtered through a 

0.45 μm PTFE filter prior to a GPC run. Thermal gravimetric analysis (TGA) 

measurements were performed on a Perkin Elmer TGA 4000 under N2 atmosphere at a 

linear heating rate 20 °C min-1. Samples (10 mg) were heated over a 30-900 °C 

temperature range. Differential scanning calorimetry (DSC) measurements were 

performed on a Perkin Elmer DSC 8000. Each sample (10 mg) was subsequently cooled 
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and heated at a rate of 20 °C min-1 between 30 °C and 350 °C under N2 atmosphere. This 

cycle was repeated four times. Glass transition temperatures (Tg's) were determined from 

the second heating cycle. X-ray diffraction measurements were performed using an XRD 

D2 Phaser Bruker instrument employing Cu Kα radiation. The generator was set to 30 kV 

and 10 mA. Data was collected in the 2θ range of 10-40° with an interval of 0.02°. The 

potassium concentration during the diffusion experiments was measured by BWB-XP 

flame photometer. In case of sulfonated polymers, FTIR, GPC, TGA, DSC and XRD 

measurements were performed in the H-SPAEK form. 

4,4'(5')-Di(acetylbenzo)-18-crown-6 1. 43,44 
Dibenzo-18-crown-6 (20.0 g, 55.5 mmol), 1.5 equivalent glacial acetic acid (10.0 g, 166.5 

mmol) and Eaton’s reagent (145 mL) were mixed under argon. The mixture was heated to 

50 °C under argon and stirred overnight. About 250 g of ice was added to the cherry red 

mixture. The solid was filtered with a POR 3 glass filter and dissolved in 500 mL of 

CH2Cl2. The organic layer was washed with 5 % aqueous NaOH solution (3 x 150 mL) 

and brine (150 mL). The CH2Cl2 layer was dried over Na2SO4, and evaporated in vacuo to 

yield 24.71 g (99 %) of product as a light yellow solid with mp 192 °C. 1H NMR (400 

MHz, CDCl3, δ): 2.55 (s, 6H, CH3), 4.01-4.07 + 4.22-4.24 (m, 16H, 18C6), 6.86 (d, J = 8.5 

Hz, 2H, Ar o-CH2), 7.49-7.58 (m, 4H, Ar m-CH2). 13C NMR (100 MHz, CDCl3, δ): 26.26 

(CH3), 68.29, 69.48 (18C6), 111.02 (Ar C), 123.40 (Ar C), 130.45 (Ar C), 148.50 (Ar C-O), 

152.82 (Ar C-O), 196.90 (C=O); IR: v = 1666 (s, C=O), 1266 (s, C-O) and 1129 (s, C-O) 

cm−1. 

4,4'(5')-Di(acetatobenzo)-18-crown-6 2.43,44  
To a solution of 4,4'(5')-di(acetylbenzo)-18-crown-6 (24.64 g, 55.4 mmol) in CH2Cl2 (1.5 

L), dried m-chloroperbenzoic acid (47.35 g, 274.4 mmol) and Na2HPO4 (20.7 g, 145.8 

mmol) were added. After the mixture was stirred for 2 days under argon atmosphere, the 

solution was concentrated in vacuo and the organic layer was subsequently washed with 5 

% aqueous Na2SO3 (500 mL), a saturated solution of NaHCO3 (3 x 500 mL) and brine 

(300 mL). Then, the organic layer was dried over Na2SO4, and evaporated in vacuo to 

yield 23.16 g of product (86 %) with mp 112 °C. 1H NMR (400 MHz, CDCl3, δ): 2.25 (s, 

6H, CH3), 3.96-4.06 + 4.10-4.20 (m, 16H, 18C6), 6.60 (m, 4H, Ar o-CH2), 6.81 (m, 2H, Ar 

m-CH2). 13C NMR (100 MHz, CDCl3, δ): 21.18 (CH3), 68.70-69.91 (18C6), 107.36 (Ar C), 



502160-L-bw-Tas502160-L-bw-Tas502160-L-bw-Tas502160-L-bw-Tas

 

21 

113.31 (Ar C), 113.42 (Ar C), 144.65 (Ar C-O), 146.47 (Ar C-O), 149.11 (Ar C-O), 169.83 

(C=O); IR: v = 1747 (s, C=O), 1202 (s, C-O) and 1123 (s, C-O) cm−1.  

4,4'(5')-Di(hydroxybenzo)-18-crown-6 3.43,44  
4,4'(5')-Di(acetatobenzo)-18-crown-6 (18.9 g, 39.7 mmol) was dissolved in a mixture of 

CH2Cl2 (725 mL) and MeOH (900 mL). The mixture was purged with argon for 1 h, 

before adding an argon-purged solution of NaOH (6.1 g, 154 mmol) in MeOH (100 mL). 

The mixture was neutralized with concentrated HCl after stirring under argon for 24 h 

and dried in vacuo. The crude product was dissolved in MeOH (200 mL) and CH2Cl2 

(800 mL) was added. Solids were filtered off and the filtrate was dried in vacuo. The 

product was redissolved in MeOH (100 mL) and crystallized by adding Milli-Q water (750 

mL), yielding 12.8 g of pure product (82 %), mp 212 °C. 1H NMR (400 MHz, DMSO-d6, 

δ): 3.74-3.87 + 3.91-4.04 (m, 16H, 18C6), 6.24 (dd, J = 2.5 and 8.5 Hz, 2H, Ar o-CH2), 

6.39 (d, J = 2.5 Hz, 2H, Ar o-CH2), 6.72 (d, J = 8.5 Hz, 2H, Ar m-CH2), 8.97 (s, 2H, OH). 
13C NMR (100 MHz, DMSO-d6, δ): 67.5-69.4 (18C6), 101.1 (Ar o-C), 105.76 (Ar o-C) 

,114.15 (Ar m-C), 140.87 (Ar C-O), 148.94 (Ar C-O), 151.80 (C-OH); IR: v = 3583 (w, 

OH), 1219 (s, C-O) and 1123 (s, C-O) cm−1.  

Sulfonated 4,4'-difluorobenzophenone.42 

4,4'-Difluorobenzophenone (30 g, 0.137 mol) was dissolved in 65% fuming sulfuric acid 

(60 mL) in a 100 mL, three necked flask equipped with a stirrer bar and a nitrogen 

inlet/outlet. The solution was heated to 150 °C for 6 hours to produce a homogeneous 

solution. Then it was cooled to room temperature, and poured into 450 mL of ice-water. 

Next, NaCl (180.0 g, 3.08 mol) was added which produced a white solid. This was filtered 

and re-dissolved in 300 mL of Milli-Q water. The solution was neutralized with 2M 

NaOH and NaCl (110.0 g, 1.88 mol) was added to salt out the sodium form of the 

sulfonated monomer. The crude product was recrystallized from a 3:1 mixture of 

isopropanol and Milli-Q water (3/1 in volume). The product was obtained as white 

crystals with a yield of 87%.  

Poly(arylene ether ketone)s (PAEKs) 4.  
A typical polycondensation was conducted as follows: A mixture of DFBP (2.18 g, 10 

mmol), BPA (2.28 g, 10 mmol) and K2CO3 (1.57 g, 15 mmol) was dissolved in dry NMP 

(16 mL) and toluene (8 mL) in a three necked round-bottomed flask equipped with a 
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magnetic stirring bar, Dean-Stark trap and thermometer. The content was heated to 150 

°C for 4 h while removing water by azeotropic distillation. Heating was then continued at 

175 °C for 20 h. The viscous solution was diluted with NMP and the polymer was 

precipitated in a 10-fold excess of cold ethanol. The solid was filtered off and dried in 

vacuo at 60 °C. For the C-PAEKs (featuring crown ether units), part of the BPA was 

substituted by 4,4'(5')-di(hydroxybenzo)-18-crown-6. For the S-PAEKs (featuring 

sulfonate units), 25 mol% of the DFBP was substituted by SDFBP. The copolymers were 

designated as S(x)-C(y)-PAEK where x and y represent the mol percentages of SDFBP 

and di(hydroxybenzo)-18-crown-6. 

Membrane fabrication 
20 wt% solutions of S(25)-PAEK and S(25)-C(75)-PAEK were prepared in NMP at 60 

°C. The viscous solutions were cast on a glass plate with a 0.5 mm casting knife. After 

casting, the solvent was evaporated under N2 atmosphere for 5 days at room temperature, 

followed by 5 days at 60 °C and 2 days at 110 °C under vacuum. Next, the membranes 

were peeled off from glass plate by immersing into water and then transferred into 1.0 M 

HCl to convert the Na-SPAEK into H-SPAEK. Afterwards, the membranes were rinsed 

several times with Milli-Q water. 

Water swelling 

The fabricated membranes were immersed in Milli-Q water for 24 hours to measure the 

wet weight of the membranes. Then the wet membranes were subsequently dried at 60 °C 

for 24 hours. Membrane swelling was calculated by the following equation: 

Swelling = 
mwet - mdry

mdry
×100 %                                                                                  (1) 

Here, mwet and mdry are the mass (g) of the wet and the dry membranes. 

Permselectivity 
The permselectivity of the membranes was determined by the Nernst potential method. 

In a two-compartment cell, KCl solutions of 0.5 M and 0.1 M are recirculated on each 

side of the test membrane. The membrane potential is measured by two reference 

electrodes. The permselectivity of the membranes was calculated by the following 

equation: 

permselectivity (%) = 
∆Vmeasured
∆Vtheoretical

×100                                                                 (2) 
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ΔVtheoretical = 
RT
zF

 ln C2γ2
C1γ1

                                                                                   (3) 

Here, R is the gas constant (J mol−1 K−1), T the temperature (K), z the electrochemical 

valence, F the Faraday constant (A·s mol−1), C1 and C2 the concentrations of the two 

solutions (mol L−1) and 1 and 2 the activity coefficients of the two solutions. 

Diffusion dialysis 
The two compartments of a glass diffusion cell (35 mL) were separated by the membrane 

under investigation with an effective area of 12 cm². The receiver solution had a 

concentration of 10 mM HCl for each experiment, while 10 mM KCl was prepared as 

feed solution. Each side was constantly mixed during the diffusion experiments and 0.1 

mL samples were taken in time and analyzed using a flame photometer. 

The ion flux through the membrane was calculated from the concentration change in the 

receiving compartment. 

J=
V
A

dc
dt

                                                                                     (4)

where V is the volume of the receiving compartment, A the membrane area and dc/dt 

the concentration change in time. 

2.3 Results and discussion 
In the present work, we describe the direct incorporation of dibenzo-18-crown-6 units 

into a poly(arylene ether ketone) main chain as repeating unit. In the employed step-

growth polymerization, a hydroxyaryl-containing crown ether was required. Accordingly, 

4,4'(5')-di(hydroxybenzo)-18-crown-643,44 3 was synthesized (Appendix, Scheme A1). 

Copolymers were synthesized by polycondensation of 4,4'-difluorobenzophenone with 

bisphenol A (BPA) and 4,4'(5')-di(hydroxybenzo)-18-crown-6 at 175 °C in NMP (Scheme 

1). The molar masses of the polymers were measured by GPC and the results are 

summarized in Table A1 and Figure A1 (Appendix). The obtained polymers possessed 

molar masses in the range of Mn = 16000–33000 g/mol and polydispersities ranging from 

1.6–2.9. The molar masses reached were sufficiently high to provide these polymers with 

useful mechanical properties, allowing the fabrication of stable membranes. The 

polydispersity values measured by GPC are typical of polymers prepared by step growth 
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polymerization methods. One exception is polymer S(25)-C(75)-PAEK (Mn = 29000 

g/mol) which has a typical molar mass but a relatively high polydispersity value (Mw/Mn 

= 5.9). This polymer features both crown ether units and sulfonate pendant groups which 

likely interact and may influence its interactions with the stationary phase of the GPC 

column. 

 

Scheme 1: Polycondensation procedure for PAEKs bearing crown ether units in their main chain. 

NMR studies confirmed the chemical structure of PAEK (Appendix, Figure A2) and C-

PAEK (Figure 1 and Appendix Figure A3). The characteristic peak of the methyl groups 

present in the BPA units of PAEK is clearly visible in the 1H NMR spectra at δ = 1.74 

ppm and in the 13C NMR spectra at δ = 31.1 ppm. Also, the carbonyl carbon of the 

DFBP units was present in the 13C NMR spectra at δ = 194.3 ppm (Appendix, Figure 

A2c). Furthermore, the signal associated with the hydroxy groups of BPA is missing in 

the spectrum of PAEK, confirming successful polymerization. 

When 4,4'(5')-di(hydroxybenzo)-18-crown-6 was included in the step growth 

polymerization, signals of the incorporated crown ether became clearly visible. Peaks O 

and P (Figure 1), 1H NMR at δ = 4.06–4.19 ppm belong to the protons present in the 

oxyethylene groups of the crown ether, while peaks M and Q in the 1H NMR spectrum 

originate from the phenyl rings of the crown ether units (Figure 1). Corresponding peaks 

in the 13C NMR spectrum are shown in Figure A3 (Appendix). 
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Figure 1: 400 MHz 1H NMR spectrum of C-PAEK, recorded in CDCl3. 

When increasing the crown ether feed ratio in the reaction mixture, the crown ether 

content in the polymer increased correspondingly (Appendix, Table A1). When 

introducing SDFBP in the polymerization, the polymer became soluble in DMSO. In the 
1H NMR spectra, measured in DMSO-d6, new peaks emerged. Most evident is the signal 

associated with protons located between the sulfonate and carbonyl groups (Appendix, 

Figure A4a, peak N and Figure A5a, peak B). The signal of these protons is shifted 

downfield and can be used to calculate the mol percentage of sulfonated monomer 

introduced in the polymer chain. Combining all monomers, bisphenol A, 4,4'(5')-

di(hydroxybenzo)-18-crown-6, DFBP and SDFBP, the NMR spectra became complex. 

The molar percentages were calculated with the non-overlapping 1H NMR signals 

(DMSO-d6, δ) 3.87+4.10 (16H), 8.33 (2H) and 1.66 (6H) corresponding to protons from 

the crown ether, the SDFBP and the bisphenol A units (Appendix, Figure A5). 

The chemical structure of the synthesized polymers was also confirmed by FTIR. Figure 

A6 (Appendix) shows the FTIR spectra of PAEK, C(75)-PAEK, S(25)-PAEK and S(25)-

C(75)-PAEK. In the spectra, all polymers showed an absorbance at 1650 cm−1, which is 

related to the carbonyl stretching of Ar–C(=O)–Ar moieties. The typical C=C aromatic 

stretching bands were observed at 1590 cm−1 and 1495 cm−1. The crown ether containing 

polymers showed, next to the characteristic absorption bands of PAEK, also the 

characteristic C–O–C stretching signals of the crown ether at 1058 and 988 cm−1.45 

Furthermore, the absorbance values at these frequencies increased with increasing crown 

ether content in the polymer. This confirms the successful incorporation of dibenzo-18-
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crown-6 units into the polymer. Also the stretching vibration absorption of phenyl ether 

(C=C–O) groups at 1120 cm−1 became stronger. In addition, absorption bands of the 

aromatic ether (Ar–O–Ar) linkages formed during polycondensation, around 1229 cm−1, 

were observed for all polymers synthesized. The presence of a characteristic band at 1030 

cm−1, assigned to the symmetric stretching vibration of sulfonate groups, confirmed the 

successful introduction of these moieties in the polymer chains.46 

Table 1: Thermal properties of PAEKs and C-PAEKs. 

Polymer Tg a 

(°C) 
T5 b 

(°C) 
Char yield c 

(%) 

PAEK 162 488 43 

C(25)-PAEK 144 430 42 

C(50)-PAEK 143 407 42 

C(75)-PAEK 143 390 45 

S(25)-PAEK 180 454 47 

S(25)-C(75)-PAEK 158 285 31 

a Glass transition temperature. b Temperature corresponding to 5% weight loss.c Residual mass percentage after 
heating to 900 °C. 

Thermal characteristics of the synthesized polymers were determined by TGA and DSC 

under N2 atmosphere. The results of thermogravimetric analysis, summarized in Table 1, 

shows that crown ether incorporation influenced the thermal stability of the polymers. 

PAEK exhibits a high thermal stability and showed only 5% weight loss at 488 °C, while 

C(25)-PAEK, C(50)-PAEK, and C(75)-PAEK copolymers began to decompose at 430 

°C, 407 °C, and 390 °C, respectively. C-PAEKs display a lower thermal stability due to 

the fact that the crown ether units are more sensitive to thermal degradation than the 

thermally stable bisphenol A moieties of PAEK. 

TGA curves of the polymers are shown in Figure 2. PAEK exhibited a one-stage 

degradation profile and the weight loss around 500–600 °C was assigned to 

intramolecular thermal cleavage of benzophenone units.47,48 C(75)-PAEK copolymer also  
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showed one weight loss step with a maximum at 414 °C, indicating that thermal 

decomposition was mainly due to crown ether degradation.41,49 S(25)-PAEK copolymer 

displayed high thermal stability (5% weight loss at 454 °C), comparable to PAEK. A 

three-step degradation profile was observed for S(25)-C(75)-PAEK. The first weight loss 

at around 250 °C, typically assigned to desulfonation processes,50 is followed by loss of 

crown ether units and decomposition of the polymer main chain. The char yield for 

PAEK and the C-PAEK and sulfonated copolymers remained in the 31–47 % range. The 

somewhat lower thermal stability of S(25)-C(75)-PAEK compared to the other CPAEKs 

presented in this work, as expressed by its T5 temperature corresponding to 5% weight 

loss (285 °C), cannot be explained by the presence of the crown ether units, nor by the 

presence of the sulfonic acid pendant groups, but likely results from their combined 

presence in this PAEK. 

The glass transition temperatures (Tg's) were measured by differential scanning 

calorimetry (DSC). As shown in Table 1, PAEK has a Tg of 162 °C which is in good 

agreement with literature values.51,52 PAEK has rigid arylene linkages that allow limited 

segmental motion and consequently this polymer has a relatively high Tg. However, 

crown ether incorporation in the polymer backbone lowered the Tg by around 20 °C for 

all compositions synthesized. Similar trends have been observed for crown ether 

containing polyamides and polyimides.53 This implies that crown ether moieties enhance 

chain flexibility, which may be attributed to the aliphatic ether bonds present in these 

macrocycles. In addition, the crown ether units likely increase free volume, which also 
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Figure 2: TGA curves of PAEK, C(75)-PAEK and sulfonated copolymers. 
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contributes to a decrease in Tg. The introduction of sulfonate groups into PAEK and 

C(75)-PAEK increased the Tg by around 15 °C. Here, intermolecular ion-dipole 

interactions hinder the chain mobility.54 No crystallization or melting peaks were 

observed in the DSC traces, indicating an amorphous polymer structure. 

The amorphous structure of the polymers synthesized was further confirmed by X-ray 

diffraction measurements. In all cases broad amorphous scattering was observed and 

crystalline reflections were completely missing.55,56 

The solubility of the synthesized polymers in common organic solvents is summarized in 

Table A2 (Appendix). The solubility of the polymers was tested by dissolving 20 mg of 

polymer in 1 mL of solvent. PAEK, C(25)-PAEK, and C(50)-PAEK showed a high 

solubility in polar aprotic solvents, such as NMP, DMF and DMAc, at room temperature. 

These polymers also dissolved in moderately polar solvents like THF, dichloromethane 

and chloroform. However, both PAEK and C(25)-PAEK were not soluble in DMSO at 

room temperature. PAEK, C(25)-PAEK, and C(50)-PAEK exhibited solubility in 

common organic solvents due to their amorphous structure. In contrast, C(75)-PAEK 

showed partial solubility in polar aprotic solvents as well as in moderately polar solvents. 

Although C(75)-PAEK also has an amorphous structure, its increased crown ether 

content apparently lowers the solubility of this polymer. The solubility change can be 

explained by stacking of crown ether units in the main chain.57,58 The phenyl rings in 

dibenzo-18-crown-6 may favor π-stacking interactions.57,59 The sulfonated PAEK and C-

PAEK were only soluble in the aforementioned polar aprotic solvents. 

The fabricated membranes were characterized in terms of permselectivity and swelling. 

Membrane permselectivity is a measure of how well the membrane permits the transport 

of cationic species while restricting the passage of anionic ones. Membrane 

permselectivities are listed in Table 2. 

Table 2: S(25)-PAEK and S(25)-C(75)-PAEK membrane properties. 

Membrane dwet 

(μm) 
Swelling 

(%) 
Permselectivity 

(%) 

S(25)-PAEK 50 ± 3 17 ± 1 82 ± 1 

S(25)-C(75)-PAEK 40 ± 5 22 ± 3 77 ± 2 
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S(25)-PAEK and S(25)-C(75)-PAEK have permselectivities of around 80 %. Membranes 

with a sulfonation degree of 65 % have permselectivities of around 90 %.60 Membranes 

with low fixed charge densities (low degrees of sulfonation) exhibit low permselectivities, 

likely due to less effective anion exclusion.61 S(25)-C(75)-PAEK had a slightly lower 

permselectivity compared to S(25)-PAEK. The presence of crown ether in the polymer 

backbone increases the counter-ion (K+) sorption in the membrane, which may reduce 

the effective fixed charge density. For this reason, the membrane is probably slightly less 

able to exclude co-ions (Cl−). 

Water plays a critical role in ion transport within membranes. The measured water 

content for a S(25)-PAEK membrane was 17 %. Introduction of crown ether units into 

the SPAEK backbone slightly increased the water content in the membrane due to the 

hydrophilic ether groups of the crown ether. This also contributes to a decrease in fixed 

charge density of the membrane. 

Donnan dialysis is an ion exchange membrane process, in which a concentration gradient 

over the membrane is the driving force for the transport of ions from the concentrated 

side of the membrane to the lower concentration side.62 Potassium ion transport 

properties of S(25)-PAEK and S(25)-C(75)-PAEK membranes were evaluated using a 

two compartment Donnan dialysis set up with the membrane under investigation 

positioned between the two compartments. Figure 3a shows the change in K+ 

concentration of the feed and receiving side with time for S(25)-PAEK and S(25)-C(75)-

PAEK membranes. At the initial stages of the operation, K+ diffusion in the S(25)-C(75)-

PAEK membrane was almost four times lower than that of the native polymer without 

crown ether (Figure 3b). PVA-based poly(crown ether) showed similar effects for 

potassium picrate, with a two-fold decrease in permeability due to strong crown ether-

cation interactions.63 

These results confirmed the potassium selective nature of the dibenzo-18-crown-6 in the 

synthesized polymer.64 For non-porous membranes, diffusion of the ionic species in the 

membrane is the rate limiting step and transport of ions within the membrane is controlled 

by the exchange rate of ions. For the S(25)-PAEK membranes, where only sulfonate groups 

are present and which does not contain crown ether moieties, potassium ion transport is 

facilitated by a vehicle mechanism from sulfonate group to sulfonate group.65 
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The mobility of the ions depends on the exchange kinetics between H+ and K+ ions at the 

sulfonate group, the swelling state of the polymer matrix and the diffusional jump distance 

between the carrier (sulfonate) groups.66 In addition to sulfonate-cation interactions, crown 

ether-cation complexation also influences the overall potassium ion transport in the S(25)-

C(75)-PAEK membrane. In the synthesized crown ether polymers, the relative amount of 

crown ether in the membrane was kept higher than that of the SO3− groups, to be able to 

investigate the contribution of the crown ether moieties to cation transport. 

 

Figure 4: Schematic illustration of potassium ion and S(25)-C(75)-PAEK interactions. 

The dialysis results show that the presence of the crown ether units hinders the transport of 

K+ ions by introducing additional interactions (Figure 4), as the crown ether is selective for 
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K+. The crown ether polymer can bind a K+ ion by sandwiching it between two crown 

ether units.63 Moreover, dibenzo-18-crown-6 can form a 1:1 crown ether ring-to-cation 

complex with potassium ion.64 Finally, SO3− and the crown ether can accommodate the 

cation together.67 These interactions significantly affect the diffusion behavior of potassium 

ions in the S(25)-C(75)-PAEK membranes, resulting a decrease in the transport of these 

ions through the membrane. 

2.4 Conclusion 
A series of novel crown ether containing poly(arylene ether ketone)s (C-PAEK)s and 

sulfonated C-PAEKs were successfully synthesized with reasonably high molecular weights. 

For this study, dihydroxy-functionalized crown ethers were employed as monomer. 

Structural and thermal properties of the synthesized polymers were investigated. DSC and 

X-ray diffraction analysis confirmed that the polymers are amorphous. Membranes were 

fabricated form crown ether containing sulfonated PAEKs. In Donnan dialysis, the crown 

ether containing SPAEK membranes formed complexes with potassium ions which 

resulted in a lower K+ diffusion compared to native sulfonated PAEK polymer films. 

The idea of incorporating crown ether moieties into the SPAEK backbone could potentially 

be used for monovalent ion separation. Moreover, this new membrane material could 

inspire innovations in ion selective electrodes and ion sensors.  
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Appendix 
Table A1: Molecular characteristic of PAEK and C-PAEKs. 

Polymer Mna 
(Dalton) 

PDIb Yield 
(%) 

xc 
(%) 

yd 
(%) 

PAEK 16000 1.6 88 - - 

C(25)-PAEK 18000 1.8 87 - 21 

C(50)-PAEK 14000 2.9 88 - 43 

C(75)-PAEK 21000 1.8 88 - 66 

S(25)-PAEK 33000 2.0 91 21 - 

S(25)-C(75)-PAEK 29000 5.9 82 26 68 
a Mn: number average molar mass by GPC, relative to polystyrene standards. b PDI: (Mw/Mn), polydispersity index. c x 

corresponds to the incorporated mol% SDFBP by 1H NMR.  d y corresponds to the incorporated mol% 18C6 by 1H 
NMR. 

 

 

Table A2: Solubility characteristics of PAEK and C-PAEKs. 

Polymer NMP DMF DMAc DMSO THF CHCl3 CH2Cl2 

PAEK + + + - + + + 

C(25)-PAEK + + + - + + + 

C(50)-PAEK + + + +/- + + + 

C(75)-PAEK +/- +/- +/- +/- - +/- +/- 

S(25)-PAEK + + + + - - - 

S(25)-C(75)-PAEK +/- +/- +/- + - - - 

Solubility at room temperature: + fully soluble; +/- partially soluble; - insoluble. Sulfonated polymers are in 
the sulfonic acid form. 
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Scheme A1: Synthesis of 4,4'(5')-di(hydroxybenzo)-18-crown-6 (3).44 

 

 

 

 

 Figure A1: GPC traces of a) S(25)-PAEK and S(25)-C(75)-PAEK, b) PAEK and C-PAEKs. 
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Figure A2: a) 1H NMR spectrum, b) structure and c) 13C NMR spectrum of PAEK. 

 

a

b
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Figure A3: a) Structure and b) 13C NMR spectrum of C(25)-PAEK. 

 

a

b
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Figure A4: a) 1H NMR spectrum, b) structure and c) 13C NMR spectrum of SPAEK. 

 

a

b

c
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Figure A5: a) Structure and b) 1H NMR spectrum of SCPAEK. 

 
Figure A6: FTIR spectra of PAEK, C(75)-PAEK and sulfonated copolymers. The central dotted red line 

indicates the symmetric stretching vibration peak of sulfonate groups at 1030 cm−1. 
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Abstract 

Blend membranes of sulfonated poly(ether ether ketone) (SPEEK) and poly(arylene ether 

ketone) (PAEK) derivatives containing crown ether units in the main chain (CPAEK) were 

prepared and characterized in terms of water swelling and ion exchange capacity (IEC). The 

miscibility of the polymers was verified by DSC and HR-SEM. Ion transport characteristics 

of the membranes were established for the monovalent ions Li+ and K+ and the separation 

of these ions by the cation exchange membranes was investigated. Diffusion experiments 

for aqueous KCl, LiCl and their mixtures were carried out with pure SPEEK membranes as 

well as with the CPAEK/SPEEK membranes. Blending significantly decreased the ion 

permeability due to cation-crown ether complexation and increased the hydrophobicity of 

the matrix. The K+ over Li+ selectivity of the SPEEK membrane was enhanced by blending 

SPEEK with CPAEK by a factor of nearly 4, indicating that the presence of a crown ether 

polymer changes the relative mobility of the ions in the membrane. 
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3.1 Introduction 
Cation exchange membranes (CEMs) have been widely used in electrodialysis,1,2 fuel cells3,4 

and diffusion dialysis.5,6 CEMs are made from ionic polymers that have negatively charged 

moieties bound covalently to the polymer backbone. This makes CEMs selectively 

permeable to positively charged species, yet almost impermeable to anions. Therefore 

oppositely charged ions can be separated with such membranes. However, the major 

current challenge in ion exchange membrane development is how to improve the selective 

transport of a specific ion with a very high degree of specificity. 

To date, most of the research on cation exchange membranes has focused on 

monovalent/divalent ion selectivity improvements (e.g. separation of Na+/Mg2+). CEMs 

with a thin layer of a conducting polymer, such as polypyrrole or polyaniline, were 

developed for that purpose. The presence of a conducting polymer on the surface of cation 

exchange membranes decreased the permeation of divalent ions, therefore an improved 

monovalent over divalent ion selectivity was observed.7,8 In recent studies, layer-by-layer 

deposition of polyelectrolytes onto CEMs was employed to enhance monovalent over 

divalent ion selectivity.9-11 

Crown ethers, widely used as host molecules, are able to selectively bind specific cationic 

species due to the ion-dipole interaction of the positively charged metal ion with the 

negatively polarized oxygen atoms.12 The host-guest interactions between crown ethers and 

various guests (e.g. cations) generated interest in the development of various well-defined, 

crown ether containing polymers. For example, Tunca et al. and Alexandratos et al. have 

reviewed crown ether polymer synthesis and the functionalization of pre-formed polymers 

with crown ether moieties.13,14 These authors showed that the choice of the polymer matrix 

for crown ether incorporation greatly influences the complexation ability of crown ethers; 

for example, it is important to use a hydrophilic polymer matrix to achieve a high degree of 

ion complexation.14 Van de Water et al. synthesized a polar azathia crown ether-

functionalized poly(glycidyl methacrylate) resin for membrane applications. This hydrophilic 

resin exhibited selectivity towards Ag+ ions in the presence of Cu2+, Zn2+ and Cd2+ ions.15  

Various researchers have prepared self-standing membranes with crown ether polymers.21-24 

For instance, to a polymer consisting of alternating co-monomers of ethylene and maleic 



502160-L-bw-Tas502160-L-bw-Tas502160-L-bw-Tas502160-L-bw-Tas

 

46 

anhydride, crown ethers were attached as side groups. Simultaneous to the attachment of 

the crown ethers, carboxylic acid groups were formed which enable active ion transport.24 

Another example for self-standing membranes with crown ether polymers consists of a 

polymer that contains pendant crown ether moieties, synthesized by the reaction of 

poly(vinyl alcohol) (PVA) with formyl derivatives of crown ethers. This polymer was 

capable of forming mechanically strong films, and had different permeabilities for metal 

picrates compared with PVA films.22 In addition, Nafion membranes impregnated with 

crown ethers25-27 were also investigated, but a major drawback of crown ether impregnation 

for these membranes was that the crown ethers leached out under the applied electric 

potentials.25 

Sulfonated poly(ether ether ketone) (SPEEK) has been used as cation exchange membrane 

material owing to its excellent chemical and mechanical stability.28-30 Unfortunately, SPEEK 

membranes lack specific ion selectivity and the need for specificity has driven efforts aimed 

at their modification.31,32 Polymer blending is a versatile and cost-effective method for 

creating new functional materials,33 but obtaining homogenous blends is limited by the 

degree of miscibility of the polymers.32,34-36 Although the use of SPEEK membranes for 

monovalent-divalent ion separation has been reported, 31,37there are only few reports in the 

literature on the use of ion exchange membranes for the separation of two monovalent 

ionic species25,26.  

We recently reported on the synthesis of a novel main-chain crown-ether-containing 

poly(arylene ether) ketone (CPAEK) and its sulfonated derivatives applicable for membrane 

applications.23 In this chapter, we blended PAEK and CPAEK polymers with a hydrophilic 

polymer, SPEEK, to prepare hydrophilic thin films. Our aim was to tailor the monovalent 

ion transport properties of the SPEEK membranes by exploiting the presence of crown 

ethers in the polymer backbone. Membranes with different blending ratios of 

PAEK/SPEEK and CPAEK/SPEEK were prepared. The miscibility of these polymers 

was investigated by DSC and HR-SEM. Single and mixed ion transport properties of the 

SPEEK and CPAEK/SPEEK membranes for K+ and Li+ ions were assessed by diffusion 

dialysis.  
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3.2 Experimental 

Materials 
For poly(arylene ether ketone) (PAEK) and crown ether poly(arylene ether ketone) 

(CPAEK) synthesis, 4,4'-difluorobenzophenone (DFBP, 99%), bisphenol A (BPA, ≥99%), 

1-methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%), and K2CO3 (99.9%) were obtained 

from Sigma-Aldrich and used as received. Sulfonated poly(ether ether ketone) (SPEEK) 

with a sulfonation degree of 40% (SD 40) was obtained from FumaTech GmbH. For the 

diffusion experiments, LiCl (99%) and KCl (99%) were obtained from Sigma-Aldrich and 

used without further purification. 4,4'(5')-Di(hydroxybenzo)-18-crown-6 was prepared as 

described in previous work.23 

Blend membrane preparation 
The blend membranes were defined as CPAEK/SPEEK (x/y) and PAEK/SPEEK (x/y), 

where x and y represent the weight percentages of the different polymers. A 20 wt% 

polymer solution was prepared with the desired ratio of CPAEK and SPEEK (SD 40) or 

PAEK and SPEEK (SD 40) in NMP. The viscous solution was cast onto a glass plate with a 

0.5 mm casting knife. After casting, the solvent was evaporated under a nitrogen 

atmosphere for 5 days at room temperature, followed by 5 days at 60 °C under a nitrogen 

atmosphere and 2 days at 110 °C under vacuum (9 mbar).  

The membranes were peeled off the glass plate after immersion into water. Prior to 

diffusion experiments they were converted into their sulfonic acid (H+) form with 1.0 M 

HCl; the excess HCl was removed by washing in Milli-Q water.  

Blend membrane characterization 
The membranes obtained were characterized by DSC, TGA, and HR-SEM. The 

miscibility of the polymers in the blend was verified by DSC and HR-SEM. The 

membranes obtained were also characterized in terms of water swelling and ion exchange 

capacity (IEC). Thermogravimetric analysis (TGA) measurements were carried out with a 

Perkin Elmer TGA 4000 instrument. Samples of 10 mg were heated under a nitrogen 

atmosphere at 20 ºC min-1 over a 50–900 ºC temperature range. Differential scanning 

calorimetry (DSC) measurements were performed on a Perkin Elmer DSC 8000 (Perkin-

Elmer, Waltham, MA, USA). Specimens with a mass of 10 mg were cooled and heated at 
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a rate of 20 ºC min-1 from 30 °C to 220 °C under a nitrogen atmosphere. The Tg of the 

membranes was determined from the second heating cycle at 20 ºC min-1. 

The microstructure of the membranes was analyzed with high-resolution scanning 

electron microscopy (HR-SEM) (Zeiss Merlin, GeminiSEM, Oberkochen, Germany). 

Sample cross sections were prepared by freezing the films in liquid nitrogen and 

subsequently breaking them. After drying under vacuum, the samples were coated with 

gold. 

Swelling measurements were performed by immersing the prepared membranes in Milli-

Q water for 24 hours to measure the wet weight of the membranes. The wet membranes 

were subsequently dried at 60 ºC for 12 hours. Membrane swelling was calculated using 

the following equation: 

Swelling = 
mwet- mdry

mdry
 ×100%                                  (1) 

Here, mwet and mdry are the mass (g) of the wet and the dry membranes, respectively. 

A titration method was used to determine the membrane ion exchange capacity (IEC)38 

First, the membranes were converted into the sulfonic acid (H+) form by stirring the 

membrane in a 1.0 M HCl solution for at least 15 hours. Subsequently the membranes 

were converted back into the sodium form by immersing them in a 2.0 M NaCl solution 

for 3 hours. The released amount of H+ in the solution was then determined by titration 

with 0.1 M NaOH. The IEC (mmol g-1dry membrane) values were calculated with the 

following equation: 

IEC = 
VNaOH

mdry
 × CNaOH                                                  (2) 

Here, VNaOH is the added volume of NaOH solution (mL), mdry is the mass of the dry 

membrane (g), and CNaOH is the concentration of the NaOH solution (mmol mL-1). 

Diffusion dialysis 
Diffusion experiments were performed with a glass diffusion cell (70 mL) in which the 

two compartments were separated by the membrane under investigation, with an effective 

area of 12 cm2. For the single-ion diffusion experiments (Figure 1a), the receiving 
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chamber contained an aqueous 10 mM HCl solution, while the feed chamber contained 

aqueous solutions of 10 mM KCl or LiCl. For the mixed-ion diffusion experiments 

(Figure. 1b), an aqueous solution of 10 mM KCl and 10 mM LiCl was added to the feed 

chamber, while the receiving chamber contained an aqueous solution of 20 mM HCl.  

The two compartments were stirred vigorously throughout the experiments. Every 15 

min, a 0.1 mL sample was taken and analyzed. The potassium and lithium ion 

concentrations were measured with a BWB-XP flame photometer (BWB Technologies, 

Newbury, UK). 

 

Figure 1: Schematic illustration of the glass diffusion cell for a) single-ion and b) mixed-ion diffusion experiments. 

The specific ion flux through the membrane was calculated from the concentration change 

of the specific ion in the receiving compartment, as follows: 

Ji = 
V
A

dci

dt
                                      (3) 

where V (cm3) is the volume of the receiving compartment, A (cm2) is the membrane area 

and dci/dt (mol cm-3·s-1) is the concentration change in time. Membrane selectivity can be 

defined as: 

Selectivity = 
Ji
Jj

∆Cj

∆Ci
                             (4) 

where Ji (cm-2·s-1) is the flux and ΔC (mol cm-3) is the concentration difference between the 

feed compartment and the receiving compartment. 

88

10 mM KCl 10 mM HClFEED RECEIVING

88

10 mM KCl
+

10 mM LiCl
20 mM HClFEED RECEIVING
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b)
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3.3 Results and discussion 
Polymer blend and membrane characterization 
PAEK and CPAEK were synthesized according to a literature procedure.23 The molecular 

structures of the polymers are shown in Figure 2. Polymer blend membranes of 

PAEK/SPEEK and CPAEK/SPEEK were prepared by solution-casting.  

 

Figure 2: Molecular structure of PAEK, CPAEK, and SPEEK polymers used for the preparation of the 

CPAEK/SPEEK and PAEK/SPEEK blend membranes. 

The thermal characteristics of the membranes were determined with DSC and TGA under a 

nitrogen atmosphere. A detailed understanding of the thermal properties is needed to be 

able to correlate these properties with the miscibility of the polymers. Thermodynamically, 

miscible polymer blends can be achieved when the free energy of mixing has a negative 

value, a condition induced by specific interactions such as hydrogen bonding, dipole-dipole 

interactions or acid-base interactions between the polymers in the mixture.39-41 DSC is often 

employed to study the miscibility of the polymers of interest by analyzing the glass transition 

temperature (Tg) of the blend.40 A single Tg, intermediate to the Tg values of the individual 

components, is often taken as an evidence of polymer/polymer miscibility.41 However, the 

glass transition temperature is not an ideal indicator for the thermodynamic miscibility of 

the polymers. Tg is rather a measure of the state of dispersion.42 Moreover, a single Tg 

indicates that the domain size of the homogenous polymer/polymer dispersion is at least 

smaller than the proposed resolution limit of DSC for domains.39,42,43 Generally, a minimum 
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detectable domain size for DSC is in the range of 10-50 nm.40,43,44 Partially miscible blends 

exhibit two Tg values, however in such cases, Tg values differ slightly from those of the pure 

polymers.43,45 In case of completely immiscible blends, two Tg values can be observed and 

they are similar to those of the individual components.43 

Table 1 lists the Tg values of the starting materials and the blend membranes prepared in 

this study. SPEEK exhibits a glass transition temperature around 205 ºC, which is in good 

agreement with literature values.46 The pure CPAEK and PAEK polymers show a glass 

transition temperature of 144 ºC and 162 ºC, respectively. The CPAEK/SPEEK (40/60) 

blend exhibits two Tg values. The lower Tg is similar to that of CPAEK. The higher Tg is 

decreased by 26 ºC compared with the Tg of pure SPEEK. For CPAEK/SPEEK (60/40), 

also two Tg values are observed, although the depression of the higher Tg in this case is 

about 20 ºC. 

Table 1: Tg values of the pure and the blend membranes. 

 Tg,1 
(ºC) 

Tg,2 

(ºC) 

PAEK 162 - 

CPAEK 144 - 

SPEEK - 205 

CPAEK/SPEEK (40/60) 145 179 

CPAEK/SPEEK (60/40) 144 185 

PAEK/SPEEK (40/60) 159 202 
 
The shifts in glass transition temperature provide indication for the partial miscibility of 

CPAEK and SPEEK. In the CPAEK/SPEEK blend systems, the first Tg indicates the 

presence of a CPAEK phase. The shifts of the second, higher glass transitions towards 

lower temperatures indicate partial miscibility of CPAEK in the SPEEK rich phase.47 The 

PAEK/SPEEK blend exhibits immiscible characteristics. In this case, the blend clearly 

demonstrates the two Tg values that correspond to the respective pure components. 

Figure 3a shows thermogravimetric curves for SPEEK, CPAEK and PAEK. The first 

thermal decomposition of SPEEK around 290 ºC is associated with the degradation of 

sulfonic acid groups and the second decomposition stage at 527 ºC is related to thermal 
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degradation of aromatic moieties.48,49 PAEK exhibits a one-stage degradation with a 

maximum weight loss around 550 ºC indicating the degradation of aromatics.49,50 CPAEK is 

more sensitive to thermal degradation as compared with PAEK and shows two main 

degradation steps. The first weight loss step around 400–450 ºC is due to the loss of crown 

ether units from the polymer.23,51 This is followed by decomposition of thermally stable 

aromatic moieties.49,50 

 
Figure 3: TGA curves of a) SPEEK, PAEK, and CPAEK; b) blend membranes. 

Figure 3b shows the thermal decomposition behavior of the blend membranes. A three-

stage thermal degradation profile was observed for the CPAEK/SPEEK (40/60) 

membrane. In contrast to the SPEEK membranes, desulfonation started at a slightly higher 

temperature (310 ºC) and occurred over a more narrow temperature range. This was 

probably caused by an interaction between the crown ether units of the CPAEK and the 

sulfonic acid groups of SPEEK. When the CPAEK weight ratio in the blend was increased, 

the CPAEK/SPEEK (60/40) membrane showed no weight loss around 310 ºC. Instead, 

the thermal degradation started at 454 ºC, which is possibly associated with the loss of 

sulfonic acid and crown ether groups. The PAEK/SPEEK (40/60) membrane exhibited a 

three stage thermal degradation profile. The first weight loss around 250 ºC is ascribed to 

the loss of residual NMP in the membrane that continues with desulfonation and finally 

with decomposition of the thermally stable aromatic groups. 

The microstructure of the blend membranes was investigated using HR-SEM. Photographs 

of sample cross sections are displayed in Figure 4. In Figure 4a, images of a PAEK/SPEEK 

(40/60) blend are shown at different magnifications, revealing the presence of micrometer- 
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Figure 4: HR-SEM of PAEK/SPEEK, SPEEK, and CPAEK/SPEEK (40/60 and 60/40) membranes. 
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size, droplet-shaped PAEK domains (dotted line), surrounded by SPEEK. For comparison, 

the morphology of pure SPEEK is displayed in Figure 4b.Clearly, the PAEK/SPEEK 

(40/60) membrane exhibited macroscopic phase separation. PAEK and SPEEK apparently 

lack the specific interactions necessary to form miscible blends of these polymers.33,52 

In contrast, CPAEK/SPEEK (40/60) and (60/40) membranes did not exhibit any signs of 

macroscopic phase separation. HR-SEM images of these membranes showed smooth 

morphologies where micrometer-size, droplet-like features were completely absent (Figure. 

4c, 4d). 

These results are in agreement with the DSC observations and indicate that favorable 

intermolecular interactions exist between CPAEK and SPEEK. The SPEEK polymer in the 

CPAEK/SPEEK membranes was in the sulfonic acid (H+) form. In an aqueous 

environment, protonation of water results in formation of hydronium ions (H3O+) which 

can form proton bridges with the six oxygen atoms present in the 18-crown-6 cavity, 

creating a stable complex.53,54 In our case, the ionic groups of SPEEK and the dibenzo-18-

crown-6 moieties of CPAEK can interact with H3O+ simultaneously, which may favor 

miscibility of the two polymers (Figure. 5).  

In CPAEK/SPEEK systems, the crown ether and the sulfonic acid groups together can 

accommodate H3O+ ions or metal cations. Such ion-dipole interactions are known to play a 

role in forming compatible blends.55 Ion-dipole interactions have also been reported for 

poly(ethylene oxide)/ polystyrene sulfonate (PEO/PSS) blends in the presence of a lithium 

salt.36 PEO is able to bind alkali metals just as crown ethers do; the lithium ion is situated in 

the electron-rich environment of the ethers’ oxygen atoms of the PEO chain and also 

interacts with the ionic groups of PSS.36 Another study showed that disulfonated 

poly(arylene ether sulfone) and poly(ethylene glycol) (PEG) form compatible blends due to 

strong ion-dipole interactions between potassium ions located between the sulfonate groups 

of poly(arylene ether sulfone) and PEG.56, 57  
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Figure 5: Schematic illustration of ion-dipole interaction between SPEEK and CPAEK polymer chains. 
 
Water swelling, ion exchange capacity and ion transport properties of the blend 
membranes 
Figure 6 shows the water swelling, indicated by blue squares, and the ion exchange capacity 

(IEC), represented by red dots, of the SPEEK and CPAEK/SPEEK membranes as a 

function of the CPAEK mass ratio. In agreement with the literature, the SPEEK 

membranes exhibit 20 wt% swelling in water.3,49 CPAEK is a hydrophobic polymer and the 

CPAEK film shows only 3 wt% swelling in water. Blending SPEEK with CPAEK increases 

the hydrophobicity of the membranes and the water content of the membranes linearly 

decreases with increasing CPAEK mass ratio. 

 

Figure 6: Water swelling and IEC of SPEEK and SPEEK/CPAEK membranes. 
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The IEC of the blend membranes decreases with increasing CPAEK content. As the ionic 

groups (sulfonate groups) become increasingly surrounded by hydrophobic domains, 

relatively less sulfonate groups are available for ion exchange.32 

The Li+ and K+ transport properties of the SPEEK and CPAEK/SPEEK blend 

membranes were evaluated with a Donnan dialysis setup, with the membrane under 

investigation positioned between the feed compartment and the receiving compartment. 

The ion concentration difference between the feed compartment and the receiving 

compartment causes a transport of potassium (or lithium) ions from the feed side to the 

receiving side. Table 2 shows the Li+ and K+ fluxes at the initial stage of the operation for 

the single-ion and mixed-ion diffusion experiments. 

Table 2: Ion fluxes of the membranes for single-ion and mixed-ion diffusion. 

Membrane 
JLi+,single 15min 
(mol cm-2 s-1) 

1010 

JK+,single 15min 

(mol cm-2 s-1) 
1010 

JLi+,mixed 15min 

(mol cm-2 s-1) 
1010 

JK+,mixed 15min 

(mol cm-2 s-1) 
1010 

SPEEK 47 ± 5 113 ± 8 24 ± 4 65.8 ± 1.0 

CPAEK/SPEEK(40/60) 7.8 ± 1 31 ± 13 2.7 ± 0.5 37.6 ± 0.1 

CPAEK/SPEEK(60/40) 5.1 ± 0.4 7.1 ± 1 ~0 3.9 ± 0.1 
 

The Li+ ion has a larger hydrated radius (0.34 nm) than the K+ ion (0.23 nm).58,59 The 

mobility of of Li+ ions in Nafion membranes is greater than that of K+ ions.60,61 However, 

for single ion diffusion, SPEEK and blend membranes exhibit lower ion fluxes for Li+ ions 

than for K+ ions. 

As a general trend, it is observed that blending CPAEK with SPEEK reduces the ion flux 

of both ions, compared with pure SPEEK membranes. This is partially caused by the 

dependence of the ion flux on the membrane water content, since ion mobility is closely 

related to the extent of water swelling of the matrix and diffusion rate of water molecules in 

the membrane.62 The water molecules facilitate the transport of cationic species (K+ and 

Li+) from one sulfonate group to the next.63 Increasing the CPAEK content in the 

membrane significantly reduces the water uptake of the membranes; therefore ion fluxes 

decrease.  
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Another reason for the reduced ion flux is the cation complexation by the crown ether 

moieties in the CPAEK polymer backbone. In previous research, we reported that the K+ 

flux for sulfonated poly(arylene ether ketone) (SPAEK) membranes is almost 4 times higher 

than for SPAEK membranes with crown ether moieties incorporated in the main chain.23 

Kimura et al. obtained similar results for PVA-based poly(crown ether)s, which were 

ascribed to the strong interactions between crown ethers and cations.22 Bhattacharyya et al. 

investigated the mobility of alkali metal ions in dibenzo-18-crown-6-loaded Nafion-117 

membranes. In these membranes, the mobility of Li+ and Cs+ ions was found to be 

extremely low relative to their mobility in pure Nafion-117 membranes.26 These results 

indicate that the cation complexing ability of crown ethers changes the mobility of these 

ions in the membranes. 

Dibenzo-18-crown-6 can selectively bind K+ ions,64,65 therefore increasing the CPAEK 

content influences the K+ ion flux more significantly than the Li+ ion flux. For the 

CPAEK/SPEEK (60/40) membrane, the K+ ion flux decreased 16 times compared to that 

of the pure SPEEK membranes, against only 9 times for Li+ ions. Therefore, single ion 

diffusion experiments confirm the potassium selective nature of the CPAEK polymer. 

Ion fluxes in mixed-ion experiments with Li+ and K+ ions are lower than in the single-ion 

transport experiments. This may be related to a competition between Li+ and K+ ions for 

the available ion exchange sites (SO3− groups) in the membrane.60,66 Since ion fluxes are 

related to the gradient of fractional occupancy of the SO3− sites by a specific ion, one can 

speculate that in the competition between Li+ and K+ ions for the available ion exchange 

sites, the increased hydrophobicity of the membrane and the crown ether-ion complexation 
66 lead to lower ion fluxes. 

Figure 7 shows the K+/Li+ selectivity change in time for the single-ion and mixed-ion 

diffusion experiments. For single-ion diffusion, SPEEK and CPAEK/SPEEK membranes 

show almost similar selectivities. The SPEEK membrane exhibits the same K+/Li+ 

selectivity in the mixed-ion experiment as in the single-ion experiment. 
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Figure 7: Membrane potassium over lithium ion selectivity change in time during single-ion diffusion and mixed-ion 

diffusion. 

In the mixed-ion experiment, the K+/Li+ selectivity of the CPAEK/SPEEK (40/60) 

membrane is 3.8 times greater than for SPEEK membranes in the initial stage of the 

diffusion. The CPAEK/SPEEK (60/40) membrane is only permeable to K+ ions during 

the first 15 minutes of the operation. As mentioned before, Li+ and K+ ions compete for 

the available SO3− sites in the SPEEK membrane.67 This applies to CPAEK/SPEEK 

membranes as well, but in this case, transport is also affected by complex formation 

between Li+ and K+ ions and dibenzo-18-crown-6. These interactions combined determine 

the selectivity of the membranes.  

The blend membranes only show the higher selectivity in the initial stage of operation. This 

can be most probably explained by the decreasing availability of crown ether sites for 

complex formation with the ions during Donnan dialysis, diminishing the complexation rate 

due to the lack of available crown ether binding sites at longer operation times. The 

CPAEK/SPEEK membrane’s selectivity decreases to values comparable to those of the 

pure SPEEK membrane from 45 minutes on. The results of the mixed-ion experiments 

suggest that not only the presence of crown ether moieties in the membrane matrix, but also 

the increased hydrophobicity of the membrane, influences the relative mobility of K+ and 

Li+ ions in the initial stage of the operation. Overall, the CPAEK/SPEEK blend 

membranes have demonstrated their utility in the separation of monovalent ions. 

Regeneration of these mechanically robust membranes by acid treatment allows one to 

restore their selectivity, which implies that their arrangement in series could lead to an 

effective, continuous ion separation process. 
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3.4 Conclusions 
This study explored the selective permeability of crown-ether-containing PAEK blend 

membranes for monovalent ions (K+/Li+). CPAEK/SPEEK and PAEK/SPEEK 

membranes were prepared by solution blending the two polymers of interest in different 

weight ratios, and their morphology and thermal characteristics were investigated. 

Membranes made from PAEK and SPEEK exhibited macroscopic phase separation, as was 

established by DSC and HR-SEM. CPAEK and SPEEK, however, were found to be 

partially miscible. The IEC and water content of the membranes decreased with increasing 

CPAEK content in the membrane. Single and mixed ion transport characteristics of 

SPEEK and CPAEK/SPEEK membranes for K+ and Li+ ions were assessed by Donnan 

dialysis. The presence of the hydrophobic crown ether polymer in the matrix resulted in a 

lower ion transport for both single and mixed ion diffusion cases. However, in the initial 

stage of mixed-ion diffusion experiments, CPAEK/SPEEK membranes exhibited 

selectivity towards K+ ions over Li+ ions. 
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Abstract 

In this chapter, we prepared electrospun polyacrylonitrile (PAN) nanofibers functionalized 

with dibenzo-18-crown-6 (DB18C6) crown ether and showed the potential of these fibers 

for the selective recovery of K+ from other both mono- and divalent ions in aqueous 

solutions. The nanofibers were formed using 8 wt% PAN/dimethylformamide (DMF) 

polymer solutions with varying crown ether amount. Nanofibers were characterized by 

scanning electron microscopy (SEM), Fourier transform infrared (FTIR) and thermal 

gravimetric analysis (TGA). SEM results showed that the crown ether addition resulted in 

thicker nanofibers and higher mean fiber diameters, in a range of 138 to 270 nm. Batch 

adsorption experiments were conducted in order to evaluate the potential of the crown 

ether modified nanofibers as an adsorbent for ion removal. The maximum adsorption 

capacity of the crown ether modified nanofibers for K+ was 0.37 mmol g-1 and the 

nanofibers followed the selectivity sequence of K+>Ba2+>Na+~Li+ for single ion 

experiments. Adsorption of Ba2+ ions onto crown ether-modified nanofiber was examined 

by X-ray photoelectron spectroscopy (XPS) and the results confirmed the adsorption of the 

ion. Mixed ion adsorption experiments revealed competitive adsorption between K+ and 

Ba2+ ions for the available binding sites. This effect was not observed for the other 

monovalent ions present in the solution and exceptionally high selectivities for K+ over Li+ 

and Na+ were obtained. This makes the developed fibers good candidates for the selective 

recovery of K+ from an aqueous mixture with also Li+ and Na+ present in the solution. Also 

the crown ether modified nanofibers exhibited good regeneration properties and a good 

reusability over multiple consecutive adsorption-desorption cycles. Electrospinning thus 

shows to be a very versatile tool to prepare crown ether functional polymer adsorbents for 

the selective recovery of ions. 
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4.1 Introduction 
Electrospinning is a versatile and powerful technique for nanofiber formation from a wide 

variety of polymers such as water soluble polymers, biopolymers and liquid crystalline 

polymers.1-4 In this technique, electrical forces are applied to produce polymer fibers with 

diameters ranging from a few nanometers to several micrometers.5 Electrospun nanofibers 

feature a high surface area-to-volume, high porosity and flexibility for chemical/physical 

functionalization.1,5 Moreover, consistent production of nanofibers allows their application 

in various filtration applications 6-8 as fuel cell membranes9,10, for drug delivery11 and as 

protective textiles.12,13  

The high surface area to volume ratio, porosity, and mechanical integrity of electrospun 

fibrous materials make them attractive alternatives to conventional adsorbents. A potentially 

attractive functionalization to increase the selectivity of the nanofibers includes their 

macrocycle functionalization. A macrocycle is a cyclic macromolecule or a macromolecular 

cyclic portion of a molecule. Such macrocycle functionalized fibers can serve as an 

adsorbent in water treatment owing to the selective binding ability of macrocycles with 

specific ions or organic molecules. Therefore, significant work on this topic has been 

performed and many researchers particularly focused on nanofiber modification with 

calixarenes and cyclodextrin. For example, nanofibers functionalized with calixarenes and 

cyclodextrins allow the removal of organic contaminants (e.g. Congo red, phenanthrene) 

from water. 14-16 Another possible application of calixarene modified nanofibers is the 

selective adsorption of ions such as La3+ and Cr2O72- ions onto the nanofibers. 17,18 

Electrospun PAN nanofibers modified with p-sulfonatocalix[8]arene showed a maximum 

adsorption capacity of 155.1 mg g-1 and a selectivity for La3+ ion in the presence of Fe3+, 

Al3+, Cu2+, Ca2+, Mg2+ and K+ ions.17 

Following this line of reasoning, also electrospun nanofibers coupled with crown ethers 

could in principle also provide efficient platforms for selective metal ion removal. Crown 

ethers are well-known host molecules and have attracted increasing interest owing to their 

ability to form stable complexes with metal ions.19 Crown ethers possess negatively 

polarized oxygen atoms with variable cavity size. Therefore they can selectively bind various 

ions.20 This led to the design and synthesis of new crown ethers and various well-defined 

crown ether polymers.21,22 Owing to their high selectivities, considerable research interest 
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has been devoted to the design of crown ether adsorbents as well. Duman et al. modified 

activated carbon cloth with mono and dibenzo derivatives of crown ethers. They 

investigated the adsorption behavior of Cr3+, Co2+ and Ni2+ ions onto crown ether modified 

activated carbon cloth. In this case, activated carbon cloth modified with benzo-18 crown-6 

exhibited the highest adsorption capacity of 0.22 mmol g- for the Co3+ ion.23 Eliseo et al. 

prepared crown ether immobilized carbon nanotubes as adsorbent for Li+ ions.24 The 

dibenzo-14-crown-4 modified carbon nanotube adsorbent showed a preference for cation 

uptake and followed the sequence of Li+>Na+>Mg2+>Ca2+~K+~Sr2+. Jie et. al. synthesized 

a crown ether incorporated thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) 

hydrogel. This hydrogel exhibits Pb2+ ion recognition and adsorption characteristics. The 

Pb2+ adsorption capacity of the hydrogel decreased from 142 mg g-1 to 112 mg g-1 when the 

temperature increased from 23 ºC to 50 ºC.25 Crown ether incorporated ion-imprinted 

polymers were synthesized by many researchers as well. Those adsorbents have promising 

prospects in the selective recovery of Li+, K+ and Pb2+ ions.26-28 

In this chapter, we use the high selectivity of crown ethers towards specific ions and the 

versatility for functionalization and the high surface area to volume ratio of electrospun 

nanofibers. To the best our knowledge, for the first time, we introduce the concept of 

crown ether/polyacrylonitrile (PAN) nanofibers for the selective binding of monovalent 

ions from aqueous solutions. PAN was chosen as polymer for the electrospinning process 

because of two reasons. Firstly, PAN membranes have been widely used in aqueous 

filtration applications.29,30 Secondly, PAN is a well-known carbon fiber precursor due its 

easy conversion into carbon fibers, its high carbon yields and its cost effective 

processing.31,32 In this regard, we prepared PAN nanofiber mats with different loading ratios 

of crown ether. We investigated the effect of crown ether loading and contact time on the 

adsorption capacity of functionalized nanofiber mats for both single and mixed ion 

solutions of Li+, K+, Na+ and Ba2+ ions. We believe that the introduction of crown ethers 

enhances the operating window of electrospun nanofibers and will introduce specific ion 

selectivity, making them promising and more effective for adsorption and filtration 

applications.  
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4.2 Experimental 
Materials 
Dibenzo-18-crown-6 (DB18C6) (98%), polyacrylonitrile (PAN, 99% Mw 150 000) and 

N,N-dimethylformamide (DMF, 99.8%) were obtained from Aldrich. 

Electrospining 
8 wt. % PAN (Figure 1a) powder was dissolved in DMF and mechanically stirred at room 

temperature for 24 h. DB18C6 (Figure 1b) was washed 3 times with 1.0 M HCl in deionized 

water at least 3 times and the purified crown ether was dried before use.  

 

Figure 1: Chemical structures of a) PAN and b) dibenzo-18-crown-6 (DB18C6). 

Five DB18C6 concentrations (0, 5, 10, 15 and 20 wt. %) were selected. Homogeneous, 

stable suspensions were prepared and used for electrospinning. During spinning, the 

processing and ambient conditions were held constant during fiber formation. The 

electrospinning set up was positioned in a horizontal configuration, as shown in Figure 2. 

The homogenous solutions were put in a 2 mL glass syringe kept with an 18 gauge metal 

needle. The syringe was placed horizontally positioned in a syringe pump. A high voltage 

power supply was connected to the needle tip. As ground electrode, a rotating drum 

covered with aluminum foil was used. The working distance between the needle tip and the 

rotating cylinder was 15 cm. The cylinder rotated at 120 rpm. The flow rate of the solution 

was varied from 250 μL h-1 to 400 μL h-1. The electrospinning voltage was set to 15 kV. All 

electrospinning experiments were carried out at standard room temperature and relative 

humidity. Nanofibers were coded as PAN-x where x represents the weight percentage of 

DB18C6 with respect to PAN.  
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Figure 2: Schematic representation of the electrospinning set-up. 

Characterization 
The morphologies and mean diameters of the nanofibers were investigated by scanning 

electron microscopy (JEOL SEM JSM 5600 LV). Around 50 fibers were analyzed per 

sample and the mean fiber diameter (MFD) was determined from the scanning electron 

microscopy (SEM) images. Fourier transform infrared (FTIR) spectra were measured with a 

Bruker ALPHA. Thermogravimetric analysis (TGA) measurements were carried out using a 

Perkin Elmer TGA 4000. 10 mg of sample was heated under N2 atmosphere with a 20 ºC 

min-1 heating rate over a 50 to 800 ºC temperature range. X-ray photoelectron spectroscopy 

(XPS) measurements were performed with a Quantera SXM with monochromatic Al Kα as 

the excitation and an X-ray power of 50 W. 

Adsorption experiments 
Single ion adsoption 
Batch single ion adsorption experiments were performed by adding 10 mg of nanofibers in 

10 ml of 10 mM solutions of KCl, BaCl2, LiCl and NaCl in ultrapure water. All adsorption 

tests were carried out at room temperature. For analysis, 0.1 mL samples were taken at 

different time intervals. The samples were diluted and filtered with a 0.20 μm filter (LLG, 

cellulose acetate (CA) syringe filter). The residual metal ions in the solution were analyzed 

using a BWB-XP flame photometer. The amount of metal ions adsorbed by the nanofibers 

was calculated from: 

Syringe pump

Polymer solution

Fibers

+
High voltage

Collector

-
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qe=
(C0-Ce)∙V

m
                                                                                                        (1) 

where qe is the adsorbed amount of metal ions per gram of nanofibers (mmol/g), Co and Ce 

are the initial and the equilibrium concentration (mM) of the specific cation in the solution, 

respectively. V is the volume of the salt solution (mL) and m is the mass of the dry 

nanofibers (g). 

Mixed ion adsorption 
In the case of the mixed ion adsorption experiments, the 10 mg of nanofibers were left in 

contact with 10 mL of a mixture of 10 mM KCl, 10 mM BaCl2, 10 mM LiCl and 10 mM 

NaCl in ultrapure water for 24 h. For analysis, 0.1 mL samples were taken after 24 h. The 

samples were filtered over a 0.20 μm filter (LLG, cellulose acetate (CA) syringe filter). The 

adsorption capacity for each ion was calculated using the equation 1 

Adsorbent regeneration 
Desorption experiments were carried out using a 1.0 M HCl solution in ultrapure water. The 

used PAN-10 nanofibers were placed in the 1.0 M HCl solution and magnetically stirred at 

300 rpm at 25 °C for 48 h. Then the nanofibers were washed with distilled water several 

times and dried at 60 °C overnight. In order to assess the regeneration and reusability of the 

PAN-10 nanofibers, consecutive adsorption–desorption cycles were repeated four times. 

The adsorption tests were carried out with a 10 mM KCl solution at 25 °C for 24 h. The 

selectivity coefficient was calculated using equation (2): 

SK+/C+=
qK+,24

qC+,24
                                                                                                                      (2) 

where qK+,24  and qC+,24 are the adsorption capacities (mmol g-1)  of K+ and other cations 

(Li+, Na+ or Ba2+) after 24 h, respectively. 

4.3 Results and discussion 
Morphology of composite electrospun fibers and mats  
The properties of the electrospun nanofiber formed, in particular the fiber diameter and 

morphology, depend on various parameters that can be divided into three groups: polymer 

solution properties, processing conditions and ambient conditions. In this study, processing 
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(applied voltage, volume flow rate) and ambient conditions (temperature, humidity) were 

held constant in order to systematically investigate the effect of polymer solution properties 

(crown ether concentration) on the mean fiber diameter. Suspending the DB18C6 in the 

polymer solution and ensuring the formation of homogenous stable suspensions prior to 

electrospinning are the frontline challenges in the electrospinning process. Completely 

transparent solutions that are stable over a long term were achieved without using any 

surfactants. Morphologies of the neat and crown ether modified PAN nanofiber mats were 

characterized by SEM and the micrographs are shown in Figure 3. The diameter distribution 

of the nanofibers is also presented in Figure 3. In these pictures, the DB18C6 concentration 

was varied while the voltage was kept constant at 15 kV at a constant collector distance of 

15 cm. Without the addition of DB18C6, neat PAN nanofibers have a diameter of 102 ± 41 

nm, which is comparable with the values reported in literature33. PAN-5, PAN-10, PAN-15, 

and PAN-20 nanofibers have mean diameters of 138 ± 24 nm, 224 ± 56 nm, 248 ± 77 nm, 

and 270 ± 124 nm, respectively. The mean fiber diameter increased with DB18C6 

concentration, while variance in the fiber diameter was also elevated. The effect on the fiber 

radii upon addition of crown ether is attributed to two factors: electrical conductivity and 

rheological changes in the polymer solution. These two contributions have opposing effects 

on the mean fiber diameter. For instance, the increase of electrical conductivity of a polymer 

solution leads to thinner fibers, while the fiber diameter tends to increase with shear 

viscosity34, 35. As anticipated, the addition of nonconductive DB18C6 will not increase the 

electrical conductivity of the solutions (σethanol = 1.5 ± 0.1 μS/cm and σ0.1 wt% crown ether/ethanol 

= 1.8 ± 0.2 μS/cm), while the shear viscosity of PAN-5, PAN-10, PAN-15, and PAN-20 

solutions increased with the crown ether concentration. Figure 3 shows that the mean fiber 

diameter tends to increase with the crown ether/PAN stochastic ratio. Also, increasing 

crown ether concentrations lead to the formation of bead-like structures (red arrow in 

Figure 3, (PAN-15)) and a higher variance in the fiber diameter. The mean fiber diameter 

distribution of PAN and PAN-5 is rather uniform. However, PAN-10, PAN-15 and PAN-

20 nanofibers have a broader fiber diameter distribution and comparatively high diameter 

range from 120 to 650 nm. We assume that the increased viscosity due to the higher crown 

ether fractions33 and the reduced solution conductivity are the primary reason of fiber 

thickening. 
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Figure 3: The morphology and fiber diameter distribution of PAN and 
PAN/crown ether electrospun nanofibers. 
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FTIR 
Figure 4 shows the FTIR spectra of PAN, PAN-10, and PAN-20 nanofibers. In the spectra, 

all nanofibers exhibited an absorbance at 2921 cm−1 that can be assigned to the stretching 

vibration of the -CH and -CH2 groups.14 The peaks at 2242 cm−1 and 1451 cm−1 belong to 

C≡N stretching and CH vibration of PAN.14,36 The presence of crown ether at the PAN 

surface is confirmed by an absorption peak at 1505 cm−1 that is ascribed to the C-H 

stretching vibrations of the alkanes in the aromatic ring of the crown ether.37 Moreover, the 

characteristic C–O–C stretching signals of the crown ethers are observed at around 1060 

cm-1 and 1129 cm-1 37, 8 for all PAN/crown ether fibers, while these are absent for neat PAN 

fibers.  

 
Figure 4: FTIR spectra of PAN and PAN/crown ether nanofibers. 

Thermogravimetric analysis (TGA) 
TGA was conducted in order to determine the thermal stability of the nanofibers. Figure 5 

shows the thermogravimetric curves of PAN and PAN/crown ether nanofibers. The 

removal of residual DMF from the PAN-5 nanofibers causes a slight weight loss around 

~150 ºC. PAN decomposition starts around 335 ºC with the cyclization of the nitrile groups 

and the decomposition reaction of PAN.39,40  

PAN-5, PAN-10, PAN-15, and PAN-20 nanofibers exhibit a two-stage thermal degradation 

profile. The first weight loss results from the removal of the crown ether around 250 ºC.41,42 

The crown ether is more sensitive to thermal degradation and starts to decompose at 

around 250 ºC.42 
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Figure 5: Thermogravimetric curves of PAN and PAN/crown ether nanofibers 

The decomposition of crown ether is followed by thermal cleavage of PAN at around 350 

ºC. Films made from block copolymers often have perpendicular orientated block 

copolymers at the top, initiated by fast evaporation, but still have cylinders with a different 

orientation deeper inside the film.28,29,48 Thus, a thicker film fabricated by using a higher 

polymer. 

Single ion adsorption 

The ion adsorption potential of the developed fibers was investigated for both single and 

mixed aqueous ion solutions. First, the effect of the adsorption time on the static adsorption 

capacity of single ions on neat PAN and PAN/crown ether nanofibers was investigated. 

Figure 6 shows the results of the adsorption of Li+, Na+, K+ and Ba2+ ions. Neat PAN 

nanofibers have almost no adsorption capacity for Li+, Na+, K+ and Ba2+ ions, whereas 

PAN/crown ether fibers have a tendency to Li+, Na+, K+ and Ba2+ ion uptake. This leads to 

the conclusion that the crown ether moieties, which are known to be able to form a 

complex with the ions, are responsible for the adsorption capacity of the prepared 

PAN/crown ether nanofibers.21,43,44 The adsorption capacity increases over time and levels 

off after 8 h, indicating that the adsorption equilibrium is achieved.  

Figure 6 indicates that the adsorption capacity for K+ ions is higher than that for Li+, Na+, 

and Ba2+ ions due to the selective complexation ability of the crown ether with K+ ions.45,46 

PAN-10 and PAN-20 nanofibers exhibit a K+ adsorption capacity of 0.37 mmol/g, which is 

slightly higher than that of PAN-15 nanofibers (0.34 mmol/g). The K+ uptake increases 
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with crown ether concentration, up to 10 wt.%, and remains nearly constant with a further 

increase in crown ether addition. This is expected because higher crown ether loading 

results in a higher number of available binding sites for the ions. However, this only 

accounts till a maximum of approximately 10 wt.% crown ether. Beyond this point, a 

further increase of the crown ether concentration does not have a significant effect on the 

ion adsorption capacity. Presumably, some of the binding sites are not accessible due to 

crown ether aggregation. Another reason might be that a fraction of the crown ether is 

embedded in or covered by the PAN polymer, preventing the binding sites from being 

freely accessible to the K+ ions. 

 

  

Figure 6: Adsorption kinetics of Li+, Na+, K+ and Ba2+ onto PAN and PAN/crown ether nanofibers. 

The Ba2+ adsorption capacities obtained with PAN-5, PAN-10, PAN-15, and PAN-20 

nanofibers are 0.10 mmol g-1, 0.17 mmol g-1, 0.15 mmol g-1, and 0.15 mmol g-1, respectively 
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and the capacities are in all cases lower than the K+ ion adsorption capacity. Takeda et al. 

investigated benzo-18-crown-6-metal complex formation constants in water by 

conductometry or potentiometry and spectrophotometry, respectively. They found a 

selectivity sequence of Ba2+>K+>Na+.47 Shchori et al. determined the aqueous stability 

constants for complex formation of DB18C6 with Li+, Na+, K+ and Ba2+. In this case, K+ 

and monodissociated ion pairs [BaCl] + complex more strongly with DB18C6 compared to 

Li+ and Na+.48 Although the previous researches demonstrate a strong affinity between 

DB18C6 and Ba2+, we observe higher K+ ion uptakes by the PAN/crown ether nanofibers. 

We will come back to this issue while discussing the mixed ion adsorption results. 

The Na+ and Li+ ion adsorption capacities are the lowest of all ions investigated. In both 

cases, the adsorbed amount is almost the same and hardly changes with an increase of the 

crown ether mass fraction. We reason that, due to weak interactions between Na+ and Li+ 

ions and DB18C6, the adsorption capacity of the crown ether for these ions is lower and 

less stable complexes are formed in which the ions can easily dissociate from the crown 

ether.49 

XPS spectra 
Elemental analyses of PAN and PAN-10 nanofibers were conducted by XPS in order to 

investigate the presence and effectiveness of the crown ether upon ion adsorption. The 

atomic ratios of C/O and C/N are shown in Table 1. As expected, we observe a slight C/N 

ratio increase as a result of an increase in the percentage of carbon relative to nitrogen due 

to the addition of the crown ether. 

Table 1: Atomic ratios of C/O and C/N for neat PAN and PAN-10 nanofibers. 

 

Figure 7 exhibits the survey spectrum and the high resolution C 1s, O 1s spectra of PAN, 

PAN-10 before and PAN-10 nanofibers after Ba2+ adsorption. The survey XPS spectrum of 

PAN nanofibers shown in Figure 7 exhibits two intense peaks at 286.4 and 339.5 eV 

corresponding to C 1s and N 1s core levels, respectively. In addition to those peaks, we also 

observe a water induced O 1s peak centered at 533.03 eV.50 The C 1s core spectra of PAN 

 C/O C/N 

PAN 21.0 3.6 

PAN-10 16.3 4.0 
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can be cure-fitted to three peaks. The peaks at 286.74, 285.84 and 284.94 eV belong to the -

CH2, -CH-CN and -C≡N groups, respectively. The peak areas of the functional groups of -

CH2, -CH-CN and -C≡N are equal to each other.51,52 The survey spectrum of PAN-10 

shown in Figure 7 also shows the peaks of the C 1s, N 1s, and O 1s core levels. Comparison 

of the PAN-10 C 1s spectra with those of PAN shows a peak shift. The relative peak 

intensities of the peaks change upon crown ether addition, and the peak at 286.34 becomes 

more intense compared to the other two peaks. The peak at 286.34 eV reflects the presence 

of ether carbon.53, 54 The O 1s spectrum of PAN-10 has one peak, similar to that of PAN. 

However, the peak shifts to a slightly lower binding energy, which is in good agreement with 

the previously reported O 1s spectra of the native crown ether.55  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: XPS survey and high resolution XPS spectra of C1s, O1s of PAN, PAN-10 and PAN-10-Ba2+. 

Finally, the spectra for PAN-10 nanofibers after barium adsorption clearly show the 

oxidation states of the barium ions. The O 1s peak appears again at 532.79 eV, and no 
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significant chemical shift in O 1s peak is observed after complexation of the crown ether 

with Ba2+ ions. The two peaks at 795.3 and 780.5 eV correspond to the Ba 3d3/2 and Ba 

3d5/2 binding energies respectively56, 57 and confirm the adsorption of the Ba+2 ions on the 

PAN/crown ether nanofiber. 

Mixed ion adsorption 
Competitive adsorption experiments are carried out in order to assess the selective and 

competitive recognition of the crown ether modified PAN nanofibers for specific ions. 

Figure 8 shows the adsorption capacities of PAN, PAN-5, PAN-10, PAN-15, and PAN-20 

nanofibers for a mixture of Li+, Na+, K+ and Ba2+ ions.  

 
Figure 8: Adsorption capacities of neat PAN and PAN/crown ether nanofibers for mixed ion systems. 

Neat PAN nanofibers exhibit no adsorption capacity for Na+ and Li+ ions and only very 

small capacities for K+ and Ba2+ ions. Single ion experiments showed that the PAN/crown 

ether nanofibers exhibited the highest adsorption capacities for K+ ions compared to the 

other ions. The same behavior is observed for K+ over Li+ and Na+. The developed 

nanofibers can be used to separate selectively K+ from Li+ and Na+ ions. The presence of 

Ba2+ ions in the mixture, however, shows a different behavior. Ba2+ and K+ ion adsorption 

capacities are fairly equal in mixed ion adsorption measurements. Moreover, as Figure 8 

reveals, the Ba2+ ion adsorption capacities are more or less equal to their single ion 

equivalents, while the K+ adsorption is significantly reduced when Ba2+ is present in the 

solution. As we mentioned before, DB18C6 can form stable complexes with K+ and Ba2+ 

ions, and therefore competition exists between K+ and Ba2+ ions for the available binding 
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sites.47,48 Among the metal ions, Na+ and Li+ have the weakest ability to bind to the PAN-10 

nanofibers. 

Table 2 presents the adsorption selectivities of the different cationic species for the different 

crown ether concentrations in the PAN fibers. Selectivities calculated based on both single 

and mixed ion adsorptions are shown.  

Table 2: Adsorption selectivities of PAN/crown ether nanofibers. 

 SK+/Li+ SK+/Na+ SK+/Ba2+ 

 Single Mixed Single Mixed Single Mixed 

PAN 1.6 ± 0.2 n.a 1.6 ± 0.2 n.a. 0.8 ± 0.1 2.0 ± 0.1 

PAN-5 2.7 ± 0.6 7.6 ± 3.2 3.6 ± 0.7 5.0 ± 1.5 2.9 ± 0.9 0.8 ± 0.1 

PAN-10 2.6 ± 0.1 10.6 ± 6.2 4.7 ± 0.7 21 ± 16.3 2.2 ± 0.2 0.6 ± 0.6 

PAN-15 2.9 ± 0.5 12.4 ± 5.8 4.2 ± 0.6 6.0 ± 1.8 2.4 ± 0.6 1.2 ± 0.1 

PAN-20 3.2 ± 0.9 14.2 ± 6.5 4.7 ± 0.7 28 ± 12.9 2.6 ± 0.7 1.0 ± 0.1 

 

Table 2 shows the K+/Li+, K+/Na+ and K+/Ba2+ adsorption selectivity coefficients of 

PAN/crown ether nanofibers for single ion and mixed ion adsorption experiments. For 

single ion experiments, increasing the crown ether mass fraction does not significantly affect 

the K+/Li+, K+/Na+, and K+/Ba2+ adsorption selectivities. The crown ether fibers seem to 

exhibit a slightly higher selectivity for K+ over Na+ than for the other ions, but still 

selectivities are low. 

When mixtures are considered, the behavior changes drastically. Selectivities for K+ over 

especially Li+ but also Na+ significantly increase, while the selectivity for K+ over Ba2+ 

decreases due to competition for the binding sites. So in the case of Li+ and Na+, 

competition is for the benefit of K+, while this switches when Ba2+ is present. In that case, 

Ba2+ is preferentially adsorbed. This is due to the preference of the crown ether for Ba2+ 

over K+, as also observed in literature47,48. These results clearly show exceptionally high K+ 

over Li+ and Na+ selectivities, making the developed fibers very attractive for the selective 

recovery of K+ from mixtures with other monovalent ions. 
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Reusability of nanofibers 
Effective regeneration of the nanofibers is essential for their potential application as an 

adsorbent for the selective recovery of ions from aqueous solutions. Therefore, we 

investigated the K+ adsorption onto PAN-10 nanofibers, and the subsequent regeneration 

of the K+ loaded PAN-10 nanofibers. Desorption tests were performed with 1.0 M HCl, 

and the regenerated fibers were used for in total 4 adsorption-desorption cycles. The results 

are shown in Figure 9. Figure 9 shows a slight capacity loss of only 10 % after the first 2 

adsorption-desorption cycles, but overall, the adsorption capacity remains rather constant 

after that. This small loss is most probably due to the fact that not all K+ ions could 

desorbed with 1.0 M HCl and some small amounts remain adsorbed. 

 
Figure 9: K+ adsorption capacity of PAN/crown ether (PAN-10) nanofibers as a function of the number of 

adsorption-desorption cycles. 

4.4 Conclusions 
PAN/crown ether nanofiber mats containing different weight fractions of the crown ether 

DB18C6 were prepared by electrospinning. FTIR confirmed the presence of the crown 

ether in the PAN nanofiber matrix. SEM microscopy images showed that the addition of 

crown ether resulted in thicker nanofibers. The average diameter of the PAN nanofibers 

increased from 102 nm to 270 nm with the addition of 20 wt. % crown ether with respect to 

PAN. Single ion adsorption results revealed a selectivity sequence of K+>Ba2+>Na+~Li+ 

for DB18C6 modified PAN nanofibers. In mixed salt solutions the adsorption capacity of 

K+ ion declined in the presence of especially Ba2+ ions suggesting competition between the 
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ions for the available binding sites. The PAN/crown ether nanofibers exhibit exceptionally 

high selectivities for K+ over Li+ and Na+. Considering reusability, PAN/crown ether 

nanofibers only lose 10% of the K+ adsorption capacity after four consecutive adsorption 

and desorption cycles. Electrospinning thus shows to be a very versatile tool to prepare 

crown ether functional polymer adsorbents. 
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5 
Electromechanical performance of a 
crown ether containing ionic polymer 
metal composite actuator 
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Abstract 

The development of new ionic polymer composite actuators (IPMCs) enables 

breakthroughs in biomimetic technologies. In the present work a new ion selective polymer 

actuator concept is developed that could mimic natural muscle-like motion. For this 

purpose, sulfonated PAEKs (SPAEKs) and crown ether containing SPAEKs were 

synthesized. The successful synthesis of SPAEK and di(4-fluorobenzophenone)-18-crown-6 

containing SPAEK was confirmed by gel permeation chromatography, FTIR and NMR. 

Membranes were fabricated by a solution-casting method. The crown ether containing 

SPAEK actuator displayed improved actuation performance compared to the SPAEK 

actuator without crown ether. Also, the incorporation of crown ether units in the polymer 

backbone resulted in an ion-related bending displacement. The Na+ form of the actuators 

showed larger bending displacement than the K+ form. In its Na+ form, the crown ether 

containing SPAEK actuator exhibited an improvement of the maximum bending 

displacement of up to 25 %. The performance of this actuator could be improved further by 

varying the amount and type of crown ether incorporated, the sulfonation degree of the 

polymer, and the thickness of the membrane and the electrode layers. 
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5.1 Introduction 
A variety of polymers have emerged to imitate natural motions. In particular, some types of 

polymers exhibit deformations in response to applied voltages,1 which makes them 

promising candidates for use in biomedical devices,2 biomimetic robots,3 artificial muscles 4 

and biomimetic sensors.5 Specifically, conducting polymers6,7 and ionic polymer-metal 

composites (IPMCs)8 have been employed in the development of new muscle-like actuators. 

IPMCs undergo a large bending displacement under a low applied voltage (1-5 V)9,10 and are 

currently considered as suitable candidates for mimicking of biological muscle motion.  

IPMCs consist of a hydrated ionic polymer membrane and metal electrodes, typically Pt 

and/or Au plated on both surfaces of the membrane.4,5 The ionic polymer membrane has 

covalently bond negative or positive charges that are neutralized by oppositely charged 

mobile counter ions. Under an applied voltage, for a membrane with fixed negative charges, 

the solvated mobile cations move towards to the oppositely charged electrode. 

Redistribution of the cations and water molecules, as shown in Figure 1, results in swelling 

near the negative electrode and shrinkage near the positive electrode. Accordingly, IPMCs 

experience bending.4 

 

Figure 1: Schematic illustration of an actuator without (left) and with (right) applied voltage. 

Nafion is set as a benchmark membrane for IPMC technology11,12 and many current studies 

focus on the improvement of the Nafion actuator performance.12 As an alternative to 

Nafion, to further improve the performance of the IPMC in terms of bending response, 

researchers work on designing new membrane materials with controlled levels of polar 

functionality. Sulfonated polymers such as poly(arylene ether sulfone)s,13 poly(vinyl 

alcohol)s,14,15 poly(styrene)s,16 poly(phenyl sulfone)s17 and a poly(ether ether ketone)-poly 

(vinylidene fluoride)18 blend have been investigated within this context.  
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In muscles, membrane proteins are ion selective and gate the flow of K+ and Na+ ions in 

and out of cells by adopting closed and open states.19-21 The selective transpot of these ions 

is of central importance for muscle contraction and expansion. Inspired by these membrane 

ion channels, we hypothesize that crown ether containing polymers can potentially yield ion 

selective actuation, as natural muscles do. Crown ethers can selectively bind specific cationic 

species due to the ion-dipole interaction of the positively charged metal ion with the 

negatively polarized oxygen atoms of the crown ether.22 Therefore, crown ethers and crown 

ether polymers are often employed to develop artificial ion channels.23,24  

Up to date, sulfonated polymers have been prepared for IPMC applications 13,16,17 but to the 

best of our knowledge, there are no examples of sulfonated PAEKs (SPAEK) containing 

crown ether moieties reported as IPMCs. We believe that incorporation of crown ether 

functionality in SPAEK will alter the specific ion selectivity and has potential in terms of 

mimicking natural muscle-like motions. For this reason, crown ether containing SPAEK 

was synthesized by step growth polymerization including di(4-fluorobenzophenone)-18-

crown-6. The synthesized sulfonated polymer with crown ether moieties in the main chain 

of the polymer is used for membrane preparation. The prepared SPAEK and crown ether 

containing SPAEK membranes are characterized in terms of water swelling and ion 

exchange capacity. The actuation performance of the SPAEK and crown ether containing 

SPAEK membranes is determined for both the Na+ and K+ forms. 

5.2 Experimental 
Materials 
4,4'-difluorobenzophenone (DFBP, 99% ), bisphenol A (BPA, ≥ 99%), 1-methyl-2-

pyrrolidinone (NMP, anhydrous, 99.5%), NaHCO3 (> 99.7%), dibenzo-18-crown-6 (98%), 

4-fluorobenzoic acid (98%), Eaton’s reagent, CDCl3 (99.8 atom%D), DMSO-d6 (99.9 atom 

%D), tetraammineplatinum chloride hydrate ([Pt(NH3)4]Cl2·xH2O, 98%), sodium 

borohydride (NaBH4, ≥99 %), ammonium hydroxide (NH4OH, 28.0-30.0%), hydrazine 

monohydrate (NH2NH2.H2O, 98%) hydroxylammonium chloride (NH2OH.HCl, 99%), 

lithium chloride LiCl (99%) and potassium chloride KCl (99%) were obtained from Sigma-

Aldrich (the Netherlands) and used as received. K2CO3 (99.9%) was obtained from Sigma-

Aldrich (the Netherlands) and dried before use. Dichloromethane (99.9%) was obtained 

from Biosolve (the Netherlands). Ethyl acetate (99.5%) was purchased from Merck (the 

Netherlands). Milli-Q water (Millipore) was used in all experiments. Sulfonated 4,4'-
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difluorobenzophenone (SDFBP) was prepared according to an established literature 

procedure.25  

Synthesis of di(4-fluorobenzophenone)-18-crown-6. 
Dibenzo-18-crown-6 (19.97 g, 55.4 mmol), 1.01 equivalent 4-fluorobenzoic acid (15.65 g, 

111.8 mmol) and Eaton’s reagent (102.7 mL) were mixed under argon and stirred for 50 

hours (scheme 1). Approximately 250 g of water and ice were added to the mixture. The 

mixture turned green and the solid was filtered with a POR3 glass filter and dissolved in 250 

mL of CH2Cl2. The organic layer was neutralized with a concentrated NaHCO3 solution and 

evaporated in vacuo to yield the crude product as a light orange solid. Recrystallization from 

boiling ethyl acetate yielded di(4-fluorobenzophenone)-18-crown-6 (DFBP18C6) with a 

yield of 9.7 g (29.0%) of pure product with a melting point of 189 °C. 1H NMR (CDCl3, δ, 

ppm): 4.04 + 4.23 (18C6, m, 16H); 6.86 (ar o-CH, d, J = 8.3 Hz, 2H); 7.14 (F-ar o-CH, m, 

4H); 7.32 (ar m-CH, dd, J = 8.3 Hz; J = 1.9 Hz, 2H); 7.41 (ar o-CH, m, J = 1.9 Hz, 2H); 7.77 

(F-ar m-CH, m, 4H). 13C NMR (CDCl3, δ, ppm): 68.60, 69.69 (18C6); 110.93 + 110.99 (ar o-

C); 113.44 (ar o-C); 115.25 + 115.47 (F-ar o-C); 125.31 + 125.43 (ar m-C); 130.10 + 130.17 

(ar C-C=O); 132.28 + 132.37 (F-ar m-C); 134.47 +134.50 (F-ar C-C=O); 148.48 (ar-crown 

C); 152.64 + 152.71 (ar-crown C); 163.83 + 166.34 (C-F); 194.18 (C=O). FTIR (cm-1): 1740 

and 1638 (C=O); 1245 and 1129 (C-O).  

 

Scheme 1: Reaction route to synthesize di(4-fluorobenzophenone)-18-crown-6 (DFBP18C6). 

A mixture of DFBP (0.273 g, 1.25 mmol), SDFBP (0.528 g, 1.25 mmol), DFBP18C6 (1.661 

g, 2.5 mmol), BPA (1.141 g, 5 mmol) and K2CO3 (1.57 g, 5.75 mmol) (Scheme 2) was 

dissolved in dry NMP (18 mL) and toluene (9 mL) in a three-necked round-bottomed flask 

equipped with a magnetic stirring bar, Dean-Stark trap and thermometer. The content was 

heated to 150 °C for 4 h while removing water by azeotropic distillation. Heating was then 

continued to 175 °C and kept at that temperature for 20 h. The viscous solution was diluted 

with NMP and the polymer was precipitated in a 10-fold excess of cold ethanol. The solid 

was filtered off and dried in vacuo at 60 °C. The crown ether containing copolymer was 
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designated as S(y)-C(z)-PAEK where y and z represent the mole percentages of SDFBP and 

di(4-fluorobenzophenone)-18-crown-6.  

 

Scheme 2: Polycondensation procedure for sulfonated–crown ether containing poly(arylene ether ketone) S(y)-C(z)-

PAEK. 

Polymer characterization 
1H and 13C NMR spectra were recorded on a Bruker Avance III 400 MHz instrument at 

400.1 and 100.6 MHz, respectively, in CDCl3 or DMSO-d6. 1H and 13C chemical shifts were 

based on the residual solvent signals. FTIR spectra were measured with a Bruker ALPHA. 

Gel permeation chromatography (GPC) measurements were performed using a Shimadzu 

GPC LC-20AD equipped with a Shodex LF-801 column and a refractive index detector 

using NMP containing 0.5 mmol L-1 LiBr as the eluent; polystyrene standards were used to 

calibrate the instrument. All sample solutions were prepared at a concentration of 1 mg/mL 

and filtered through a 0.45 μm PTFE filter prior to the GPC run. Thermal gravimetric 

analysis (TGA) measurements were performed on a Perkin Elmer TGA 4000 under a N2 

atmosphere at a linear heating rate of 20 °C min-1. 10 mg sample was heated over a 30 - 900 

°C temperature range. Differential scanning calorimetry (DSC) was performed on a Perkin 

Elmer DSC 8000 with 10 mg of each sample cooled and heated at a rate of 20 °C min-1 

between 30 °C and 350 °C under N2. This cycle was repeated three times. Glass transition 

temperatures (Tg) were determined from the second heating cycle. The morphology of the 

IPMC actuator was analyzed with high-resolution scanning electron microscopy (HR-SEM) 
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(Zeiss Merlin, GeminiSEM). Sample cross sections were prepared by freezing the films in 

liquid nitrogen and subsequent breakage. 

Membrane fabrication 
20 wt% solutions of sulfonated poly(arylene ether ketone) (S(25)-PAEK) and  crown ether 

containing sulfonated poly(arylene ether ketone) S(25)-C(50)-PAEK were prepared in NMP 

at 80 °C. The viscous solutions were cast on a glass plate with a 0.5 mm casting knife. After 

casting, the solvent was evaporated under N2 atmosphere for 5 days at room temperature, 

followed by 5 days at 60 °C and 2 days at 110 °C under vacuum. Next, the membranes were 

peeled off from glass plate by immersing them into water. 

Membrane characterization 
Swelling measurements were performed by immersing the prepared membranes in Milli-Q 

water for 24 hours to measure the wet weight of the membranes vs. the dry weight. The wet 

membranes were subsequently dried at 60 ºC for 12 hours. Membrane swelling was 

calculated using the following equation: 

Swelling = 
mwet- mdry

mdry
×100%                                    (1) 

Here, mwet and mdry are the mass (g) of the wet and the dry membranes, respectively. 

A titration method was used to determine the membrane ion exchange capacity (IEC).26 

First, the membranes were converted into the H+ form by stirring the membrane in a 1.0 M 

HCl solution for at least 15 hours. Then, the membranes were converted back into the 

sodium form by immersing them in a 2.0 M NaCl solution for 3 hours. The NaCl solution 

was refreshed every hour and all used solutions were combined to obtain the titration 

solution. The released amount of H+ in the solution was then determined by titration with 

0.1 M NaOH. The IEC (mmol g-1dry membrane) values were calculated with the following 

equation: 

IEC = VNaOH
mdry

 × CNaOH                                                     (2) 

Here, VNaOH is the added volume of the NaOH solution (mL), mdry is the mass of the dry 

membrane (g), and CNaOH is the concentration of the NaOH solution (mmol mL-1). 
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Membrane fabrication 
Following the characterization of the membranes in terms of swelling and ion exchange 

capacity, the membranes were used to prepare the IPMC actuators. To facilitate application 

of voltage across the membrane, both surfaces of the membranes were covered with 

platinum using an electroless plating method with two reduction steps.27,28 In order to 

improve the bending performance of the actuators, a pre-treatment step was applied to the 

membranes. In this pretreatment step, the membranes were first roughened with sand paper 

to increase the surface area, followed by boiling in 1.0 M HCl for 30 min and subsequent 

rinsing in deionized water. For the first reduction step, the membranes were then immersed 

in 100 mL of a 5 wt.% aqueous solution of [Pt(NH3)4]Cl2 ovenight to induce ion exchange 

between H+ to Pt2+. The membranes were rinsed with deionized water again and stirred in 

200 ml of deionized water at 40 ºC. 3 ml of 5 wt.% aqueous NaBH4 solution was added 

every 30 min during 6 hours. During the addition of reducing agent, the temperature was 

gradually increased to 60 ºC. After completion of the first plating series, the membranes 

were again washed with deionized water and boiled in 1.0 M HCl for 5h, followed by the 

second reduction step. The membranes were rinsed once again with deionized water and 

then stirred in 240 mL [Pt(NH3)4]Cl2 (0.5 mg Pt mL-1) solution at 40 ºC for 5h. Meanwhile, 

5 mL of 5 wt.% aqueous solution of NH4OH was slowly added, followed by the addition of 

6 mL of 20 wt.% hydrazine hydrate solution and 3 mL of 5 wt.% hydroxylammonium 

chloride at 60 ºC over 4h. The resulting Pt covered membranes were boiled in 1.0 M HCl 

for 30 min and rinsed with Milli-Q water. 

Characterization of the actuation performance 
The electromechanical actuation response of the membranes in both Na+ and K+ forms 

was measured in deionized water. To do so, the resulting IPMC actuators were soaked in 2.0 

M NaCl or KCl solution overnight for complete ion exchange between H+ and Na+ or 

K+.27,28 Finally, the actuators were cut into 0.7 cm x 3 cm pieces to prepare test cantilevers, 

rinsed with deionized water to remove excess salt (NaCl or KCl) and stored in deionized 

water The actuator performance was measured using a laser Doppler vibrometer (Polytec 

GmbH, MSA-400 micro system analyzer). An AC voltage with a peak-to-peak amplitude of 

1.5V Vp-p was applied across the electrodes at frequencies of 10 Hz, 15 Hz and 20 Hz.  
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5.3 Results and discussion 
Chemical structure of S(25)-PAEK and S(25)-C(50)-PAEK 
NMR studies confirmed the chemical structure of S(25)PAEK (Appendix, Figure A1) and 

S(25)-C(50)-PAEK (Figure 2 and Appendix, Figure A2). The characteristic peak of the 

methyl groups present in the BPA units of PAEK is clearly visible in the 1H NMR spectra at 

δ = 1.66 ppm (Figure 2, peak denoted with A) and in the 13C NMR spectra at δ = 30.5 ppm. 

Also, the carbonyl carbon of the DFBP units is present in the 13C NMR spectra at δ = 193.1 

ppm (Appendix, Figure A1c and A2b). Furthermore, the signal associated with the hydroxy 

groups of BPA is absent in the spectrum of PAEK, confirming successful polymerization. 

Most evident for the introduction of SDFBP is the peak related to protons in between the 

sulfonate and carbonyl groups at 8.21 ppm (Figure 2 peak B and Appendix, Figure A1a, 

peak N). The signal of these protons is shifted downfield and this can be related to the 

molar percentage of sulfonated monomer introduced in the reaction mixture.  

 

Figure 2: 1H NMR spectrum and structure of S(25)-C(50)-PAEK, recorded in DMSO-d6. 

When di(4-fluorobenzophenone)-18-crown-6 is included in the step growth polymerization, 

the signals of the incorporated crown ether become clearly visible. The peaks, C in Figure 2, 
1H NMR at δ = 3.9 + 4.2 ppm represent the protons present in the oxyethylene groups of 

the crown ether. Corresponding peaks in the 13C NMR spectrum are shown in Figure A2 

(Appendix).  
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The molar percentages are calculated (Table 1) from the non-overlapping 1H NMR signals 

(DMSO-d6, δ) 3.9 + 4.2 (16H), 8.21 (2H) and 1.66 (6H) corresponding to protons from the 

crown ether, the SDFBP and the bisphenol A units, respectively (Figure 2, Table 1). 

S(25)-PAEK and S(25)-C(50)-PAEK possess molar masses (Mn) of  33 and 19 kDa 

respectively, which are sufficient for preparing membranes. The polydispersity index of 

S(25)-PAEK measured by GPC (Mw/Mn = 2.0) is typical of polymers prepared by step 

growth polymerization methods. However S(25)-C(50)-PAEK has a relatively high 

polydispersity value (Mw/Mn = 4.0). We think that this high PDI index stems to a certain 

extent from the measurement method. This polymer features both crown ether units and 

sulfonate pendant groups, which likely interact with Li+ due to presence of LiBr in the 

eluent and may influence the interactions with the stationary phase of the GPC column.29 

Table 1: Molecular characteristics of S(25)-PAEK and S(25)-C(50)-PAEK. 

Polymer Mn a 

(kDa) 
PDI b 

- 
Yield  
(%) 

y c 

(%) 
z d 
(%) 

S(25)-PAEK 33 2.0 91 21 - 

S(25)-C(50)-PAEK 19 4.0 88 25 43 
a Mn: number average molar mass by GPC, relative to polystyrene standards. b PDI: (Mw/Mn), polydispersity index. c 
y corresponds to the incorporated mol% SDFBP as determined by 1H NMR. d z corresponds to the incorporated mol% 

18C6 as determined by 1H NMR. 

FTIR was performed to confirm the chemical structure of the synthesized polymers. Figure 

3 shows the FTIR spectra of S(25)-PAEK and S(25)-C(50)-PAEK. The absorbance at 1650 

cm−1 indicates the carbonyl stretching of Ar–C(=O)–Ar moieties while the absorbance 

bands appearing at 1590 cm−1 and 1497 cm−1 are due to C=C stretching of aromatics. S(25)-

PAEK and S(25)-C(50)-PAEK exhibit an absorbance at 1236 cm−1 attributed to the 

formation of (Ar–O–Ar) linkages during polycondensation. The characteristic asymmetric 

and symmetric stretching vibrations of sodium sulfonate are visible at 1080 cm−1 and 1013 

cm−1.25 Furthermore, S(25)-C(50)-PAEK shows the C–O–C stretching signals of the crown 

ether at 1128 cm-1.30,31 This absorbance band confirms the presence of crown ether moieties 

in the polymer chain. 
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Figure 3: FTIR spectra of S(25)-PAEK and S(25)-C(50)-PAEK. 

Thermal analysis 
The thermal properties of the synthesized polymers were characterized by TGA and DSC 

under N2 atmosphere; these results are provided in Figure 4 and Table 2. As shown in 

Figure 4, S-(25)-PAEK exhibits a two-stage degradation profile.  

 

Figure 4: TGA curves of S(25)-PAEK and S(25)-C(50)-PAEK copolymers. 

The first weight loss between 200 °C and 250 °C is due to desulfonation of the polymer 

chains.32 The second weight loss step, with a maximum at 490 °C, indicates decomposition 

of the aromatic units.33, 34 S(25)-C(50)-PAEK undergoes the first weight loss around 180 ºC, 

which can be ascribed to the loss of residual NMP. The thermal degradation of S(25)-C(50)-

PAEK starts around 400 ºC, probably linked to loss of sulfonic acid and crown ether 

groups, and continued with the decomposition of the thermally stable aromatic groups of 

S(25)-CF(50)-PAEK.29 
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Table 2: Thermal properties of S(25)-PAEK and S(25)-C(50)-PAEK copolymers. 

Polymer Tg a) 

(ºC) 
T5 b) 

(ºC) 
Char yield c) 

(%) 

S(25)-PAEK 180 454 47 

S(25)-C(50)-PAEK 167 404 45 
a) Glass transition temperature; b) Temperature corresponding to 5% weight loss; c) Residual mass percentage after 

heating to 900 °C. 

As shown in Table 2, crown ether incorporation influences the thermal stability of the 

polymer. S(25)-PAEK displays high thermal stability with a weight loss of only 5% at 454 

°C. Crown ether moieties on the other hand are relatively sensitive to thermal degradation.29 

Therefore, S(25)-C(50)-PAEK displays a lower thermal stability (5% weight loss at 404 °C 

already). The char yields for S(25)-PAEK and the S(25)-C(50)-PAEK are 47% and 45%, 

respectively.  

DSC was employed in order to study the glass transition temperatures (Tg) of S(25)-PAEK 

and S(25)-C(50)-PAEK. S(25)-PAEK shows a Tg of 180 °C, which is in good agreement 

with literature values.35,36 S(25)-C(50)-PAEK has a Tg of 167 °C, so the Tg of the crown 

ether polymer is lowered by around 13 °C by the introduction of the crown ether in the 

polymer backbone. Such behavior can be attributed to the aliphatic ether bonds present in 

these macrocycles. The aliphatic bonds enhance chain flexibility; as a consequence the Tg of 

the polymer decreases. In addition, the presence of the crown ether increases the free 

volume of the polymer and contributes to a decrease in Tg. Previously, we observed similar 

behavior for synthesized SPAEK with 4,4'(5')-di(hydroxybenzo)-18-crown-6.29 Moreover, 

Tg decreases have also been observed for polyamides and polyimides after incorporation of 

crown ether units.37 

Properties of S(25)-PAEK and S(25)-C(50)-PAEK membranes 
Table 3 summarizes the membrane thickness, water swelling, and ion exchange capacity 

(IEC) of the S(25)-PAEK and S(25)-C(50)-PAEK membranes. Both membranes have 

comparable thicknesses. Water content is an important parameter affecting ion transport in 

membranes, as well as the actuation performance of IPMCs.1. The mobile cations move 

through the water swollen polymer and water facilitates cation transport from sulfonate 

group to sulfonate group.38,39 Therefore, the mobility of the ions depend on the swelling 
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state of the matrix.38 The water swelling of S(25)-PAEK and S(25)-C(50)-PAEK 

membranes is 17 % and 19 %, respectively, which is comparable to values reported for 

Nafion membranes, which are in the range of 16% to 24%.1,9,10,13,40 The S(25)-C(50)-PAEK 

membrane seems to exhibits slightly higher water swelling compared with the S(25)-PAEK 

membrane. This can be due to the hydrophilic ether groups of the crown ether,41 

differences are however marginal. 

Table 3 S(25)-PAEK and S(25)-C(50)-PAEK membrane properties. 

Membrane dwet  

(μm) 

Swelling 

(%) 
IEC 

(mol kg-1) 

S(25)-PAEK 50 ± 5 17 ± 1 0.71 ± 0.01 

S(25)-C(50)-PAEK 45 ± 3 19 ± 2 0.86 ± 0.01 
 
The IEC is an important parameter for the performance of IPMC actuators. The IEC 

expresses the amount of available fixed (ionic) sites available for interaction with the mobile 

cations. So IPMCs with high IEC values have better actuation performance.17 The S(25)-

PAEK and S(25)-C(50)-PAEK membranes have an IEC of 0.71 mol kg-1 and 0.86 mol kg-1, 

respectively. Incorporation of crown ether in the SPAEK backbone increases the IEC. Next 

to the sulfonate moieties of the sulfonated polymer, also dibenzo-18-crown-6 (DB18C6) 

can form a complex with Na+ and K+ ions due to ion–dipole interactions between the Na+ 

and K+ ion in the membrane and the negatively polarized oxygen of DB18C6.42 This adds 

up to the amount of sulfonate moieties present in the polymer and thus contributes to the 

observed IEC increase. 

Morphology of the IPMC actuators 
Figure 5 shows the surface and morphology of the S(25)-PAEK IPMC actuator. Figure 5 

clearly shows the presence of a densely deposited Pt layer on the S(25)-PAEK membrane 

after one deposition cycle. Surfaces and cross sections of the corresponding membranes 

from the crown ether containing polymer are comparable. 

The bending performance of IPMCs is strongly dependent upon the electrode properties.43 

The Pt coating plays an important role in terms of eliminating the voltage drop away from 

the contact electrode by decreasing the surface resistance of IPMCs.44 The lower surface 

resistance enhances the current movement through the membrane, resulting in improved 

actuation performance.44,45 
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Figure 5: HR-SEM images of a S(25)-PAEK membrane cross section without Pt coating, and b S(25)-PAEK 
IPMC actuator cross section, and c the surface of the actuator. Surfaces and cross sections of the corresponding membranes 

from the polymer containing also the crown ethers are comparable. 

Repetitive reduction of the Pt layer during application of the electrode increases the 

hardness of the electrode and ensures a defect-free electrode layer.45 An electrode layer with 

cracks on the surface has high electrical resistance, resulting in lower actuation 

performance.28,45 Moreover, such cracks are responsible for the formation of a porous layer 

that allows water evaporation from the membrane.28 This combined effect of higher 

electrical resistance and water removal from the membrane lowers the actuation 

performance.28,45 Consequently, the actuator performance is sensitive to the electrode layer 

properties and thickness.43  

The SEM analysis shows that the Pt particles are homogeneously distributed over the 

electrode layer with a layer thickness of around 120 nm (0.120 μm). Typically, the Pt layer 

thickness ranges between 1 and 20 μm in order to produce large bending 

performances.17,28,40 The obtained electrode thicknesses in our work are rather thin 

compared to those reported in literature. Despite this, it still provides a uniform current 

distribution through the IPMC, albeit at a lower bending performance. Vargantwar et al. 

studied the effect of the Pt layer thickness on the actuation efficiency. The Pt electrode layer 

in their study was extremely thin after a single coating cycle, although the actual thickness is 

not specified in the paper. However, it allowed an uninterrupted current flow to obtain 

actuation.43 Another example is a microvalve system based on a Nafion IPMC actuator 

coated with a 177 nm thin Pt electrode layer, in spite of the thinness of the layer, the 

actuator performed effectively.46 

10 μm

a
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Bending performance of S(25)-PAEK and S(25)-C(50)-PAEK actuators 
The electromechanical bending of the membrane cantilevers was quantified by measuring 

the tip displacement with respect to time. Figure 6 shows the responses of the K+ saturated 

S(25)-PAEK and S(25)-C(50)-PAEK actuators to a sinusoidal voltage applied at a frequency 

of 10 Hz. A similar bending response was also observed for the actuators in their Na+ form. 

This bending was repeatedly observed and is due to the migration of hydrated cations (K+ 

or Na+ ions) and free water molecules under the sinusoidal voltage applied. The cations and 

water molecules migrate through the ionic channels, resulting in an asymmetric swelling of 

the IPMC matrix.47,48 The cathode side expands due to the accumulation of hydrated cations 

and free water molecules, whereas the anode side contracts. The effective transport of 

mobile ions and water to the cathode side drives the bending towards the anode side.28, 49 

  

Figure 6: The displacement of S(25)-PAEK and S(25)-C(50)-PAEK actuators under a 1.5 V sinusoidal voltage at 

10 Hz. 

As our focus was to develop a fast ion selective-responsive actuator, the bending 

performance of the S(25)-PAEK and S(25)-C(50)-PAEK IPMC actuators for both K+ and 

Na+ ions was compared at 1.5V at frequencies of 10 Hz, 15 Hz and 20 Hz.  

As Figure 7 illustrates the incorporation of crown ether units in the polymer backbone 

improves the actuation performance. An increase of respectively 127 ± 26.5 nm and 88 ± 

15.0 nm as maximum displacement is observed for the Na+ saturated S(25)-C(50)-PAEK 

and the K+ saturated S(25)-C(50)-PAEK actuator, at a voltage frequency of 10 Hz. Figure 7 

shows that the maximum tip displacement of Na+ saturated and K+ saturated actuators 

decreases with increasing frequency from 10 Hz to 20 Hz. 

0.0 0.4 0.8 1.2 1.6 2.0
-800

-400

0

400

800

D
isp

lac
em

en
t (

nm
)

Time (second)

 

S(25)-PAEK 10 Hz K+

0.0 0.4 0.8 1.2 1.6 2.0
-800

-400

0

400

800
S(25)-C(50)-PAEK 10 Hz K+

D
isp

lac
em

en
t (

nm
)

Time (second)

 



502160-L-bw-Tas502160-L-bw-Tas502160-L-bw-Tas502160-L-bw-Tas

 

102 

  

 

Figure 7: Frequency dependent maximum displacement of S(25)-PAEK and S(25)-C(50)-PAEK actuators in Na+ 

and K+ form. Δd is the maximum displacement difference between S(25)-C(50)-PAEK and S(25)-PAEK actuators. 

The reason for that is that the speed of the voltage polarity change at a certain point 

becomes faster relative to the migration speed of K+ and Na+ ions and water molecules, 

leading to less bending.17  

Also, the Na+ saturated S(25)-PAEK and S(25)-C(50)-PAEK actuators exhibited slightly 

larger bending displacements than the K+ saturated S(25)-PAEK and S(25)-C(50)-PAEK 

actuators.50 Na+ ions have an ionic radius of 1.02 Å, and are smaller than K+ ions (1.38 Å).51 

However, Na+ has a bigger hydrated radius (2.80 Å) than K+ (2.30Å).52 Electrochemical 

motion in the actuator is facilitated by migration of the hydrated ions towards the oppositely 

charged electrode. For this reason, the hydration state of the counterion plays an important 

role in determining the bending performance of the actuator. Guzman et al. formulated a 

model for the bending deformation of a Nafion IPMC actuator and compared the bending 

performance of the actuator for five different types of counter-ion systems. In agreement 
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with our result, their computational and experimental results also showed that the actuator 

saturated with Na+ ions displayed larger bending deformation compared to the one 

saturated with K+ ions.53 

For the S(25)-PAEK actuator, actuation is controlled by the sulfonate-cation interactions. In 

case of the S(25)-C(50)-PAEK actuator, in addition to sulfonate-cation interactions (Figure 

8a), crown ether-cation complexation also plays a role in the bending performance. The 

crown ether polymer can bind the cation by sandwiching it between two crown ether units, 

forming a 2:1 complex (Figure 8b), but it can also accommodate the cation directly in the 

ring structure of the crown ether, leading to a 1:1 (Figure 8c) crown ether-to-cation 

complex.54,55 Moreover, also a SO3− unit and a crown ether can accommodate a cation 

together (Figure 8d).56 Combined, these interactions increase the concentration of cations in 

the crown ether containing sulfonated polymer membrane relative to that in the sulfonated 

polymer without crown ethers, and consequently, also the bending performance is 

improved. 

The difference in the maximum displacement of the S(25)-PAEK (IEC=0.71 kg mol-1) and 

the S(25)-C(50)-PAEK (IEC=0.86 kg mol-1) actuators may originate from the difference in 

their IEC and water swelling properties. The IEC determines the amount of available fixed 

positions for cation capturing. Incorporation of crown ether in the SPAEK backbone 

increases the IEC owing to the crown ether-cation interactions mentioned above. The 

higher IEC indicates that more mobile cations can migrate to the anode side, resulting in a 

larger bending displacement. Moreover, also the water swelling slightly increases after 

incorporation of crown ether. This also contributes to some extent to the larger bending 

displacement. However, the contribution of the different effects cannot be quantified. 

The Na+ saturated S(25)-C(50)-PAEK actuator exhibited larger bending displacement 

relative to the native S(25)-PAEK actuator. On the other hand, the K+ saturated S(25)-

C(50)-PAEK actuator displayed a bending displacement comparable to that of the K+ 

saturated S(25)-PAEK actuator at a frequency of 15 Hz and 20 Hz. This behavior may be 

due to the interactions between the crown ether and the K+ ion. Dibenzo-18-crown-6 binds 

selectively to K+ ions and complexes more strongly with K+ ions compared to Na+ 

ions.42,55,57 
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Figure 8: Schematic illustration of S(25)-C(50)-PAEK IPMC actuator; a) sulfonate-cation interaction, b) 2:1 crown 
ether-cation complexation, c) 1:1 crown ether-cation complexation, and d) accommodation of cation between SO3− unit 

and a crown ether. 

The weaker interaction between the crown ethers and Na+ ions means that the Na+ ions can 

easily dissociate from the crown ethers under an applied potential. Especially at a frequency 

of 20 Hz, there was hardly any improvement in performance of the K+ saturated S(25)-

C(50)-PAEK actuator relative to the S(25)-PAEK actuator. We hypothesize that at this 

rapid polarity change, there is not sufficient time for K+ ions to dissociate from the crown 

ether moieties. Consequently, only K+ ions interacting with the sulfonate groups (SO3-) 

contribute to the bending response at a frequency of 20 Hz.  

The bending performance of the S(25)-C(50)-PAEK actuator is compared with previously 

reported results. The displacement was normalized for different-sized IPMCs and the strain 

was calculated according to a formula proposed in literature.17,58 The maximum strain values 

for the Na+ and K+ forms of the S(25)-C(50)-PAEK actuator at a frequency of 10 Hz are 

(0.53 ± 0.03)x10-6 and (0.47 ± 0.01) x10-6, respectively. This is almost 400 times lower than 

the reported value for the Li+ form of a sulfonated polyphenylsulfone based IPMC actuator 

under 1.5V at a frequency of 10 Hz.17 The Li+ form of a sulfonated poly(ether ether ketone) 

(SPEEK) IPMC actuator also exhibited a higher bending strain than reported in the present 

work, but that was only 9 times higher under 1.5V at a frequency of 7 Hz.18  

Although the bending performance of the S(25)-C(50)-PAEK actuator was without any 

doubt significantly lower than the reported values for other sulfonated polymers, crown 

ether incorporation increased the bending displacement by 28 % and 20 % for the Na+ and 

a
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K+ ionic forms of the S(25)-C(50)-PAEK actuator relative to the native S(25)-PAEK 

actuator. Also, owing to the binding ability of crown ethers with specific ions, the S(25)-

C(50)-PAEK actuator exhibited an ion selective actuation performance, which is not 

observed for the other sulfonated materials without crown ethers. That brings us to the 

conclusion that the idea of incorporating crown ether moieties into the sulfonated polymer 

backbone can have an important contribution to the development of ion selective 

biomimetic actuators. Moreover, the performance of this actuator can potentially be tuned 

further by varying the amount and type of crown ether incorporation, the sulfonation 

degree of the polymer, and the thickness of the membrane and the electrode layers. 

5.4 Conclusions 
Sulfonated PAEK (SPAEK) and crown ether containing SPAEK were synthesized with 

reasonably high molecular weights. Structural and thermal properties of the synthesized 

polymers were characterized using NMR, FTIR, TGA, and DSC. IPMC actuators were 

fabricated by electroless chemical deposition of a Pt layer on both sides of membranes, 

resulting in an electrode layer thickness of around 120 nm. The actuation experiments 

demonstrated that the electromechanical response and bending degree is counter-ion 

specific. For the actuators based on S(25)-PAEK and S(25)-C(50)-PAEK, the Na+ form of 

the actuators showed larger bending displacement than the K+ form. The incorporation of 

crown ether units in the polymer backbone resulted in an improved and ion-related bending 

displacement. This performance improvement can be attributed to the higher ion exchange 

capacity and increased water swelling properties of the membrane as well as to the ion-

selective binding ability of the crown ether. Although current bending performance is 

significantly lower than what is reported in literature, the performance of this actuator can 

be further improved by varying the amount and type of crown ether incorporated, the 

sulfonation degree of the polymer, and the thickness of the membrane and the electrode 

layers. 
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Appendix 

 
Figure A1: a) 1H NMR spectrum, b) structure and c) 13C NMR spectrum of SPAEK. 

 

a

b

c



502160-L-bw-Tas502160-L-bw-Tas502160-L-bw-Tas502160-L-bw-Tas

 

108 

 
Figure A2: a) structure and b) 13C NMR spectrum of S(25)-C(50)-PAEK  
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6 
General discussion and outlook 
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Seawater has been considered as the largest lithium repository. Although there are many 

drawbacks associated with seawater mining (e.g. operating cost, complexity of the seawater, 

energy intensive process) that might limit its application, a great deal of interest has been 

devoted to the development of new materials to extract metals from seawater and brines 

rejected by desalination plants.1 Development of a membrane containing functional groups 

that can bind the specific ion of interest is crucial for the extraction of low concentration 

ions. Within this context, in this thesis, the synthesis of crown ether polymers, their possible 

applications as an ion exchange membrane (IEM) and as an ionic polymer metal composite 

actuator (IPMC) are investigated and discussed. In addition to those applications, the 

monovalent ion adsorption potential of crown ether functionalized electrospun nanofibers 

is also studied. 

The key aspect in the recovery of lithium from seawater is the development of selective, 

stable membranes. Crown ethers are well known for the highly selective capturing of 

specific ions, a mechanism based on crown ether-metal ion host–guest interactions. To 

prevent leaching out (which occurs when polymer and crown ether are blended), the direct 

incorporation of crown ether units into the polymer main chain, as repeating units, is 

investigated. Crown ether (4,4'(5')-di(hydroxybenzo)-18-crown-6) containing sulfonated 

poly(arylene ether ketone) (SPAEK) was synthesized and  diffusion experiments proved that 

the crown ether selectively captures the targeted ion. To further improve the properties of 

the material, it was blended with sulfonated poly(ether ether ketone) (SPEEK), which 

improved the K+ over Li+ selectivity by a factor of nearly 4 compared to the native polymer 

blend without crown ether. 

A different approach was also followed to prepare a selective lithium adsorbent. For that, 

crown ether dibenzo-18-crown-6 (DB18C6) was incorporated during the electrospinning of 

polyacrylonitrile (PAN) nanofibers. The developed nanofiber adsorbents showed selectivity 

for K+ ions over Li+ and Na+ ions. 

Finally, crown ether containing polymer sulfonated poly(arylene ether ketone) (SPAEK) was 

synthesized by step growth polymerization of di(4-fluorobenzophenone)-18-crown-6 in the 

presence of Bisphenol A, 4,4'-difluorobenzophenone and sulfonated 4,4'-

difluorobenzophenone and its actuation performance was evaluated as a way to mimic 

muscle contraction. The actuator showed ion sensitive bending displacement and the 
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bending displacement improved by nearly 30% compared to that of SPAEK without the 

crown ether. 

Crown ether polymer-ion exchange membranes 
It is known that an enormous amount of lithium is present in the seawater.1 Extraction of 

lithium from seawater and brine, rejected by desalination plants, is technically viable. 

However, the most difficult problem is the complexity of the system. Seawater is dominated 

by Na+ ions and many others (e.g K+, Ca2+, Mg2+) are present in the seawater1. Therefore, 

development of efficient and cost effective membrane materials and separation systems is 

crucial to extract Li+ from seawater and brine with high recovery. 

Crown ethers have excellent binding properties with specific metals. In addition crown 

ethers show high selectivities for the specific ion. However, their industrial scale applications 

are restricted due to their high price. Attempts have been made to impregnate crown ethers 

into ion exchange membrane matrices for use in electrodialysis applications but a major 

drawback of crown ether impregnation for these membranes was that the crown ethers 

leached out under the applied electric potentials.2-4 From economic and environmental point 

of view recovery of crown ethers is very important. To overcome the leaching out problem, 

in Chapter 2 and Chapter 3, the synthesis and preparation of thermally and hydrolytically 

stable membranes of poly(arylene ether ketone) with crown ether units in the main chain are 

described. Although the presence of the crown ether in the polymer main chain changes the 

relative mobility of the ions (Li+ and K+) in the membrane, the large-scale applications of 

those membranes may not be commercially viable. First of all, functionalization of crown 

ethers is time consuming and includes many purification steps, which adds considerably to 

the cost of membrane. Secondly, at longer operation times, the complexation rate 

diminishes due to the lack of available crown ether binding sites. Therefore, continuous 

regeneration of membranes is required to overcome this decreasing availability of the crown 

ether adsorption sites. 

The idea of incorporating crown ether moieties into the SPAEK polymer backbone is 

potentially more attractive for smaller scale applications, such as in ionic polymer metal 

composite (IPMC)s actuators. The most important challenges for the IPMC actuator design 

are the achievement of large electromechanical bending, fast switching response, and low 

operating voltages.5 With respect to this, crown ether incorporated ionic polymers exhibits a 
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potential to improve the electromechanical bending performance. The actuation 

performance increased by 28 % and 20 % for Na+ and K+ ionic forms compared to the 

ionic polymer (SPAEK) without crown ether. 

Membrane adsorbents 
There are two possible strategies to extract lithium from seawater with membranes. The first 

one is to pump the seawater through an ion selective membrane that separates the lithium 

ions from the water and the other ions. This, however, is relatively costly in terms of energy 

requirements. The second strategy is the use of membrane adsorbents. In this way, when in 

contact with seawater, lithium can be selectively adsorbed on the active membrane sites.1 

This approach is relatively simple, but requires periodic regeneration of the adsorbent. 

Owing to the high binding selectivities of crown ethers, considerable research interest has 

been devoted to the design of crown ether adsorbents for the selective recovery of specific 

ions.6-8 To enable cost-effective membrane adsorbent production, researchers have 

developed membranes with containing inorganic ion exchange materials that show high 

selectivity for lithium ions only.9-11 Lithium manganese oxide is a widely used adsorbent for 

lithium and its lithium adsorption capacity changes between 30 mg/gadsorbent and 40 

mg/gadsorbent. 12  

As an alternative to lithium manganese oxide, titanium oxide nanotubes have been studied 

as anode material for rechargeable batteries and it possesses a large lithium intercalation 

capacity.13,14 Recently, Moazeni et. al. reported the synthesis of titanium dioxide nanotubes 

as lithium adsorbent. Titanium dioxide nanotubes exhibited an adsorption capacity of 39.4 

mg/gadsorbent, which is quite comparable with the adsorption capacity of lithium manganese 

oxide.15 Therefore, preparation of titanium oxide nanotube impregnated membranes could 

allow the selective adsorption of lithium ions from a mixture of ions and those membranes 

could be potentially used in filtration applications. Moreover, electrochemical recovery of 

lithium ions from aqueous mixed ion systems could be possible using titanium oxide 

nanotube based electrodes. 

Although lithium selective membrane adsorbents may be more promising and efficient 

compared to lithium selective ion exchange membranes, huge amounts of water are still 

required to be processed in order to meet the current lithium demand. For this reason, a 



502160-L-bw-Tas502160-L-bw-Tas502160-L-bw-Tas502160-L-bw-Tas

 

117 

larger mass of membranes are needed for the recovery and the cost for regeneration of the 

adsorbent still remains an obstacle to overcome.1  

Final remarks 
Owing to the growing interest in seawater mining, there has been much research carried out 

to assess the feasibility of extracting valuable metals from seawater and brine.1, 16 According 

to those studies, the most viable approach to recover metals from seawater is the 

implementation of metal extraction systems into desalination plants. Although, the 

processing of desalination waste streams has technical, cost and energy considerations, the 

feasibility of recovering lithium also depends on the future lithium demand and its price 

fluctuations in the market. Until now, those assessments show that it is unlikely that lithium 

recovery from seawater and desalination brines will become economically feasible in the 

near future.1 It is a well-known fact that lithium has a great economic importance. The rapid 

growth of the lithium ion and lithium polymer batteries market and the potential 

applications of lithium in the nuclear fusion process seem likely to increase the dependency 

on lithium.17 Therefore, development of a cost effective and highly selective membrane may 

increase the efficiency and reduce the cost of seawater and desalination brine mining.  

At present, there is the amount of lithium deposits is sufficient and most of them are 

concentrated in Argentina, Chile and Bolivia. However, government regulations greatly 

affect the lithium supply and its market price.17 In order to minimize the risk of accessibility 

of the raw material, current research interests have shifted towards to development of 

effective and feasible lithium battery recycling technologies to fulfill the lithium demand in 

the future and also ensure its sustainable use.18  
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Summary 
Development of functional membranes that are capable of selectively recognizing and 

transporting ions have key importance for the recovery and separation of specific ions (e.g. 

K+, Li+, Na+) from multicomponent mixtures. In this thesis, new membrane materials based 

on crown ether-metal ion host–guest interactions are developed. Crown ethers are widely 

used as guest molecules for ions and are able to bind selectively specific cationic species. 

The main focus of this thesis is the direct incorporation of crown ether units into the 

polymer main chain, as repeating units, in contrast to the blending of crown ethers with 

polymers or postfunctionalization of linear polymers. A major disadvantage of the two last 

options is the lower effectiveness or washing out of the selective crown ether. With the in-

chain crown ether units, crown ether polymers show unique membrane functions, i.e. the 

selective binding of a specific ion to a very high degree of specificity. 

Chapter 2 describes the synthesis of a sulfonated poly(arylene ether ketone) (SPAEK) 

containing crown ether unit in the main chain. At present, there are no examples in the 

literature describing high performance membrane polymers with crown ether units in the 

main chain, that are also thermally and hydrolytically stable. The polymer is based on 

4,4'(5')-di(hydroxybenzo)-18-crown-6. Next to the commonly used Bisphenol A, 4,4'-

difluorobenzophenone and sulfonated 4,4'-difluorobenzophenone, were synthesized. 

Diffusion dialysis experiments with potassium ions proved the influence of crown ether 

moieties in the SPAEK main chain and confirmed the selective capturing of the target ion 

by the crown ethers, visible as an almost four times decrease in ion transport compared to 

that of native SPAEK. 

As a next step, in Chapter 3, blend membranes of poly(arylene ether ketone) (PAEK)/ 

sulfonated poly(ether ether ketone) (SPEEK) and crown ether containing poly(arylene ether 

ketone) (CPAEK)/SPEEK were prepared. Macroscopic phase separation between PAEK 

and SPEEK was observed by DSC and HR-SEM. The presence of the crown ether in the 

polymer backbone did enhance the miscibility of PAEK with SPEEK. The synergistic effect 

of CPAEK and SPEEK blending on the ion transport was proved by diffusion 

experiments. Blending improved the K+ over Li+ selectivity by a factor of nearly 4. 

The selective recovery of a specific monovalent ion from a mixture of other mono- and 

divalent ions is difficult. Owing to the selective binding ability of crown ethers, they are 
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often used as adsorbents. Chapter 4 describes the incorporation of the crown ether 

dibenzo-18-crown-6 (DB18C6) into electrospun polyacrylonitrile (PAN) fibers for the 

selective recovery of the monovalent ion K+ from a mixture of both mono- and divalent 

ions in aqueous solutions. Electrospinning is a flexible and versatile technique to prepare an 

adsorbent due to its flexibility for chemical/physical functionalization. The developed 

nanofiber adsorbents selectively recover K+ ions from an aqueous mixture with also Li+ and 

Na+ ions present in the solution. 

In Chapter 5, the concept of crown ether containing SPAEK for the use as ionic polymer 

metal composite (IPMC) applications is introduced as a way to enable breakthroughs in the 

design of artificial muscles. For this purpose the crown ether containing polymer sulfonated 

poly(arylene ether ketone) (SPAEK) was synthesized by step growth polymerization of di(4-

fluorobenzophenone)-18-crown-6 in the presence of Bisphenol A, 4,4'-

difluorobenzophenone and sulfonated 4,4'-difluorobenzophenone. To validate the concept, 

the actuation performance of SPAEK and the crown ether containing SPAEK were tested 

in Na+ and K+ ionic form.  The incorporation of the crown ether in the polymer backbone 

enabled to achieve improved and ion sensitive bending displacement. Moreover, the 

presence of crown ethers in the polymer backbone increased the bending displacement by 

nearly 30% compared to that of native SPAEK. 

In Chapter 6, the large-scale application of crown ether containing membranes and 

adsorbent is briefly discussed and an outlook of the future on membrane development for 

lithium recovery from seawater is provided. Moreover, the feasibility and challenges of 

mining lithium from seawater and desalination brines are highlighted. According to current 

feasibility assessments lithium mining from seawater is an expensive process due to the low 

lithium concentrations and currently the potential for application is limited. However 

development of cost effective and highly selective membranes can increase the lithium 

recovery efficiency and reduce the cost of seawater mining, potentially improving the 

commercial viability. 
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Samenvatting 
Ontwikkeling van functionele membranen die in staat zijn om selectief ionen te herkennen 

en transporteren. Deze membranen zijn van belang voor de scheiding van specifieke ionen 

(bijvoorbeeld K+, Li+, Na+) uit multicomponente mengsels. In dit proefschrift worden 

nieuwe membraan materialen ontwikkeld op basis van kroonether-metaalion complexatie 

Kroonethers worden veel gebruikt als gastmoleculen voor ionen, en kunnen selectief 

bepaalde kationen binden. De nadruk van dit onderzoek is de directe inbouw van 

kroonether  als repeterende eenheden in de polymere hoofdketen. Dit in tegenstelling tot 

het mengen van kroonethers met polymeren of functionalisatie achteraf van lineaire 

polymeren. Een groot nadeel van de laatste twee opties is de lagere effectiviteit of het 

uitwassen van de selectieve kroon ether. De geïntegreerde kroonether eenheden in de 

polymeerketen vertonen unieke membraanfuncties, namelijk het selectief binden van een 

specifiek ion met een  zeer hoge mate van specificiteit.  

Hoofdstuk 2 beschrijft de synthese van een gesulfoneerd poly (aryleenether keton) 

(SPAEK) dat kroonether eenheden in de hoofdketen bevat. Momenteel zijn er geen 

voorbeelden in de literatuur beschreven van hoogwaardige membranen met polymere 

kroonether eenheden in de hoofdketen, die ook thermisch en hydrolytisch stabiel zijn. Het 

polymeer is gebasseerd op 4,4 '(5') - di (hydroxybenzo) -18-crown-6. Naast de gebruikelijke 

bisfenol A, werden 4,4'-difluorbenzofenon en gesulfoneerd 4,4'-difluorbenzofenon 

gesynthetiseerd. Diffusie dialyse experimenten met kaliumionen tonen de invloed van 

kroonether delen in de SPAEK hoofdketen aan, en bevestigen het selectief afvangen van 

het specifieke ion door de kroonethers. Dit resulteert in  een  bijna viervoudige afname van 

de  ionentransport vergeleken met die van onbehandelde SPAEK.  

Als volgende stap in hoofdstuk 3, zijn er blend membranen van poly (aryleenether keton) 

(PAEK) / gesulfoneerd poly (ether ether keton) (SPEEK) en kroonether bevattend poly 

(aryleenether keton) (CPAEK) / SPEEK gemaakt. Macroscopische fasescheiding tussen 

PAEK en SPEEK werd waargenomen met DSC en HR-SEM. De aanwezigheid van de 

kroonether in het polymeerskelet verbeterde de mengbaarheid van PAEK met SPEEK. Het 

synergistische effect van CPAEK en SPEEK mengen op de ionentransport werd bewezen 

doormiddel van diffusie experimenten. Mengen verbeterde de K+ Li+ selectiviteit met een 

factor van bijna 4.  
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De selectieve terugwinning van bepaalde eenwaardige ionen uit een mengsel van mono- en 

divalente ionen is moeilijk. Door het selectief bindend vermogen van kroonethers, worden 

ze vaak gebruikt als adsorbens. Hoofdstuk 4 beschrijft de samenwerking van de kroonether 

dibenzo-18-kroon-6 (DB18C6) in electrogesponnen polyacrylonitril (PAN) vezels voor het 

selectief terugwinnen van de monovalente K+ ionen uit een mengsel van zowel mono- en 

tweewaardige ionen in waterige oplossingen. Electrospinning is een flexibele en veelzijdige 

techniek om een adsorbens te produceren vanwege zijn veelzijdigheid in chemische/fysische 

functionalisering. De ontwikkelde nanovezels adsorbens herwinnen K+ -ionen selectief uit 

een waterig mengsel die ook opgeloste Li+ en Na+ ionen bevat.  

In hoofdstuk 5, wordt het concept van de kroonether bevattende SPAEK als ionische 

polymeer metaal composiet (IPMC) applicaties geïntroduceerd, als een manier om een 

doorbraak in het ontwerp van kunstmatige spieren mogelijk te maken. Hiervoor is een 

kroonether bevattend gesulfoneerd poly (aryleenether keton) (SPAEK) polymeer 

gesynthetiseerd doormiddel van een stapsgewijze polymerisatie van di (4-

fluorobenzophenone)-18-kroon-6 in de aanwezigheid van bisfenol A, 4,4'-

difluorbenzofenon en gesulfoneerd 4,4'-difluorbenzofenon. Om het concept te valideren, is 

de mechanische respons van SPAEK en de kroonether bevattend SPAEK getest in Na+ en 

K+ ionvorm. De opname van de kroonether in het polymeerskelet is nodig om verbeterde 

en iongevoelige buiging te bereiken. Bovendien verhoogd de aanwezigheid van kroonethers 

in het polymeerskelet de buiging met bijna 30% vergeleken met die van onbehandelde 

SPAEK.  

In hoofdstuk 6, wordt de grootschalige toepassing van kroonether bevattende membranen 

en adsorbens kort besproken. Ook wordt er een blik geworpen op de toekomst van de  

membranen die lithium uit zeewater kunnen herwinnen.  Bovendien wordt de haalbaarheid 

en de uitdagingen van het winnen van lithium uit zeewater en pekel uit 

ontzoutingsprocessen besproken. Volgens de huidige haalbaarheidsstudies is het winnen van 

lithium uit zeewater een kostbaar proces vanwege de lage lithium concentraties.  
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