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Abstract 

 

Ultrafiltration (UF) membranes are central to filtration systems used extensively in industrial and 

communal water treatment processes and also in desalination pre-treatment. We have aimed to develop a 

new class of UF membranes with improved separation performance and efficiency, so to reduce 

substantially operational energy consumption and reliably remove targeted pollutants. A suitable 

alternative to conventional UF membranes are controlled micro- and nanostructured porous track etch 

membranes that could optimize the efficiency of UF modules tailored to specific separation processes. 

We developed a new approach to the ion irradiation and etching of polymers resulting in viable track 

etching using only ultralight ions. SEM imaging has confirmed the presence of etched pores consistent 

with other reported track etch membranes. This breakthrough in developing a new production method 

significantly reduces investment production costs because it only requires a common type of small 

accelerator than has low running costs, frequently available beamtime and capacity for high membrane 

production volume. 
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1 INTRODUCTION 

Track-etch membranes (TEMs) offer distinct advantages over conventional polymer 

membranes due to their well-defined pore structures and monodisperse pore size 

distributions (Apel, Spohr 2001). Their pore sizes and pore densities are independently 
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controlled parameters during the production process (Figure 1), and can cover a wide 

range from a few nm to a tens of µm and 1‒10
10

 cm
-2

, respectively (Lalia et al. 2013), 

with membrane thicknesses of 5−50 µm. Furthermore, they are amenable to surface 

functionalization to improve chemical selectivity or permit stimuli-response (Ulbricht 

2006, Cuscito et al. 2007, Geismann, Yaroshchuk & Ulbricht 2007, Friebe, Ulbricht 

2007, Friebe, Ulbricht 2009, He et al. 2009, Kuroki et al. 2010). 

 

TEMs are utilized in many niche applications from industrial and biomedical 

separations processes to nanotemplating (Belkova et al. 2009, Ferain, Legras 2009, 

Xavier et al. 2008, Koshikawa, Usui & Maekawa 2009, Hanot, Ferain 2009). However, 

their conventional production is too expensive for uptake in large-scale industrial and 

small-scale domestic water treatment. Therefore it is desirable to establish low-cost 

manufacturing methods to promote research and development of applications in 

membrane technology (Wanichapicharta et al. 2000, Apel 2003). The key initial 

manufacturing stage is ion irradiation of the polymer film at nuclear reactors or large 

accelerator facilities than incur large costs and lead times (Apel 2003). It is this stage 

that alone incurs costs prohibitive to nearly all industrial UF system consumers. 

Irradiation instead by light ions significantly reduces investment production costs 

because it only requires a common type of small accelerator than has low running costs, 

frequently available beamtime and capacity for high membrane production volume. The 

literature suggests that continuous etchable tracks are the preserve of energetic heavy 

ions (Trautmann 1995, Trautmann, Bouffard & Spohr 1996, Musket 2006). However, 

our experience with light ion irradiation of polymer films and concerns about 

inconsistencies in track threshold data (Fink 2004), led us to investigate the possibility 

of surpassing reported limits of track etchability with light ions. 

 

The lower linear energy transfer (LET) thresholds for creating continuous etchable 

latent ion tracks in polymer films suited to perform as membranes are reported as 720-

900 eV nm
-1

 for polycarbonate (PC), polyimide (PI) and polyethylene terephthalate 

(PET) (Musket 2006, Apel, Fink 2004). Such dense radiolytic damage necessitates 

irradiation with medium to heavy ions. We have adopted a modified approach to the ion 

irradiation and etching of polymers resulting in a significant lowering of the LET 

threshold for viable track etch membrane production. Combining a new ion irradiation 

method with a new etching technique, it is possible to yield track etch membranes from 

polymer films irradiated with ultralight ions that impart only 40 eV nm
-1

. The physical 

and chemical mechanisms responsible in this development are under investigation. 

2 EXPERIMENTAL METHODS AND RESULTS 

2.1 Choice of polymer film 

The criteria for a suitable film include chemical and mechanical stability (for robustness 

as an eventual membrane), availability as a thin film, sensitivity towards ion irradiation 

and chemically selective etching of ion tracks. Three polymers have dominated the 

TEM field: PC, PI and PET, with many other polymers finding niche applications 

(Apel, Spohr 2001, Fink 2004). 
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Figure 1. Principles of the functional track etch 

membrane fabrication process. A thin raw polymer film is 

exposed to high energy ions at an accelerator or nuclear 

reactor facility to create tracks along their trajectories 

(linear paths of radiolytic damage). Tracks are chemically 

more sensitive than their surrounding polymer matrix to 

chemical solvents. Thus the tracks can be preferentially 

etched away leaving discrete narrow linear pores. 

 

Pore diameters can be controlled precisely by carefully 

selection of the etching conditions. It is the well-defined 

pore size and the narrow pore size distribution that make 

track etch membranes very attractive for separation 

processes. 

 

To enhance separation selectivity the surface chemistry of 

these pores typically needs to be modified by integrating 

specific chemical functionalities. This is achieved, for 

example, by exposing the pores and/or planar surfaces to 

reactive chemicals that impart the desired functional 

groups. 

 

 

We have not used PI and PET because of their unattainably high etching thresholds (900 

eV nm
-1

), i.e. the minimum radiolytic damage needed to yield a fully etchable track. 

Instead we have worked predominantly with polyarylate (PAR, product of 

polycondensation of phenolphthaleine and terephthalic acid) as an alternative to the 

conventional PC due the high temperature and tear resistance of PAR. The etching 

threshold is unknown for PAR, but we assume it to be equivalent or higher to that of PC 

(250 eV nm
-1

). PAR has been used previously by other groups as starting material in 

TEM experiments (Apel, Titova & Tretyakova 1986, Zagurskii, Grebinskaya & 

Lavrentovich 1986, Cornelius et al. 2007). 
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Our starting material was a commercial 8 µm-thick PAR film (Aryphan, LOFO, 

Germany) that has robust mechanical properties and withstands temperatures up to 

175°C. It is resistant to most acids and salts, but less so to alkalis and organic solvents. 

Importantly it has low water absorption, max. 0.25%, and thus is dimensionally stable. 

2.2 Ion irradiations 

PAR films were irradiated with deuteron ions from a small, fixed-energy biomedical 

cyclotron (Cyclone 10/5, IBA, Belgium) that was designed primarily for routine 

production of positron-emitting radionuclides used in radiopharmacy. Adaption to 

polymer film irradiations included construction of an external beamline, target system 

and associated optics (Figure 2). 

 

 

Figure 2. Ion irradiation facility: 5 MeV deuterons were extracted from the cyclotron into an external 

beamline through a dipole switching magnet and to a target chamber with rolling film holder (right) all 

under a high vacuum. 

 

To attain maximum efficacy, PAR films were irradiated at the highest possible LET 

from deuterons by selecting the optimum deuteron energy, i.e. sufficiently high energy 

to ensure full transmission through the film, but low enough energy to impart as much 

energy as possible. Deuteron ion energy was attenuated from the initial 5 MeV by 

transmission through 103 µm-thick aluminium foil (Goodfellow, UK) down to 1.4 MeV 

estimated from Monte Carlo simulations using SRIM (Ziegler, Ziegler & Biersack 

2010). Figure 3 illustrates the estimated LET of deuterons in PAR. In combination with 

beamline optics the attenuating foil also served to scatter the beam homogenously over 

the target film, thus avoiding the need for beam rastering and its problematic localized 

heating. 

 

Deuteron ion fluence was not accurately defined as a Faraday cup has not yet been 

installed in the external beamline and the degree of secondary electron emissions were 

unknown.  

2.3 Chemical etching using reported methods 

Chemical etching (dissolution) of latent ion tracks in polymers is a well-developed and 

reported technique (Apel et al. 2009, Apel et al. 2001, Apel et al. 2006, Trofimov et al. 

2009, Spohr 2001, Sertova et al. 2009, Rohani et al. 2009) and the various methods are 
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Figure 3. SRIM Monte Carlo simulation (Ziegler, Ziegler & Biersack 2010) illustrating LET as a function 

track distance, which correlates to the ion energy as it slows down within the attenuating foil and 

polymer target material (the two are in reality separated by a high vacuum). The mean LET in PAR is 

approximately 38 eV nm
-1

. 

summarized elsewhere (Fink 2004, Fischer, Spohr 1983). Careful control of etching 

conditions determines both pore diameter and shape. Exposure to ultraviolet light is 

often applied as a post-irradiation, pre-etching process to enhance oxidation of 

radiolytic species in the ion tracks and so to enhance the aspect ratios of etched pores 

(Belkova et al. 2009, Vilensky et al. 2003, Agarwal, Kalsi 2010, Zhu et al. 2004). 

Chemical treatment with appropriate solvents and etchants determines the penetration 

into and dissolution of the ion tracks. The bulk polymer is also inevitably etched, so 

controlling etching specificity influences strongly pore geometry (Fink 2004, Apel et al. 

2009, Apel et al. 2006, Trofimov et al. 2009, Spohr 2001, Sertova et al. 2009, Rohani et 

al. 2009, Zhu et al. 2004, Ferain, Legras & Hanot 2001, Apel 2001). 

 

Less conventional methods have also been applied in research to enhance etching 

selectivity. Such methods include heating by ultrasound (Pandey, Kalsi & Iyer 1998) or 

microwave radiation (Tripathy et al. 2010), addition of organic solvents (Lück et al. 

1990, Chavan et al. 2014), plasma treatment (Dmitriev et al. 2000) and electrolysis 

(Cornelius et al. 2007, El-Samman, Hussein & Hassan 2010, Kumar, Kumar & 

Chakarvarti 2003). 

 

The novelty of using PAR means that the literature on etching this polymer is scarce 

(Fink 2004). We made a considerable effort to screen different etchants and etching 

methods for our deuteron-irradiated PAR films. All of the methods above (except for 

plasma treatment) and unusual various combinations of them were investigated. 

However, none yielded continuous pores, even when etching conditions were pushed to 

the extremes where the significant structural damage was imparted to the bulk polymer. 
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2.4 Chemical etching using our novel method 

Real progress was finally achieved by enhancing the etching process using a physical 

method applied elsewhere but in a completely different manner, in combination with a 

novel ion irradiation protocol. Our new combined method is a trade secret and currently 

subject to IPR assessment. 

 

The first experiments yielded shallow pits in deuteron irradiated PAR film, then 

refinement of the method increased pit aspect ratio until we attained breakthrough with 

pores (Figure 4). Earlier successful etchings yielded few pores (Figure 5A), which 

hampered sample analysis and membrane function. Ion irradiation simulations and 

experiments led us towards a paradigm shift that, with an experimental modification, 

resulted in a substantial increase in the number of pores (Figure 5B). The implications 

are that pore density is now high enough for effective sample analysis and comparable 

with commercially-produced membranes and so viable as a functioning membrane. 

Definitive evidence for pores in our membranes was attained by SEM imaging of 

membrane internal cross-sections (Figure 6). Etching optimisation is also necessary to 

reach desirable pore dimensions. 

 

 

Figure 4. (a) Cross-section of PAR film processed using conventional etching technology showing no 

structures, (b) pitted surface attained from initial experiment with our new etching technology, (c) cross-

section of deeper pits from early optimization, (d) bright spots through surface of first pores achieved. 
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A    B  

Figure 5. (A) SEM image of a single track etched pore entrance in an earlier low pore density deuteron-

irradiated PAR sample. (B) SEM image of same type of membrane sample but with increased pore 

density. 

 

A    B  

Figure 6. SEM images of outer surface and cross-sectional surface of one of our 

deuteron-irradiated PAR track etched membranes confirming the presence of etched 

pores consistent with other reported TEMs. 

 

Optimization of etching parameters has reduced long etching times to manageable 

lengths: from 6 h down to 30 min. This development significantly increases our 

processing capacity, i.e. the rate at which we can test experimental parameters, and the 

commercial attractiveness of our new etching process for industrial membrane 

production. Optimizing of parameters continues in the attempt to attain higher pore 

aspect ratios, while analysis of the membranes is pursues in order to elucidate the new 

etching mechanism. 

 

Initial etching experiments employed conventional laboratory apparatus that limited 

sample size and would be incompatible with industrial-scale production. The novelty of 

our etching method meant that no suitable large-scale apparatus existed, and so we 

designed our own. While currently continuing to work at the laboratory scale we 

designed etching apparatus that could be later scaled up. Materials were evaluated for 

chemical and physical compatibility, and after testing several prototypes we now have a 

working, scalable etching system. Membranes are now produced at sizes suitable for 

conventional testing and can be evaluated for homogeneity on the cm scale. 
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2.5 Pilot filtration trial 

In a recent pilot investigation on the efficacy of our membranes to remove bio-organic 

content from raw water, we sampled water from a tributary to Vantaanjoki river 

(Helsinki, Finland) and performed microbiological testing of its filtrate (Figure 7). The 

results were very positive, i.e. a significant reduction in bacterial content, although the 

identities of the organic content were unknown and so served only for demonstration. 

Complete exclusion of bacteria can be achieved by further optimizing the membrane 

production process. 

 

A   B   C  

Figure 7. (A) Vantaanjoki river tributary sampling site. (B) Agar plate microbiological 

assay of raw water from sample site showing visibly a large number of bacterial 

colonies. (C) Agar plate microbiological assay of raw water from sample site filtered 

with one of our membranes showing almost complete removal of bacteria. 

3 CONCLUSIONS 

The paradigm that producing continuous etchable tracks are the preserve of irradiation 

by energetic heavy ions would appear to remain valid when using reported etching 

methods. Light ions used by our group impart a comparatively small amount of energy 

and are, with good reason, perceived as insufficient. However, we made a radical shift 

to develop a completely novel production technology that combines a new irradiation 

protocol and a new etching technique to produce a new class of polymer ultrafiltration 

(UF) membranes. The economic implications are such that only a small, light ion 

accelerator is needed, thus reducing production costs and making polymer track etch 

membranes competitive where they could be of most industrial and societal benefit, i.e. 

as ultrafiltration membranes in water treatment. 

 

This project has evolved recently from the fundamental scientific proof-of-concept stage 

to validation of the novel technology in the laboratory. We continue to optimize the 

production technique to improve etching selectivity, processing rate and scalability. Our 

near-term desire is to progress to validation and demonstration of our technology in the 

relevant environments in order to build industrial collaborations, to acquire external 

funding for scaling-up production and prototype development, and to continue 

exploring basic science to elucidate and promote the mechanisms responsible for 

positive results and lead to further innovations. 
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The initial motivation for this project was to develop a membrane production method 

that would be acceptable to industry in terms of outlay cost, and reduce substantially 

their energy consumption and release of environmentally harmful effluents. Our 

membranes have potential in several fields of separation technology, and for 

demonstration we have chosen to focus primarily on the selective removal from water 

of two important classes of compounds: bacteria and natural organic material (NOM). 
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