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Abstract 10 

Track-etched polyethylene terephthalate (TE-PET) membranes, characterized by their well-11 

defined cylindrical pores and narrow pore size distribution, offer advantages in filtration 12 

applications but demonstrate a gradual decrease of water flux over time. In this work, we evaluate 13 

the performance of track-etched polyethylene terephthalate (TE-PET) membranes as microfilters 14 

in low-pressure cross-flow and dead-end filtration systems. Membranes with pore sizes between 15 

0.2 and 2.5 µm and porosities of 0.2–20% were tested at different low pressures (0.02–10 bar). 16 

Monitoring water flux over time exhibited a significant reduction. This behaviour is attributed to 17 

polymer swelling within the pore walls due to the formation of a sol-gel film. Notably, this swelling 18 

is enhanced under dynamic flow conditions, with larger pores exhibiting more rapid and 19 

pronounced flux decline. When filtering organic solvents, the flux drop is less pronounced and 20 

depends on their viscosity and polarity. Surface characterization by atomic force microscopy 21 

further confirmed morphological changes in TE-PET support after water filtration. Additional 22 

contributing factors, such as fouling and compaction, are also discussed. 23 

Keywords: Track-etched support; Polyethylene terephthalate; Water filtration; Swelling; Sol-gel 24 

Film; Carbon nanomembrane. 25 
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1. Introduction 27 

Track-etched (TE) membranes represent a unique class of filtration materials, consisting of 28 

perforated polymer foils with straight pores ranging from 0.001–10 µm in diameter and 5–50 µm 29 

in thickness[1,2]. These membranes are fabricated through a two-step process: First, polymer 30 

films are irradiated with heavy ions with kinetic energies of several hundred megaelectron volts, 31 

creating linear ion tracks where polymer covalent bonds are broken. Subsequently, chemical 32 

etching selectively removes material much faster from these damaged zones than from the bulk, 33 

forming cylindrical pores[3]. The resulting membranes exhibit precisely controlled pore sizes with 34 

densities varying between 1 and 1010 cm−2. The final pore size and shape are determined by the 35 

etching conditions. Despite their structural precision, TE membranes typically exhibit low porosity 36 

(often below 30%), that can limit their applicability in high-throughput filtration. Increasing pore 37 

density to compensate may lead to the formation of multiplets, coincidental pore intersections at 38 

the surface that can influence local flux distribution, reduce solute rejection, and elevate the risk 39 

of fouling[4]. To minimize multiplet formation, multi-angle ion irradiation can be employed. 40 

Three polymers have emerged as dominant in TE membrane fabrication due to their high etch 41 

ratios (the ratio between track etch rate and bulk etch rate): polycarbonate (PC)[5],[6–10] 42 

polyimide (PI)[11,12] and polyethylene terephthalate (PET)[13–16]. 43 

Compared to conventional membranes, TE membranes offer distinct advantages through their 44 

narrow pore size distribution and pore geometry. However, their relatively high production costs 45 

have limited their implementation into small and mobile devices for specialized uses, such as 46 

highly sensitive and fast bacterial filters in food, cosmetic and pharmaceutical industries, control 47 

barriers in glucose sensors in point-of-care devices[17], and selective biomolecule barriers in 48 

medical implants[18]. Beyond these, TE membranes can potentially be used as optical sensors[19] 49 

and biosensors[20,21] for different analytes in clinical specimens. They are also studied in diverse 50 

separation processes, including gas separation[22], water–oil emulsion separation[23,24], as 51 

separators in lithium batteries[25,26], and in pharmaceutical separation processes[27]. Previous 52 

studies also examined them as substrates for thin-film composites (TFCs) covered by polyamide 53 

skin layer formed through interfacial polymerization[5,28–32]. The development of next-54 

generation TFC reverse osmosis (RO) and forward osmosis (FO) membranes has highlighted the 55 

limitations of conventional thick, 3D porous substrates, which restrict water flux and cause 56 

significant internal concentration polarization. Consequently, recent research has focused on 57 

reducing substrate thickness or developing alternative support structures. In this context, PET TE 58 

polymer foils present a promising platform due to their excellent chemical resistance, small 59 

thickness and good mechanical stability[17]. 60 

Despite these advantages, the application of TE-PET as a support in TFC membranes has not been 61 

thoroughly evaluated so far. Some early work has reported water flux reduction over time[33,34], 62 

with one noting a 65% decrease in water flux for TE-PET (0.2 µm pores, 9.4% porosity) under 63 

0.34 bar over a 3-hour period[35]. Similar decline has been also observed in TE-PC membranes, 64 
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where a 4-11% flux decline occurred within 25 minutes for membranes with 1 µm pores and 15.7% 65 

porosity at pressures between 2.5 and 7.5 mbar [36]. Other studies have noted even higher 66 

declines in water flux, often attributing the flux reduction to fouling [37], which is influenced by 67 

factors such as protein concentration and pore size [38]. These findings suggest that flux decline 68 

is a broad issue among TE membranes, yet its underlying mechanisms and influencing factors 69 

remain poorly understood and require systematic investigation.  70 

In this work, we present a comprehensive study of the flow decline in TE-PET as a function of time, 71 

pore sizes, and porosity, utilizing both in-house etched and commercially obtained membranes. 72 

The filtration was conducted at a wide overpressure range (0.01–10 bar), aiming to mimic the 73 

conditions in the devices in which they are or will potentially be implemented[17]. We monitored 74 

water flow across TE-PET membranes by multiple or long-term filtrations. In addition to pristine 75 

TE-PETs, we tested one TFC membrane using TE-PET as support. Our study reveals that the primary 76 

cause of flux downturn is the swelling of a sol-gel film formed on the pore walls during chemical 77 

etching[39]. The swelling progressively reduces effective pore sizes, resulting in a drop of water 78 

flow and altered membrane performance. 79 

2. Materials and Methods 80 

2.1 TE-PET samples 81 

Commercially available TE-PET films were obtained from it4ip S.A., Ottignies-Louvain-la-Neuve, 82 

Belgium. In-house etched PET films were prepared by CNM Technologies GmbH, Bielefeld, 83 

Germany, from ion-beamed films TRAKETCH® obtained from SABEU GmbH & Co. KG, Northeim, 84 

Germany, with thicknesses of 23-36 µm and ion densities from 6×105 to 1.5×107 ions/cm2. The 85 

latent pores were opened by floating over 5 M sodium hydroxide solution at 80°C. By varying the 86 

etching time and initial pore density of the PET foil, pore sizes between 0.5-4.0 µm were achieved. 87 

2.2 Chemicals and solvents  88 

All chemicals used were of analytical grade unless otherwise specified. The following solvents 89 

were used for comparative filtration studies: ultrapure water (resistivity 18.2 MΩ·cm, TOC < 90 

200 ppb, MiliPore), n-hexane (min. 99.0%, Chemsolute), 2-propanol (AnalaR NORMAPUR, VWR 91 

Chemicals), and ethanol (≥ 99.8%, Thermo Fisher Scientific). These solvents represent a range of 92 

polarities, dipole moments, and hydrogen bonding capabilities (see Table 1). 93 

Table 1: Physical and chemical properties of solvents used in TE-PET membranes testing. 94 

Solvent n-hexane 2-propanol ethanol water 

Formula C₆H₁₄ C3H8O C₂H₆O H2O 

MW (g/mol) 86.17 60.10 46.07 18.01 

Viscosity at 20°C (mPas)[40] 0.324 2.37 1.2 0.89 

Density at 20°C (g/L)[40] 660 781 789 998.3 

Kinetic diameter at 20°C (nm)[41–43] ̴0.43 ̴0.47 ̴0.45 ̴0.30 

Polarity index[44] 0.0 4.3 5.2 9.0 

Dipole moment (D)[44,45] 0.0 1.66 1.73 1.82 

Jo
urn

al 
Pre-

pro
of



4 
 

 95 

2.3 Composite membranes 96 

TFC-composite membranes using TE-PETs as supports were supplied by CNM Technologies GmbH, 97 

Bielefeld, Germany. These membranes, from here on referred to as CNM-composites, are 98 

prepared directly on ion-bombarded PET substrates according to a transfer-free procedure and 99 

have conical pores in TE-PET supports[46]. The tested sample is 36 µm thick with pore sizes of 100 

2 µm, and 0.3% areal porosity. Areal porosity corresponds to the active surface area of the skin 101 

layer. 102 

2.4 Methods  103 

Dead-end filtration experiments were conducted using a home-built filtration setup equipped 104 

with a 70 mL filtration cell with an effective membrane area of 0.07 cm² (Figure S1b). Compressed 105 

nitrogen was used to maintain the required pressure gradient across the membrane. TE-PET 106 

samples with pore sizes of 0.2 µm, 0.4 µm, 0.8 µm, and 2.5 µm were tested under various applied 107 

pressures (detailed in Table 2) using ultrapure water (resistivity 18.2 MΩ·cm, TOC < 200 ppb) as 108 

the feed solution. Permeate mass was continuously measured using a precision balance, with the 109 

data automatically recorded in computer software. Water flux was calculated using 110 

𝐽 =
∆𝑚/𝜌

𝐴∙∆𝑡
       (1) 111 

where ∆𝑚 is the mass of the permeate, 𝜌 is the density of the permeate, 𝐴 is the effective area 112 

of the membrane, and ∆𝑡 is the time. The permeability 𝑃 is then given by 113 

𝑃 =
𝐽

∆𝑝
       (2) 114 

where ∆𝑝 is the transmembrane pressure applied. 115 

All experiments were conducted at 20 ± 1°C with relative humidity maintained at 50 ± 5%. Each 116 

measurement was repeated at least two times to ensure reproducibility. 117 

A low-pressure reverse osmosis (LPRO) cross-flow setup was also employed to evaluate the 118 

intrinsic water permeability of the TE-PET membrane and the separation performance of CNM-119 

composites. The system utilized a laboratory cross-flow cell with an effective membrane area of 120 

12.4 cm2 (Figure S1a). Ultrapure water was used as a feed solution for TE-PET membranes. For 121 

CNM-composites, both ultrapure water and 1 g/L sodium chloride (NaCl) were used as feed 122 

solutions. Permeate mass was continuously monitored by a digital balance (Scout PRO 4000g, 123 

OHAUS, New Jersey, USA). The water flux and permeability were calculated using Eq. 1 and Eq. 2, 124 

respectively. The separation efficiency of NaCl was evaluated by calculating the rejection R (%) 125 

using[47] 126 

𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) ∙ 100%     (3) 127 
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where 𝑐𝑝 is the NaCl concentration in the permeate, and cf is the NaCl concentration in the feed 128 

solution. All experiments were conducted at 23 ± 1°C. 129 

Low pressure flux measurements with water reservoir were carried out using a home-built 130 

polycarbonate cell with 3 cm2 active membrane area (Figure S1c). The trans-membrane pressure 131 

was generated by positioning a water reservoir approximately 20 cm above the membrane, 132 

corresponding to an initial hydrostatic pressure of ~0.02 bar. The reservoir had a large cross-133 

sectional area (33 cm²), which limited the drop in water level during filtration. Flux was 134 

determined based on the time required for 50 mL of water to pass through the membrane. This 135 

volume corresponds to a water level decrease of approximately 1.5 cm, resulting in a pressure 136 

change of ~0.0015 bar (7.5% of the initial pressure). Due to the small magnitude of this change, 137 

the pressure was considered effectively constant for the purpose of flux calculations.  138 

2.5 Membrane characterization 139 

Helium Ion Microscopy (HIM) images were acquired with a Carl Zeiss Orion Plus instrument (ZEISS, 140 

Oberkochen, Germany) with a He+ beam energy of 33.5 kV and a beam current of ~0.1 pA. An 141 

electron flood gun was used to compensate the charging effects. 142 

Optical microscopic images were made by Olympus BX51 (Olympus Corporation, Tokyo, Japan). 143 

Atomic force microscopy (AFM) was performed by NT-MDT, Ntegra, Apeldoorn, Netherlands in 144 

tapping-mode, utilizing a Tap300Al-G probe (Budget Sensors, Sofia, Bulgaria, k ≈ 40 N m−1, 145 

f0 ≈ 300 kHz) under ambient conditions. 146 

IR measurements were conducted on FT-IR spectrometer Vertex 70 (Bruker, Massachusetts, USA) 147 

with attenuated total reflection (ATR) accessory. Spectra were recorded in the range of 4500 cm⁻¹ 148 

to 600 cm⁻¹ with a resolution of 4 cm⁻¹ and an average of 16 scans. 149 

Total organic carbon (TOC) content was analyzed using a Multiwin 3100 TOC/TNb analyzer 150 

(Analytic Jena GmbH, Jena, Germany), employing the non-purgeable organic carbon (NPOC) 151 

method. The samples were adjusted to pH < 2 by acidification with HCl (2 M, Merck, Darmstadt, 152 

Germany) and purged with oxygen to remove total inorganic content. 153 

 154 

3. Results and discussion 155 

3.1 Initial membrane characteristics 156 

TE-PET membranes with well-defined cylindrical pores were prepared through heavy ion 157 

bombardment followed by chemical etching[1,2]. Figure 1a shows a schematic and representative 158 

HIM image of the membrane structure, showing uniform pore distribution with precise diameter 159 

control. As expected from their straight and uniform channels, TE-PETs exhibit exceptionally high 160 

water permeability[48]. To systematically investigate its behaviour in water filtration applications, 161 

we evaluated various TE-PET membranes with pore sizes ranging from 0.2 μm to 2.5 μm and ion 162 

Jo
urn

al 
Pre-

pro
of



6 
 

densities from 4×105 ions/cm2 to 5×108 ions/cm2, resulting in membrane porosities between 0.2% 163 

and 20%, as detailed in Table 2. 164 

The initial pure water transport properties of these membranes align well with theoretical 165 

predictions. Figure 1b shows the water permeability per pore as a function of pore size, following 166 

the Hagen-Poiseuille equation modified to account for potential slip effects: 167 

𝑃𝐻𝑃+𝑠𝑙𝑖𝑝 =
𝜋𝑟4

8𝜂𝐿
(1 +

4𝑏

𝑟
)     (4) 168 

where 𝑟 is the pore radius, 𝜂 is the fluid dynamic viscosity, 𝐿 is the channel length (approximated 169 

by membrane thickness), and 𝑏 is the slip length (that varies from 0 to 0.2 μm in our analysis). 170 

This agreement confirms the initial structural integrity and uniform pore geometry of the 171 

membranes. 172 

Table 2: Properties and filtration methods of tested TE-PET membranes. 173 

Pore size 

(top/bottom)*  

/ µm 

ion 

density / 

cm−2 

Porosity 

/ % 

Pore 

shape 

Method of 

pressure 

applied 

Water 

permeability 

/ L m−2 h−1 

bar−1 

Water 

permeability 

per pore / L 

h−1 bar−1 

0.2 5×108 15.7 

cylindrical water 

reservoir 

20 cm 

above the 

membrane 

5132 1.02×10−9 

0.7 3×107 11.6 34041 1.13×10−7 

0.8 4×107 20.1 60895 1.52×10−7 

1.8 6×105 1.5 100124 6.67×10−6 

0.75/1.1 1.5×107 6.6 

conical 

45773 3.05×10−7 

1.5/2.3 6×105 1.1 10532 1.75×10−6 

2.5/2.9 6×105 3.0 138315 2.31×10−5 

1 4×105 0.3 cylindrical pressurized 

N2 

(0.5-10 

bar) 

cross-flow 

265 6.63×10−8 

0.7/2.0 6×105 0.2 

conical 

629 1.05×10−7 

1/1.5 6×105 0.5 772 1.38×10−7 

1.1/1.6 2×106 1.9 7320 3.66×10−7 

0.2 5×108 15.7 
cylindrical pressurized 

N2 

11287 2.86×10−9 

0.4 1.5×108 18.9 29801 1.99×10−8 
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0.8 4×107 20.1 (0.5-2 bar) 

dead-end 

175337 4.57×10−7 

2.5 3×106 14.6 560788 2.07×10−5 

* Pore sizes were determined via optical microscopy and high-resolution imaging techniques (HIM/AFM). For conical pore 174 
geometries, the top and bottom pore sizes represent diameter measurements obtained from the entry and exit faces of the 175 
membrane, respectively.  176 

 177 

  178 

Figure 1. (a) Schematic and exemplary HIM image of track-etched PET membranes with pore diameter of 179 

2 µm. (b) Measured water permeability per single pore as a function of the mean pore size. The shaded 180 

region represents the theoretical trend predicted by the Hagen-Poiseuille equation, considering a slip 181 

length range of 0 µm (full line) to 0.2 µm (dotted line). 182 

As fabricated from high-energy ion bombardment followed by chemical etch[21], the formation 183 

of PET pores goes through fast track core etching, swelling of the penumbra (region, surrounding 184 

the core, containing smaller polymer fragments) and dissolution of the formed gel[49]. The 185 

etching process introduces significant surface functionality to the membrane. The pore walls 186 

contain carboxyl and hydroxyl groups resulting from hydrolyzation of ester bonds during chemical 187 

etching[50–52]. These hydrophilic moieties lead to isoelectric points between 2.3 and 3 188 

(Figure S3), slightly lower than literature values of 3.8[53]. The surface charge densities in 189 

ultrapure water at pH ~6.5, as calculated from the Grahame equation[54,55], vary from −3×10−3 190 

to −8×10−3 C/m2, corresponding to < 1 carboxyl groups per 10 nm2 (see Table S1). These charged 191 

groups create localized hydrophilic regions within the otherwise hydrophobic PET matrix. The 192 

formation of carboxyl and hydroxyl groups during alkaline etching is further confirmed by FTIR 193 

analysis of the pristine TE-PET membranes (see S4 in SI for details), which shows a weak band at 194 

3423 cm⁻¹ corresponding to O-H stretching of alcohols[52]. Adjacent to the intensive C=O 195 

stretching of ester carboxyl groups, there is a shoulder peak at 1685 cm⁻¹, which is attributed to 196 
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the C=O stretching of carboxylic acid groups, potentially formed during hydrolysis and bonded to 197 

the aromatic group.  198 

3.2 Dynamic water transport behaviour 199 

Despite their well-defined initial structure, TE-PET membranes exhibit significant changes in water 200 

transport properties during operation. Dead-end filtration experiments on TE-PETs with various 201 

pore sizes revealed consistent patterns of flux decline across various operating conditions 202 

(Figure 2a). The reduction in water flux follows similar trends for membranes with different pore 203 

sizes (0.2-0.8 μm) and remains consistent across the applied pressure range (0.5-2 bar). Flux 204 

decline is associated with effective pore size reduction. Two potential mechanisms for pore size 205 

reduction can be excluded here: First, mechanical compression is ruled out as the relative flux 206 

reduction remained consistent throughout the applied pressure range (0.5–2 bar, see also 207 

Figure S5 for the membrane cross-section before and after filtration). Second, bulk material 208 

behaviour cannot account for the pore size reduction, as PET is inherently hydrophobic with 209 

minimal water absorption (less than 1% g/gDRY)[56,57] and limited bulk expansion (~2% [58]). The 210 

observed water flux reduction exceeding 20% thus points to phenomena specifically occurring 211 

within the pore structure rather than bulk material properties. 212 

The mechanism underlying these changes appears to originate from the chemical structure 213 

created during pore formation. The track etching process proceeds through sequential stages: fast 214 

track core etching, penumbra swelling, and dissolution of the formed gel[49]. This process leaves 215 

residual cross-linked structures on the pore walls, containing carboxyl and hydroxyl 216 

groups[50,51,59,60]. Under filtration, these highly hydrophilic moieties facilitate water absorption 217 

through hydrogen bonds, creating gel again and causing volumetric expansion[39]. This inward 218 

swelling, as illustrated schematically in Figure 2b, effectively reduces the available space for fluid 219 

flow through the pore and therefore gives rise to a reduced flux. 220 

The rapid decrease in flux is observed exclusively during filtration, i.e., under dynamic flow 221 

condition. Even a small pressure of 0.02 bar, generated by a water reservoir positioned 20 cm 222 

above the membrane, results in a significant flux reduction of over 20% within an hour (as shown 223 

in Figure S1c). Long term cross-flow measurements on low porosity (0.3-2%) membranes further 224 

reveal fluxes decline to nearly 0 LMH after 3h (Figurec and Figure S1a). In contrast, under static 225 

conditions, e.g., 2h pre-immersion in water or 2h soaking under hydraulic pressure within the cell, 226 

the initial flux decreases by < 10%, which is within the margin of error and noticeably smaller than 227 

the reduction observed during 300 s of filtration at 0.5 bar. Over time, the flux change for soaked 228 

samples remains consistent with that of pristine samples, suggesting similar swelling behaviour. 229 

Extending the soaking duration to 39 hours does not result in further reduction in the initial flux 230 

and exhibits very similar swelling behaviour (Figured). Pressure-pause experiments further 231 

confirmed the persistence of the reduced permeability after pressure removal and reapplication, 232 

ruling out reversible phenomena (see S2 in SI for details). These results suggest that swelling takes 233 
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place faster under flow conditions than in static water. The swelling effect shows strong 234 

dependence on pore size. Larger pores (2.5 μm) demonstrated more pronounced and faster 235 

reductions in flux, reaching 80% of the initial flux within 70 s, compared to 200 s for 0.8 μm pores 236 

and 1200 s for 0.2 μm pores (Figuree). 237 

  238 

Figure 2. (a) Water permeability as a function of time for TE-PET with 0.2 μm (15.7% porosity), 0.4 µm 239 
(18.9%) and 0.8 µm (20.1%) pores at different applied pressures. (b) Schematic illustration of the pore size 240 
reduction during filtration. (c) Long-term cross-flow water filtration at 5 bar for TE-PET with 1 μm pores 241 
and 0.3% porosity. (d) Water permeability as a function of filtrated volume for TE-PET (0.8 μm pores and 242 
20.1% porosity) soaked in water prior to the filtration measurements. (e) Normalized water fluxes and (f) 243 
relative pore radius changes as a function of filtration time for TE-PETs at 0.5 bar with pore sizes of 0.2 μm, 244 
0.8 μm and 2.5 μm (14.6% porosity). The shaded area in (a), (d), (e) represents the standard deviation, 245 
based on measurements from at least two independent samples. 246 

The observed flux reduction can be quantitatively analysed using the Hagen-Poiseuille equation 247 

under negligible slip condition relating the change in effective pore radius (∆𝑟) to the measured 248 

flux (𝐽): 249 

∆𝑟 = 𝑟0 − 𝑟𝑡 = 𝑟0[1 − (𝐽/𝐽𝐻𝑃+𝑠𝑙𝑖𝑝)1/4]                                  (5) 250 

where 𝑟0 and 𝑟𝑡  re the initial and time-dependent pore radii, respectively, and 𝐽𝐻𝑃+𝑠𝑙𝑖𝑝 is Hagen-251 

Poiseuille flux accounting for potential slip effects.  252 

The corresponding volumetric change in the pore structure, denoted as 𝑉𝑠𝑤𝑒𝑙𝑙, follows: 253 
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𝑉𝑠𝑤𝑒𝑙𝑙 = 𝜋𝐿(𝑟0
2 − 𝑟𝑡

2)      (6) 254 

As illustrated in Figuref and Figure 3, larger pores exhibited greater relative radius changes (∆𝑟/𝑟0) 255 

and volumetric changes, suggesting them to be more susceptible to dynamic swelling under flow 256 

conditions. Plotting flux against filtrated volume (Figure S6) further confirms this dynamic effect, 257 

with flux continuously declines with volume filtered, with larger pores showing steeper 258 

reductions. Larger pores have a lower length-to-radius ratio ( 𝐿/𝑟 ), which makes them 259 

mechanically less stable and more prone to deformation during swelling[61]. Additionally, their 260 

larger surface area ( ∝ 𝐿 ∙ 𝑟 ) enhances interaction with water, promoting faster swelling. 261 

 262 

Figure 3. Swelling volume per pore of TE-PET membranes as a function of filtration time for different pore 263 

sizes 0.2 μm (15.7% porosity), 0.4 µm (18.9%) and 0.8 µm (20.1%) at (a) 0.5 bar, (b) 1 bar, and (c) 2 bar. 264 

3.3 Surface morphology evolution 265 

To investigate the structural changes of the pore during swelling, we followed the surface 266 

morphologies of TE-PET as a function of filtration time. While optical microscopy showed minimal 267 

visible changes, AFM measurements revealed significant progressive changes in pore dimensions 268 

and morphology (Figure 4a). The height profiles clearly illustrate the swelling process, with initial 269 

pore depressions gradually filling in over time. After 48 hours of water filtration, pore depth 270 

decreased significantly, and by 144 hours, further reduction occurred with some pores completely 271 

sealed, forming protrusions hundreds of nanometers in height. Notably, neighbouring surface 272 

features unrelated to pores (highlighted by the grey area in Figure 4a) maintained constant 273 

profiles, confirming that the swelling phenomenon is localized specifically to pore regions.  274 

The track etching process leaves a high concentration of oligomers resides within the pores. Upon 275 

water passage part of them are rinsed and extruded from the pores. Our experiments confirm 276 

that dynamic flow conditions enhance the removal of these oligomers compared to static 277 

conditions. While soaking TE-PET in water for 1 hour increased the TOC from 200 µg/L to 467 µg/L, 278 

filtration at 0.5, 1, and 1.5 bar produced even higher TOC values of 592, 802, and 766 µg/L, 279 

respectively. The slight decrease at 1.5 bar suggests that the extractable species become depleted 280 
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after the initial filtration steps (detailed results in SI S7). Despite this measurable extraction of 281 

oligomers, the majority of oligomers appear to remain within the polymer structure, contributing 282 

to the observed pore closure. Figure 4b and 4c provide further visual evidence, showing dried gel 283 

layer accumulated inside a 1 μm and 2.5 μm pore under cross-flow and dead-end filtration 284 

conditions, respectively.  285 

 286 

Figure 4. (a) AFM images of TE-PET with 1 μm pores (0.31% porosity) at 10 mbar after 0 h, 48 h and 144 287 

hours filtration with A-F showing the height profiles of corresponding regions marked. The gray areas mark 288 

the unchanged surface features. (b) Comparison of optical microscope, AFM images and height profiles of 289 

the pristine TE-PET (1 μm pore, 0.31% porosity) and after 4 h filtration at 0.5 bar under cross-flow condition. 290 

The arrows mark the clogged pores with visible gel formation. (c) Optical images (left and middle) of TE-291 

PET with 2.5 μm pores (14.6% porosity) before and after 20 min dead-end filtration at 0.5 bar and AFM 292 

image (on the right) after 20 min filtration showing accumulated gel layer within pores. 293 

The membrane thickness of approximately 23 μm means that surface observations may not 294 

always capture the full extent of internal swelling. For instance, in membranes with 2.5 μm pores, 295 

calculations predict a 13% reduction in effective radius after 20 minutes of water filtration at 296 

0.5 bar. However, optical images and AFM measurements reveal exclusion of gel and clogging in 297 

only 3-6% of the pores, suggesting that significant changes occur within the pore channel that 298 

may not be immediately apparent at the surface. This fraction was estimated by analyzing optical 299 

images over multiple representative membrane areas (Figure S8).  300 

3.4 Solvent effects on membrane performance 301 

The profound swelling of TE-pores in water significantly limits its application in aqueous medium. 302 

Since the penetration of liquid into a polymer is dependent on the interaction between the solvent 303 

and the polymer[62], to mitigate the swelling, we investigated membrane performance using a 304 
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range of solvents with different chemical properties, including polar alcohols and non-polar 305 

organic solvents. The permeability of TE-PET membranes is strongly influenced by solvent viscosity 306 

and interactions at the membrane interface. As shown in Figure 5a, the initial solvent flux (J0) 307 

decreases with increasing viscosity (η), following the expected trend described by the Hagen-308 

Poiseuille equation for slip lengths ranging from 0.025 to 0.062 µm. 309 

Comparative filtration experiments with different solvents (Figure 5b) revealed that membrane 310 

performance is not solely determined by viscosity but is strongly influenced by specific solvent-311 

membrane interactions. Water, with its high dipole moment (1.82 D) and strong hydrogen bonding 312 

capability, induced the most significant flux decline and swelling. Ethanol and 2-propanol, though 313 

still polar, exhibited moderate swelling due to their larger molecular sizes, lower dipole moments, 314 

and reduced hydrogen bonding potential. In contrast, n-hexane, being nonpolar and interacting 315 

only via weak van der Waals forces, resulted in minimal flux decline and negligible swelling. 316 

These findings demonstrate that the advantageous structural properties of TE-PET membranes 317 

can be effectively applied in filtration applications by careful selection of operating conditions and 318 

solvents that minimize swelling effects. 319 

 320 

Figure 5. (a) Initial solvent flux (J0) as a function of viscosity (𝜂) for different solvents for TE-PET with 0.2 μm 321 

(15.7% porosity). The shaded region represents the theoretical trend predicted by the Hagen-Poiseuille 322 

equation, considering a slip length range of 0.025 µm (full line) to 0.062 µm (dotted line). (b) Normalized 323 

flux as a function of filtration time for different solvents. 324 

 325 

3.5 Fouling vs. Swelling 326 

To differentiate between fouling and swelling effects, comparative experiments were conducted 327 

using fresh ultrapure water and aged water (stored in plastic bottles for 4 months). FTIR 328 

spectroscopy revealed distinct differences between pristine membranes and those tested with 329 

fresh and aged water (Figure 6a). Membranes tested with aged water showed characteristic bands 330 

at 2848 cm−1 and 2916 cm−1, corresponding to CH2 symmetric and asymmetric stretching 331 

vibrations of long-chain hydrocarbons. Additionally, the presence of an amide II band at 1540 cm−1 332 
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(N-H bending and C-N stretching vibrations) indicates protein-based fouling. These characteristic 333 

bands are absent in both pristine membranes and those tested with fresh water, confirming that 334 

organic fouling occurs primarily with aged water samples. 335 

Optical microscopy analysis of post-filtration membranes provided further evidence of fouling 336 

mechanisms. Membranes exposed to aged water exhibited visible debris accumulation on the 337 

surface (Figure 6b), contributing to additional resistance to water transport. This increased 338 

resistance leads to more rapid flux decline compared to fresh water filtration, as demonstrated by 339 

the water flux measurements of the TE-PET membrane with 0.8 µm pore diameter at 0.5 bar 340 

(Figure 6c). 341 

 342 

Figure 6. (a) ATR-FTIR spectra of pristine and post-filtrated with fresh and aged water TE-PET membrane 343 
(2r0 = 0.8 μm, 20% porosity) (b) Optical microscope images of TE-PET membrane surface before and after 344 
filtration. (c) Water flux as a function of time of TE-PET membrane (0.8 µm pore at 0.5 bar) filtered with 345 
fresh and aged water. (d) Normalized flux decline with aged water for TE-PET membrane (2r0 = 0.2 µm, 346 
15.7% porosity) at different applied pressures plotted against filtrated volume.  347 

Furthermore, the flux decline behaviour in fouled membranes was more closely related to the 348 

volume of water filtrated than to the filtration time (Figure 6d). When testing TE-PET membranes 349 

(2r0 = 0.2 µm) with aged water, the flux decline curves at different applied pressures showed a 350 

single trend as a function of filtrated volume. This suggests that particle deposition followed by 351 

compaction of the fouling layer is the primary mechanism. In contrast, experiments with fresh 352 
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water showed divergent flux decline trends when plotted against filtrated volume (Figure S6) and 353 

exhibited minimal pressure dependence when plotted against time (Figure 2a), indicating that 354 

swelling is the dominant mechanism under normal operating conditions with clean water.  355 

To quantitatively assess the flux decline behavior, Hermia's fouling model was applied to long-356 

term cross-flow filtration data at 5 bar for TE-PET membranes with 1 μm pores and 0.3% porosity. 357 

The best fit was obtained for standard pore blocking mechanism, indicating that flux decline is 358 

governed by progressive pore restriction due to swelling during filtration. Fitting results are 359 

provided in the SI (Figure S7). 360 

 361 

3.6 TE-PET as support for CNM-composite membranes 362 

To evaluate the potential of TE-PET as a support material for advanced separation applications, 363 

we studied a novel thin film composite membrane, called CNM-composite with a carbon 364 

nanomembrane (CNM)[63–65] as active layer (Figure 7a) This is an ion-beamed (tracked) PET foil, 365 

coated on one side by a 20 nm aromatic based polymer film. This polymer film is cross-linked by 366 

low-energy electrons, thus forming a chemically and mechanically stable CNM active layer, which 367 

withstands the etching of the latent pores from the other side[46]. 368 

 369 

Figure 7. (a) Schematic presentation of CNM-composite fabrication method. (b) Water permeability and 370 

NaCl selectivity at 1 bar for CNM-composite membrane. 371 

The water permeability and salt rejection characteristics of the CNM-composite membranes were 372 

evaluated through multiple filtration cycles in the LPRO setup (Figure 7b, solid line – pure water 373 

filtration, dotted line – 1 g/L NaCl filtration). The initial pure water flux of 40 LMH is two-order-of-374 

magnitude lower compared to the bare TE-PET support (2 μm pores, 0.3% porosity with an initial 375 
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water flux of ~6000 LMH as calculated from Eq. 4), confirming the presence of additional CNM 376 

layer. The water permeability observed during the second measurement is higher compared to 377 

the first measurement which can be attributed to the insufficient wetting of the CNM layer during 378 

the initial filtration process. Under filtration with 1 g/L NaCl solution, the membrane achieved 379 

approximately 50% NaCl rejection, while maintaining its structural integrity. The observed 380 

performance, even when utilizing low-porosity (0.3%) TE-PET support, is comparable to that of 381 

the commercially available nanofiltration membrane NF270[66] However, similar to our 382 

observations with pristine TE-PET membranes, the composite structure exhibited progressive flux 383 

decline during operation. The maintained salt selectivity throughout testing suggests that the 384 

observed flux decline primarily originates from the support layer swelling rather than CNM layer 385 

degradation. This behaviour aligns well with the swelling-induced flux decline trends seen in the 386 

unmodified TE-PET membranes under similar operational conditions. 387 

4. Conclusion 388 

In this work, we demonstrated that water flux decline in TE-PET membranes originates from 389 

progressive swelling of the hydrophilic layer formed during chemical etching. The carboxyl and 390 

hydroxyl groups introduced upon pore formation promote water absorption and gel formation, 391 

leading to reduced effective pore diameters. This effect is particularly pronounced in larger pores, 392 

where geometric factors like reduced wall thickness and increased surface area accelerate the 393 

swelling process. We observed that 2.5 μm pores show flux decline within 70 seconds compared 394 

to 1200 seconds for 0.2 μm pores. When applied as supports for CNM-composite membranes, the 395 

resulting composite membrane showed promising initial performance with 40 L/m²·h·bar water 396 

permeability (even at a porosity of the TE-PET support layer of only 0.3%) and 50% NaCl rejection, 397 

though long-term stability was limited by support layer swelling. Surface characterization 398 

confirmed significant morphological changes during filtration, while comparative solvent studies 399 

revealed that performance degradation is specific to water-membrane interactions. 400 

The comprehensive characterization of TE-PET membranes and their behaviour in various 401 

filtration conditions reveals both challenges and opportunities for their application. While the 402 

swelling phenomenon presents a significant limitation for aqueous applications, our 403 

understanding of the underlying mechanisms, water absorption and volume expansion of residual 404 

oligomers containing carboxyl and hydroxyl groups within the ion tracks, provides clear directions 405 

of surface modification for future membrane development. The successful demonstration of 406 

CNM-composite membranes, despite the challenges posed by support layer swelling, indicates 407 

the potential of TE-PET as a platform for advanced separation technologies, particularly in organic 408 

solvent applications where the support shows excellent stability. These insights into structure-409 

property relationships and performance limitations form the foundation for developing next-410 

generation track-etched membranes with enhanced stability and broader application potentials. 411 
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Highlights 

• Sol-gel film swelling on pore walls causes water flux decline in TE-PET membranes. 

• Larger pores (2.5 μm) show 80% flux reduction in 70 s vs. 1200 s for 0.2 μm pores. 

• Swelling occurs only during filtration, not during static water immersion. 

• Non-polar solvents like hexane show minimal flux decline compared to water. 

• TE-PET supports show promise for composite membranes despite swelling limitations. 
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