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ABSTRACT 

 

Air pollution with a high concentration level of particulate matter (PM) holds responsibility for an 
increasing number of fatalities worldwide. Inhalable and harmful airborne PM, generated by 
anthropogenic and natural sources, can act as carcinogenic agents and can also absorb and transfer with 
them viruses and bacteria. Stationary and automove filters, masks are part of our routine life. However, 
traditional fibrous air filters and improved high-efficiency particulate air filters (HEPA) suffer from 
several inevitable drawbacks, justifying the search for better alternatives. Herein, we present 
nanofabricated isoporous polymeric membranes with of PM2.5 and PM10 capture efficiency as high as 

99.9%.  The membranes were transparent and flexible with pore sizes of 0.7, 2 and 5 µm.  Those with 2 

µm had a density of 4.13 × 106 pores per cm2. Moreover, membranes coated with silver nanoparticles 
showed excellent biocidal effect against Acinetobacter baylyi bacteria. The membrane can be used in the 
heating, ventilation and air conditioning systems of buildings and car cabins, and can be incorporated in 
personal masking. 
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1. Introduction 

 
Air pollution has become one of the major global public health risk factors expanding the list of 
diseases it causes from respiratory system to cardiovascular morbidity, as well as triggering adverse 
effects on the type 2 diabetes, reproductive outcomes and central nervous system. [1-5] According to 
the World Health Organization (WHO), more than 90 % of the World’s population resides in areas 
where air pollution levels exceed the air quality guideline. [6] Premature death linked to air pollution 
has reached 3.3 million people per year worldwide. [7]  Complex and rich pollutant substances present 
in the air come from diverse sources and have been categorized into two groups: natural sources (forest 
fires, dust storms, aerosolized soil, pollen) and anthropogenic (industry, transport, construction, 
household heating, smoking etc.). These organic and non-organic chemical species together generate 

particulate matter (PM) particles in different sizes, coarse particles PM10 (d ≤ 10 µm) and fine particles 

PM2.5 (d ≤ 2.5 µm). While both are easily inhalable, the fine particles can penetrate the alveoli of the 
lungs followed by entering even deeper into the bloodstream. [8]  Depending on people activity, one is 
almost always exposed either to short-term or to long-term air pollution, and even though short-term 
exposure is associated with a higher concentration of PM particles (e.g. during dust/sand storms or 
forest fires), the long-term exposure with less PM level is considered more harmful to human health, 
since it develops more different types of chronic diseases. [9]  
According to the National Human Activity Pattern Survey (NHAPS), people spend 87 % of their daily 
time indoors and another 6 % in a vehicle. [10]  Therefore, one of the effective measures taken to 
protect our health from the effect of air pollution is the capture of PM particles using high-performance 
air purification filters in the ventilation and air conditioning systems of buildings (office and 
residential), car cabins and, using personal facial masks for outdoor activities during hazy days.  
There are two types of commonly used air filters: fibrous filters and porous membranes. [11] Fibrous 
filters have the advantage of easy production in large-scale with energy- and cost-efficiency. However, 
the existing traditional nonwoven filters, manufactured from melt-down, spun-bonded and glass fiber, 
show very low capture efficiency, especially for PM2.5 particles, low-quality factor and safety hazards. 
[12, 13] Additionally, these fibrous filters are produced with high material consumption and large 
weight, which is a limitation for some applications. [14]   
Alternatively, more recently developed high-efficiency particulate air filters (HEPA), made from glass 
fibers, reaching a fine PM2.5 particles capture efficiency of about 99 %, have been widely used for air 
purification in buildings and car cabins. Nonetheless, HEPA filters are constituted by a relatively thick 
active layer, required to provide the expected high PM capture. This leads to a high-pressure drop and 
energy cost, because of the resulting high flow resistance. [15] Moreover, when used as filters for 
industrial or vehicles exhausts higher temperature stability may be required. [15, 16]  
To cover some of the gaps of conventional filters, one strategy has been to successfully develop filters 
based on polymer fibers via electrospinning technique. [17] Examples of explored materials are 
polyacrylonitrile (PAN) [18-20], polysulfone amide (PSA) [21], polyimide [22], polyurethane [23], 
polylactide [24], polyamide 66 [25] and nylon-6 [26] etc. However, electrospun fibers suffer from low 
production rate, and almost all these filters still require substrates of traditional fibers to handle the 
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weak mechanical stability. As a consequence, air resistance is again increased. [27] Further 
developments of electrospun nanofibers include their fabrication with incorporated advanced materials, 
such as metal-organic frameworks (MOF) [28], carbon nanotubes (CNT) [29] and 
polytetrafluoroethylene (PTFE) nanoparticles [30], which has an enhanced filtration performance due 
to electrostatic adsorption and “slip effect”. On the other hand, the biological toxicity of nanoparticles 
and dissipation of charges brought new inevitable issues in filters. [31] Hence, fibrous air filters still 
require more improvements.   
Isoporous membranes with high porosity based on size exclusion filtration would provide better PM 
capture, along with low airflow resistance, due to their advantage in offering much less thickness 
compared to the HEPA or other polymeric filters. Since the targeted capture species are in the 
micrometer scale, the types of applicable porous membranes are narrowed down. The only 
commercially available isoporous polymeric membranes with suitable micropores are track-etched 
films with very low porosity (5-10%) and air permeability. Our group has previously developed 
isoporous membranes based on the self-assembly of block copolymers and non-solvent induced phase 
separation. [32, 33] In principle, these filters could be also used for air pollutant filtration. However, 
the pore sizes are mostly in the ultrafiltration range, smaller than required for PM2.5 or 10 filtration. 
The flow through porous materials is highly dependent on pore size (inversely proportional to the 
radius4) and pore density. Therefore,  larger pores in the range of 0.7-5 µm keeping  high pore density 
are expected to lead to much higher permeance values, still fulfilling the size requirements for and 
effective PM capture. Furthermore, extending the class of potentially applicable materials for the filter 
fabrication beyond the previously used block copolymers could bring advantages of cost and and 
stability.  The work on isoporous block copolymer membranes has been mainly optimized for 
polystyrene-based copolymers or related ones, leading to membranes with stability limited to 
temperatures around or lower than 100oC, dictated by the glass transition temperature of the 
polystyrene blocks. This motivated the exploration of other methods of fabrication extendable to a 
large portfolio of materials, including commercial homopolymers. 
If the filter is considered for personal protection as masks, or residential application, another relevant 
characteristic is the capability of eliminating virus and bacteria. A biological matter like viruses and 
bacteria can be directly transferred through air or carried by respiratory droplets or PM particles, which 
also give a great danger to human health. [34, 35] The current outbreak of COVID-19 (coronavirus 
disease) is an example. Moreover, when using masks, even with high efficient filtration,  microbial 
growth can easily occur on filters under warm temperature and enough moisture and this needs to be 
minimized. [36]  
Therefore, it is important to develop porous air filters with high-efficiency of PM capture, especially 
PM2.5 fine particles and low airflow resistance.  For industrial application,  excellent stability 
parameters might be required; for personal or domestic use, microbial growth should be avoided.  
In this report, we propose a newly nanofabricated isoporous membrane made of poly(ethylene 
terephthalate) (PET). PET is a commercial high-performance polymers known for its excellent 
characteristics, such as high thermal, mechanical and chemical stability, transparency, and flexibility. 
The PET thermal degradation has been reported as being above 380oC [37], with glass transition 
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temperature around 70oC and melting temperature 255oC.[38] These properties are adequate for many 
applications as air filters in the heating, ventilation, and air conditioning system of buildings, car cabins 
as well as in personal masking. We demonstrated high capture efficiency of both fine PM2.5 and course 

PM10, using a series of nanofabricated PET isoporous membranes with pores size 0.7, 2 and 5 µm. 
Biocidal property was added by incorporation of silver particles, known for andibacterial activity. [39] 

 
 

2. Experimental section 
 
2.1 Materials 

Poly(ethylene terephthalate) dense film (Mylar) was purchased from Chemplex Industries, Inc., 
polystyrene-b-poly(4-vinyl pyridine) block copolymer P10900-S4VP (molecular weight 187 000-b-        
70 000 g/mol) was bought from Polymer Source, Inc. Dimethylformamide (DMF) was purchased from 
Fisher Scientific; silver nitrate (AgNO3) and sodium hydroxide (NaOH) were supplied by Sigma-
Aldrich.    
  
2.2 Fabrication of microporous membranes  

The series of isoporous membranes for PM capture was prepared using a 2.5-µm thick poly(ethylene 
terephthalate) (PET) dense film processed via photolithography and dry reactive ion etching technique, 
as earlier reported [40]. Briefly, PET dense film samples with 3-inches diameter were first attached to 
a special tape-film (Load Point, micro-machining solutions), then to the silicon wafer (4-inch diameter 

from University Wafer). A 1.6-µm layer of AZ-5214 photoresist was spin-coated onto the system and 

baked for 30 seconds at 110 °C. A patterned photomask (fabricated previously already) with 

identically distributed cylindrical isopores in size of 2 µm (and 5 µm in the second mask) was loaded 
to the EVG-620 nano-imprint photolithography tool. After the exposure to UV light, the system was 
then developed using AZ-726 MIF Developer, washed with DI water and dried with nitrogen. The 
pores were throughoutly etched in the inductive-coupled plasma reactive ion etching (ICP-RIE) 
equipment (Oxford Instruments) using a suitable recipe. Finally, the fabricated isoporous membrane 
was washed, dried and detached from the tape.  
 
2.3 Fabrication of membrane with submicron pores size  

The membrane with pore size 2 µm, earlier fabricated by photolithography and dry RI etching, was 
submitted to chemical vapour deposition (CVD), on a Lab coater®2 (Model PDS 2010). 1 g of solid  
dichloro-[2,2]-para-xylylene (Parylene C dimer) was loaded in the CVD tool, evaporated at 175 °C in 
the evaporation chamber, and then, by entering the pyrolysis chamber, formed a chloro-p-xylylene 
monomeric gas at the 690 °C. Finally, poly-(chloro-p-xylylene) was formed on the porous membrane 
at room temperature upon entering the deposition chamber.  
 
2.4 PM generation, permeance and capture efficiency measurement 
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The air permeation test was performed using an automatic flowmeter (Model Definer 220-L, Bios 
Internat. Corp.), a stainless steel gas cell (Millipore Sigma), an active membrane surface area of 12 
mm2 and a trans-membrane pressure of 0.01 bar. The components were arranged as depicted in Fig. 
1a. 
For the evaluation of the filters PM capture efficiency, we adapted previously reported model 
experiments.[18, 41] PM particles were generated from smoke by burning incense sticks. The smoke 
PM particles had a size distribution between 0.3 µm to 10 µm, dominating in a range smaller than 1 

µm. The PM particles concentration for the PM capture experiment was controlled by diluting the 
smoke with air. To bring the amount of PM concentration to a hazardous pollution level, the incense 
stick burnt for 30 seconds in a container containing an air of 5 US gal volume (18,928 cm3). PM 
particles concentrations were measured by a particles counter tool (CEM, Model VPC300, Extech 
Instruments). The PM capture was performed using a stainless steel gas cell (MilliporeSigma) with an 
open porous membrane surface area of 3.14 cm2. A simplified sketch of the experimental setup is 
depicted in Fig. 1b. Membranes with a diameter of 2 cm were placed in the stainless steel gas cell, 
with the inlet connected via a tube to the container with smoke and the outlet to the CEM PM counter 
tool. With a mild applied pressure, the polluted air passed through the tube and then through the porous 

membrane. The filtration experiment was similarly performed with the membranes of pores size 5 µm, 

2 µm and 0.7 µm respectively. The PM counter tool counts the particles, and classify them by sizes. 
PM concentrations were measured using the PM counter tool before the filtration test and right after 
the filtration. The capture efficiency (%) was calculated by measuring the difference between the 
particles concentration in the feed and permeate, divided by the concentration in the feed, multiplied by 
100. 

 
2.5 Membrane coating with Ag nanoparticles 
The membrane was first coated with a diluted solution (1 wt %) of  polystyrene-b-poly(4-vinyl 
pyridine) (PS-b-P4VP) in DMF. For that, the membrane was immersed in the copolymer solution for 1 
minute, then dried for 3 minutes at room temperature and washed in DI water. The silver nanoparticles 
were generated while adding 0.1 N NaOH drops into the 1 mM AgNO3 solution increasing its pH to 9. 
The silver nanoparticles were then incorporated onto the immersed coated membrane for 1 minute.   
 
2.6 Bacterial culture 
Acinetobacter baylyi was used as a model for testing the bacterial growth on the membranes surfaces.  
Acinetobacter baylyi is a gram-negative bacteria considered as an opportunistic pathogen for infection. 
The antibacterial activity of the membranes was measured through the plate count, the most common 
method used in hospitals and industry. The bacteria samples were first streaked on a Lennox Broth 
agar plate supplemented with 50 µg/mL kanamycin and 50 µg/mL rifampicin and grown overnight in a 
37o C incubator. A single colony was inoculated into fresh sterile Lennox Broth supplemented with the 
same concentrations of antibiotic, incubated for 18 h at 37o C, 200 rpm. The optical density at 
wavelength 600 nm (OD600) was determined for the bacterial liquid culture after 18 h incubation and 
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diluted to an approximate value of 0.05 with sterile Lennox Broth. The membranes were then exposed 
to the diluted bacterial culture for testing. 
Silver-coated and uncoated porous membranes were cut with the same size of approximately 1cm x 1 
cm. The membranes were individually immersed in 5 mL of the diluted bacterial culture and then 
incubated for 24 h at 37o C, 200 rpm. At the end of the incubation period, the liquid suspension was 
collected and diluted in ratios of 10-7, 10-8 and 10-9. Subsequently, 50 µL was then spread on the 
antibiotic-supplemented Lennox Broth agar plate. The plates were incubated at 37oC overnight for 
colony counting. The number of colonies obtained at 10-8 dilution was within the countable range for 
all samples, and this dilution was therefore used to determine the number of viable cells present after 
the membrane exposure tests. 

2.7 Morphological and chemical characterizations 
The filter surface was imaged by scanning electron microscopy (SEM) before and after the filtration 
experiments on a Nova Nano 630 FEI microscope. Before imaging, the filter was sputter-coated with a 
3 nm thick layer of iridium.  
The chemical composition of the collected particles on the filter was analyzed by X-ray photoelectron 
spectrometer (XPS) under a pressure of 3 × 10−9

 mbar on an Axis-Ultra DLD spectrometer using A1Kα 
radiation.  
 
 
3. Results and discussions 
 
 
3.1 Membrane morphology and permeance  
The fabrication method proposed in this work provides isoporous PET membranes, which are 
mechanically flexible and strong, with high porosity and surface area adequated for ventilation systems 
in the buildings and car cabins, as well as for facial maks, where constant airflow is required. 
Moreover, the membranes are transparent enabling light to pass through.  
Concerning the pore density, the photolithographic masks used for the isoporous membrane fabrication 
were designed with pore size equal to the interpore spacing.  For the membrane with 2 µm pores, the 

interpore spacing is also 2 µm, leading to a pore density of 4.13 × 106 pores per cm2, corresponding to 
20% of surface porosity. SEM images of the membranes with pore sizes 5, 2  and 0.7 µm are shown in 
Fig. 1c.   
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Fig. 1. Sketches of the experimental setups for (a) air permeance and (b) PM capture measurements; (c) SEM images of the 

isoporous membranes with pores size 5, 2 and 0.7 µm (from left to right). 
 
To evaluate the membrane's air flow rate, stable air permeation experiments were continuously 
performed. The results shown in Fig. 2 were calculated as averages of 10 repeated measurements. A 
permeance value of 88.9 x 106 L m-2 h-1bar-1 was obtained for the 2 µm pores membrane. Comparing to 
the track-etched membranes with similar pore size,  the nanofabricated membranes have six times 
higher air permeance.  As an example, the value reported by STERLITECH Corporation [42] is equal 
to 14.4 x 106 L m-2 h1 bar1. The measured pressure drop through the membrane was 0.01 bar. 
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                                     (a)                                                                                  (b)                                             

 
Fig. 2. (a) Air permeation through membranes with 0.7 µm, 2 µm, 5 µm pores; (b) PM capture efficiency of different 
membranes. 
 

3.2 PM capture efficiency  
The particles present in the air during smoggy days are mostly in the size range of 0.3 – 10 µm, and 
also include other contaminants, like CO2, NO2, SO2. The smoke containing the PM particles in this 
work were generated by burning incense stick, adapting previously reported model experiment for 
other filters aiming similar applications.[18, 41] A gramm of burning incense produces more than 45 
mg PM, different pollutant gases like CO, CO2, NO2, SO2, and volatile organic compounds. [41] Such 
complex air exhaust simulates polluted air. The capture efficiency was then calculated according to the 
PM concentrations. It can be seen in Fig. 2 and Fig. S1-S3 that PMs with sizes of 10 µm and 5 µm 

were almost fully captured by the membrane with 5 µm pores. Likewise, membranes with 2 µm pore 

size captured  99 % of 10 µm PM  and around 96% of 5 and 2.5 µm PM. The membrane with 0.7 µm 
pores had a capture efficiency of 99-100% for all investigated PM sizes. 
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(a)                                                   (b) 

 
Fig. 3. (a) SEM images of membranes after the particle filtration test; (b) XPS characterization of the PM particle. 

 
 
3.3 PM chemical composition 
Fig. 3a shows the SEM images of the filters after the PM capture experiments. The surface elemental 
composition of the collected PM particles was characterized by XPS.   It is shown in Fig. 3 (b) that the 
PM particles mainly contain O, C, Ca, Na, of which the atom ratio is 47:34:15:4, and amorphous 
carbon. 
 
3.4 Antibacterial property of the Ag-coated membrane 
Silver is known as an effective biocide for bacteria [43] and viruses. [44, 45] Ag nanoparticles are 
widely used in different fields such as water treatment, bioengineering and healthcare. Madhavan et al. 
[46] incorporated silver nanoparticles on PS-b-P4VP copolymer membranes, by immersing in AgNO3 
solution at pH equal to 9. The coordination of the pyridine groups with silver promotes a highly 
uniform distribution of silver. Here, we coated the nanofabricated PET membrane with a very thin PS-
b-P4VP copolymer layer and 1 mM AgNO3 at pH 9.  A fine homogenous distribution of silver 
nanoparticles was also obtained, as shown in the SEM image of Fig. 4.     
The uncoated membrane generated a plate count of 3.46 x 109 cells, while the Ag-coated membrane 
generated 3.78 x 108 cells, which hence shows 1 log10 or 90 % of reduction in the cell numbers. 
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                          Fig. 4. SEM image of the membrane with uniformly distributed silver nanoparticles. 
 

 
 
4. Conclusions 
 
The high level of air pollution in large cities all over the world demands effective devices for PM 
capture, such as indoor porous filters in ventilation and air conditioning systems of buildings and car 
cabins, and outdoor face masks. Two important characteristics are required for a good air filter’s 
design: high PM capture efficiency and low thickness. The existing traditional nonwoven filters, 
conventional HEPA filters, developed and advanced electrospun nanofibrous filters struggle to provide 
both parameters simultaneously. Herein, by using our new methodology of fabrication of polymeric 
isoporous membrane with high porosity, low thickness and large active surface area, based on  

photolithography and DRI, we were able to capture 95 % of PM10 with 5 µm pores,  and 95 % of both 

PM10 and PM2.5 with 2 µm pores. Finally, with 0.7 µm isopores, the capture efficiency was as high as 

99.9% for particulate matter with sizes ranging from 0.3 µm to 10 µm.  Moreover, by loading Ag 
nanoparticles homogeneously distributed onto the whole surface of the membranes, we could reduce 
up to 90 % the growth of bacteria. We believe that isoporous polymeric membranes coated with silver 
hold promising potentials for using as stand-alone air filters in air conditioning and ventilation systems 
such as incorporated in personal face masks.  
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Fig. S1 Particle filtration by membranes with 5 µm pores. 
 

 
Fig. S2 Particle filtration by membranes with 2 µm pores. 
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Fig. S3 Particle filtration by membranes with 0.7 µm pores. 
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Flexible isoporous air filters for high-efficiency 
particle capture 

 
 
Highlights: 

 
• PET transparent, flexible membrane, highly porous for  99.9% of PM 2.5 removal.  

• Nanofabricated isoporous polymeric membranes by photolithography. 

• Silver-coated isoporous membrane with excellent antibacterial effect.  

• Personal masking, air conditioning and car cabins effective filter.   
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