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 Introduction 

1.1 Problem background 

Membrane air filtration is an exciting development which is nowadays considered the most 

efficient physical method for airborne particle separation. Traditional commercial air filters such 

as glass fiber or melt-blown based filters provide low filtration efficiencies for particle sizes 

between 100 and 500 nm. This is due to large diameters of their fibers, mostly in the order of tens 

to hundreds of micrometers, compared to airborne particle sizes. It is thus necessary to increase the 

filter thickness to enhance the filtration efficiency, which in turn dramatically increases the 

pressure drop [1]. The development of high efficiency air filters is mainly dependent on an 

understanding of the most penetrating particles. The removal of such particles was significantly 

improved using membranes based on nanofibers. However, even high-efficiency particulate air 

filters (HEPA) can remove only 99.97% of particles which means that a very small fraction can 

still escape the filter. As these particles are very small, they are most dangerous and easily inhaled 

[2]. Therefore, the removal of these should be prioritized. Another issue arising from application 

of fibrous filters is the filtration regime they operate in. Vast majority of fibrous filters operate in a 

deep bed filtration regime. These filters cannot be regenerated which is a significant shortcoming. 

From this point of view, membrane filters which operate in a surface filtration regime are 

significantly advantageous because their cleaning is very simple using various techniques such as 

vibration/shaking, back-pulse/back-blow or blowing the membrane surface. Even though the initial 

pressure drop of such a membrane can be higher compared to deep-bed filter, its life cycle is 

significantly prolonged. Then, it is a tradeoff between the energy use which is higher for operating 

the membranes and recycling/disposal possibilities which in turn are very limited for deep bed 

filters. The recycling is also important due to environmental issues being raised more and more 

intensely. Nowadays, due to large amount of used filters, there are concerns about the impact of 

the filter disposal. Therefore, there is a trend towards manufacturing of filters with longer lifetimes 

and filters which are cleanable. These filters mitigate the environmental impact by reducing their 

volume disposed in landfills or incineration plants [3]. Such membranes which are already very 

well-known and extensively applied to a large industrial scale could be hollow-fiber membranes 

(HFMs). 

HFMs, first patented by Mahon in 1966 [4], possess several advantages. The hollow fiber 

geometry offers a larger active membrane area per unit volume of the membrane module resulting 

in a greater process intensification. Moreover, hollow fibers provide a good mechanical support 

and easy handling during module fabrication and process operation [5] as well as their cleaning. 

This is a tremendous challenge when dealing with filters based on extremely fine nanofibers which 

can jeopardize the robustness of the filter, thus requiring a mechanical support. The excellent mass 

transfer caused by the hollow fiber geometry have led to various commercial applications in 

different fields such as medical (blood fractionation), water purification/desalination, 

micro/ultrafiltration, reverse osmosis, liquid/liquid and liquid/solid separation, gas separation, 

hemodialysis and so on [6]. Other applications of HFMs are in various stages of development. 

Among others, it is air purification and other miscellaneous operations such as air 

de/humidification [7, 8]. Utilization of HFMs in air treatment, especially in air filtration is quite a 

new topic which has been scarcely studied. At the very beginning of this thesis proposal in 2015, 
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there was no research work carried out on the air filtration using HFMs. During last year, several 

works have been done and published by a research group from Singapore [9–11] and China [12]. 

HFM modules with primary application in air filtration have even recently been found in portfolio 

of several companies [13–16]. Another company dealing with HFM production is Zena s.r.o. [17]. 

This company produces HFMs made of polypropylene via dry stretching technique. The main 

applications of these HFMs are water/wastewater treatment and membrane contactor/bioreactor 

technology. However, it was suggested to explore how the same HFMs would act as air filters and 

what air applications would be appropriate for such a filter. Therefore, following objectives were 

proposed to be solved in the framework of this thesis. 

1.2 Research objectives 

This work will study air filtration using HFMs. These objectives were specified for the work: 

1. Analysis of the current state of the art in the air filtration field: 

 overview of air filtration technology, high efficiency filter media; 

 HFMs in air filtration, 

 mathematical modeling of air filtration; 

2. Design of experimental apparatus for testing the performance of HFMs; 

3. Experimental investigation of HFMs’ performance: 

 collection efficiency of different types of HFMs for different particles at different 

conditions: aerosol from incense stick burning (polydisperse), aerosol of dispersed 

micronized TiO2 powder (polydisperse), ammonium sulfate solution generated 

aerosol (monodisperse and polydisperse), different flowrates and aerosol 

concentrations; 

 pressure drop and pressure drop evolution with long term dust loading using a TiO2 

dust and an ASHRAE A2 dust at different filtration conditions; 

 dust holding capacity for various conditions; 

4. Life cycle cost estimate of air filtration using HFMs; 

5. Comparison of results with other works and filtration materials. 
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 Air filtration performance of hollow-fiber membranes in 

removal of ultrafine particles from incense stick burning 

2.1 Introduction 

The main aim of this chapter is to characterize the filtration performance of symmetric 

polypropylene HFMs (0.4 to 0.8 m2 filtration area) for nanoparticle removal. Transmembrane 

pressure and fractional filtration efficiency for particles in 18–100 nm range were determined. The 

tested HFMs were then compared using quality factor (QF) for individual particle sizes at a 

permeate velocity of 5, 10 and 15 cm/s. 

2.2 Materials and methods 

Three various types of low cost polypropylene HFMs from Zena Membranes s.r.o. Brno, Czechia 

[17] were tested (Table 2.1). These HFMs are manufactured via dry stretching of hollow fibers 

with no waste. HFMs have narrow pore-size distributions (measured using a Quantachrome 3Gzh 

capillary flow porometer, pore size range 0.01–500 µm) with most pores within a size range of 85–

105 nm.  

Table 2.1: Parameters of HFMs 

HFMs P50 P60 P80 

Fiber outer diameter, Do (µm) 300 300 620 

Fiber inner diameter, Di (µm) 228 228 474 

Fiber wall thickness, Z (µm) 36 36 73 

Number of fibers, Nf 1380 1380 300 

HFM surface area, A (m2) 0.95 0.95 0.43 

Initial TMP (5 cm/s) (Pa)  543.2 ± 3.3 558.6 ± 3.6  284.6 ± 2.7 

Average pore size, do (nm) 94 87 95 

 

Filtration experiments were carried out in a glass chamber with 260 dm3 volume connected to a 

suction pipe (1), to which the HFM bundle was linked (Fig. 2.1a). The suction pipe was provided 

with a velocity probe (8), a thermocouple (10) and a differential pressure sensor (12). The airflow 

through the HFM was provided by a ventilator (11). The particles which passed through the 

membrane (downstream side), carried by airflow inside the pipe, were sampled via the sampling 

spot (9) using a TSI SMPS 3080 electrostatic classifier connected to a CPC 3775 particle counter 

(6) with a scanning time of 45 s and a retrace time of 15 s. The particle sizer was linked to a laptop 

with software for data management (5). A polydisperse aerosol was generated inside the chamber 

by burning incense sticks (HEM Opium incense sticks, Mumbai, India). The aerosol penetration 

was measured at a permeate velocity of 5, 10 and 15 cm/s. All the upstream aerosols had similar 

particle size distribution with geometric average particle size of 70 ± 3 nm. Fig. 2.1b shows an 

upstream/downstream particle size/concentration profile. 

Air filtration materials or whole air filtration units are mostly evaluated in terms of filtration 

efficiency and pressure drop. The former describes the ability of a filter unit to remove particles 

from an air stream while the latter is mainly related to energy requirements. The measurement of 

particle concentrations upstream (Cup) and downstream (Cdown) consisted of a series of six particle 
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counting instances. The number of particles was measured sequentially downstream and upstream 

while each upstream and downstream concentration was measured three times. The average of 

three concentrations upstream and downstream were then used to calculate the efficiency as 

follows: 

 
up

down1
C

C
  (2.1) 

Possible fluctuations of upstream particle concentration were thus eliminated. The average 

efficiencies of individual HFMs were compared using the analysis of variance (ANOVA). 

a)  b)  

Fig. 2.1: A scheme of experimental setup (a) and upstream/downstream aerosol particle 

size/concentration profile (b) 

2.3 Results and discussion 

2.3.1 Filtration efficiency 

Fig. 2.2 shows the fractional efficiency of tested HFMs in relation to permeate velocity. All the 

curves have a typical shape, each with a minimum which is the most penetrating particle size 

(MPPS). The highest efficiency (above 79% for MPPS) was observed at the lowest air flow 

velocity of 5 cm/s. The MPPS efficiencies were 79.07% (35.9 nm), 86.54% (37.2 nm) and 86.31% 

(40.0 nm) for P50 (Fig. 2.2a), P60 (Fig. 2.2b) and P80 (Fig. 2.2c), respectively. Fig. 2.2 further 

shows decreasing filtration efficiency with increasing permeate velocity. This is in agreement with 

previous works focused on fibrous filters [18, 19] but in contradiction to very recent work on air 

filtration using PVDF-PEG HFMs by Wang et al. [9]. The authors attributed this to the 

asymmetric structure of these HFMs where the high flowrate could enhance aerosol deposition 

through direct impaction and Brownian motion, thus decreasing the penetration of particles. 
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a)  

b)  

c)   

Fig. 2.2: Filtration efficiency in relation to particle size for different HFMs with a SEM picture of 

fouled surface for P50 (a), P60 (b) and P80 (c) 
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2.3.2 HFM fouling 

Fig. 2.2 also shows surface HFMs after air filtration. The HFM pore structure was fouled by 

aerosol particles in varying intensity. Some of the particles are captured on the membrane surface 

separately (Fig. 2.2a,b), while some of them form a film-like layer (visible in Fig. 2.2c) caused by 

particles merging, probably due to air humidity (laboratory conditions were a temperature of 23 °C 

and humidity of about 55%). At this level of air humidity, increased adhesion forces among 

generated particles can occur, forming agglomerates (clearly visible in Fig. 2.2c). From these 

pictures it is clear that surface filtration dominates but mainly for larger particles above 100 nm. 

Particles under 100 nm will inherently be captured inside the HFM fiber wall via the diffusion 

mechanism. This is the opposite of what happens with fibrous filters, in which depth filtration is 

the main separation mechanism for whole particle size ranges [19, 20]. 

2.3.3 Quality factor of tested HFMs 

QF was higher than those reported by Wang et al. (2017) for PVDF-PEG HFMs, which had their 

QF in the range of 2 kPa−1 for a particle size of 30 nm and a velocity of 9.2 cm/s. QF results 

correspond to or are lower when compared to electrospun polyurethane nanofiber filters, for an 

MPPS of 70 nm and a face velocity of 5.7 cm/s [21]. They are also lower when compared to Nylon 

6 nanofiber filters for an MPPS of 120 nm and 5 cm/s [22]. Lastly, they are comparable to the 

nanosized/porous polylactic acid composite fibrous membranes (MPPS of 260 nm, 14.1 cm/s) 

reported by Wang and Pan [23] and higher than 4-layer oleophylic glass fiber filters (average 

aerosol particle size of 900 nm, 10 cm/s) as reported by Chang et al. (2016) [24]. 

2.4 Conclusion 

The air filtration performance of polypropylene HFMs was investigated. Due to their high 

efficiency, HFMs may be used for special applications in which low volume flowrates are 

involved.  

Based on the results presented above, the following conclusions were made: 

 The results show high efficiency for removal of submicron particles. The MPPS were in the 

range of 34 to 40 nm with high efficiency at a velocity of 5 cm/s and decreased in the 

following order: P60 > P80 > P50 (for MPPS). With increasing permeate velocity, the MPPS 

efficiency decreased down to 69% (15 cm/s). Nonetheless, for particle sizes above 60 nm, 

the efficiency remained practically unchanged no matter the permeate velocity. 

 TMP is rather higher compared to fibrous air filters. P50 and P60 are almost the same as they 

have the same parameters and were around 560 Pa at 5 cm/s. P80, with double the fiber 

diameter though half the filtration area, had TMP of 285 Pa at the same permeate velocity, 

which is comparable to fibrous HEPA filters. TMP remains the main problem to practical 

applicability as this parameter determines the energy consumption of the overall filtration 

process. 

 Polypropylene HFMs were further compared in terms of QF, which is often appropriate. QF 

was comparable with fibrous filters and the other HFMs reported previously mainly for 

MPPS of P80 while rather higher for larger particle sizes (those above 60 nm). P60 had a 

higher efficiency compared to P80 though a lower QF due mainly to higher TMP. 
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 Air filtration performance of hollow-fiber membranes in 

removal of submicron TiO2 aerosol 

3.1 Introduction 

The main aim of this chapter was to determine filtration efficiency characteristics for particle size 

range from 100 to 600 nm using a test dust of TiO2 particles with a modal particle size of 340 nm. 

TiO2 was previously used to model pressure drop evolution during fouling in water filtration [25] 

and also to assess air filtration performance of multilayered electrospun polylactide membranes 

[2]. Therefore, we chose TiO2 as model particles for this study. The influence of permeate velocity 

and amount of testing dust was studied. Finally, we studied membrane fouling and pressure drop 

evolution with time and observed the fouled HFMs using SEM. 

3.2 Materials and methods 

Filtration was carried out in a chamber of 70 dm3 volume (Fig. 3.1) where a HFM (P80 type) was 

placed. The HFM was connected to a fan using a pipe. The pipe was provided with an EE660 

velocity probe (VP) and an Omega PX277-05D5V differential pressure sensor (∆p). The second 

output of the differential pressure sensor was connected to the chamber thus obtaining pressure 

drop caused by the HFM. Micronized titanium dioxide was used as a test dust. TiO2 dust was used 

due to an easier and faster formation of dust environment. 

 

Fig. 3.1: A scheme of experimental setup 

The test dust was fed through an opening on the chamber wall. It was not possible to use dust 

feeder because, unlike in the planar filter testing, there was not any air stream inside the chamber 

and the fed dust just fell down without any dispersion. To ensure adequate homogeneous dust 

dispersion into the chamber it was necessary to use pressure air. The weighed amount of dust was 

dispersed from a small dish using pressure air driven through an ejector (Fig. 3.1). The dust was 

thus uniformly dispersed in the chamber. Particles which passed through the membrane, carried by 

the airflow inside the pipe, are sampled using a TSI SMPS 3080 electrostatic classifier connected 
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to a CPC 3775 particle counter. The particle sizer was linked to a laptop with software for data 

management. 

Air filtration materials or whole air filtration units are mostly evaluated in terms of filtration 

efficiency and pressure drop. The former describes the ability of a filter unit to remove particles 

from an air stream while the latter is mainly related to energy requirements. The filtration 

efficiency η is generally defined by Eq. 2.1. The measurement consisted of several steps. First, we 

measured several times upstream particle concentration to assess the reproducibility of dust 

dispersion. It was necessary to use the same air pressure at the inlet to the ejector to obtain 

reproducible particle size distribution of the dispersed TiO2 powder upstream of the HFM. We did 

seven measurements of upstream particle concentration and calculated average and standard 

deviation. These values were then used to calculate the filtration efficiency. This was carried out 

for two dust weights of 50 and 100 mg. After dust dispersion in the chamber, the fan was turned 

on and immediately measured the particle size profile at downstream side of HFM. The 

downstream particle concentration was measured seven times. The efficiency data were tested on 

normality using the Shapiro-Wilk test which confirmed that the data are not governed by normal 

distribution. Therefore, non-parametric ANOVA was used to compare the efficiency data. Using 

the Mann-Whitney test, it is possible to discover whether the efficiency is changing under varying 

conditions, i.e. different permeate velocity and upstream dust concentration. 

3.3 Results and discussion 

3.3.1 Particle separation efficiency of HFMs 

Fig. 3.2 shows the filtration efficiency at a permeate velocity of 15 and 30 cm/s tested with 

different amounts of dispersed dust of 50 mg (Fig. 3.2a) and 100 mg (Fig. 3.2b). We can see high 

filtration efficiency of more than 99.97% for particles above 100 nm. Under 100 nm, it decreases 

to most penetrating particles size (MPPS) which is in 32–40 nm range. Comparing the efficiency 

curves between those two permeate velocities, we can see practically no difference when 

considering the standard deviation bars. The same is true if we compare the efficiency in terms of 

upstream particle concentration, i.e. different amount of test dust. This was also confirmed using 

the Mann-Whitney test at the significance level of 0.05. For the conditions adopted in the filtration 

experiments, there is no or a minimal influence of permeate velocity and dust amount. 

3.3.2 HFM fouling by TiO2 particles 

We did a long term measurement of membrane fouling with SEM observation at defined intervals. 

0.2 g per hour was fed to the chamber and samples of fouled membrane were observed after 25, 50 

and 90 hours of experiment (Fig. 3.3a and b, respectively). We can see gradual fouling of HFM 

surface by TiO2 particles with time. However, there is probably still enough space for fluid to pass 

through the cake/membrane wall even after 90 hours of fouling as we did not noticed significant 

increase in pressure drop at these conditions (0.2 g/h). This could be caused by the space among 

particles which is still large for fluid to flow without any obstructions. Moreover, the HFM 

samples were cut from a fiber closer to the potting connected to the fan. This part of the membrane 

is fouled more intensely and when completely clogged, the filtration will move to the middle part 

of the membrane which is less fouled. So to observe significant pressure drop increase, the HFM 
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would have to be completely fouled over the whole surface area. Therefore, the concentration of 

dust dosed was increased to 2 g/h. 

a)  

b)  

Fig. 3.2: Fractional efficiency for different dust amount – comparison by permeate velocity: 50 mg 

(a) and 100 mg (b) 

At these conditions, we observed pressure drop to increase to double the initial value after 

40 hours (Fig. 3.4). The pressure drop increase is smoothly linear up to filtration time of 14 hours, 

corresponding to dosed dust amount of 28 g. Then, the pressure drop increased exponentially up to 

the final pressure drop of 1438 Pa (total dust dosed of 80 g). The amount of dust held by the 
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membrane (dust holding capacity) was 24.7 g. The course of the pressure drop increase with 

particle loading is in agreement with other works carried out on planar high efficiency filter media, 

see e.g. [26–28]. 

a)   

b)    

Fig. 3.3: HFMs fouling by TiO2 particles after 25 h (a) and 50 h (b) 

 

Fig. 3.4: Pressure drop profile during fouling of the HFMs with 2 g/h of TiO2 powder 
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3.4 Conclusion 

Polypropylene HFMs are highly efficient in removal of ultrafine particles. The efficiency is higher 

than 99.97% for particles above 100 nm. Under 100 nm it decreases to most penetrating particle 

size which in the range of 32–40 nm with efficiency in the range of 90–96%. Different permeate 

velocity and dust amount were found to have no significant influence on the filtration efficiency. 

This proves HFMs to have stable properties during air filtration independent of different flow and 

particle concentration conditions. However, due to hollow fiber geometry, these membranes have 

higher pressure drops. It is 640 Pa at 20 cm/s permeate velocity for an active filtration area of 

0.43 m2. This can be eliminated by increasing the area of the membrane by connecting individual 

HFM bundles into larger modules and customization of fiber inner diameter. 

Long term exposure did not prove significant pressure drop increase for given conditions. After 

90 hours of fouling with dust feed of 0.2 g/h, no significant change in pressure drop was observed. 

The concentration of dust dosed was therefore increased to 2 g/h which caused pressure drop to 

increase to double the initial value after 40 hours of filtration. 
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 Air filtration efficiency and particle loading behavior of closed 

hollow-fiber membrane air filter modules 

4.1 Introduction 

Here, measurement of size-resolved penetration of polypropylene HFM modules with different 

active surface area at different airflow velocities using a monodisperse and polydisperse 

ammonium sulfate aerosol is described. Monodisperse aerosol of different particle sizes (20, 35, 

50, 70, 100, 140, 280 and 400 nm) was used. To obtain information about the pressure drop 

evolution during filtration cycle, we also did a particle loading filtration test using a polydisperse 

aerosol until reaching double the initial pressure drop of the HFM module. The results are then 

compared with theoretical models for most penetrating particle size (MPPS). 

4.2 Materials and methods 

4.2.1 HFM modules and experimental setup 

HFMs modules from Zena Membranes s.r.o. [17] of different active filtration area were tested. The 

HFMs are made of polypropylene and were examined using classical bubble point test. The 

membranes are naturally hydrophobic and can be sterilized with standard ethylene-oxide 

procedure. 

The experimental setup is shown in Fig. 4.1a. Testing aerosol particles were generated using a 

Palas AGK 2000 nebulizer from a 1 g/L ammonium sulfate solution under a pressure of 2 bars. 

Ammonium sulfate was chosen due mainly to the dodecahedron shape of generated particles. This 

is closer to spherical shape which is considered in theoretical assumptions adopted for particle 

sizing in electrostatic classifiers. The generated polydisperse aerosol is driven through a droplet 

separator and a diffusion dryer and brought to a size selector with a differential mobility analyzer 

of an active length of 110 mm. Here, a monodisperse aerosol of required size is separated. The size 

selector includes a 370 MBq 85Kr neutralizer and a closed-loop airflow equipped with flow, 

temperature and pressure sensors. The sheath air flowrate is controlled using a 5 L/min critical 

orifice. The aerosol was kept at a flowrate of 1 L/min periodically checked using a Sensidyne 

Gilibrator-2 airflow calibrator. 

The selected monodisperse aerosol is neutralized using a second 370 MBq 85Kr neutralizer and, 

after dilution, driven through the tested HFM module. The particle number concentration is then 

simultaneously measured using two TSI UCPC 3025A condensation particle counters (CPC), each 

at upstream and downstream side of the HFM module. The whole system was controlled using 

LabView software which operated the classifier, CPCs, electromagnetic valves, data management 

and processing. Prior to each measurement, five zero-count checks were done to control possible 

foreign particles in the system. The experimental setup for testing with polydisperse aerosol (Fig. 

4.1b) is practically the same excluding size selector and having two SMPS/CPC systems instead of 

two CPC. 
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a) b)  

Fig. 4.1: A scheme of experimental setup for filtration efficiency testing with monodisperse aerosol 

(a) and polydisperse aerosol (b) 

4.2.2 Data processing 

Determining the collection efficiency using polydisperse aerosol was performed via simultaneous 

measurement of particle number concentration upstream and downstream of the HFM module. 

Both upstream and downstream particle size/concentration profile were measured eleven times and 

for each profile arithmetic average value and standard deviation were calculated. The average 

particle concentration upstream/downstream of the HFM was then used to calculate the filtration 

efficiency. This was done two times and the arithmetic average of efficiency and its standard 

deviation were determined. The data was further processed using the StatSoft Statistica software. 

The efficiency data measured using polydisperse aerosol at different velocities was compared 

using Mann-Whitney test (non-parametric ANOVA). Non-parametric ANOVA was chosen based 

on the Shapiro-Wilk test which confirmed the efficiency data to be out of the normal distribution. 

4.3 Results and discussion 

4.3.1 Filtration efficiency 

Fig. 4.2 and 4.3 shows the measured filtration efficiency of the HFM modules challenged with 

monodisperse and polydisperse aerosol, respectively. When challenged with monodisperse 

aerosol, eight different particle sizes from 20 to 400 nm were selected. For all these particle sizes, 

the HFM module showed 100% efficiency no matter of its surface area. However, due to size 

selection, the particle concentration of the monodisperse aerosol was rather low. The experiment 

with monodisperse aerosol was also limited by the detection limit of the used CPCs which is as 

low as 0.0001%. Below this limit, no particles are detected although some can physically be 

present in the downstream feed. Therefore, it was decided to test the modules with high 

concentrations of polydisperse aerosol to verify if the HFM modules have the same efficiency.  
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Fig. 4.2: Filtration efficiency in relation to particle size of the tested modules challenged with 

monodisperse aerosol 

After challenging with polydisperse aerosol, some penetrations were observed. MPPS was 

found to be 334 nm with an efficiency of 99.9989% and 250.3 nm with an efficiency of 99.9982% 

at the flowrate of 10 and 40 L/min, respectively (Fig. 4.3). However, Mann-Whitney test has 

confirmed there is no statistically significant difference between the efficiency values measured at 

different flowrates (at a significance level of 0.05). Therefore, change of the face velocity in the 

present manner does not have significant effect on the filtration efficiency of the HFM modules. 

 

Fig. 4.3: Filtration efficiency in relation to particle size of the tested modules challenged with 

polydisperze aerosol 

4.3.2 Pressure drop evolution with particle loading 

Pressure drop increase during filtration of polydisperse aerosol was measured on both modules. 

Fig. 4.4 shows pressure drop with time, accumulated mass of the aerosol in the HFM module with 

time and the particle size/concentration profile of the aerosol with time. Generally, the highest 
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particle concentrations were in the particle size range between 30 and 110 nm. Most of the pore 

sizes are in this range, so the loading rate and pressure drop evolution was assumed to be rather 

fast. However, the results have shown quite different behavior. The smaller module (0.22 m2) was 

tested at a flowrate of 11 L/min and reached double the pressure drop after 75 hours (Fig. 4.4). The 

whole experiment took 84 hours and the pressure drop increased from 44.7 to 99.8 mbar. The 

weight of the accumulated particles was 1.2 g. 

 

Fig. 4.4: Pressure drop evolution, course of accumulated mass of particles and particle 

size/concentration profile of challenge aerosol in time during long-term polydisperse aerosol 

loading for HFM module with an area of 0.22 m2 

4.4 Conclusion 

HFM modules of two different surface areas were tested. When challenged with monodisperse 

aerosol, zero penetration was observed in both modules, i.e. 100% efficiency. However, due to the 

limitations of the experiments with monodisperse aerosol (low concentrations of classified aerosol 

together with the detection limit of the CPCs), the modules were further tested using polydisperse 

aerosol to confirm the excellent collection efficiency. When challenged with polydisperse aerosol, 

some penetrations were observed. MPPS was found to be 334 nm at 10 L/min and 250 nm at 

40 L/min even though the differences between efficiency/particle size profiles at different 

velocities were statistically insignificant. 

 Pressure drop increase with particle loading showed the HFM modules are fouled very slowly 

even with high particle concentrations. The smaller area module needed 75 hours to reach double 

the initial pressure drop. In the larger module after more than 40 hours, practically no increase was 

observed. Therefore, the experiment was not continued until the twofold initial pressure drop 

value, as it would take significantly longer time. 
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 Pressure drop evolution during dust loading of hollow-fiber 

membranes – energy requirements and life-cycle cost estimate 

5.1 Introduction 

The particle loading process was extensively studied in fibrous filters and is generally divided into 

three phases. First, the particle collection is in depth filtration regime, i.e. particle are captured 

inside the filter media. During this phase, the filter pressure drop gradually increases as particles 

are filling the space among the filter fibers. Second, a transitional regime occurs, i.e. a significant 

amount of the void space inside the filter is filled with particles. The filter pressure drop in this 

phase rises faster compared to depth filtration phase. The last stage of filtration is called surface 

filtration, i.e. particles are collected on the filter surface, a filtration cake is established and 

growing while rapidly increasing pressure drop. In high efficiency filters, the surface filtration is 

the main filtration mechanism while the previous two take only a short time. However, for certain 

type of membrane filters, the first two stages does completely not occur and the filtration solely 

takes place on the membrane surface. 

HFM pressure drop is a sum of contributions of transmembrane pressure, i.e. the pressure 

caused by the membrane wall pore structure, and mainly the pressure loss over the length of the 

hollow fiber lumen. So it is not possible to operate HFMs at such high flowrates as filters for 

general ventilation purposes. Therefore the use of HFMs will be limited to low volume and/or 

short term applications and for special application like nanoaerosol separation or aerosols which 

are potentially toxic and must be captured with high efficiency no matter of the filtration costs. 

This chapter, therefore, focuses on the pressure drop evolution of HFMs during dust loading. We 

used ASHRAE A2 test dust to simulate dust environment and recorded the pressure drop with 

membrane fouling until reaching double the initial value. 

5.2 Materials and methods 

Two types of HFMs were tested differing in fiber diameter and surface area. These HFMs are 

produced by Zena Membranes [17] and are made of polypropylene by extrusion and subsequent 

dry stretching technique (refer to previous chapters Materials and methods sections). An A2 fine 

test dust defined by ANSI/ASHRAE 52.2 was used in the experiments. Filtration was carried out 

in a chamber of 70 L volume (for details refer to Fig. 3.1). 

5.3 Results and discussion 

5.3.1 Dust loading behavior of different HFMs 

Fig. 5.1 shows a comparison of the tested HFM at a velocity of 20 cm/s (Fig. 5.1a) and 40 cm/s 

(Fig. 5.1b). We can see the obvious difference caused mainly by the different hollow fiber 

diameter which is responsible for the different pressure drop behavior. P80 HFM has a slow linear 

increase until the clogging point at a filtration time of 30 hours at which the pressure drop starts to 

increase steeper. Quite the contrary can be observed for P60 which shows a steep increase within 

5 hours and then increases slowly with a linear course. At a higher velocity of 40 cm/s, P80 is 

similar to P60 at 20 cm/s. However, at a higher velocity an increasing influence of the pressure 
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drop along the length of the hollow fiber lumen is probably dominating over the increase caused 

by the cake resistance (discussed in the next section). 

a)  b)  

Fig. 5.1: Comparison of fouling behavior of P60 and P80 HFMs at a permeate velocity of 20 cm/s 

(a) and 40 cm/s (b) at a dust concentration of 14.3 g/m3 

5.3.2 Comparison of fouling behavior of new and regenerated HFM 

Fig. 5.2 shows the fouling behavior of a new and a regenerated P80 membrane (by shaking the 

accumulated dust off) compared simply by pressure drop increase in time at a dust load of 4 g/h. 

The new membrane pressure drop linearly increased up to 30 hours of continuous filtration and 

then started to increase exponentially. The same is true for the HFM after cleaning with several 

differences. 

 

Fig. 5.2: A comparison of pressure drop evolution of a new and a regenerated HFM at a dust 

concentration of 14.3 g/m3 at a permeate velocity of 20 cm/s 

The initial pressure drop remained practically the same after regeneration. However, with the 

repeated dust loading the pressure drop is slightly higher and after 30 hours of continuous loading 

(in the same point as the new HFM) started to increased but significantly faster. The increase of 

pressure drop between 30 and 35th hour of operation was 105 and 295 Pa, for the new and cleaned 

HFM, respectively. This is caused by the residual particles on the membrane surface or the 

particles inside the structure after cleaning as obvious from SEM pictures (Fig. 5.3). 
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Fig. 5.3: SEM pictures of cleaned membrane at various magnifications 

5.3.3 Influence of dust concentration 

Fig. 5.4 shows different behavior of the new and cleaned membrane when compared by dust 

concentration and filtration time and dust dose. Fig. 5.4 shows that the new HFM is fouled faster at 

higher dust concentration which is reasonable as more particles clog the membrane in a shorter 

time. However, if we compare the pressure drop/dust load dependence at the two different 

concentrations, we can see that the curves are very close to each other. This indicates that the 

pressure drop is practically identical at the same mass load of particles deposited on the HFM. 

This was also observed in a planar PTFE membrane when challenged with talc particles [28]. 

 

Fig. 5.4: Fouling behavior of a new HFM at different dust doses at a permeate velocity of 20 cm/s: 

a comparison by filtration time and dust dose 

Different behavior, however, was observed by Wang et al. [26] who studied the effect of dust 

loading rate on the fouling behavior of high efficiency filters. The authors hypothesized that at a 

lower dust concentration, the particles moving towards the filter surface had more time and space 

to arrange (without interfering by other incoming particles) into a denser cake microstructure. At 

high dust concentration, the high amount of particles interferes significantly each other at the 
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moment of deposition onto the membrane surface. This results in an unconsolidated cake 

microstructure with higher permeability. 

5.3.4 Life-cycle cost estimate 

Life cycle cost (LCC) is the total cost of filtration operation and related activities including initial 

investments into the filtration equipment, installation, operation cost (energy demands), 

maintenance and final disposal. The LCC of continuous operation of a filter at a constant flowrate 

can be determined as follows, with IFI, LCCE, LCCM and LCCD as filter investment/installation 

cost, electricity cost, maintenance and disposal cost per life cycle, respectively: 

 DMEFI LCCLCCLCCILCC   (5.1) 

where IFI is the cost of a new filter including frame, labor, filter housing, the building volume for 

the filters etc.  

 

a)  

b)   

Fig. 5.5: Cost development of individual items in time (a) and LCC of individual items and total 

LCC over 10-year period (b) 
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Fig. 5.5 shows the LCC estimate of the HFM filtration system. The course of individual cost 

items during 10 years is slightly increasing. This simulation of price increase over the use of the 

filter is based on the present price which is multiplied by the correction factor calculated using 

following equation: 

   n
PIi

Co

Co 
 1

n

p
 (5.2) 

where Cop is the present cost of a single cost item, Con is the cost paid after n years, PI is the price 

increase and i is the interest rate. The total LCC for the period of 10 years was estimated at 

2026 euro, with the cost of investments, electricity, maintenance and disposal accounting for 

19.5%, 72.1%, 7.3% and 1.1% of the total cost, respectively (Fig. 5.5b). 

5.4 Conclusion 

HFMs exposed to extremely high dust concentrations showed very slow pressure drop increase. 

This was, however, true only for lower permeate velocity (20 cm/s). The pressure drop increased 

linearly for 30 h, then exponential increase occurred. At the higher velocity (40 cm/s) the pressure 

drop profile differs significantly as the effect of increasing pressure drop over the length of hollow 

fiber lumen occurs. This might also be the main reason for different dust loading profiles of P60 

and P80. Therefore, the inner fiber diameter plays a vital role also in the membrane loading 

behavior and is thus a critical parameter for whole air filtration process unlike e.g. dust 

concentration which seems to have negligible effect. This is quite an exceptional behavior which is 

also confirmed by the relationship between Euler and Reynolds number for both HFMs at two 

different velocities. The energy consumption for the operation of the selected HFMs for adopted 

conditions is rather higher. However, it can be easily varied by changing the membrane 

parameters, mainly inner fiber diameter and surface area. For the given conditions, an estimate of 

the life-cycle cost was outlined. The cost of the HFM air filtration will definitely be higher due 

mainly to operation cost arising from higher pressure drops. 
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 Summary and future work 

This work appears to be a first attempt to use PP HFMs in aerosol filtration. As stated in the 

introduction, at the very beginning of this thesis proposal, no work had been found on this topic. 

During evolvement of this thesis, several studies have emerged and are summarized in the first 

chapter. Unlike those previous studies, which were mainly focused on preparation of new HFMs 

customized for air filtration, this work was devoted to characterize HFMs commercially available 

for water treatment applications. For example, particle size resolved filtration efficiency was 

measured in all experiment configurations. This is quite different from the above mentioned 

studies where an unresolved aerosol defined by a geometric average diameter was used. Such an 

experiment, however, does not say anything about the factual filtration efficiency which is strictly 

different for different particle sizes. As a consequence, all standards for air filter testing require 

using of size segregated aerosol and define an exact particle size or particle size range for which 

the efficiency must be tested. It is for example twelve particle size ranges in the ASHRAE 52.2 

standard or MPPS for high-efficiency filters in EN1822. Moreover, different types of aerosol were 

used and compared with the standardized method. Another contribution of this work is the 

comparison of existing models for air filtration efficiency and pressure drop of membrane and dust 

cake which were not dealt with in the aforementioned studies. This work has gone even further and 

tried to estimate life-cycle cost and outlined thus its possible utilization in a real application. 

6.1 Summary  

First chapter introduced the problem background and the research objectives were outlined. The 

second chapter was focused on the state of the art in the air filtration field where important 

knowledge about air filters, air filtration process generally, its application field and HFMs was 

summarized. 

In the third chapter, models for predicting air filtration efficiency were reviewed and applied on 

the parameters of PP HFMs. Models developed for fibrous filters based on single fiber efficiency 

approach predicted 100% efficiency no matter of the face velocity. Using models for Nuclepore 

filters has given some penetrations which increased with increasing face velocity. Thus the 

Nuclepore models seem to be more appropriate as it gives more plausible results. Generally, the 

results rather indicate that there is no model suitable for prediction of filtration efficiency of the 

considered HFM. 

Chapters 4–6 focused on the filtration efficiency testing. The HFMs were challenged with a 

polydisperse incense stick and TiO2 aerosol at different conditions. For both aerosols, an MPPS 

was found to be around a particle size of 35 nm. These tests were performed to simulate different 

dust laden environment for comparison with standardized experiment which is a subject of 

chapter 6. In chapter 6, closed HFM modules were tested using both monodisperse and 

polydisperse ammonium sulfate aerosol. Using the monodisperse aerosol, the HFM showed 100% 

efficiency for all particle sizes no matter of the flowrates and module surface area. To avoid the 

results overrating, we used larger HFM modules to obtain higher flowrates and polydisperse 

aerosol with high particle concentration to check the efficiency at extreme conditions. At these 

conditions small penetrations were recognizable. To conclude on filtration efficiency testing, for 

all conditions adopted, HFMs demonstrated very high efficiency comparable with HEPA and even 

with ULPA filters. 
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Another significant part of this work was to study the particle loading behavior of the HFMs 

which is described in chapters 5–7. This was studied using aerosol of TiO2 particles, ammonium 

sulfate particles, and ASHRAE A2 fine dust. No matter of the used aerosol, the pressure drop/time 

profile had similar course, i.e. a moderate linear increase of pressure drop up to a certain time with 

a subsequent abrupt increase up to the final pressure drop value. The only difference was in the 

values of pressure drop itself due to different membrane surface area and configuration used for 

different aerosols. The energy requirement for the operation of HFM air filter would probably by 

higher. There is, however, large space for membrane optimization in terms of surface area, inner 

diameter, fiber wall thickness, porosity, pore size etc. These parameters can be adjusted to 

customize the HFM for specific air filtration application. 

6.2 Future work 

The results obtained in the framework of this thesis have outlined a lot of suggestions for future 

work and further research in this field. No mathematical description for predicting the air filtration 

efficiency of HFMs is known. The current models are limited to fibrous or pore structures, which 

is sufficient for most cases. However, HFMs can demonstrate both types of structure or need other 

mechanisms to be included. Therefore, a development of accurate model generalizable for various 

air filtration conditions and HFM parameters or even various types of HFMs (made of different 

materials) is necessary. Another gap can be seen in the description of dust cake pressure drop 

which strongly disagrees with experimental data. This is due to the HFM geometry and the amount 

of hollow fibers in a bundle. Individual fibers, clean, slightly fouled or completely clogged, can 

interact among each other or even synergize the fouling effect. This means that a (clogged) fiber in 

an immediate vicinity of another one can act as another active filtration layer. Unlike for planar 

filters, for which the existing fouling models were developed, such a system is extremely difficult 

to describe as a whole. To be able to accurately describe this issue, it is necessary to exactly 

distinguish between TMP (caused by membrane wall) and lumen pressure drop (caused by 

extremely small fiber diameter) and the changes of their profiles during dust loading. 

Concerning the practical issues of the HFM air filtration, it would be appropriate to develop a 

specific HFM customized for air filtration. This means a lot of optimization work and playing with 

HFM parameters to find an optimal tradeoff between membrane parameters, pressure drop, 

efficiency and price. At the current state, air filtration using the considered HFMs would be limited 

to very specific applications. To obtain other information about the practical importance of this 

system, it would be appropriate to develop a pilot scale unit with large filtration area and perform 

at least one year operation in a real polluted environment to obtain more complex filtration data. 

Based on this, it would be possible to evaluate the filtration behavior, fouling and also energy 

requirements which would be of practical importance even for higher volume applications. 
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Abstract 

Hollow-fiber membranes (HFMs) have widely been applied to many liquid treatment 

applications such as wastewater treatment, membrane contactors/bioreactors, membrane 

distillation etc. Despite the fact that HFMs are widely used for gas separation from gas mixtures, 

their use for mechanical filtration of aerosols is very scarce. This work studied filtration 

performance of polypropylene HFMs including filtration efficiency, pressure drop and pressure 

drop evolution with long-term dust loading. Filtration efficiency was measured using different 

challenging aerosols including micronized titanium dioxide powder and aerosolized ammonium 

sulfate. Pressure drop was measured in various configurations, including different HFM area and 

fiber diameter. Pressure drop evolution with long-term particle loading was carried out using a 

challenge dust as defined in ANSI/ASHRAE 52.2 standard. Mathematical models developed for 

prediction of air filtration efficiency and membrane permeability/pressure drop were compared 

applying them on the structural parameters of the HFMs. These membranes are characteristic of 

pore diameters of about 90 nm and relatively low porosity, thus high potential for nanoparticle 

removal from air. Furthermore, analysis on cake pressure drop and evaluation of energy demands 

for fun operation were done and compared with theoretically predicted values. Finally, an attempt 

to estimate life-cycle cost of air filtration using HFMs was outlined. 

 

Abstrakt 

Membrány z dutých vláken jsou široce využívány v aplikacích týkajících se úpravy kapalin 

jako např. při čištění odpadních vod, v membránových kontaktorech a bioreaktorech, membránové 

destilaci apod. I když jsou často využívány při separacích směsí plynů, je jejich použití pro 

mechanickou filtraci aerosolů velmi vzácné. Tato práce se zabývá filtrací vzduchu pomocí 

polypropylenových membrán z dutých vláken včetně jejich filtrační účinnosti, tlakových ztrát a 

také zanášením při dlouhodobé filtraci. Filtrační účinnost byla proměřena za použití různých 

aerosolů jako TiO2 a síran amonný. Tlakové ztráty byly měřeny při různých konfiguracích, tj. 

různé filtrační ploše a průměru vlákna membrány. Zanášení membrán bylo testováno použitím 

normovaného prachu definovaného normou ANSI/ASHRAE 52.2. Predikční modely pro filtrační 

účinnost a permeabilitu/tlakovou ztrátu membrány byly aplikovány na parametry membrán 

z dutých vláken a porovnány. Tyto membrány mají velikost pórů kolem 90 nm a poměrně nízkou 

porositu a tím vysoký potenciál pro separaci nanočástic ze vzduchu. Dále byla provedena analýza 

filtračního koláče a vyhodnocení energetických nároků a porovnány s teoretickými modely. 

V závěru práce je nastíněn odhad ceny životního cyklu při filtraci pomocí těchto membrán. 

 


