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Aerosolization of biological agents poses one of the biggest threats of biological attacks. 

Besides, natural pandemics such as SARS and avian flu transmitted by aerosolized pathogens 

have kept threatening the public health since the beginning of this century. Bioaerosol agents can 

be dispersed over a wide area in a short period of time. In this study, a RHELP (Regenerative-

High Efficiency-Low Pressure) purification system for building air ventilation system was 

developed to provide protection from exposure to pathogenic bioaerosols. The system utilizes a 

combination of nanofiber filtration and microwave sterilization.  

 The quality of the RHELP system was characterized by two phases of experiments. Phase 

I focused on the physical collection efficiency of the system. Polyacrylonitrile (PAN) nanofiber 

electrospun on activated carbon fiber (ACF) mats served as the filtration media. An 

ACF/PAN/ACF sandwich structure was used to protect the PAN layer from detachment. 

Filtration experiments were carried out to evaluate the sandwiched PAN nanofiber filters with 

different electrospinning deposition times. Results showed that three out of the four tested PAN 

filters achieved a higher filter quality factor than 0.0203 per Pa, the military standard (MIL-F-

51079D for HEPA filters. Interestingly, the filter quality of shorter term electrospun PAN filters 



9 

 

was found to be higher than those of longer-term electrospun ones. Furthermore, multi-

sandwiched filters [n layers of PAN nanofiber mats with (n + 1) layers of ACF mats, n > 1] 

showed higher filter quality factors than those single-sandwiched ones. The MPPS (most 

penetrative particle size) of the PAN nanofiber filters was also studied. Results showed that the 

MPPS had a shift to the smaller size compared to a normal 100 to 500 nm range due to the 

smaller fiber size. 

 In Phase II, microwave irradiation was applied to the system. Results of static on-filter 

inactivation tests showed that the survival fraction of Escherichia coli collected on the filter 

became below the detection limit when exposed to 500-W-microwave irradiation for less than 90 

seconds. Regarding dynamic in-flight microwave irradiation, the Escherichia coli survival 

fraction was below 0.02% no matter the microwave was applied to system continuously (10 min 

per 10-minute-cycle) or periodically (5 or 2.5 min per 10-minute-cycle) when the microwave 

power was set at 500 W. An exponential correlation between the survival fraction and the 

microwave power applied was also observed. 

 The experimental results demonstrated the advantage of the RHELP system for removal 

and inactivation of biological aerosol agents. Future research may include characterizing of other 

filtration media and challenging the system with other types of biological agents such as viruses 

or spores. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Concerns about bioterrorism have been heightened after the anthrax attack in 2001. 

Intentional use of infectious agents to hurt enemies has a long and disreputable history. Back to 

the 14
th

 century, the Mongolian troops flung corpses of bubonic plague victims over the city 

walls, and as a result of the pandemic that ensued, the defenders surrendered (Schaechter et al., 

2006). Aerosolized anthrax sent out during the 2001 attacks was easily inhaled and highly 

concentrated (Rega, 2001) so as to cause serious injury or death.  

Large amounts of biological agents can be dispersed over a wide area in a very short 

period of time, and one can easily contaminate an entire building by spraying his/her bioaerosol 

into the ventilation system: a cheap medical nebulizer can be purchased by less than $2. 

Therefore, aerosolization is one of the most effective methods available for biological attacks 

(Henderson, 1998; Kortepeter and Parker, 1999). Owing to the outbreak of SARS (Severe Acute 

Respiratory Syndrome) in 2003, the long-lasting threat of avian flu these years, and the 

increasing occurrence of asthma and respiratory tract disease, the need for controlling exposure 

from natural bioaerosols has also increased rapidly (Agranovski et al., 2004; Douwas et al., 2003; 

Gustavsson, 1999; Pastuszka et al., 2000; Ratnesar-Shumate et al., 2008; Yu et al., 2008). 

1.2 Bioaerosol 

Airborne particles of biological origins including viable bacteria, viruses, fungi and algae, 

as well as non-viable pollen, endotoxin, mycotoxin and allergens are all considered as 

bioaerosols (Cox and Wathes, 1995; Hinds, 1999). They can vary in size from submicron to 

approximately a few hundred microns. More specifically, bacteria and fungal spores have sizes 
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ranging from 0.3 to 30 micrometers; viruses are smaller, ranging from 20 to 300 nanometers 

(Hinds, 1999). 

Since air is not a suitable growth medium, live bioaerosols must have originated 

somewhere else. Coughing, sneezing or even talking by human beings can generate a large 

amount of bioaerosols into the ambient air. Non-human origins of bioaerosols include winds, 

waves, wastewater treatment plants, crop spraying and so on. Dusts and other forms of airborne 

debris act as routes of bioaerosol transmission. Bioaerosols can adhere to them and become re-

suspended during any disturbances (Hinds, 1999; Prescott et al., 2006). 

Exposure to bioaerosols has been a subject of concern over the recent decades due to the 

adverse health effects. Researchers have reported that exposure to concentrated airborne 

microorganisms is often associated with allergic diseases as well as infections (Dales et al., 1991; 

Jo and Seo, 2005; Ren et al., 1999), such as aspergillosis in immuno-compromised individuals 

(Millner et al., 1994; Millner, 1995), asthma and allergic rhinitis (Beaumont, 1988; Cockcroft et 

al., 1977; Zuskin et al., 1994), extrinsic allergic alveolitis (Farmer’s Lung) (Flannigan et al., 

1991), chronic obstructive pulmonary disease (COPD) (Clapp et al., 1994;  Lacey and Crook, 

1988; Matheson et al., 2005), pneumonitis (Lacey and Crook, 1988; Siersted and Gravesen, 

1993), upper airway irritation/mucous membrane irritation (Dutkiewicz, 1997; Herr et al., 2003; 

Wouters et al., 2006) and sick building syndrome (ACGIH, 1989; Dales et al., 1991). 

1.3 Filtration 

Filtration is one of the most commonly applied methods for aerosol sampling and air 

purification. Its application spreads across a wide range of disciplines, including respiratory 

protection, air purification of smelter effluents, processing of nuclear and hazardous materials, 
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and clean rooms (Hinds, 1999). Due to their simple structure and low cost, fibrous air filters are 

among the most commonly used in the air purification processes (Yun et al., 2007). 

There are five basic mechanisms in aerosol filtration, including inertial impaction, 

interception, Brownian diffusion, enhanced collection of diffusing particles due to interception, 

and gravitational settling (Hinds, 1999). Particles larger than about 0.5 µm are effectively 

collected due to impaction and interception, and those smaller than about 0.1 µm efficiently 

deposited due to diffusion. However, there is a size range of particles that are not collected as 

efficiently as other sized particles (Hinds, 1999; Podgorski et al., 2006). Fibrous filters achieve 

minimum collection efficiency at a so-called most penetrative particle size (MPPS), which is 

usually between 0.1 and 0.5 µm. Podgorski et al. (2006) analyzed the effect of the filter fiber 

diameter on the MPPS and found that the MPPS decreases as the fiber diameter decreases. 

Other than particle size, many other aspects which affect the filter collection efficiency 

have been reported. The filtration efficiency increases as the air face velocity decreases (Hinds, 

1999). Boskovic et al. (2008) pointed out that the increased tendency of particle rebound from 

the filter because of the high kinetic energy as well as the reduced retention time of the particles 

in the filter caused the decrease in the filter collection efficiency. Boskovic et al. (2005; 2008) 

also studied the effect of particle shape on filtration performance. They compared the filtration 

efficiency of spherical particles (polystyrene latex, PSL) and cubic particles (MgO) and found 

the spherical particles are more effectively collected than cubic ones. They acknowledged the 

difference to the forms of particle motion on the collection surface. Spheres can slide or roll 

whereas cubes can slide or tumble, which is more vigorous and likely to rebound. Electrostatic 

force is another factor that affects the filtration efficiency. Kim et al. (2006) showed charged 

particles are easier to be collected than uncharged ones. Chen and Huang (1998) found that 
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charges on the filter fibers also improve the filtration efficiency. Wang (2001) summarized that 

application of electrostatic forces can improve the filtration efficiency, especially for the 

particles in the MPPS ranges. He also stated that the filtration efficiency improvement due to 

electrostatic forces depends on the chemical compositions of particles and fibers, the charges on 

particles, the surface charge density of fibers, and the intensity of the externally applied electric 

field. 

Filter quality factor (qF), also known as the figure of merit (FOM) (Wang et al., 2008a), 

is a useful criterion for comparing different types and thicknesses of filters (Dhaniyala and Liu, 

1999; Hinds, 1999; Wang et al., 2008a). The quality factor can be calculated using Equation 1-1: 

                          (1-1) 

where P is the particle penetration (fraction of particles which get through the filter), and Δp is 

the pressure drop across the filter. Particle penetration is dependent on many factors, such as the 

filter’s packing density, the filter thickness, and the fiber diameter, etc. (Hinds, 1999). The 

following equation shows the relationship between particle penetration and filter thickness as 

well as other parameters: 

          (1-2) 

where α is the packing density of the filter (the ratio of fiber volume to total volume in a 

particular filter), also known as solidity, EΣ is the single-fiber efficiency, t is the filter thickness, 

and df is the fiber diameter. Pressure drop arises due to the resistance to air flow through the filter 

media. If filters whose fiber size is smaller than 1 µm are to be considered, slip effects should not 

be neglected (Wang et al., 2008a). The expression of pressure drop based on Kuwabara flow 

with slip effect is (Brown, 1993): 

     (1-3) 
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where µ is the air viscosity, U is the face velocity through the filter, and Kn (= 2λ/df) is the 

Knudsen number with the mean gas free path λ (= 0.066 µm at STP) (Hinds, 1999). From 

equations 1-1 to 1-3, it is obvious that qF is independent of t for a uniform filter, in which α and 

df can be considered as constants. It is generally recognized that the enhanced collection of 

diffusing particles due to interception and gravitational settling are the two weakest mechanisms 

among the five basic filtration mechanisms. Thus, it is rational to credit only diffusion, 

interception and impaction for analyzing the single-fiber efficiency. Pich (1965) gave the 

following expression for the single-fiber efficiency due to diffusion (ED): 

       (1-4) 

where Ku (= – 0.5lnα – 0.75 + α – 0.25α
2
) is the Kuwabara hydrodynamic factor, and Pe (= 

Udf/D) is the Peclet number with the particle diffusion coefficient (D). The equation for the 

single-fiber efficiency due to interception (ER) was given by Pich (1966): 

       (1-5) 

where R is the ratio of the particle diameter to the fiber diameter (dp/df). Though it is hard to 

obtain an analytical expression for the single-fiber efficiency due to impaction (EI), an empirical 

equation (Landahl and Hermann, 1949; Thom, 1933) can be applied (Wang et al., 2008a): 

          (1-6) 

where St is the Stokes number, which can be calculated as (Hinds, 1999): 

           (1-7) 

where ρp is the particle density, and Cc is the slip correction factor. 
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1.4 Nanofiber Filtration 

Nanofiber media is a promising media which provides a great filtration efficiency and 

better performance than conventional fibers (Wang et al., 2008a). The nonwoven industry 

generally considers fibers with a diameter no larger than 0.5 µm as nanofibers (George, 2007). 

Wang et al. (2008a) plotted the filter quality factor as a function of particle size according 

to equations 1-1 to 1-7 by inserting α = 0.05, U = 10 cm/s, and four different df values (0.15, 0.5, 

5 and 20 µm). According to the plot [Figure 1 in Wang et al. (2008a)], they found that the filter 

quality factor increases as the fiber size decreases for particles larger than 0.3 µm. However, for 

particles smaller than 0.02 µm, the quality factor decreases as the fiber size decreases. Compared 

to microfibers (fibers with df > 0.5 µm), nanofibers perform better for particles larger than about 

0.1 µm but worse for particles smaller than about 0.1 µm. Wang et al. (2008a) explained that the 

reason is when the fiber size decreases, the pressure drop increases much faster than the single-

fiber efficiency due to diffusion. They also plotted another graph of quality factor versus particle 

size by inserting a constant fiber size (0.15 µm) and multiple packing density and face velocity 

values [Figure 2 in Wang et al. (2008a)]. Increased packing density gives a higher pressure drop, 

and the increase of pressure drop overweighs the increase of the single-fiber efficiency due to 

diffusion of smaller particles. On the other hand, the increase of single-fiber efficiency 

overcomes the increase of pressure drop of larger particles (Wang et al., 2008a). Therefore, 

lower packing density leads to a slightly higher quality factor for particles smaller than about 0.1 

µm and vice versa. Through equations 1-1 to 1-3, it is clear that the filter quality factor decreases 

as the face velocity increases. This trend is clearly shown in Figure 2 of Wang et al. (2008a). A 

similar trend was also found by Dhaniyala and Liu (1999). 
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Nanofibrous media have small fiber size so that they integrate the advantage of small 

pore size as well as large surface collection area. Besides, low basis weight, high permeability 

also make nanofiber filtration a promising application (Barhate and Ramakrishna, 2007). Several 

applications of nanofibrous filtration was summarized in the review of Barhate and Ramakrishna 

(2007), including engine air filtration, cabin air filtration and self cleaning air intake for gas 

turbines (Grafe et al., 2001), pulse clean cartridges in dust collection (Kosmider and Scott, 2002), 

penetrating aerosol particulate filtration (Podgorski et al., 2006), high efficiency particulate air 

filtration (Ahn et al., 2006), cigarette filter for smoke filtration (Squires and Gardiner, 2005), 

catalytic gas filtration for respirators (Ramaseshan et al., 2006) and biocatalytic filtration (Kim et 

al., 2005; Salalha et al., 2006). 

Currently, there are three major techniques for producing nanofibers. They include 

electrospinning, multi-component fiber spinning and improved modular melt blowing (Ward, 

2005). Among the three methods, electrospinning (also called electrostatic spinning) is the most 

versatile one (Barhate and Ramakrishna, 2007; Huang et al., 2003; Reneker and Chun, 1996; 

Subbiah et al., 2005). Doshi and Reneker (1995) defined that the main principle in 

electrospinning is to generate a charged jet of polymeric solution by an electric field. When the 

jet travels in the air, the solvent evaporates and a charged fiber is left and collected on a 

grounded plate. 

1.5 Microwave Sterilization 

Microwave is a form of energy that falls between the infra-red and radio frequencies of 

the electromagnetic spectrum, its frequency ranges from 300 MHz to 300 GHz (Jones et al., 2002; 

Zhang and Hayward, 2006). Microwave was first developed for communications before the 

WWII. During the WWII, it began to be applied for radar detection. Microwave radiation as a 
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remote heating source was then developed subsequently and widely applied in domestic 

microwave ovens and industrial systems (Jones et al., 2002; Tao, 2006; Zhang and Hayward, 

2006). Domestic and industrial microwave ovens usually operate at a frequency of 2.45 GHz, 

which corresponds to a 12.2 cm wavelength or a 1.02 × 10
-5

 eV energy (Jacob et al., 2005). 

Volumetric heating, selective heating, and hot-spot effect make microwave heating 

distinguishable from the conventional heating (Zhang and Hayward, 2006). Volumetric heating 

is defined as energy that is transferred from the electromagnetic field to thermal energy 

throughout the entire volume of the material penetrated by the microwave (Will et al., 2004). In 

other words, the entirety of the material exposed to the microwave irradiation is heated 

simultaneously. 

Selective heating arises because different materials have different microwave energy 

absorbing abilities (Jones et al., 2002). A material’s ability to absorb microwave is characterized 

by the complex dielectric permittivity (ε, F/m). This complex number can be expressed as (Will 

et al., 2004): 

           (1-8) 

where ε’ is the dielectric constant which represents the energy stored in the material and is a 

characterization of the ability for electromagnetic energy to penetrate the material, ε” is the 

dielectric loss which represents the ability of material to dissipate the electric field (Allan et al., 

1980; Ma et al., 1997; Will et al., 2004), and i is the imaginary unit. Hence, the ability of a 

material with dielectric loss to convert electromagnetic energy into thermal energy can be 

characterized by the ratio of ε” to ε’ (Bonnet et al., 2004), which represents the tangent of the 

angle between the complex permittivity vector and the positive real axis (tan δ) in the complex 

plane. Figure 1-1 shows the complex permittivity and relative concepts in the complex plane. 

Among various materials, silicon carbide (SiC) and carbon are the most ideal microwave 
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absorbers, while materials such as pure quartz are transparent to microwave energy. Table 1-1 

shows a list of the complex permittivity of select materials. 

Hot-spots are some small sites inside the material having much higher temperature than 

the bulk of the material under the microwave irradiation. Certain reactions requiring high 

temperature can occur on those sites with relatively lower bulk temperature so as to save energy 

(Zhang and Hayward, 2006). 

Since the mid-1980s, the microwave induced/assisted reactions have been studied and 

widely applied in the industry (Gedye et al., 1986; Giguere et al., 1986; Zhang and Hayward, 

2006). Among these microwave assisted reactions, the use of microwave irradiation for killing 

pathogenic microorganisms is attracting significant attention (Apostolou et al., 2005; Awuah et 

al., 2005; Canumir et al., 2002; Celandroni et al., 2004; Kiel et al., 2002; Kindle., 1996; Pellerin, 

1994; Sasaki et al., 1998; Vaid and Bishop, 1998) because of its high efficiency and low cost.  It 

should be noted that most of these studies about microwave sterilization were done in liquid or 

aqueous phase. None of them has been carried out for air filtration. 

Some researchers, especially in earlier research studies, believe that the microwave 

inactivates the microbes only by its thermal effect. Goldblith et al. (1967) studied the effect of 

microwave irradiation on Escherichia coli (E. coli) and Bacillus subtilis and did not detect any 

non-thermal effects. Jeng et al. (1987) found no significant non-thermal effects in a dry 

microwave sterilization process. Fujikawa et al. (1992) investigated the kinetics of E. coli 

destruction by microwave irradiation and found the difference between the microwave exposure 

and conventional heating was not remarkable. Zhang and Hayward (2006) pointed out many 

hypothesized microwave non-thermal effects only supported by the difference in 

reaction/inactivation temperature between microwave and conventional heating (Yaghmaee and 
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Durance, 2005; Zielinski et al., 2007) were not solid due to possible hot-spot effects. However, 

other studies, especially recent ones, did reveal the existence of the microwave non-thermal 

effect during the inactivation of microorganisms. Some research studies distinguished the non-

thermal microwave effect by damaged cells (Campanha et al., 2007; Celandroni et al., 2004), 

distorted membrane structure and function (Persson et al., 1992; Phelan et al., 1994), increased 

release of Ca
2+

, K
+
, DNA, dipicolinic acid and protein (Campanha et al., 2007; Celandroni et al., 

2004; Vaid and Bishop, 1998; Woo et al., 2000) and altered enzyme activities (Dreyfuss and 

Chipley, 1980) after the microwave irradiation. Betti et al. (2004) acknowledged the disruption 

of weak bonds of protein active forms, enhanced production of reactive oxygen species, and cell-

signaling pathway interference to microwave non-thermal effects. Wantanabe et al. (2000) found 

the ionic strength can affect the microwave inactivation rate of microbes and linked the effect to 

the current in the cells generated by microwave. 
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Figure 1-1  Complex permittivity in the complex plane 
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Table 1-1  Relative complex permittivity and loss tangent of select materials (Baeraky, 1997; 

Ma et al., 1997) 

Material    ε’/ε0
a
   ε’’/ε0

a
 tan δ 

Teflon   2.045   .111 .054 

Cordierite   2.873   .138 .048 

γ-Al2O3   3.006   .170 .057 

SiO2   3.066   .215 .070 

TiO2   7.020   .430 .061 

ZrO2   4.214   .186 .044 

Fe2O3   7.420   .219 .030 

CuO   3.294   .170 .052 

V2O5   7.635   .504 .066 

Carbon 10 3 .3 

SiC
b
   6   .5 .08 

aε0 is the dielectric constant of vacuum, therefore the ratios (ε’/ε0 and ε’’/ε0) here are the relative 

dielectric constant and relative dielectric loss of a certain material, respectively. 
b
Data of Baeraky 

(1997), other data are from Ma et al. (1997). 
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CHAPTER 2 

OBJECTIVE 

The goal of this research is to develop a lab-scale RHELP (Regenerative-High 

Efficiency-Low Pressure) building ventilation air purification system which integrates nanofiber 

filtration and microwave sterilization in order to effectively collect and inactivate biological 

agents in the air. Specifically, the objectives are to evaluate if this lab-scale RHELP system can 

do the following: 

● Objective 1: Achieve > 99.97% physical collection efficiency for 300 nm particles, as the 

military standard MIL-F-51079D regulated for HEPA (High Efficiency 

Particulate Air) filters 

 

● Objective 2: Have a pressure drop lower than 200 Pa, 50% of the military standard MIL-F-

51079D for removal of aerosols 

 

● Objective 3: Effectively inactivate viable Escherichia coli (E. coli), the biological agents used 

in this study, collected in the system 
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CHAPTER 3 

EXPERIMENTS 

Experiments were conducted in two phases. In phase I, filters were tested for physical 

collection efficiency and pressure drop; inert aerosols were tested to determine the filter quality. 

Phase II experiments demonstrated the ability of microwave to inactivate collected biological 

agents and to evaluate the time and energy needed for complete inactivation. 

3.1 Testing Filters 

In this study, electrospun PAN (polyacrylonitrile) nanofiber mats of different thicknesses 

served as the filtration media. However, the PAN nanofiber mats were too thin to have the 

mechanical strength commonly found in conventional filters. Since activated carbon fiber (ACF) 

mats are cheap, easy to obtain and have very low pressure drop against air flow, these PAN 

nanofibers were deposited on ACF mats by electrospinning. Still, they could easily detach from 

the ACF mats and became stuck to the filter holder structure. To avoid this, a sandwich structure 

(another layer of ACF mat covers the existing PAN nanofiber deposited ACF mat) was used in 

the experiments. Figure 3-1 shows the testing filters in this study. These PAN nanofiber mats 

were fabricated and provided by Dr. Wolfgang Sigmund’s lab in the Department of Materials 

Science and Engineering at the University of Florida. In order to have different fibermat 

thicknesses, different electrospinning times were used. 

ACF/PAN/ACF single-sandwiched filters with different electrospinning deposition times 

as well as two conventional HEPA (High Efficiency Particulate Air) filters, including a Millipore 

glass fiber HEPA filter (Cat. No.: AP1504700, Millipore, MA) and a LydAir MG High Alpha 

HEPA filter (Grade 4450H, Lydall Filtration, CT), were tested and compared for their filtration 

performance. Also, a structure of only two ACF mats was tested as a control. Moreover, multi-

sandwiched structure (n layers of PAN nanofiber layers laid in between n+1 layers of ACF mats) 
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were tested for an alternative way to improve the filtration quality of the system. A Wyko optical 

profilometer was used to evaluate the thickness of the PAN nanofiber layers. For biological tests, 

silicon carbide mats took the place of ACF mats due to their durability under the microwave 

irradiation. 

3.2 Phase I: Physical Collection 

In this phase, the physical collection efficiency and the pressure drop of different filters 

were tested. The experimental set-up is shown in Figure 3-2. The cylinder air provided clean, dry 

air with stable flow to the system. The air flow was first split into two ways. The first one led to 

the six-jet Collison nebulizer (Model CN25, BGI Inc., MA) with 5.5 LPM flow rate to generate 

the testing aerosols. NaCl solutions and polystyrene latex (PSL, monodisperse, 300 nm, Duke 

Scientific) suspensions were used in the nebulizer. The second flow went to the dilution dryer to 

dry the aerosols generated from the nebulizer; this flow rate was set at 11 LPM. After passing 

through the dilution dryer, the air flow was split into two different paths. The first flow went 

through the filter holder with a 4.1 LPM flow rate on the filter surface. This flow rate 

corresponded to a face velocity of 5.3 cm/s (the minimum face velocity required to test HEPA 

filters according to the military HEPA standard MIL-F-51079D) for 47 mm filters (effective 

diameter 40.5 mm due to the filter holder structure). Pressure drop was measured by a 

Magnehelic differential pressure gauge (Model 2010, Dwyer Instruments, IN). There were two 

ports sampling inlet and outlet aerosols of the filters for particle size distribution analysis via a 

Scanning Mobility Particle Sizer (SMPS) (Model 3936, TSI Inc., MN). The second split flow 

from the dilution dryer led to the exhaust; there was a valve in this path for controlling the flow 

distribution of the two paths after the dilution dryer and the total air resistance of the entire 

system. 
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According to the military HEPA standard MIL-F-51079D, the filter’s physical collection 

efficiency should be carried out at 300 nm particle size. Therefore, 300 nm monodisperse 

polystyrene latex (PSL) particles (Cat. No.: 5030, Duke Scientific, CA) were suspended in 

deionized water to produce a concentration of 2 g PSL/L. Moreover, same volume of pure 

ethanol was added into the suspension to ensure dispersion of the PSL particles. This 

PSL/DI/EtOH suspension had an aerosol of over 4 × 10
5
 particle/cm

3
 concentration by the 

aerosol generation system and flow rate settings mentioned above. This concentration would be 

enough for filtration tests. Besides, 50% (volume ratio) ethanol solution was nebulized in the 

system. The particle concentration generated from this solution was measured for a background 

line in order to eliminate any particle concentration contributed by the cylinder air and the 

ethanol/water dispersant. 

Then, several different PAN filters and two HEPA filters mentioned before were tested in 

the aforementioned experimental system. The PAN nanofiber filter with a particular 

electrospinning deposition time which will result in the highest filter quality factor (qF) would be 

then identified, and nanofiber multi-sandwich structure of that certain time deposited PAN 

nanofiber filter could be applied to ensure enough physical collection efficiency at the lowest 

pressure drop. For single-sandwiched PAN filters and the HEPA filters, one experiment was 

conducted for each filter to make comparison and observe the trend. Triplicate tests were done 

for the background of ACF mats and multi-sandwiched PAN filters in order to ensure the data 

reproducibility. 

Because the fiber diameter in the PAN nanofiber filter is much smaller than the 

conventional HEPA filter, prior studies (Podgorski et al., 2006) reported a shift of the most 

penetrative particle size to smaller sizes. To study this effect, 5% wt NaCl water solution was 
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atomized to produce polydisperse NaCl particles. A spectrum of the particle size distribution of 

NaCl particles ranging from 10 to 400 nm was measured by the SMPS. By comparing the 

aerosol concentration before and after the filter, a penetration curve was obtained for particle 

sizes from 10 to 400 nm. The most penetrative particle size was then determined from the 

penetration curve. In addition, particle concentration generated from pure deionized water was 

also measured for a background line to rule out the contribution from the cylinder air and the 

water solvent. 

3.3 Phase II: Biological Inactivation 

The bioaerosols collected on the filter were not inactivated yet. They might detach from 

the filter and re-enter the ambient air. In this phase, microwave irradiation was applied to 

inactivate the microorganisms collected on the filter. The microwave oven used in this study was 

manufactured by Panasonic, USA (Model NN-T945SF, 2.45 GHz, continuous irradiation) and 

the system was fabricated by Cha Corp. at WY. Since two 1” holes were drilled on the backside 

of the microwave oven, the microwave leakage could not be completely avoided. A Federal 

standard sets the safe level of microwave leakage at 5 mW/cm
2
 at approximately 2 inches from 

the oven surface, which is far below the level known to be harmful to human beings (US FDA’s 

CDRH, 2008). According to the fabricator’s note, when the microwave power level was held 

under 625 W (50% of the highest power available), the maximum leakage recorded was about 3 

mW/cm
2
, which was below the maximum safe level. In order to have a safe operational 

condition, 500 W (40% of the highest power available) was used as the maximum power level in 

this study. 

E. coli was used as the challenging bioaerosol in this study. As a representative of 

vegetative cells, E. coli is a gram-negative rod-shaped bacterium whose typical size is 0.8 × 2 
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µm (Sundararaj et al., 2004) and is often selected as a challenging aerosolized microorganism for 

germicidal tests (Keller et al., 2005; Lin and Li, 2003a; Lin and Li, 2003b; Maness et al., 1999; 

Vohra et al., 2005; Vohra et al., 2006; Yu et al., 2008). A non-pathogenic strain of E. coli 

(ATCC number 15597) was used as the challenging microorganism in this study. It was first 

inoculated on a Difco Nutrient Agar (Becton, Dickinson and Company, Lot No.: 8057703, MD) 

plate from the stock. This plate was then incubated under 37°C for 24 hours. E. coli colonies 

were then formed on the plate. Before each experiment, one single colony was picked up and 

inoculated on a Difco Nutrient Agar slant and incubated for another 24 hours. Then the E. coli 

population on the slant was transferred to Ringer’s solution (Fisher, Cat. No.: S77939, NY) by 

vortex. Thus, this E. coli suspension was ready for bioaerosol generation. When the E. coli 

culture on the plate was 3 days old, a colony was picked up and inoculated into another Difco 

Nutrient Agar plate to renew the culture. In this way, the E. coli culture was renewed every 3 

days on the agar plate to keep the freshness of the culture and consistency of experimental 

conditions. 

There were two sets of experiments. The first set was a preliminary static on-filter 

inactivation experiment, which gave important references to the second set. The experimental 

set-up for physical testing was retained in this stage since the microwave irradiation was applied 

after the aerosol collection instead of during the aerosol flight. The two ports for taking aerosols 

to the SMPS were closed. The prepared E. coli suspension was aerosolized in the nebulizer. The 

flow rates of both the nebulizer and dilution dryer remained the same as the physical tests. The 

experiments were run for 30 minutes each time in order to collect enough E. coli for adequate 

experimental resolution. After collection, the filter was taken out of the filter holder and cut into 

four equal quadrants. Since the ACF mats could not be used in the microwave oven due to its 
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undesirable ignition, the PAN nanofiber layer was peeled off the ACF mats. One of the 

quadrants was directly inoculated into the prepared Ringer’s solution by vortex. This inoculated 

solution was diluted and plated onto different petri dishes labeled different dilution levels 

(dilution series from 1:10, 1:100, to 1:10
5
) and incubated at 37 °C for 24 hours. The numbers of 

E. coli colonies formed on the plates were then counted. A plate with 30 to 300 colonies would 

be taken into account and the viable bioaerosol concentration would equal to the number of 

colonies on that plate multiplied by the dilution level. The other three quadrants were placed 

between two SiC discs and heated in the microwave oven for different periods of time to study 

how complete the microwave irradiation could inactivate the bioaerosols in a certain period of 

time and how long it would take to completely disinfect the bioaerosols by microwave irradiation. 

SiC discs (Vesuvius, 47 mm OD × 20 mm thickness, 45 PPI, OBSIC, Lot No.: AL7370101L) 

were used here because their high ability to absorb microwave irradiation. After microwave 

irradiation, the quadrants were also inoculated into the prepared Ringer’s solution and cultured as 

described above. In the case that there was no plate with more than 30 E. coli colonies for a 

certain quadrant, the plate of the lowest dilution level was then taken into account. The survival 

fraction (S) on the filter was then calculated as: 

           (3-1) 

where ct is the viable bioaerosol concentration of the quadrant which is treated in microwave for 

a time t, and c0 is the viable bioaerosol concentration of the quadrant without microwave 

treatment. Additionally, in order to demonstrate the rationality of the hypothesis that the 4 

quadrants can collect similar amounts of viable E. coli, a triplicate set of control tests (all of the 4 

quadrants were not microwaved) were carried out. Also, in order to investigate whether there is 

any significant microwave non-thermal effect in killing the E. coli, SEM images of E. coli 
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treated by three different methods (immobilized over flame, conventional oven heated, and 

microwave irradiated) on glass slides were taken and compared. 

The second set of experiment was a dynamic in-flight inactivation. The microwave 

irradiation was applied during the bioaerosol flight and filtration. Since normal filter holders 

could not be directly exposed to microwave, a pure quartz filter holder was designed and placed 

inside the microwave oven in this set due to its transparency to the microwave. This microwave 

reactor can hold a standard 47 mm diameter round-shaped filter. However, the effective diameter 

of the filter located in the reactor is only 40 mm due to the filter holder structure. Since ACF 

mats was no longer able to act as the support layer because it would ignite inside the microwave 

oven, non-combustible silicon carbide mats (Plain weave ceramic grade Nicalon cloth, COI 

Ceramics, UT) were used in this unit in order to provide the mechanical support for the PAN 

nanofiber filtration media. 

Figure 3-3 shows the modified experimental set-up for the in-flight tests. The air flow 

rates supplied to the nebulizer and the dilution dryer were both controlled at 6 LPM in order to 

produce a suitable relative humidity (about 50%) for the E. coli testing (Cox and Wathes, 1995; 

Wang and Brion, 2007). After the dilution dryer, the air flow was split equally into three paths (4 

LPM each). The first one was directed to the pure quartz filter holder inside the microwave oven 

(the microwave/filtration system). The pressure drop across the filter was monitored by a 

differential pressure gauge. Flow rate across the microwave/filtration system was adjusted 

according to the pressure drop. Since the set flow rate through the system was 4 LPM, the face 

velocity across the quartz filter holder was 5.3 cm/s, based on the effective filter diameter in the 

quartz filter holder (40 mm). At the downstream of the microwave/filtration system, the air 

stream was directed to a Biosampler (SKC, Cat. No.: 225-9595, PA) for collecting the aerosol. 
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Biosampler was chosen rather than a conventional AGI-30 impinger because of its higher 

collection efficiency (Lin et al., 1999). The second 4 LPM split stream was directed to a filter 

holder outside the microwave oven with the same filter as the one in the microwave quartz 

reactor. Pressure drop was also measured to help adjusting the flow rate. The third split stream 

was directed to another Biosampler without any filtration to determine the feed concentration. A 

vacuum pump (Cat. No.: G574, Marathon Electric, WI) was used to help drawing the air from 

the system in order to prevent air from accumulating at the glass joints and then popping them 

apart.  

The filter inside the microwave oven was labeled A, and the one outside was labeled B. 

The Biosampler downstream of the microwave/filtration system was labeled C and the other one 

was labeled D. Therefore, the on-filter E. coli survival fraction under microwave irradiation 

could be calculated by comparing the viable E. coli in the two filters (A/B). Meanwhile, the 

viable E. coli penetration from the microwave/filtration system could be obtained by comparing 

the viable E. coli concentration in the two Biosamplers (C/D). 

The bioaerosol collection and inactivation was carried out for 30 minutes (three 10-

minute-cycles) for each single experiment. Three different microwave power levels (500 W, 250 

W, and 125 W) and four different microwave application times (continuously, last 5, 2.5, and 

1.25 minutes of each 10-minute-cycle) were combined and used as microwave irradiation 

conditions. Each combination was tested in triplicate. 
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Figure 3-1  Filters to be tested in this study 
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Figure 3-2  Experimental set-up for Phase I physical tests and Phase II static on-filter 

inactivation tests 
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Figure 3-3  Experimental set-up for Phase II dynamic in-flight inactivation tests 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Physical Characterization of Nanofiber Filters 

4.1.1 Physical Tests of Activated Carbon Fiber Mats (Background) 

To evaluate the true performance of the PAN nanofiber only, both the pressure drop and 

particle capture of the ACF mats and other structures should be eliminated from the data of 

sandwich filters. Physical properties of different numbers of ACF mat layers were tested under 

5.3 cm/s as background. Results are shown in Table 4-1. Because the total pressure drop is the 

sum of the pressure drop yielded from every element of the measured part, the Δp vs. n 

relationship can be written as below: 

          (4-1) 

The subscript t represents the total pressure drop, a refers to the pressure drop yielded by a single 

layer ACF mat, and s stands for the pressure drop produced by the filter holder and other 

structures (tubings, fittings, etc.). Making linear regression for the Δp versus n relationship 

according to the data listed in Table 4-1 gives Equation 4-2: 

        (4-2) 

By comparing Equations 4-1 and 4-2, it can be concluded that a single layer ACF mat yields a 

10.6 Pa pressure drop under the 5.3 cm/s air face velocity, and the filter holder and other 

structures produce 4.17 Pa. Thus, a 25 Pa pressure drop of any ACF/PAN/ACF sandwich filters 

is produced by 2 layers of ACF mats and other structures. 

The final particle penetration fraction is the product of the penetration fractions through 

each element of the measured part (Wang et al., 2008b). Hence, the P versus n relationship can 

be written as below: 

           (4-3) 
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The subscripts (t, a, and s) have the same meanings as the pressure drops described above. 

Making exponential regression for the P vs. n relationship according to the data in Table 4-1 

gives Equation 4-4: 

    (4-4) 

By comparing Equations 4-3 and 4-4, it can be concluded that the particle penetration fraction 

across a single layer ACF mat is 0.931. The pre-factor 1.02 (  1) suggests that the net effect of 

the other structures is negligible. Accordingly, for 2 layers of ACF mats used in the sandwich 

structure, the system has an effective particle penetration fraction of 0.884. 

4.1.2 Background Particle Concentrations 

 To eliminate the particle concentration contributed by the cylinder air and solvents of the 

nebulized solution, background tests were carried out. Figure 4-1 shows the background particle 

size distribution of the aerosols generated from pure deionized water and 50% (volume ratio) 

ethanol water solution. The results indicated that the background particle concentrations were at 

least 2 to 3 logs lower than the experimental particle concentrations (300 nm PSL and 

polydisperse NaCl aerosols, > 4 × 10
5
 #/cm

3
). In order words, these background particle 

concentrations were negligible in this study. 

4.1.3 Filtration Performance of Single-Sandwiched Filters 

Single-sandwiched PAN nanofiber filters (one layer of PAN nanofiber mat between two 

ACF mats) were tested for their filtration efficiency. Four PAN nanofiber mats with different 

electrospinning deposition times (15, 20, 25, and 30 minutes) were used. In addition, two 

conventional glass fiber HEPA filters (a Millipore HEPA filter and a LydAir HEPA filter) were 

included in the results for comparison. The detailed filtration results are shown in Table 4-2. 

There were four filters having the filter quality factor higher than the military standard MIL-F-
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51079D. However, there is no filter with a filter quality factor higher than the objective of this 

study (half pressure drop therefore double qF value). The conventional fibrous LydAir HEPA 

filter had the highest quality factor. Also, three out of the four PAN nanofiber filters had better 

quality factors than the military standard MIL-F-51079D. Furthermore, it can be deduced that the 

PAN deposition time during the electrospinning affects the filter quality. There is a trend that 

shorter deposition time of the PAN nanofiber could yield a better quality factor. In order to 

identify the cause for this trend, the thickness uniformity of the PAN nanofiber mat was studied. 

A piece of glass slide deposited with a thin layer of PAN nanofiber was observed by a Wyko 

optical profilometer for the PAN thickness distribution. As shown in Figure 4-2, the thickness of 

the PAN nanofiber layer has the maximum at the center of the slide and decreases toward the 

edge. This is likely due to the deposition pattern in an electrical field. However, the air flow 

tends to go through the thin part for the least resistance and consequently lowers the efficiency. 

Podgorski et al. (2006) also pointed out that the existence of large pores in the thin parts of the 

nanofiber mats may lead to particle “direct passage” and diminish the filtration performance. 

Therefore, the less uniformity in the thickness as a result of longer electrospinning deposition 

time caused the lower filter quality factor. Though the thickness uniformity was improved after 

this finding, currently there is no effective technique to solve the problem completely (Barhate 

and Ramakrishna, 2007).  

4.1.4 Filtration Performance of Multi-Sandwiched Filters 

The filter quality is not related to how many layers of filtration media were used 

according to its definition. Since a reverse trend of the electrospinning deposition time versus the 

filter quality was observed in the results of single-sandwiched filters, it is worthwhile to examine 

overlapping two or more layers of the short-term electrospun PAN nanofiber layers in order to 
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keep the high filter quality while achieving relatively better collection efficiency. Therefore, a 

new batch of filters was tested for their filtration performance including two single-sandwiched 

PAN nanofilters (PAN 5 and PAN 15, i.e., 5 and 15 minutes deposited by electrospinning) and 

two multi-sandwiched PAN filters (PAN 5×3 and PAN 15×2, “×n” means n layers of PAN 

nanofiber mats supported and separated by n+1 ACF mats). Results are shown in Table 4-3. 

Since the electrospinning process had been modified for this batch of PAN nanofibers, the PAN 

15 in this batch was not identical to the one mentioned in the previous section. The phenomenon 

that longer-term deposited PAN fiber filters have lower quality factor was also observed in this 

batch of filters. Theoretically, PAN 5 and PAN 5×3 should have the same filter quality factor 

since the quality factor is designed to eliminate the effect of thickness for filters made by the 

same material. However, the filter quality factor of PAN 5×3 was much higher than PAN 5. The 

same situation also occurred at PAN 15 versus PAN 15×2.  

A possible reason is that stacking of fibermats with different orientation benefited the 

filtration performance. As described before, the PAN nanofiber mats were not uniform in their 

thickness. In other words, there were some parts thicker while some other parts thinner that co-

existed in the fiber mat.  Since those round-shaped PAN were cut from larger square-shaped 

fibermats, they did not necessarily all have the thickest part in the center. Thus, some thicker 

parts in a certain layer might have compensated for those deficient thinner parts in another single 

layer in the stacking and therefore improved the filter quality. A schematic description of this 

explanation is shown in Figure 4-3. Another possible reason is related to decreased particle 

velocity. When a particle hits the first stage but not collected due to rebound, part of its kinetic 

energy is absorbed by the fibers. The decreased particle velocity improves the filter quality. 

However, through the following theoretical calculation in the following text, it was found that 
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this hypothesis was not valid. Dahneke (1971) developed an equation for the kinetic energy 

required for particle rebound (KEb): 

          (4-5) 

where dp is the particle size, A is the Hamaker constant, which is dependent on the materials and 

ranges form 6 × 10
-20

 J to 1.5 ×10
-18

 J for common materials (Hinds, 1999), e is the ratio of the 

rebound velocity to the approach velocity, usually ranges from 0.73 to 0.81 (Wall et al, 1990), x 

is the separation distance between the surface and the particle hitting on it, and is usually 

assumed to be 0.4 nm for smooth surfaces (Hinds, 1999). In order to estimate the minimum KEb, 

0.3 µm was taken for the PSL particle size, and all the other variables in Equation 4-5 were 

chosen to yield a minimum KEb. The corresponding KEb for the PSL particles is 1.2 × 10
-17

 J.  

The kinetic energy (KE) of a certain spherical PSL particle can be calculated as: 

       (4-6) 

where mp is the particle mass, ρp is the particle density, Vp is the particle volume and v is the 

particle velocity. To estimate the KE of the PSL particles in this study, it is assumed that ρp = 

1.05 g/cm
3
, dp = 0.3 µm and v = 5.3 cm/s. The calculated KE for PSL particles is 2.1 × 10

-20
 J, 

which is about 3 orders of magnitude lower than the KEb. Therefore, the PSL particles are not 

likely to rebound after hitting on the filter. 

It should also be noted that the PAN 5×3 had a much higher filter quality factor than the 

PAN 15. This result supports the above mentioned strategy of making better filters. The fact that 

the quality factor of the PAN 5×3 was much higher than the one of the LydAir HEPA filter as 

well as the military standard MIL-F-51079D suggested that the multi-sandwiched filters with 

short term deposited nanofiber mats would be a good candidate in the RHELP system for 

collecting aerosol agents. 
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Many other research studies also examined the quality factor of nanofibrous filters and 

multi-layer fibrous filters. Yun et al. (2007) fabricated PAN nanofiber filters by electrospinning 

and challenged them with particles ranging from 10 to 80 nm. A clear trend that the quality 

factor decreased with increased particle size was observed. Therefore, all their PAN filters had a 

minimum quality factor at the particle size of 80 nm. The highest filter quality factor they got 

was about 0.045 Pa
-1

. Wang et al. (2008b) combined a microfiber mat with a nanofiber (df = 150 

nm) mat to form a micro/nano composite fibrous filter. The nanofibers acted as collection layer 

facing the air stream containing challenging aerosols and the microfiber worked as the nanofiber 

support so as to be a back-layer. Four nanofiber mats with different solidities (packing densities) 

were used in this structure. One sample with an effective solidity close to conventional HEPA or 

HVAC filters was found to have a better quality factor than those conventional filters when 

collecting 300 nm particles. Among the four composite micro/nano filters, the highest filter 

quality factor was obtained at about 0.03 Pa
-1

. Podgorski et al. (2006) investigated the filtration 

performance of some bilayer structures composed of a microfibrous support and a nanofibrous 

facial collection layer. The nanofibrous layers were fabricated by the melt-blown method. They 

found the quality factors of the micro/nano fiber filters were significantly higher than 

conventional HEPA filters for 300 nm particles. The highest filter quality factor was close to 

0.008 Pa
-1

. They also studied the effect of adding more nanofiber layers to the bilayer structure. 

Results showed that the multi-nano/single-micro structure improved the filter quality a lot. 

Specifically, for 300 nm particles, the filter quality factor rose from 0.004 Pa
-1

 to 0.006 Pa
-1

 for 

one micro/nano fiber filter by adding one layer of the same nanofiber to the existing nanofiber 

mat. Our experimental results also agree with this finding. 
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Comparing with these three research studies, our results showed a significantly higher 

filter quality factor when PAN 5×3 was applied. Detailed comparison is shown in Table 4-4. A 

major difference between filters used in the present study and theirs is the usage of the support 

layer for the nanofiber mat. Research by Wang et al. (2008b) and Podgorski et al. (2006) applied 

a microfiber mat as the support. Although it was beneficial that the microfiber can contribute a 

small part of the collection efficiency, the cost of increasing pressure drop overweighed this 

benefit. In our study, nearly all particle collection was acquired by the nanofiber layer and the 

highly penetrative ACF mats produced a negligible pressure drop. Hence, a more optimal filter 

quality was achieved. 

4.1.5 Most Penetrative Particle Size 

According to the postulations of Podgorski et al. (2006), the actual most penetrative 

particle size for a filter will shift to smaller sizes as the filter fiber diameter decreases. As shown 

in Figure 4-4, the PAN nanofiber filters used in this study have their fiber diameter smaller than 

conventional HEPA filters; so, their actual most penetrative particle size is expected to be 

smaller than the conventional HEPA filters, which are usually between 100 and 500 nm 

(Podgorski et al., 2006). In order to determine the actual most penetrative particle size, physical 

collection tests were conducted by aerosolizing polydisperse NaCl particles to obtain a 

penetration curve for particles ranging from 10 to 400 nm. Figure 4-5 shows a typical size 

distribution of NaCl particles nebulized from 5% wt NaCl solution in this study scanned by the 

SMPS. Figure 4-6 is the particle penetration curve through the sandwiched PAN 30 filter. As 

shown, the actual most penetrative particle size of that filter was less than 100 nm. Figure 4-7 is 

a plot of MPPS versus filter fiber diameter, including experimental data and theoretical 

prediction reported by other researches as well as the present study. As shown, the MPPS of the 
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present study falls in the range that well agrees with the theoretical prediction. It should be noted 

that df is not the only factor that affects the MPPS. The testing face velocity also has an effect on 

it. Since smaller particles are mainly collected due to diffusion, the MPPS will shift to smaller 

sizes because the increased face velocity will reduce the retention time for diffusional collection, 

(Hinds, 1999). 

4.2 Static On-Filter Inactivation 

The PAN 60 (1 hour deposited PAN nanofiber) filters, instead of a multi-sandwiched thin 

nanofiber filter, were chosen for the E. coli collection/filtration. The relatively easier fabrication 

and installation were its advantages. Also, the collection efficiency would be high enough 

considering the size of E. coli. 

A triplicate set of control test (all of 4 quadrants were not microwaved) were carried out 

to demonstrate the rationality of the hypothesis that the 4 quadrants can collect similar amounts 

of viable E. coli. Results are shown in Table 4-5. The E. coli concentrations in each quadrant are 

not perfectly the same. But the deviations are not very significant considering that microwave 

inactivation is usually measured exponentially. 

Six sets of the static on-filter E. coli inactivation tests were carried out under 500 W 

microwave power in order to have a relatively high power and safe operation condition. As 

shown in Table 4-6, in less than 90 seconds, the survival became below the detection limit. 

These results suggest that the microwave irradiation can effectively inactivate E. coli collected 

on the filtration media. The data had some deviation when microwave irradiation was applied for 

30 seconds and 60 seconds. A possible reason is that the filter quadrants were not placed at the 

exactly same position in the microwave oven. Since this microwave oven has a working 
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frequency of 2.45 GHz, which corresponds to a wavelength of 12.2 cm, the position in the 

microwave oven is critical to the inactivation rate. 

Several other research studies also reported the E. coli inactivation rate under microwave 

irradiation. Table 4-7 is a detailed summary of these results. As shown, 5 to 7 logs of viable E. 

coli are usually inactivated within 30 to 90 seconds when microwave power is higher than 800 W. 

Watanabe et al. (2000) used 500 W microwave, and their results were very close to the results of 

the present study. It is also shown that the E. coli inactivation can be significantly accelerated if 

some assisting approach were added to the microwave irradiation, such as argon plasma and 

catalytic reactions. It should be noted that only the present study was conducted in air while all 

the others were conducted in an aqueous system or a medium containing significant amount of 

water. 

SEM images of E. coli treated with different methods (immobilized over flame, 

conventional oven heated, and microwave irradiated) on glass slides are shown in Figure 4-8. As 

shown, no significant difference in the damaged cells were found. In order to further investigate 

any microwave non-thermal effects, some other methods need to be applied to study the damages 

on the cell’s inner structures. 

4.3 Dynamic In-Flight Inactivation 

In order to determine if the microwave irradiation had an effect on the bioaerosols during 

their flight, the experiment without a filter was carried out. 500 W continuous microwave was 

applied. The results are listed in Table 4-8. As shown, about 95% (1.3 logs) of E. coli was 

inactivated during the flight across the microwave field. Since the bioaerosol total flight time in 

the microwave oven was less than 5 seconds, the results suggest that microwave irradiation 

contributed a big part of the E. coli inactivation in the microwave/filtration system. 
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To study the integrated effect of microwave and filtration, all combinations of the three 

microwave power levels (500 W, 250 W, and 125 W) and four microwave application times 

(continuously, last 5, 2.5, and 1.25 minutes of each 10-minute-cycle) were tested in triplicate. 

The dynamic on-filter E. coli survival fractions (the A/B value) under different microwave power 

levels or microwave application times are listed in Table 4-9 and plotted in Figure 4-9. It is 

noticed that the E. coli survival fraction was more sensitive to the microwave power level than 

the application time. A statistical (ANOVA two-way) test showed that the microwave power was 

a major factor that affects the E. coli survival fraction (A/B). The p-value was 0.003. On the 

other hand, the microwave application time did not have a significant influence. The p-value was 

larger than 0.3. As shown in Figure 4-9, when 500 W microwave power was used, at least 3.7 

logs of the viable E. coli were removed (survival fraction below 0.02%) no matter the microwave 

was applied to system continuously (10 min per10-minute-cycle) or periodically (5 or 2.5 min 

per 10-minute-cycle). This suggests that 2.5 mins per cycle is efficient enough to inactivate the E. 

coli when 500 W microwave power is applied. For other combinations of the microwave power 

and application time, the microwave inactivation rates were lower. A general correlation between 

the survival fraction and the microwave power level can be determined from the data. It can be 

seen that the survival fraction decreases exponentially as the microwave power levels increases 

(linearly in the log-scale) except the series of 1.25 min/10-min-cycle microwave application time. 

By making the exponential regression for the A/B versus microwave power relationship of each 

microwave application time, four equations listed in Table 4-10 were obtained. 

Comparing the E. coli on-filter survival fraction of the two sets of biological tests (the 

500 W microwave power level), it can be seen that the dynamic in-flight microwave irradiation 

was slightly less efficient in killing the E. coli collected on the filter than the static method. 
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Though the inactivation fraction (or log-removal) was close, the microwave application time in 

the in-flight experiments was longer. A possible reason is that the continuous air flow in the 

microwave and filtration system helped the heat dissipation on the filter and reduced the 

temperature to which the E. coli expose. Therefore, the thermal effect of the microwave 

irradiation was less intensive than the static inactivation. Another possible reason is the location 

of the filter inside the microwave oven. The filter location was fixed for all the dynamic in-flight 

experiments. As described before, if the microwave power of this point was not as intensive as 

some of the static experiments, it was reasonable that the inactivation fraction was lower. 

The viable E. coli penetration fractions (the C/D value) under different microwave power 

levels or microwave application times are listed in Table 4-11 and plotted in Figure 4-10. 

However, as shown in the Figure 4-10, the data points are scattered and no obvious correlation 

can be seen. Furthermore, the variations of each data points (geometric mean of 3 experiments 

with same conditions) are large. Statistic analysis (t-tests) showed that there are effectively no 

differences among the data. The p-values are larger than 0.05. Several reasons may cause the 

unstable data. The PAN 60 filters examined in this study were not identical to each other, which 

may be responsible for the deviation of filtration efficiency. Moreover, it has been observed that 

some of the PAN 60 filters were partially damaged during the microwave irradiation so that the 

particles could penetrate through more easily and resulted in scattered data. Recently, a cross-

linked PAN nanofiber mat was developed and tested. The strength of the cross-linked PAN 

nanofibers ensures better durability to the microwave irradiation than the current ones. If future 

studies can apply this cross-linked PAN nanofiber filter, the damage of filter due to the 

irradiation may be reduced or even avoided. 
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Table 4-1  Physical test results of ACF mats 

Number of ACF layers (n) 

Penetration fraction
a
 

(P, dimensionless) Pressure drop at 5.3 cm/s (Δp, Pa) 

2 0.864 25 

4 0.799 47.5 

6 0.648 67.5 
a
The penetration fraction is for 300 nm particles. 
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Figure 4-1 Background particle concentration of (A) nebulized water; (B) nebulized 50% 

(volume ratio) ethanol water solution 
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Table 4-2  Physical test results of single-sandwiched PAN filters with comparison to two 

conventional HEPA filters and the military standard 

Filter 

Particle penetration
a
 

(dimensionless) Pressure drop (Pa) Quality factor (Pa
-1

) 

ACF 2
b
 8.66 × 10

-1
     21 .0069 

Millipore 1.5   × 10
-4

 1171 .0073 

LydAir 1.8   × 10
-4

   284 .0304 

PAN
c
 15

d
 6.02 × 10

-3
   172 .0297

e
 

PAN 20 7.12 × 10
-3

   215 .0230 

PAN 25 1.03 × 10
-3

   272 .0253 

PAN 30 4.35 × 10
-3

   340 .0160 

M-STD
f
 3      × 10

-4
   400 .0203 

OBJ
g
 3      × 10

-4
   200 .0406 

a
Penetration of 300 nm particles. 

b
Two layers of ACF mats only, background. 

c
PAN nanofiber 

layer filter (without two ACF mats). 
d
Deposition time of the PAN nanofiber when made by 

electrospinning. 
e
The filtration test of PAN nanofiber filters were carried out under 7.14 cm/s 

due to the different experimental plan at the beginning of the research. Note that the result qF 

value will be a little higher if tested under 5.3 cm/s. 
f
Military HEPA standard MIL-F-51079D. 

g
Objective of this study. 
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Figure 4-2  Thickness characterization of PAN nanofiber mats by Wyko optical profilometer.  

A) The glass slide used for thickness measurement. B) The nanofiber layer’s 

thickness distribution along the center line of the glass slide. X is the distance from 

the left edge of the slide; Y is the distance from the center line of the slide; Z is the 

filter thickness. 
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Table 4-3  Physical test results of multi-sandwiched PAN filters with comparison with two 

single-sandwiched ones 

Filter 

Penetration 

(dimensionless) Pressure drop (Pa) Quality factor (Pa
-1

) 

PAN 5 5.23 × 10
-1

   18 0.0370 

PAN 15
a
 1.02 × 10

-1
   98 0.0233 

PAN 5×3
b
 7.95 × 10

-2
   41 0.0625 

PAN 15×2 2.07 × 10
-2

 152 0.0255 

a
This PAN 15 filter is not identical to the PAN 15 listed in Table 4-2. 

b
PAN m×n represents n 

layers of PAN m filters piled together to form a multi-layer filter including n+1 layers of ACF 

mats for support. 
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Figure 4-3 A schematic description of the nanofiber mat stacking (The stacking is not 

necessarily as perfect as in the picture. However, it does help to compensate some 

weak part of a certain layer.) 
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Table 4-4 Comparison of filter quality factors among our results and those of other researches  

Research Filter 

Fiber 

diameter 

(µm) Material 

Quality 

factor 

(Pa
-1

) Comments 

Podgorski et 

al. (2006) 
BL

a
  18 Polymer

b
 ~ .003 Microfiber 

 BL + NL
c
4    1.18

d
 Polymer ~ .008 

This filter had the 

highest quality factor 

in this study 

 BL + NL1      .74 Polymer ~ .004  

 BL + 2×NL1      .74 Polymer ~ .006 
Double nano-layer 

structure 

Yun et al. 

(2007) 

 

ES
e
2 

 

     .27 

 

PAN 

 

.045
f
 

 

This filter had the 

highest quality factor 

in this study 

Wang et al. 

(2008b) 

 

Sample C 

 

~   .15 

 

N/A
g
 

 

.02 

 

The one used for 

comparison with 

conventional filters 

 Sample A ~   .15 N/A     .03 

This filter had the 

highest quality factor 

in this study 

Present study PAN 5×3 ~   .20 PAN     .063  

 PAN 5 ~   .20 PAN     .037  

Other 

comparison 
Millipore ~   .50 Glass fiber     .007  

 LydAir ~   .50 Glass fiber     .03  

 M-STD - -     .02  

 OBJ - -     .04  
a
Microfiber back-layer. 

b
A kind of polymer, not specified by the authors. 

c
Facial nano-layer. 

d
Fiber diameter of the nanofiber layer. 

e
Electrospun filter. 

f
Based on results of 80 nm particles. 

g
Not mentioned by the authors. 
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Figure 4-4  The SEM images of A) PAN nanofiber mat; B) Millipore HEPA filter; C) LydAir 

HEPA filter. (Images are provided by Hyoungjun Park, Dr. Wolfgang Sigmund’s lab 

in the Department of Materials Science and Engineering of the University of Florida.) 
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Figure 4-5  Particle size distribution of the aerosol generated from nebulization of 5% wt NaCl 

solution. Median size: 79 nm; Geometric mean size: 80 nm; Mode size: 75 nm; 

Geometric standard deviation: 1.91; Total number concentration: about 10
6
 #/cm

3
. 
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Figure 4-6  The penetration curve of PAN 30 nanofiber filter. The MPPS appears around 50 nm. 
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Figure 4-7 Comparison of the most penetrative particle size among our results and those of 

other researches [the testing face velocity was 10 cm/s for both Podgorski et al. 

(2006)’s and Wang et al. (2008a)’s experimental results, and also for Podgorski et al. 

(2006)’s calculation; the recorded filtration velocity in this study was 7.14 cm/s] 
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Table 4-5  Percentages of E. coli concentration on each quadrant 

Disk # Quad
a
 A Quad B Quad C Quad D Mean SD

b
 CV

c
 

1 20% 24% 30% 26% 25% 4.16% 17% 

2 35% 16% 30% 19% 25% 8.98% 36% 

3 12% 24% 26% 38% 25% 10.65% 43% 

a
Quadrant. 

b
Standard Deviation. 

c
Coefficient of Variation. 
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Table 4-6  Survival fraction of E. coli under microwave (500 W) irradiation – Static on-filter 

inactivation 

 
Microwave irradiation time 

 30 s   60 s   90 s 

Test 1    8.3% < 0.6% < 0.6% 

Test 2 < 0.2% < 0.2% < 0.2% 

Test 3    2.8% < 0.1% < 0.1% 

Test 4   < 0.05%   < 0.05%   < 0.05% 

Test 5    2.9%    1.7%   < 0.05% 

Test 6   < 0.04%      0.08%   < 0.04% 

Mean      2.38%      0.46%      0.17% 

Standard Deviation      3.20%      0.64%      0.22% 

Note: The “< xx” value means the survival fraction was below the detection limit. The xx value 

was calculated by putting a 1 in the nominator (assuming there is only one colony formed in the 

non-diluted plate). The mean and standard deviation was also based on those xx data instead of a 

zero value. 
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Table 4-7 Comparison of the E. coli inactivation by microwave irradiation among our static 

on-filter experiments and those of other researches 

Research 

Inactivation 

rate 

Microwave 

application 

time (s) 

Microwave 

power (W) 

Assisting 

approaches 

E. coli 

surviving 

media 

Goldblith et al. (1967) 6 logs   50 N/A
a
 None PBS

b
 

Fujikawa et al. (1992) 

6 logs   90   300 None PBS 

4 logs 150   200 None PBS 

5 logs 240   100 None PBS 

Watanabe et al. (2000) 3 logs   50   500 None PBS 

Apostolou et al. (2005) 6 logs   35   800 None 

Small 

chicken 

portion 

Awuah et al. (2005) 7 logs   55 1200 None Milk 

Park et al. (2006) 

5 logs   30 1000 None Sponge 

6 logs   60 1000 None 
Scrubbing 

pads 

Park et al. (2007) 4 logs     1 1000 Argon plasma Saline
c
 

Takashima et al. (2007) 8 logs 5   100 
Catalytic 

reaction 
NB

d
 

Present study 3-4 logs   90   500 None 
Nanofiber 

filter 
a
Not mentioned by the authors. 

b
Phosphate buffer solution. 

c
Normal saline, 0.9% NaCl water 

solution. 
d
Nutrient broth, Eiken Chemical Co. Ltd., Tokyo, Japan. 
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Figure 4-8  The SEM image of E. coli on the glass slide. A) Immobilized by the alcohol lamp.   

B) Conventional oven heated. C) Microwave irradiated 
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Table 4-8 Escherichia coli in-flight inactivation percentages under 500 W continuous 

microwave without a filter 

Test 1 93.8   % 

Test 2 94.8   % 

Test 3 94.7   % 

Average 94.4   % 

Standard deviation   0.55 % 
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Table 4-9  (A) The on-filter E. coli survival fraction (A/B values) of the dynamic in-flight tests 

Microwave 

power (W) 

Microwave time 

(min/10 mins) Test 1 Test 2 Test 3 

Geo-

Mean GSDa ln GSD 

500 

10 1.87E-04 3.33E-04b 9.43E-05 1.80E-04   1.88 0.63 

5 3.05E-05 2.82E-04 8.40E-05 8.97E-05   3.05 1.11 

2.5 1.55E-04 3.28E-04 6.85E-05 1.52E-04   2.19 0.78 

1.25 4.26E-03 2.08E-03 5.77E-04 1.72E-03   2.75 1.01 

250 

10 1.38E-02 1.56E-03 7.04E-05b 1.15E-03 14.19 2.65 

5 2.54E-02 1.40E-02 2.37E-02 2.04E-02   1.39 0.33 

2.5 1.79E-02 4.49E-02 9.76E-04 9.22E-03   7.38 2.00 

1.25 1.39E-03 1.39E-03 3.30E-04 8.61E-04   2.29 0.83 

125 

10 1.02E-02 1.19E-01 1.03E-02 2.32E-02   4.12 1.42 

5 4.49E-02 2.00E-02 5.21E-03 1.67E-02   2.97 1.09 

2.5 1.50E-01 1.81E-02 7.35E-02 5.84E-02   2.93 1.08 

1.25 4.09E-03 1.25E-02 3.92E-03 5.85E-03   1.93 0.66 
a
Geometric standard deviation. 

b
Below the detection limit. The values in the table are the largest 

possible values. 

(B) The results in the form of log-removals of the on-filter viable E. coli 

Microwave 

power (W) 

Microwave time 

(min/10 mins) Test 1 Test 2 Test 3 Mean SD 

500 

10 3.73 3.48 4.03 3.74 0.27 

5 4.52 3.55 4.08 4.05 0.48 

2.5 3.81 3.48 4.16 3.82 0.34 

1.25 2.37 2.68 3.24 2.76 0.44 

250 

10 1.86 2.81 4.15 2.94 1.15 

5 1.60 1.85 1.63 1.69 0.14 

2.5 1.75 1.35 3.01 2.04 0.87 

1.25 2.86 2.86 3.48 3.07 0.36 

125 

10 1.99 0.92 1.99 1.63 0.61 

5 1.35 1.70 2.28 1.78 0.47 

2.5 0.82 1.74 1.13 1.23 0.47 

1.25 2.39 1.90 2.41 2.23 0.29 
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Figure 4-9 Escherichia coli survival fraction on the filter after dynamic in-flight microwave 

irradiation under different microwave power level and microwave application time 
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Table 4-10  Exponential regression of the E. coli survival fraction on the filter versus the 

microwave power level of the dynamic in-flight experiment 

Microwave 

application 

time 

(min/10-

min-cycle) Exponential equation
a
 Linearized equation 

R2
 value 

based on 

Geometric 

means 

R2
 value 

based on 

single 

values 

10 S = .0586 exp (– .012 PM) – ln S = .012 PM + 2.84 .8971 .5888 

  5 S = .2519 exp (– .015 PM) – ln S = .015 PM + 1.38 .8723 .8010 

  2.5 S = .4558 exp (– .016 PM) – ln S = .016 PM +   .79 .9993 .8280 

  1.25 S = .0041 exp (– .002 PM) – ln S = .002 PM + 5.50 .2227 .1265 

aS stands for the E. coli survival fraction, dimensionless; PM is the microwave power level, in 

Watt. 
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Table 4-11  (A) The viable E. coli penetration fraction (C/D values) of the dynamic in-flight tests 

Microwave 

power (W) 

Microwave time 

(min/10 mins) Test 1 Test 2 Test 3 Geo Mean GSD ln GSD 

500 W 

10 2.58E-02 3.33E-04a 2.09E-04 1.22E-03 14.24 2.66 

5 2.00E-03 1.44E-01 7.17E-05 2.74E-03 45.26 3.81 

2.5 8.30E-01 2.45E-04 3.33E-03 8.78E-03 63.42 4.15 

1.25 6.85E-02 5.11E-02 5.35E-03 2.66E-02   4.04 1.40 

250 W 

10 1.24E-03 3.09E-03 4.80E-04 1.23E-03   2.54 0.93 

5 6.96E-02 1.39E-01 2.92E-01 1.41E-01   2.05 0.72 

2.5 7.47E-03 1.22E-02 5.04E-02 1.66E-02   2.70 0.99 

1.25 1.73E-01 3.03E-01 3.03E-01 2.51E-01   1.38 0.32 

125 W 

10 6.78E-02 6.15E-02 3.86E-03 2.52E-02   5.09 1.63 

5 2.65E-01 1.05E-02 1.04E-03 1.43E-02 16.17 2.78 

2.5 6.91E-02 2.51E-02 4.33E-02 4.22E-02   1.66 0.51 

1.25 5.90E-01 9.90E-03 1.50E-02 4.44E-02   9.48 2.25 

a
Below the detection limit. The values in the table are the largest possible values. 

 

(B) The results in the form of log-removals of the viable E. coli in the air stream 

Microwave 

Power (W) 

Microwave Time 

(min/10 mins) Test 1 Test 2 Test 3 Mean SD 

500 W 

10 1.59 3.48 3.68 2.92 1.15 

5 2.70 0.84 4.14 2.56 1.66 

2.5 0.08 3.61 2.48 2.06 1.80 

1.25 1.16 1.29 2.27 1.58 0.61 

250 W 

10 2.91 2.51 3.32 2.91 0.40 

5 1.16 0.86 0.53 0.85 0.31 

2.5 2.13 1.91 1.30 1.78 0.43 

1.25 0.76 0.52 0.52 0.60 0.14 

125 W 

10 1.17 1.21 2.41 1.60 0.71 

5 0.58 1.98 2.98 1.85 1.21 

2.5 1.16 1.60 1.36 1.37 0.22 

1.25 0.23 2.00 1.82 1.35 0.98 
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Figure 4-10 Viable E. coli penetration fraction from the microwave/filtration system under 

different microwave power level and microwave application time 
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CHAPTER 5 

SUMMARY AND RECOMMENDATIONS 

The research was focused on developing and characterizing a lab-scale RHELP building 

ventilation air purification system for bioaerosols. Nanofibrous filtration media were used for 

collecting the bioaerosols in the air stream and microwave irradiation was applied to sterilize and 

regenerate the filters loaded with the biological agents. Two phases of experiments were carried 

out to evaluate the performance of this RHELP system. Phase I experiments characterized the 

physical collection properties of the nanofibrous filtration media and Phase II experiments 

focused on sterilizing the biological agents collected in the system. 

Sandwiched electrospun PAN nanofiber filters were tested for their physical collection 

performance and compared with two conventional HEPA filters. Results showed that PAN 

nanofiber filters could achieve a quality factor higher than the military standard MIL-F-51079D. 

The shorter term electrospun PAN filters had a better quality factor than longer term ones. The 

poor thickness uniformity of the nanofiber mats was a possible reason for this. The multi-

sandwiched filters achieved a better quality factor than single-sandwiched ones of the same total 

electrospinning time (PAN 5×3 versus PAN 15) or unit electrospinning time (PAN 5×3 versus 

PAN 5). Stacking of the nanofiber mats might have compensated for the inferior thickness 

uniformity and improved the quality factor. Moreover, comparing with some other recent studies, 

the multi-sandwiched PAN 5×3 filter in the present study had the highest filter quality factor. In 

addition, comparable to other investigations, the actual MPPS of the PAN nanofiber filters 

shifted towards smaller particle sizes due to their smaller fiber size. In summary, the electrospun 

PAN nanofiber filters achieved a higher quality factor than the military standards for HEPA 

filters. Using a multi-sandwiched structure of the PAN nanofiber filter, the research objective 
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filter quality of this study (half the pressure drop and same high collection efficiency of the 

military standard MIL-F-51079D) was achieved. 

E. coli was used as the challenging bioaerosol in this study. Static on-filter inactivation 

tests revealed that the position in the microwave field was very critical to the inactivation rate of 

E. coli since the distribution of microwave energy is not uniform. The results also showed that 

the viable E. coli concentration became lower than the detection limit when exposed to 500 W 

microwave for less than 90 seconds, which agreed with most recent studies. This demonstrated 

that the microwave irradiation is able to regenerate the filters loaded with E. coli efficiently 

without consuming much energy. When dynamic in-flight microwave irradiation was conducted, 

the E. coli survival fraction was below 0.02% no matter the microwave was applied to system 

continuously (10 min per 10-minute-cycle) or periodically (5 or 2.5 min per 10-minute-cycle) 

when 500 W microwave power was applied. Compared to the static on-filter inactivation, the 

dynamic in-flight microwave irradiation killed the E. coli collected on the filter less efficiently. 

Possible reasons included a temperature drop due to a continuous air flow and a less intensive 

irradiation at the point where filters were located. Besides, an exponential correlation between 

the survival fraction and the microwave power level applied was also observed. However, during 

the dynamic in-flight microwave irradiation, the filter in the microwave field might be partially 

damaged and diminished the total filtration performance of the RHELP system. It is 

recommended that the RHELP microwave/filtration system be challenged by various types of 

microorganisms such as viruses and spores to evaluate its range of application. 
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