
1 
 

 

 

Identifying and Evaluating Air Filtration Methods for Personal Protection from Airborne 

Particulate Matter 

  

  

by 

  

  

Ramsey Ramadan 

  

Dr. John Vandenberg, Advisor 

May 2011 

  

  Masters project submitted in partial fulfillment of the 

  

requirements for the Master of Environmental Management degree in 

  

the Nicholas School of the Environment of 

Duke University 

  

 2011 

 

 

 

 



2 
 

Abstract: 

Air pollution is a major environmental health risk in both developing and developed countries. According 

to the World Health Organization (WHO), air pollution is responsible for more than two million deaths 

worldwide every year. The WHO recognizes that particulate matter (PM) is the most dangerous among 

the various air pollutants and affects more people than any other. Exposure to fine particulate matter is 

dominated by emissions from anthropogenic point sources such as from vehicles, industry and power 

plants; for larger, coarse particulate matter the major sources are from road dust, construction and 

wind-blown dust from agricultural areas.  Most approaches to reduce exposure involve controls on the 

emitting sources.  Though this approach reduces the health risks, it cannot sufficiently protect our 

sensitive populations from point source PM, especially fine PM. Air filtration devices such as personal 

face mask filters are rapidly implementable solutions to reduce fine PM exposure at the point of 

contact. Most personal face mask filters are designed as single-use devices for the medical and chemical 

industries; whereas an air filter designed for the general population must allow for multiple uses and 

protection from PM. Given a set of criteria, the conceptual personal filtration device was evaluated in a 

case study of China where, if the devices were adopted by the population, health costs associated with 

fine PM exposure are estimated to  be reduced by up to 87% ($ 223 billion).       
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BACKGROUND: PARTICULATE MATTER 

The image of a standstill traffic jam of combustion engine vehicles can be associated with a suffocating 

environment of foul smelling tailpipe emissions. The resulting pollutants from these emissions are many 

but one major pollutant; particulate matter (PM) will be the focus of this paper for two reasons:  (1)  the 

World Health Organization recognized it as the most dangerous air pollutant affecting more people than 

any other, and (2) there is a realistic solution available to help reduce its effects.  

Particulate matter comprises a complex mixture of small particles and liquid droplets, and can be 

separated into two major categories based on size, as indicated in Figure 1 (E.P.A., 2011):   

- Coarse particulate matter or PM10-2.5 refers to aerodynamic particle sizes between 2.5 and 10 

цm, and its sources include crushing, grinding and burning operations as well as dust kicked up by 

vehicles on roads. 

-Fine particulate matter or PM2.5 refers to particles that are between 0.1 and 2.5 цm in size. This 

pollutant is created by many combustion related sources such as coal, oil, gasoline, diesel and wood 

combustion resulting in primary particles; while secondary particles are formed when chemicals from 

both natural and anthropogenic sources react in the atmosphere catalyzed by the sun.  

There is a third category of particulate matter known as ultrafine PM which is considered anything with 

diameter less than 0.1 цm, however these particles tend to conglomerate into sizes in the PM2.5 range 

soon after being emitted from their source. 

Though particulate matter can be separated into two size categories, within each category there are 

variations by shape and chemical composition depending on the emitting source. Furthermore emitting 

sources may be a great distance away from point of contact; for instance PM10 can be suspended in the 

air from hours to days and travel hundreds of kilometers by wind while PM2.5 can remain suspended for 

weeks and travel thousands of kilometers (E.P.A., 2011). The pervasive nature of PM2.5 implies that 

sources from one region can cause health effects in other regions. 
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Figure 1. Relative size for PM2.5 and PM10 (E.P.A., 2011) 

 

Health effects 

  According to the World Health Organization, particulate matter affects more people than any other 

pollutant (WHO, 2008). PM2.5 is especially dangerous as the particles are able to travel deep into the 

bronchioles region of the lungs and can result in serious health risks. 

Because of fine particulate matter’s ability to travel deep into the lung, many studies have linked its 

exposure to adverse health effects including aggravated asthma, chronic bronchitis, irregular heartbeat, 

nonfatal heart attacks and premature death (E.P.A., 2011). 

The EPA in collaboration with other research institutions have conducted clinical, epidemiological and 

toxicological studies in order to understand fully how fine particulate matter is associated with 

morbidity and mortality. Many studies have identified that the elderly with pre-existing 

cardiopulmonary disease are at the greatest risk (E.P.A., 2011). Other groups considered susceptible to 

the effects of PM are the very young, asthmatics and diabetics (E.P.A., 2011).  

Recent clinical studies were aimed at determining the physical and chemical properties of fine PM that 

induce cardiovascular and pulmonary changes. It was discovered that there is no single attribute of fine 

PM that results in adverse health effects and that its small size and certain chemicals appeared to have a 

role in its health effect (E.P.A., 2011).   
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The problem: urban air pollution 

According to the UN, 2008 marked the year in which more people were living in urban developments 

than in rural areas (Nations).  This influx of people into towns and cities is forcing cities to expand and 

develop so as to accommodate its new arrivals.  One of the major problems the author of “suburban 

nation” would argue is that city planners design cities around personal motorized transportation 

(Andres Duany, 2000). This causes cities to focus on expanding outward instead of upward which is 

commonly known as urban sprawl. Since city dwellers are finding it increasingly difficult to navigate by 

foot, they take to their vehicles and this leads to overly congested roadways, a common sight in most 

major cities as shown in Figure 2. 

 

Figure 2. Typical vehicle congestion in urban areas (photographers direct) 

 

As of 2007, There were approximately 800 million cars and light trucks on our roads (Automobile, 

2011)and this number has grown by at least 100 million over the past few years (Cars produced this 

year). These vehicles emit an array of noxious pollutants including particulate matter and PM 

precursors. In small doses PM may not cause any observable health effects, however coupling vehicle 
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emissions with the density of big city traffic jams can expose the population to higher PM concentration 

which can lead to adverse short-term and long-term health problems.    

 

OBJECTIVE 

The UN claims that PM related health problems can be eliminated by addressing the source of 

emissions. Eliminating anthropogenic PM may be as daunting and complex a task as solving the climate 

change problem. The main culprit in both situations is our reliance on combustion to extract energy 

from fossil fuels like oil and coal. Our population is expected to increase by 50% over the next 31 years 

(worldometers, 2009) and there are no economically scalable substitutes that can replace oil in the next 

few years; this means that our demand for oil will persist. For this reason, I believe that an alternative 

solution using personal protection approaches could be rapidly deployed; it would give consumers the 

option of reducing their exposure to airborne particulate matter and thereby protect their health from 

short-term and chronic diseases rather than waiting for governments to develop and implement 

effective policies to reduce emissions from combustion sources. The objective of this report is to identify 

and evaluate air filtration methods for personal protection from airborne PM. 

Nonwoven filter media are commonly used today in many fields ranging from military to medical 

applications. Filters can prevent anything from dust particles to viruses from passing through its 

membrane. With the advancement of nanotechnology, filters are better suited for the needs of the 

application, and have increased serviceable life over their predecessors. This report focuses on 

evaluation of nanotechnology-based filtration applications. 

 

Filtration overview 

It is commonly perceived that fibrous air filters act like a net that captures everything that cannot go 

through it; the truth is filters are actually better at trapping smaller and larger particles than they are at 

capturing mid-sized ones (TSI incorporated, 2008). A fibrous filter is made from randomly oriented fibers 

having no consistent shape or structure. Furthermore a filter’s function depends greatly on the diameter 

of the fiber and the density of fiber layers in order to trap and retain particles (TSI incorporated, 2008).  
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The percentage of a target particle size that a filter is able to capture is referred to as filtration 

efficiency; this is calculated by taking the ratio of the particle concentration upstream compared to the 

concentration downstream (TSI incorporated, 2008). 

Filtration Efficiency P = [1 – (Downstream/Upstream)] * 100 

 

In addition to filtration efficiency, another key attribute in a filter is its pressure drop characteristics. A 

filter’s pressure drop  highlights the change in pressure before and after air passes through the 

media. In other words it identifies to what extent air velocity is affected as it passes through the filter.  

A commonly used term in the filtration industry is the Quality factor Q which evaluates the overall 

performance of the filter media by considering the filtration efficiency as well as the pressure drop (Jing 

Wang, 2007). The Quality factor is calculated as follows: 

Q = - [ln(P) / Δp] 

 

Filtration mechanism 

There are three principal mechanisms for capturing particles (TSI incorporated, 2008): 

1- Interception occurs when a particle following the air streamline comes within its radius distance 

from the fiber and touches it. Once there is contact between the particle and the fiber, the 

particle sticks to the fiber and is removed from the streamline. 

2-  Inertial Impaction occurs when particle mass is such that its momentum makes it unable to 

follow the flow of air around a fiber and the particle crosses streamlines and impacts onto the 

fiber. This mechanism is most predominant when air travels at a high velocity and for particles 

of larger size and mass.  

3- Diffusion occurs with particles in the size of range of 0.1цm and below. These particles are so 

small that they are subject to Brownian motion which is when molecules bump off one another 

and move in a random zigzag pattern. Diffusion mostly applies to filtration with low air velocity 

so that these minute particles have more time to bounce around and a better chance at 

impacting a filter fiber. 
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Filtration efficiency 

Generally filtration efficiency versus particle size follows an upside down bell shape because the 

filtration mechanisms apply to certain size ranges (TSI incorporated, 2008). For particles below 0.1цm, 

diffusion allows for a very high efficiency of almost 100% (Figure 3). For the size range between 0.1цm 

and 0.4цm, the particles are too large for diffusion but too small for interception and impaction 

therefore the filtration efficiency falls. Above 0.4цm, inertial impaction and interception mechanisms 

come into effect and the filtration efficiency is vastly improved approaching 100% at particle diameters 

greater than 2 цm. 

 

 

 

Figure 3. Relationship between the type of filtration mechanisms for different particle diameter size 

range and the filtration efficiency of the different mechanisms (TSI incorporated, 2008) 

  

 

NANOFILTRATION 

Nanofiber is a general term that applies to a fiber with a diameter of less than 1 micron. Nanofibers 

have been used in many filtration applications for the past twenty years and have achieved great 

improvements over traditional filter media in filtration efficiency, filter life and contaminate holding 

capacity (Timothy Grafe, 2001).   
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Manufacturing 

 

Electrospinning is the most popular method for making nanofibers. This process uses an electric field 

which draws a polymer solution from the tip of a capillary through to a collector. A voltage applied to 

the solution forces a jet to be drawn towards a grounded collector (Figure 4). As the jets dry, they will 

form polymeric fibers that form a web-like pattern which can then be collected. The electrospinning 

process is able to produce nanofibers ranging from 0.04 microns to 2 microns in diameter (Donaldson 

company, 2002).   

 

Figure 4.  Electrospinning process that produces Nanofibers from a liquid substance by jetting it onto a 

collector screen where the substrate is placed (Donaldson company, 2002) 

 

Since nanofibers are generally quite small in diameter, they lack the mechanical strength to endure most 

applications of air filters; therefore it is necessary to apply nanofiber webs onto substrates as shown in 

Figure 5. Substrates provide the essential mechanical properties of maintaining the structural integrity 

of the filter while the nanofiber web ensures filtration performance. 
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Figure 5. A layer of Nanofiber material (top) on a supporting substrate material (middle and bottom) 

(Donaldson co., 2002) 

 

Design 

The widespread adoption of nanofibers over conventional microfibers is due to their improved 

attributes. Nanofibers have “high filtration efficiency, lower energy consumption, longer life and easy 

maintenance” (Patanaik, 2010). A filter’s quality factor is mainly determined by its filtration efficiency 

and pressure drop (Leung, 2009). As mentioned earlier, nanofibers cannot perform on their own due to 

their weak physical structure and must depend on a substrate to maintain the filter’s shape and 

integrity. 

Though nanofibers possess high filtration efficiencies, they do result in increased pressure drop which 

requires that a compromise be made. In a collaborative research study conducted in China, scientists 

attempted to determine the optimal solution, where filtration efficiency is improved and pressure drop 

is least affected. The study used polyethylene oxide nanofibers which were categorized according to 

their electrospinning duration where N1 had the shortest and N9 the longest duration. In other words, 

the basis weight W or the mass is at its lowest for N1 and its highest for N9. N1-N9 were coated onto a 

highly permeable substrate S so as to remove its effect on the results and the filters have been dubbed 

N1S-N9S. What results is an increased basis weight W with an increase in electrospinning duration 

(Leung, 2009). A visual representation of varying packing densities is shown in Figure 6.The basis weight 

increases with the packing density of the nanofibers on the substrate as shown in figure 7 below.  
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Figure 6.  These microphotographs show a) lowest packing density of Nanofibers on a substrate, b) 

increased packing density from picture a, c) greatest packing density of nanofibers compared with a and 

b (Leung, 2009) 
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Figure 7. The basis weight increases with the packing density of the different filter characteristics of N1S 

through N9S (Leung, 2009) 

The efficiency tests of the research were done using sodium chloride (NaCI) aerosols with a diameter 

range from 50 nm to 480 nm. The filters were tested under face velocities of 5 and 10 cm s-1 as shown in 

Figure 8 below. 

 

 

Figure 8. The filtration efficiency of the different filter categories at different particle diameter sizes. The 

tested filter curves (expt) are compared with their theoretical efficiency levels for different particle 

diameter sizes (theo) (Leung, 2009) 
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In Figure 8, particle diameter was tested against filtration efficiency at a face velocity of 5 cm s-1. The 

different filtration categories tested were also compared against predictions taken from classical 

filtration theories. Contrasting with Figure 2, we can see a similar upside down bell curve in Figure 8; 

however the efficiency levels drop around 100 nm rather than the 300 nm mark suggested in Figure 1. 

The data show a consistent increase in filtration efficiency as the packing density increased. 

The most penetrating particle size (MPPS) refers to the smallest particle that is able to pass through the 

filtration media. Figure 9 below compares the MPPS to the packing density of each filter category.    

 

Figure 9 - The Most Penetrating Particle Size MPPS is put against the packing density in order to find out 

what the MPPS given the filters’ different packing density characteristics (Leung, 2009) 

 

Predictably, the greater the packing density the lower the MPPS, however their relationship is not 

proportional. Between N4S and N9S, the change in MPPS decreases at a relatively slower rate because 

the main filtration mechanism changes to diffusion at around 100 nm (Leung, 2009) (TSI incorporated, 

2008).  

Changing the face velocity from 5 cm s-1 to 10 cm s-1 has a greater effect on the diffusion filtration 

mechanism than interception and inertial impaction. Doubling the face velocity reduces the retention 

time of particles in the nanofiber for particles below 100 nm (Leung, 2009). In other words, the time in 
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which particles have to collide with the nanofiber through Brownian motion is reduced and so the 

chance it will collide is reduced. Figure 10 below shows the relative effect of the change in face velocity. 

  

Figure 10- Filtration efficiencies of N1S, N3S, N5S, N7S and N9S under face velocities of 5 and 10 cm s-1 

(Leung, 2009) 

 

Figure 11 highlights some crucial differences between multilayer nanofilters, single layer nanofilters and 

microfiber filters. The microfiber filter achieves the highest pressure drop relative to filtration efficiency 

along every point on the curve. Looking at the single layer nanofilter, it achieves a higher pressure drop 

as its efficiency goes up relative to the multi-layer nanofilter. The iso-basis weight on the curve refers to 

the points on the different curves with the same basis weight. For instance,  N5S has a basis weight of 

0.23 gm-2 as does the fifth point on the single layer filter curve but N5S achieves 15.90 Pa less at similar 

filtration efficiency levels. 
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Figure 11. The filtration efficiency and its resulting pressure drop of multi-layer Nanofiber filters are 

tested against single layer Nanofiber filters and microfiber filters.  U0 is the face velocity, Dp is the 

diameter size of the particle used, the iso-basis weight refers to the same basis weight of a filter across 

the different curves (Leung, 2009) 

 

As a result, multi-layering has improved filtration efficiency over the single layer and the microfiber 

filters. Multi-layered filters have reduced pressure drop characteristics over the other filter types when 

trying to achieve higher efficiencies.  

 

Durability 

An important characteristic of a nanofilter is its ability to withstand the elements and maintain its 

performance capabilities throughout its expected life. Some research suggests sandwiching the nano 

media between two micro media layers. According to research undertaken in South Africa, “when [air 

filter] media are used for long periods of time, they are subjected to cyclic compression at various stages 

due to cyclic variation in pressure” (Patanaik, 2010). This study used electrospun polyethylene oxide 

(PEO) as the nanofibrous media (NFM) while the non-woven substrate (NW) was made from 

polypropylene fibers. A porometry instrument was used to carry out the cyclic compression.  

The filtration efficiency was tested using particles with a diameter range from 600 nm to 180 µm at a 

constant face velocity of 40 cm/s. The particle size range falls under the inertial impaction and 

N5S 
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interception mechanisms which are not dramatically affected by changes in face velocity as discovered 

in the previous study.  

Sample type Filtration parameters         

  Before cyclic compression After cyclic compression   

  Efficiency Pressure Drop Efficiency Pressure Drop 

NW 63.11 12   55.23 16   

NW + 3NFM 78.02 28   69.49 33   

NW + 4.5NFM 88.12 23   80.53 26   

NW + 6NFM 99.43 17   90.75 22   

NW + 4.5NFM + NW 91.62 27   88.29 29   

NW + 6NFM + NW 99.38 22   97.15 25   
Table 1. Relationship between filtration efficiency and pressure drop for various nanofilter materials 

under cyclic compression testing. Sample type refers to the different characteristics of each filter which 

includes liquid PEO concentration used to make the Nanofiber NFM and whether a filter is sandwiched 

or only supported on a NW substrate. Cyclic compression refers to the effect of face velocity (Patanaik, 

2010) 

 

Table 1 highlights the different combinations used with the numbers indicating the concentration 

percentage of PEO used. In other words: 

NW : the initial substrate 

+6NFM: 6% concentration of nanofibrous media coated on the initial media 

+NW : sandwiched on the NFM layer     

From Table 1, we can see that after the cyclic compression the filtration efficiency and pressure drop of 

the sandwiched layers have not been affected much while the filter media that were not sandwiched 

suffered a greater decrease in efficiency. Furthermore, the cyclic compression has resulted in damage to 

the NFM in the un-sandwiched filters as shown in Figure 11 below which means that its durability has 

been compromised. In conclusion of this study, the researchers determined that a sandwiched 

nanofibrous media is better able to stand the test of time (Patanaik, 2010).  
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Figure 12. Photomicrographs showing the effect of cyclic compression on nanofibers in un-sandwiched 

filters. The four pictures show different areas of damage done to the filters (Patanaik, 2010) 

 

The key difference between the ‘Effect of face velocity, nanofiber packing density and thickness on 

filtration performance of filters with nanofibers coated on a substrate’ and the ‘Performance evaluation 

of electrospun nanofibrous membrane’ studies is that the latter used a larger dust particle range which 

improved the efficiency of filter categories that were considered to have a weak filtration efficiency in 

the former study.  As a result, the particle diameter range has an influential role in determining what 

category of filter to use.    
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Extended service life 

In order to extend the useful life of a personal face mask filter, it is important to control the effects of 

moisture deposited on the filtration media. There is no plausible way to completely eliminate the 

deposition of moisture on a filter as the nature humidity in the ambient air cannot be controlled. Since 

mold and bacteria flourish in moist environment, the next best option would be to control their growth 

on the media. An effective method for killing fungi, bacteria and viruses is to adopt the use of a 

commonly used nanoparticle called nanosilver (EPA, 2010). Nanosilver particles termed silver nanodots 

are placed in a grid-like pattern along the filter media to effectively control the growth and spread of 

bacteria, fungi and viruses. However nanoparticles like nanosilver may pose a health risk to the human 

population. 

Nanosilver 

Silver present at the nano-scale is called nanosilver.  Silver has powerful antibacterial, antiviral and 

antifungal properties, and these attributes have been found to be most effective at the nano level. 

When a material becomes very small, its physical and chemical properties can change dramatically from 

its larger form.  As a result, nanosilver has become one of the most widely used nanoproducts on the 

market today. Roughly a quarter of all nanomaterials found in products contain nanosilver (EPA, 2010). 

Colloidal silver where the silver is dissolved in a liquid for ingestion is sold as an alternative medicine and 

is very easily absorbed into the body which may lead to adverse health problems; whereas metallic 

silver poses a minimal health risk according to a study done by Drake & Hazelwood (National Exposure 

Research Laboratory, 2010). The effects of silver has generally been documented in the silver industry 

where workers have the highest risk of exposure; however the most noticeable effect of high exposure 

to silver is a condition known as argyria where the skin turns a permanent bluish grey color. 

Furthermore this condition is considered a cosmetic effect not a health effect because no signs of health 

damage have been documented.  

The main concern with nanosilver is that its minute size may change its chemical and physical properties 

which may result in very different health and environmental implications, compared to larger silver 

materials (National Exposure Research Laboratory, 2010). Like other nanoparticles, the prominence of 

nanosilver in the medical industry has prompted research into its effects on the human body. Research 

carried out on mice at the Institute of Brain Research in Germany suggests that nanosilver entering 

through the lungs is able to pass through the alveoli wall and has been detected in the brain, heart and 
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liver (X. Chen, 2007). A study conducted by Soto et al. claimed that nanosilver is toxic to human and 

animal cells and that it created a nearly identical response to chrysotile asbestos (National Exposure 

Research Laboratory, 2010).  

More studies are needed to understand the effect of nanosilver.  Nanosilver has many beneficial uses in 

many different industries, and we are unlikely to find a substitute for it. If nanosilver is found to cause 

an adverse health effect, its toxicity to humans and the environment at different concentration levels 

need to be identified.  

   

Risks 

Nanoparticles are defined by their size category falling into the 1 to 100 nanometer range of particle 

diameter. Because of their minute size, nanoparticles are different from larger materials as their 

properties fall somewhere between physical materials and atoms or molecules.  Nanomaterials in 

general are increasingly being adopted in many different industries ranging from healthcare to 

transportation. Although the application of nanomaterials is expanding rapidly, there is relatively little 

information and research done on their effects on health. The main concern is nanomaterials are so 

small they can penetrate our biological membranes such as skin, lungs and organs and even enter our 

cells which can affect cellular functions. However lack of research in this field coupled with a growing 

adoption rate has led many to hypothesize on the outcome.   

Not all particles are created equally, a key factor determining the effect of ultrafine PM is its chemical 

composition. The composition of nanoparticles can be controlled in the manufacturing process. In 

contrast, PM is a pollutant which results from combustion or from atmospheric transformation of gases, 

in other words a mixture of materials that has shown to present health risks. Because nanoparticles are 

the focus of production, potential health risks can be mitigated by ensuring that what goes into its 

manufacturing is considered safe.   

Since nanotoxicology studies have only been conducted using ambient fine and ultrafine PM, the 

authors of ‘Nanotechnology, environmental health and safety’ argue that these studies can be used to 

gain an understanding of how nanomaterials affect human health (Matthew Hull, 2009).  
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IMPLEMENTATION 

Now that I have provided a brief background on how the filtration process works and nanofibers are 

made, we can assess and determine our filtration approaches to reduce personal exposure to PM. 

Instead of simply listing our criteria, we will use the help of a case study to illustrate the needs and 

requirements of our filter. 

 

Case study: CHINA 

The People’s Republic of China, home to the world’s largest population with nearly 1.4 billion Chinese is 

one of the fastest growing economies today. This rapid expansion is mainly being powered by fossil fuels 

with dirty coal making up around 70% of the energy mix and oil at nearly 20% (U.S. EIA, 2010). 

With the number of passenger vehicle ownership expected to reach 75 million in 2011, (people's daily 

online) PM exposure levels in cities are expected to pose an even greater risk for city dwellers. 

Furthermore coal power plants; another major source of PM, are growing at the rate of two per week to 

fuel China’s economic growth and will exacerbate the health risk to the population (Technology, 2007). 

Key Findings in a 2005 Air Quality Guidelines report conducted by the World Health Organization 

suggest that a quantitative relationship can be derived between pollution levels and health outcomes 

such as increased morbidity and mortality (WHO, 2008). Furthermore the WHO has established target 

values for particulate matter below which no observable health damage has occurred as shown in Table 

2. The USEPA National Ambient Air Quality Standards for PM are shown in Table 3.  

TARGET LEVELS PM2.5 PM10 

Annual mean 10 μg/m3  20 μg/m3  

24-hour mean 25 μg/m3  50 μg/m3  

Table 2  suggested target levels by the WHO to avoid all adverse health effects from particulate matter 

(WHO, 2008) 

TARGET LEVELS PM2.5 PM10 

Annual mean 15 μg/m3   -revoked 

24-hour mean 35 μg/m3  150 μg/m3  

Table 3 highlights the EPA standard for fine and coarse PM, a lack of evidence linking long-term 
exposure to PM10 resulted in the EPA revoking the annual PM10 standard (PM standards, 2011) 
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According to a 2004 survey that monitored PM 10 across 341 Chinese cities found that 53% had PM10 

levels greater than 100 цg/m3 and 14% of cities had levels above 150 цg/m3. This means that nearly two-

thirds of the country’s urban populations are exposed to PM levels that are at least twice the U.S. EPA 

annual average PM standard as shown in Table 3 and greatly exceeds the WHO’s safe target levels in 

Table 2; while only 1% of urbanites are living in areas that are in compliance with the U.S. standard 

(World Bank, State Environmental Protection Administration China, 2007). 

The authors of ‘Cost of Pollution’ used conversion ratios in order to convert PM2.5 and Total Suspended 

Particles (TSP) into a uniform indicator PM10 (World Bank, State Environmental Protection 

Administration China, 2007). China’s Ministry of Health does not require hospitals to collect cause-

specific information for emergency and outpatient visits (World Bank, State Environmental Protection 

Administration China, 2007). The authors used data on respiratory, cardiovascular diseases in order to 

determine the effect of PM10 on society. Furthermore an exposure-response coefficient from a study 

focusing on the health effect of ambient air pollution in China (Kristin Aunan, 2004) was used to 

determine the percentage of cases that could be caused by PM10.        

The authors of ‘cost of Pollution’ used the Willingness to Pay approach in determining the value of a 

statistical life (VSL) as well as the population’s tolerance for health risks. The surveys found that the 

Chinese greatly value improvements in their health. It was found that the sum of the people’s 

willingness to pay for a reduction in the risk of mortality was approximately $ 150,000 equaling one 

statistical life (World Bank, State Environmental Protection Administration China, 2007).  

  The results from the study are displayed in Table 4. 

 

  
Morbidity 

 

Estimate 
Excess 
Deaths 

Chronic 
Bronchitis  

Direct Hospital 
Costs 

Indirect Hospital 
Costs 

Total 
Costs 

95th 
%ile 641.1 136.7 4.82 0.67 783.3 

Mean 394 122.1 3.41 0.47 519.9 

5th %ile 135.6 106.2 1.88 0.263 243.9 
 

Table 4 – Health costs associated with the pollutant PM10 in China for the year 2003 in billion Yuan 

(World Bank, State Environmental Protection Administration China, 2007) 
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In summary, using the mean to draw their conclusions the authors claimed that the health costs 

associated with PM10 account for 3.8% of the 2003 GDP of China with 76% of the costs resulting from 

premature mortality (World Bank, State Environmental Protection Administration China, 2007). 

 

Analysis 

The U.S. EPA states that there is a lack of evidence that would suggest a link between long-term 

exposure to PM10 and health problems (PM standards, 2011). However chronic illnesses and premature 

death are strongly associated with prolonged exposure to PM2.5 (Agency, 2011). Given the results from 

Table 3, chronic bronchitis and especially premature death accrue significant health costs in China. Even 

though the data are not available, PM2.5 may be responsible for most of the air pollution-related 

premature deaths and chronic illnesses which would be in alignment with the EPA’s statement that 

PM2.5 is strongly associated with these conditions. This information also corresponds well with the 

WHO’s account of PM2.5 being the most dangerous air pollutant in the world. 

In the objective section of the paper, we examined the characteristics affecting filtration efficiency; 

durability and hygiene that are crucial in a personal face mask filtration devices. In order to quantify the 

potential cost savings that can be realized with the mass adoption of such a device it is necessary to 

identify the size distribution of particulates in the ambient air.   

A study by Whitby in 1978 analyzed more than 1000 particle size distributions across the United States 

(EPA, 2004). Figure 13 below identifies the number, surface area and volume distributions for the grand 

average continental size distribution. Three main size distributions were discovered, a peak between 

particulate diameter of 5 and 30 µm is considered coarse particulates as they were formed by 

mechanical processes (EPA, 2004).  Another peak is located between 0.15 and 0.5 µm diameters was 

called the accumulation mode as the range was formed by condensation and coagulation (EPA, 2004). 

The last mode with a peak between 0.015 and 0.04 µm was called the transient nuclei range because 

the size was influenced by nucleation, condensation and coagulation (EPA, 2004).   
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Figure 13.  Distribution of coarse particles, fine particles and ultrafine particles by three characteristics: 

(a) number N of particles, (b) surface area S, (c) volume V for the average size distribution. DGV = 

geometric mean diameter by volume, DGS = geometric mean diameter by surface area, DGN = 

geometric mean diameter by number, Dp = particle diameter (EPA, 2004) 

 

Figure 13 analyzes the distribution of particulate matter diameter ranges against three different 

characteristics, it is necessary to choose the one that relates the best with the adverse health effects of 

the case study and thus allows us to monetize most accurately the adoption of the personal face mask 

filtration devices.   

According to graph (a) in Figure 13, the number of ultrafine particles greatly outnumbers both fine and 

coarse particulates, while fine particulates dominate the surface area distribution. Even though the 

number of particulates in the air can have an effect on health, more importantly is the volume 

corresponding to mass of particulate matter in the air as this identifies how much of the volume of air is 

taken up. Ultrafine particulates are numerous but because they are so small they make up a relatively 

tiny percentage of the air and thus have a smaller chance of being inhaled into the lungs.  
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Because the Whitby study was done in 1978, the size distribution has changed over the past few 

decades.  A recent study by McMurry et al. in 2000 used newer and more accurate instruments to 

measure smaller sizes with greater clarity. Figure 14 below identifies the result of this newer study 

putting volume against particle size. 

 

 

Figure 14. The volume distribution of particles as a function of particle diameter.  The geometric 

standard deviation is added (EPA, 2004) 

 

Using the information in Figure 14, the area of the distribution for each particle diameter range can be 

calculated and from that the relative percentage distribution of fine PM by mass can be found as shown 

in Table 5. 
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Range (nm) Area Mass % 

100-200 0.285 7.5 

200-300 0.42 11.0 

300-400 0.36 9.4 

400-500 0.225 5.9 

500-600 0.135 3.5 

600-700 0.1 2.6 

700-800 0.07 1.8 

800-900 0.055 1.4 

900-1000 0.05 1.3 

1000-2000 1 26.1 

2000-2500 1.125 29.4 

TOTAL 3.825 100 
 

Table 5.  Based on information from Figure 14 the area of the distribution corresponding to the particle 

diameter range and the percentage of the total mass in the fine PM range is calculated.  

 

Filter configuration 

The personal face mask filtration devices are to be used in the ambient environment. From the objective 

section, the filter needs to perform at an acceptable level, and must be durable and hygienic. Assuming 

that the target PM size we want to capture is less than 1 µm i.e. PM2.5 in Figure 13 and 14 above, an 

appropriate packing density will be needed to achieve an acceptable filtration efficiency while not 

allowing a large pressure drop as this would make it very difficult for the individual to breathe through. 

Secondly, a durable filter design would require a nanofiber media sandwiched between two substrate 

media. As shown by the cyclical compression experiment, the sandwich design would be a necessary 

attribute for a filtration mask to be used on a frequent basis. 

 Finally, the filter needs to be protected from the elements specifically bacterial and fungal growth on 

the media as this is unhygienic for the person breathing through the filtration device. 

 

Assumptions 

 Face velocity will not be considered an important factor for dust particles greater than 100 nm. 

Below 100 nm, the filtration performance from a face velocity of 10 cm/s will be used.  I am 
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assuming a face velocity between 5 and 10 cm/s is a reasonable assumption because the studies 

I looked at used a value in this range. 

 This study assumes that the pressure drop must not exceed 30 Pa. The pressure drop must be 

low enough to allow individuals to undertake normal activities such as walking as well as 

accommodate sensitive populations that have lower maximum inspiratory and expiratory 

pressure limits. The pressure drop limit was influenced by a study done on maximum inspiratory 

and expiratory pressures of different lung sizes. 30 Pa was chosen as the minimum pressure 

drop found in the study was 39 (Christopher G Lausted, 2006), and since I have been unable to 

find research studies on the maximum pressure during exhaling and inhaling, I have decided to 

placed the pressure drop limit at 30 Pa so as to account for the lung pressure capacity of 

sensitive populations.  

 

 The U.S. results for particle diameter distribution (Figure 14) are applicable and similar to 

China’s ambient air, which would allow us to determine the cost prevention using the results 

from the case study. Furthermore, the health cost of fine particulate matter determined in the 

case study is spread over a range from 50 to 2500 nm as this falls under the health damaging 

fine PM and is the only available range we have studied results for. In other words, all particle 

sizes have an equal effect on health below the 2.5 micrometer level and the only variation in 

health effect is the percentage of each particle size by volume that will determine the different 

contributions to health costs.    

 

 Finally, in order to make the results more relevant to the present, we will use 3.8% of China’s 

2010 GDP in determining health cost prevention. Between 2003 and 2010, China has done 

relatively little to curb its particulate matter pollution levels and except for the global economic 

recession that struck in 2008, there would be little evidence to suggest that the incurred health 

cost percentage of GDP has decreased. In fact, China’s economy has grown from a 2003 GDP of 

$1.641 trillion to a 2010 GDP of 5.87 trillion which is a 4 fold increase in economic activity (Bank, 

2011) (Wikipedia, 2011). This fact may suggest that the health cost of GDP as a percentage 

should increase. 
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RESULTS 

Using the two studies we looked at in the objective section by  Leung, Hung &Yeun and Patanaik, Jacobs 

& Anandjiwala, we will quantify the cost reductions to China assuming a mass adoption of the personal 

face mask filtration device. 

The study done by Leung, Hung &Yeun covers a particle range of 50 to 480 nm, while the study by 

Patanaik, Jacobs & Anandjiwala covers a range from 600 nm up to 180 µm. Given that there is a range 

between 480 and 600 nm that has not been covered in either study, an assumption about the filtration 

performance will have to be made. 

We will use the sandwiched 6NFM from Table 1 (Patanaik, 2010) which is the same as N6S from Figure 7 

(Leung, 2009) in order to determine the cost savings potential. 6NFM has the best filtration performance   

given the pressure drop criteria.  

From the case study, the health cost of PM exposure percentage was used in Table 6 to show the cost of 

PM exposure in 2010 to make the cost amounts more relevant to our present date.  

China's GDP 2010 $ 5,870,000 Million 

Health cost % 3.8% 

Cost of PM  $  223,060 Million  

Table 6- determining the health cost of particulate matter using the health cost percentage taken from 

the case study (World Bank, State Environmental Protection Administration China, 2007) (Bank, 2011). 

 

A filter design NW+6NFM+NW was chosen as it fit the criteria for an acceptable filtration efficiency and 

pressure drop mentioned in the filtration configuration section above.  In table 7, the filtration efficiency 

in the PM2.5 range has a weighted average efficiency of approximately 88% (appendix A) with nearly 60% 

of the particle range in the region of 97% filtration efficiency. This filtration performance is considered 

acceptable for our model configuration criteria.     
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Filtration efficiency  

Study 
Particle Range 
nm 

% 
distribution  NW+6NFM+NW 

Not studied 

0 
 

- 

10 
 

- 

20 
 

- 

30 
 

- 

40 
 

- 

Leung, Hung & 
Yeun 

50 
 

70% 

60 
 

65% 

70 
 

62.50% 

80 
 

60% 

90 
 

62.50% 

100 7.5 % 60% 

200 11 % 70% 

300  9.4 % 70% 

400  5.9 % 80% 

500  3.5 % **88.5% 

Patanaik, Jacobs & 
Anandjiwala 

600  2.6 % 97% 

700  1.8 % 97% 

800 > 2500  58.3 % 97% 

 

Table 7.  highlights the distribution of the particle diameters in terms of volume, the filtration efficiency 

of the filter category 6NFM at face velocity 5 cm/s was chosen.  ** implies a lack of data point in a study, 

and the percentage given is the average of the filtration efficiency for the particle range above and 

below it. The area in grey is the section of concern as particle diameters between 100 and 2500 

nanometers is in the PM2.5 range while below 100 nm; there is not enough evidence to show the 

contribution of ultrafine PM to human health.  

 

The health cost of PM2.5 is broken up by particle diameter size in table 8, and the potential savings in 

health costs are shown as a result of the widespread adoption of the personal air filtration. In total, with 

personal air filtration applied, the Chinese government and population are estimated to reduce most of 

the health cost associated with PM exposure. 
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Range 
PM 

distribution 
Health cost 

(billions) Filter efficiency Savings (billions) 

100 7.5% $ 16.73 60.0% $ 10 

200 11.0% $ 24.54 70.0% $ 17.18 

300 9.4% $ 20.98 70.0% $ 14.7 

400 5.9% $ 13.16 80.0% $ 10.53 

500 3.5% $ 7.81 88.5% $ 6.9 

600 2.6% $ 5.8 97.0% $ 5.6 

700 1.8% $ 4 97.0% $ 3.9 
800 > 2500 58.3% $ 130 97.0% $ 126.14 

   
TOTAL $194,991,244,900 

 

Table 8. Allocating the health cost according to the percentage of PM distributed by volume in the 

ambient air. The filtration efficiency category highlights the filtering performance at each respective 

particle range. The savings category shows the potential cost reduction of PM related health costs 

 

DISCUSSION & CONCLUSION 

As shown in the analysis section, our personal air filtration device has the potential to reduce PM related 

health costs by approximately 87% of the total cost. Reiterated, the personal air filtration devices can 

reduce PM health costs contribution from 3.8% to 0.5% of China’s 2010 GDP.  

Ideally the best solution would be to address the problem at the source of fine PM emissions; however 

because fine PM’s main sources are vital and non-substitutable the adverse health effects related to fine 

PM exposure may persist into the foreseeable future.  

Personal air filtration devices can protect individuals from the adverse health effects of fine PM with 

high filtration efficiencies. Though pollution policies and controls are needed to control the effects of 

harmful emissions, the timeline for implementing such policies throughout the developing world is 

uncertain. Personal air filtration devices offer exposed populations a rapidly implementable option to 

take preventative measures to safeguard their health. For families and communities living in unhealthy 

environments, personal air filtration devices can offer them the protection they want when they need it 

to ensure that they can live a long healthy life. 
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APPENDIX 

 

Appendix A 

Distribution Filter efficiency Weighted  

0.075 0.6 0.045 

0.11 0.7 0.077 

0.094 0.7 0.0658 

0.059 0.8 0.0472 

0.035 0.885 0.030975 

0.026 0.97 0.02522 

0.018 0.97 0.01746 

0.583 0.97 0.56551 

 
weighted average 87.4% 

 

The table identifies the weighted average of the filter’s efficiency performance across the range 

of PM2.5 
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